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ABSTRACT

Quantum entanglement is central to many quantum technologies and is an indispensable in-
gredient of quantum information theory. These facts make the generation, characterization and
quantification of entangled states unavoidable tasks, beside all their fundamental significance. As
a particular example of such applications one may consider quantum metrology in which quantum
entanglement is shown to have a significant role for beating the classical limits. However, gen-
eration, characterization and quantification of suitable entangled states are challenging tasks, in
general.

In this dissertation, we introduce new platforms for engineering multipartite entangled states
that are shown to be useful for quantum information processing and quantum metrology applica-
tions. In particular, we introduce new methods which can be used for generating NOON states, as
one of the most challenging states to generate, enabling realization of such states in both photonic
and spintronic architectures. We sketch a rather generic quantum circuit, for the NOON state gener-
ation, that could be realized in various quantum systems. Furthermore, we extend the platform for
the generation of states beyond the NOON state. Typical examples of such sates could be entangled
coherent or squeezed states, for instance, that of specific importance for quantum information and
metrology applications. Furthermore, we extend the protocol for the multipartite state scenario.
Also, we demonstrate that attaining the ultimate sensitivity in phase estimation is not an exclusive
property of the NOON states. As a result, we find a large class of entangled states that could provide
us with the ultimate sensitivity achieved by the NOON state.

As a part of our effort for the NOON state generation, we develop a new scheme where NOON
states could be realized in two ensembles of nitrogen—vacancy (NV) centers in diamond. This could
be interesting by noting the fact that NV centers in diamonds provide a remarkably long coherence
time, even at the room temperature. This opens up new possibilities for protecting NOON states
against decoherence.

Moreover, having the long coherence time of the ensembles of the NV centers, we show that a
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hybrid quantum system consisting of three ensembles of NV centers coupled to a superconducting
device enables the generation of controllable macroscopic multipartite entangled states, which
could be used as a building block for quantum networks.

Furthermore, we investigate entanglement of nonorthogonal states in details, and more specif-
ically, we obtain a closed-form analytical expression for the entanglement degree of a multipartite
qutrit state, that offers a quantitative measure for entanglement n-mode nonorthogonal qutrit states
with an arbitrary n. Such higher dimensional entangled states could be useful in quantum commu-
nication protocols.

Finally, we introduce a new configuration where any pair of quantum states can perfectly be
swapped between two quantum resonators enabling a realization of a universal swap operation in

photonics systems. This can serve as a building block of various quantum information processors.
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1. INTRODUCTION

1.1 Introduction

Quantum entanglement is a peculiar characteristics of quantum mechanics, whereby a quan-
tum system can manifest very perplexing physical effects which cannot be observed in the classical
systems [1-3]. Since quantum entanglement has been found to be a vital resource for employing
quantum applications [1-6], there has been a lot of interest in the study of entanglement and its
characteristics. In fact, it is considered as the cornerstone of various quantum information process-
ing applications such as quantum cryptography and quantum computing [2, 3,7, 8]. Considering
the fact that these applications mainly require entangled states, detection, classification and quan-
tification of entanglement of the quantum states are not only interesting from the fundamental
perspective, but also of profound practical importance [9-14]. Quantification of entanglement is
also important for characterization of a successful preparation of a quantum state in the experi-
ments [15, 16]. However, this is still an arduous task in general, and entanglement of the states
involving higher-dimensional multi-partite system states are not fully understood yet, and a phys-
ically motivated measure that could be utilized in order for quantifying entanglement of a generic
quantum system is not known yet [9, 11-13,17].

One of the most interesting areas that quantum entanglement could be found useful is the
notion of quantum metrology. In fact, quantum entanglement can provide profound implications
on metrology and parameter estimations, from both fundamental and practical perspectives. It
is quite well-known that estimating an unknown parameter is central in many areas of science
and is of utmost importance in improvements in technology [18]. Therefore, it is not surprising
that attaining the best possible accuracy of a target parameter is an important goal of parameter
estimation [19-21]. One way of improving the accuracy of an estimation is by repeating the
experiment and collecting more and more information on the parameter. More precisely, using N

independent resources, for measuring the parameter o, the optimal sensitivity of the parameter is



determined by the central limit theorem and scales as Ay \/LN This is called the shot-noise limit
or the standard quantum limit [19].

In the parameter estimation scenario, quantum physics provides an intriguing capability that
cannot be realized in the classical realm [22-24]. In fact, using quantum resouses the precision

limit can be significantly improved such that it can saturate the fundamental limit that is allowed

1
N

by the quantum mechanics, enabling the estimation error of Ay This fundamental limit
is known as the Heisenberg Limit (HL). This limit provides the best acheveable precision that is
permitted by the quantum mechanics for a given N [25].

It is quite well-known that the entangled state of the form \%(|N ) ®10) +10) ® |N)), which
is called NOON state, can fulfill the Heisenberg limit precision. This state, however, is extremely
difficult to generate and is fragile to decoherence [25]. These difficulties are apparent by noting the
fact that generation of the photonic NOON state has not been exceeded N = 5, which was realized
in a microwave photons in a circuit QED based structure [26]. Hence, developing new platforms
where the robustness of the NOON state generations could be improved is a very important task;
albeit, it seems to be anything but trivial.

Throughout this dissertation, we are going to provide ways to generate various entangled states
for quantum metrology and quantum information applications. We shall generate states in photonic
systems based on cavity QED schemes and in ensembles of nitrogen—vacancy centers in diamonds.

One important feature of NV ensembles is the capability for being integrated with different
physical systems which allows manipulation of various hybrid systems with desired applications
[27,28], as the spins in NV centers are capable of being coherently coupled to both optical and
microwave fields [27,28]. Recently, various hybrid systems including NV centers in diamonds
and superconducting devices such as flux qubits and resonator have attracted a remarkable interest
due to their promising potential for quantum information and computation applications as well as
considering the fundamental futures of quantum mechanics [27,29]. Such a hybrid architecture is

capable of utilizing the advantages of both NV centers and superconducting elements.

We show that a hybrid quantum system consisting of three ensembles of NV centers coupled



to a superconducting device enables the generation of controllable macroscopic multipartite en-
tangled states, which could be used as a building block for quantum networks. The key feature in
using NV ensemble rather than a single NV center is that the coupling strength of an individual NV
center coupled to a superconducting coplanar waveguide resonator (CPWR) is at the range just few
a few Hz [30], which is far below the dissipation rate of CPWR; however, the collective coupling
strength between an NV centers ensemble of NN, spins enhances by a factor of \/N, compared to
the coupling strength of a single spin [30, 31], that overcomes the undesirability of a single NV
center for the coherent exchange of quantum information.

Furthermore, we investigate entanglement of nonorthogonal states in details, and more specif-
ically, we obtain a closed-form analytical expression for the entanglement degree of a multipartite
qutrit state, that offers a quantitative measure for entanglement n-mode nonorthogonal qutrit states
with an arbitrary n. Such higher dimensional entangled states could be useful in quantum commu-
nication protocols.

Finally, we introduce a new configuration where any pair of quantum states can perfectly be
swapped between two quantum resonators enabling a realization of a universal swap operation in

photonics systems. This can serve as a building block of various quantum information processors.



2. ENTANGLED STATE GENERATION FOR QUANTUM METROLOGY AND PHASE
ESTIMATION: NOON STATE AND BEYOND !

2.1 Introduction

In the parameter estimation scenario, quantum physics provides an intriguing capability that
cannot be realized in the classical realm [22-24]. In fact, using quantum resources the precision

limit can be significantly improved such that it can saturate the fundamental limit that is allowed

by the quantum mechanics, enabling the estimation error of Ay %, with N as the number of
the available resources, such as number of the photons. This fundamental limit is known as the
Heisenberg Limit (HL). This limit provides the best achievable precision that is permitted by the

quantum mechanics for a given N [25]. It is quite well-known that the entangled state of the form

1

\/é(U\U ®(0) +10) @ |N)),

which is called NOON state, can fulfill the Heisenberg limit precision. This state, however, is
extremely difficult to generate and is fragile to decoherence [25].

One of the simplest methods to generate photon entanglement is simply feeding the photon
to a beam splitter (BS). If we feed one port of the beam splitter with a single photon having the
state |1) and the other port of it with the vacuum state |0), we immediately get a NOON state with
N = 1 (1001 state) [see Fig. 2.1 (a)]. Now, it is natural to think of replacing the single photon

in the input state of the beam splitter with /N photons given by | V). However, the resultant state

I'This chapter is partly based on the following journal publications with the permission: (i) Reprinted with permis-
sion from “Generating maximally-path-entangled number states in two spin ensembles coupled to a superconducting
flux qubit” by Yusef Maleki, Aleksei Zheltikov, 2018 Phys. Rev. A 97 012312, Copyright [2020] by The American
Physical Society. (ii) Reprinted with permission from “A high-NOON output of harmonically driven cavity QED” by
Yusef Maleki, Aleksei Zheltikov, 2019 Scientific Reports 9 16780, Copyright [2020] by The SpringerNatur, licensed
under the Creative Commons Attribution 4.0 International License http://creativecommons.org/licenses/by/4.0/ . (iii)
Reprinted with permission from “Spin cat-state family for Heisenberg-limit metrology” by Yusef Maleki, Aleksei
Zheltikov, 2020 J. Opt. Soc. Am. B 37 1021-1026, Copyright [2020] by The Optical Society (OSA). (iv) Reprinted
with permission from ‘“Recovery of maximally entangled quantum states by weak-measurement reversal” by Yusef
Maleki, Aleksei Zheltikov, 2018 Laser Physics Letters 15 056201, Copyright [2020] by Astro Ltd. .



is not a NOON state anymore, and it contains a superposition of other possibilities in the output
state. The, NOON state with N = 2 is also easy to generate with the use of beam splitter. In
this case, we need to feed both ports of the beam splitter with a single photon having the state
|1), where the output of this process immediately provides the N = 2, NOON state of the form
\/%(]2> ® 10) +]0) ® |2)). However, it turns out that generation of NOON states for N > 2,
becomes a challenging problem. Generation of such an state is fundamentally important for not
only practical applications but also for understanding the underlying quantum nature and capability
of the system. That being said, engineering other types of entangled states which can break the
shot noise limit is also of paramount importance. This importance is stimulated by the difficulty of
the NOON state generation, where such states can be used for quantum metrology instead of NOON
states. Examples of such states could be entangled coherent states, entangled squeezed states, two-
mode squeezed states, etc. One could only consider the recent application of the squeezed light
for gravitational wave detection by LIGO [32], to appreciate the importance of such non-classical
states.

In this chapter, we are going to introduce new methods for generation of high-NOON states. We
will develop novel schemes and techniques that enables the generation of NOON states in a variety
of the contexts.

Central to our approach to the high-NOON state generation, is the realization of the effective
Hamiltonian of the form

He = im(alag — agabaz, 2.1

in which the boson annihilation and creation operators of the first and the second modes are
ap, ai and ao, ag, respectively. These operators could be associated to any harmonic oscillator
systems such as photons in the cavity. The qubit operators in this equation, o, = |1)(1| — |0)(0|,
o+ = |1)(0] and o_ = |0)(1] are the Pauli operators, that obey su(2) Lei algebra. Therefore, this
Hamiltonian can be considered as a two-level system (qubit) interacting with two bosonic modes

such as two modes of the light fields.

As a particular case that will be investigated in this chapter, we are going to demonstrate the



possibility of the generation of a high number NOON state which can be realized using quantum
memories of nitrogen-vacancy ensembles (NVE) interacting with a superconducting flux qubit.
The prepared state can be stored for a longer time since NVEs have long decoherence time. The
lifetime of NV centers has been experimentally realized to exceed 1s even at room temperature
[33], in contrasts microwave photons in superconducting cavities have lifetimes on the order of
~ 1ms [34]. Therefore, NVEs have the advantage of being used as quantum memories [35].
In contrary to recent approaches [36, 37], our approach does not require step by step operations
to increase of the number of excitation in the entangled state. In such treatments, the system is
subjected to the decoherence during every single operation step, therefore, the fidelity of large
number NOON state creation decreases drastically, by increasing the photon number N [37]. In
contrast, we first prepare a large number Fock state and then create entanglement between the
NVE memories. It is remarkable that the coupling between the flux qubit and the NV centers
is about a factor of 1000 larger than the coupling obtained via cold atoms which is significantly
strong [38,39].

Furthermore, we extend the discussion for generation of entangled states beyond the NOON
state. More specifically, we show that integration of a specific configuration of resonator—qubit
system followed by a beam splitter can indeed produce a NOON state from the input state. Thus, our
scheme mimics the so-called Magic Beam Splitter (MBS) [40] where the injection of /N photons
from one port of the MBS and keeping the other port in the vacuum state gives a NOON state
[see Fig.2.1(b)]. In this platform, the state can be generated fast and efficiently with only a few
operational steps. As was mentioned, this quantum beam splitter can generate states beyond the
NOON state where it enables us to generate mesoscopic and macroscopic entangled states, such as
entangled coherent and squeezed states. We shall show that a large class of maximally entangled
states can be achieved in this architecture. Also, we shall show that this approach can be used to
generate a wide variety of multi-mode entangled states, including multi-NOON states which can be
very important for quantum metrology applications.

Furthermore, we will demonstrate that the ability to attain the HL precision is not an exclusive
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Figure 2.1: Generation of single photon NOON state by injecting the single photon input state from
one of the ports to a beam splitter (a), and generation of multiphoton NOON state by injecting the
input state N photons from one of the ports to a magic beam splitter (b).

property of NOON states. In fact, we will show that a large class of spin cat states consisting of
a superposition of spin coherent states that can result in Heisenberg limit precision measurement.
We prove that superposition of any two antipodal points on the Bloch sphere (two antipodal spin
coherent state) results in the Heisenberg limit precision which is well known for the so-called
NOON state. Therefore, this generalizes the states with Heisenberg limit precision from restricted
class of NOON state to a large class of spin cat states (we call spin antipodal cat states). The
generalization allows more general ways to produce the states for Heisenberg limit metrology than
the restrictive case of NOON state. And clarifies the connection between Heisenberg limit precision
and two-mode cat states. We show that some antipodal cat states can be generated in cavity QED

structure.
2.2 Quantum circuit for NOON state generation

As was mentioned earlier, central to our approach for the high-NOON state generation, will
be derivation of the effective Hamiltonian in Eq. (2.1). For simplicity one can consider two
cavity fields interacting with a single qubit. We will provide a detailed derivation of this effective

Hamiltonian later; however, it is stimulating to see how such a Hamiltonian results in a generation



of NOON state, starting from /N photons in one of the resonators. In fact, we are going to show
that, starting from this interaction Hamiltonian one can generate a NOON state in the two modes.
To this aim, we consider the qubit to be in the logical superposition state \/%(|O) + |1)). The first
and the second field modes are prepared in the |0); and |N), Fock states, respectively. Therefore,

the initial state of the composed system including the atom and the cavities is thus given by [23]

1

[¥(0)) 7

(10} + [1)]0)1[N).

Starting from this initial state we consider the time evolution of the entire system with the effective

Hamiltonian above. This implies that, the time evolution operator

U (t) — 6—’iHeffAt/ﬁ

should be applied to this initial state, from which we find [23]

(1) = %(e’”eff“/ﬁro, N)Y|0) + e~ HerrAt/M 0, NY[1)), 22)

where [0, N) = |0)1| V).
We let the system evolve for the time interval At; = 7/(42). This entails the time evolved

state |¢(¢)) to degenerate into

[k, N = E)(|0) + (—1)[1)). (2.3)

We note that in this state, the two fields and the qubit become entangled. The measurement of the
first resonator in the state |k) projects the qubit in two orthogonal superposition of the computa-
tional basis. Namely, detecting the first resonator in the state with an even £ projects the qubit
into the state \%(|0> +|1)), and with odd & projects the qubit into the state \/ii(|0> —|1)). These

two basis are orthogonal. Alternatively, detecting the qubit in these two orthogonal basis provides



information about the k. Similar argument can be made for the second mode.
Next, we apply the Hadamard gate to this state. The Hadamard gate is given by a 2 x 2 matrix

acting on the Hilbert space of a single qubit which is given by

H=—— : 2.4)
V2 1 -1

The role of this gate is to rotate the basis of the Hilbert space of the qubit. Hence, applying this

gate translates into a local transformation of the qubit basis such that [0) — \/ii(|0> + |1)), and

1) — \%(\O) — |1)). Once the qubit is subjected to the Hadamard gate, we let the system to

undergo the time evolution again within the time interval Aty = 7/(42). With this time evolution

the quantum state of the system reduces to |1)),, which is explicitly given by

N]]
N]]

Z 1= (=D"k,N = k)1).

k=1

Z 1+ (=1)"]|k, N —

k=1

«“
2
§“
2

(2.5)

Next, we measure the qubit in its computational basis, which projects the field modes into the
superposition of the number states. If the outcome of the measurement performed on the qubit

gives |0), the wave function of the system collapses to

2

N
) [1+ (=DF)|k, N — k)|0). (2.6)

| X
b= D

=1

Clearly, the qubit becomes disentangled from the rest of the system due to the wave function

collapse.

Alternatively, if the outcome of the measurement gives |1), then the wave function of the system



collapses to

NI

NN
. [1— (=1)¥]|k, N — k)[1) (2.7)

1
V)3 = ﬁz

k=1

Once we measure the state of the qubit, regardless of the outcome of the measurement, we apply
the time evolution operator one more time on the collapsed wave function of the system. First,
let us assume the outcome of the measurement to be |0). Applying the time evolution operator
on the corresponding collapsed wave function, for a time interval At = 7/(42) following the

measurement step results in the NOON state

1 N
INOON) = ﬁ((_l) [N)1 ®10)2 +10)1 @ |N)s). (2.8)

Alternatively, if the outcome of the measurement of the qubit gives |1), then, once we let the
system to evolve for a time interval 37 /(4€2), one arrives at the NOON state of the form

1

INOON) = NG

([N)1 ®0)2 — [0)1 @ [N)2). (2.9)

It is worth to note that, regardless of what the outcome of the measurement of the qubit state
be, the NOON state can be obtained at the final step of this protocol. This implies the fact that,
considering the ideal scenario where, no decoherence is involved and the measurement is perfect,
we arrive at the 100% fidelity of NOON state generation from |¢)o. Therefore, the NOON state
generated with this protocol is deterministic. If the measurement yields |0), it takes the system less
time to evolve to the NOON state.

It is interesting to note that, once the Fock state |N) is provided, the number of the steps that
is needed to arrive at the NOON state is independent of the number of the photons /N. Most of the
NOON state generation schemes starts from /N = 1 NOON state and increases the N in several steps.
In these schemes, the number of the operations is directly related to the number /N, however, in
the architecture given in this chapter this may not be the case. This is important as it can provide

a better control on decoherence. In fact, once we prepare a high-fidelity Fock state | V), in one of

10
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Figure 2.2: NOON state generation circuit: U represents the time evolution of a quantum state,
governed by the time-evolution operator with the effective Hamiltonian H . H is the Hadamard
gate acting locally on the qubit. For the time interval At; = 7/(4€2), the system evolves from its
initial state to |¢));. The Hadamard gate yields the state |1)),. Once a measurement on the state of

the flux qubit is performed, the total wave function of the systems collapses to [¢)3. finally, time
evolution U(t) provides the desired NOON state. (Yusef Maleki and Aleksei M. Zheltikov, 2018)

the modes, without getting the rest of the system involved in the process, we can translate that into
a NOON state in just a few operational steps. Thus, this scheme is more robust to decoherence. On
the other hand, contrary to most of the proposed protocols, this scheme is simpler and requires less
devices. We only need a single qubit which interacts with two modes. The architecture described

above, is schematically given in Fig. (2.2) [see [23]].
2.3 Derivation of the effective Hamiltonian
2.3.1 Modulating the coupling between the qubit and the resonators:

We consider a setup of two resonators interacting with a same two-level atom, where the Hamil-
tonian can be written as a summation of the free part and the interaction part H = Hy + H; [40].

We assume that the coupling parameter of the cavity fields and the qubit is periodically modulated.

11



Therefore, the free part of the Hamiltonian is
“o i i
H() = h?O'Z + hwlalal + hwga2a2,

and the interaction part reads

2
Hy, = 2hgo Z cos(vt + @) (0T a; + a;a_).
j=0

Here, wy is the frequency of the two-level energy splitting between its ground and exited levels.
wy and w, are the frequencies of the first and the second cavities, respectively. go is the coupling
strength of the resonators and the qubit. v; is the modulating frequency and ¢; is the modulating
phase of the resonator 7, with 7 = 1, 2. We consider the resonant case where w; = ws = w and take
h = 1, for simplicity. Now, with this Hamiltonian, we are going to extract the effective Hamiltonian
of the NOON state that we already discussed. To this aim we define the unitary evolution Uy(t) =
exp|—iHot], using the free part of the the Hamiltonian. Consequently, in the rotating frame the

interaction Hamiltonian can be given as
H; = Uy(t)HU; () — Ho.
The explicit form of the interaction Hamiltonian, thus, reads
2
H; =d0./2+ 2g Z cos(vjt + ;) (0T a; + a}a‘),

=1

where we have § = wy — w. If we express the cos(v;t + ¢;) term as an exponential form, the

Hamiltonian equivalently can be expressed as
2
H; =60./2+ go Z [(a+aj + a}g_)ei%']eivjt 4 [(0+aj + a;O.—)e—iQOj]e—ivjt'
j=1

t

This Hamiltonian has two parts which is related to the time dependent terms e¢™s* and e~%?, re-

12



spectively. Therefore, we define the operator £ such that
hj = go(cta; + a;a_)ei“’j.
With this definition the Hamiltonian reduces to

H; =d0./2 + 22: h}ei“jt + hje it
j=1
This is a Floquet Hamiltonian [44—47], which will enable us to further reduce the Hamiltonian to
attain the effective Hamiltonian of the desire.
Without loss of generality, we consider the same modulation frequencies v; = v in the follow-
ing. Also we note that h; commutes with its Hermitian conjugate part, such that [h;, hj] = 0. With

these considerations, the effective Hamiltonian reduces to

292
Heg = d0,/2 4+ Z% sin(¢y — gpg)(alag — agaDaZ.

Thus, the coupling strength of the Hamiltonian can be directly controlled by the modulation phase

factor of each cavity. To maximize the coupling strength in the Hamiltonian we take ¢ —¢y = 7/2,
2

2 —
and define k = ﬂ, where the Hamiltonian can be expressed as
v

Heg = d0./2 + maz(alag — agaT). (2.10)
Taking the resonance case ¢ = (0, we attain the desired Hamiltonian of the system as
Hep = iko,(aral — azal). (2.11)

It is remarkable that, the term sin(¢; — ¢3) controls the coupling strength of the scheme, here.
Therefore, it is highly important to have a precise control on the modulation of the system in

practical scenarios. It is clear that when the modulation phases are identical, the term sin(p; — @)

13



becomes zero, and no effective Hamiltonian can be attained in this case.

The maximum coupling is determined by the term x = 279(2). Therefore, even though the mod-
ulation frequency v, must be larger enough compared to the parameter gy, however, if we choose
it to be very large, the coupling constant of the effective Hamiltonian may be small. Hence, we

need to be careful to satisfy the strong coupling regime when choosing the modulation frequency.

Specifically, if we take v = 2gy, the coupling strength of about x = go/2, can be achieved.
2.3.2 Modulating the frequencies of the resonators:

We showed that the effective Hamiltonian of our system can be realized in setup of two res-
onators interacting with the same two level qubit by an specific modulation of the coupling of the
system. Now, we are going to show that such a Hamiltonian can be achieved with an slightly dif-
ferent approach. In this case, we are going to consider the same setup of two resonators interacting
with the same qubit, where, alternatively the resonators are modulated with the frequencies given
by [23,40,41]

vi(t) = v+ Asin(ygt — ¢;).

In this scenario, the frequencies of the resonators are modulated, with the same frequencies but
different phases. The frequency of the qubit is constant and no modulation is applied on that.

Therefore, we can express the Hamitonian of the system as
H = h%oz + hn(t)alay + hn(t)abay + hg, (67ay + alo™ + oFay + alo™). (2.12)

Here, g, is the coupling constant of the atom to the resonators. Also, v;(t) and v5(t) are the
frequencies of the resonators which are time dependent through the modulation term above. From
this Hamiltonian one can derive the interaction Hamiltonian of the system. Thus, in the framework
of the rotating wave approximate when w, = v the total Hamiltonian of the system above can be
simplified as

H; = hgyo.-&-(dleigcos(udt—cm) + &26i<COS(th—<P2)> + h.c.,

14



where ( = A/v,.

This Hamiltonian can be reduced to a Floquet Hamiltonian by using the identity [44,45]

z(cos vat+p;) — § : J zn udt+<pj

n=—oo

where J,,(C) is the nth-order Bessel function of the first kind. Inserting this in the Hamiltonian
above enables us to write the Hamiltonian in the form of a Floquet Hamiltonian which can be

expressed as

H;=Hy+ Y  Hye™,

n=1

where the time-independent part of the Hamiltonian is expressed in terms of the Oth-order Bessel

function of the first kind in the above expansion which reads
Hy = hgJo(¢)(0™" (@ + 2) + (a] + ab)o)

and the time-dependent part of the Hamiltonian is expressed in terms of the nth-order Bessel

function where we can write
H, = hgi"J,(O)[(6Fay + (—1)"alo7)e™ + (o dy + (—1)"ako ™ )e™?].

The interaction Hamiltonian of this form can be reduced to the effective Hamiltonian, for which

we have

Hap = o+ S [Hy H_JJ (nho),

n=1
This is key to obtain the desired effective Hamiltonian that we seek for. Therefore, with an straight-

forward calculation the Hamiltonian can be written as
Her = hgJo(C) (0" (a1 + a2) + h.c.) + ihQ(alay — ayald)o..

In this equation, 2 = g?x/v is the coupling coefficient which depends on g* and v similar to the

15



previous scheme. In this relation the parameter y is determined through

v =3 27.(0) sin(n(e1 — ¢2))/n.

It is evident that when the modulation phases are identical, this parameter becomes zero and we
cannot attain the desired Hamiltonian, hence the modulation phases play a crucial role in this
scenario. To improve the coupling of the system, we need to optimize the parameter y, which
provides a direct strategy to control the overall coupling of the system.
We specifically choose ¢ = 2.40 (Jy(2.40) = 0) and s # ¢ to derive the effective Hamilto-
nian [23,40,41]
Her = ihQ(alas — ayald)o, (2.13)

To maximize the effective coupling coefficient of the Hamiltonian €2, one can maximize  through
controlling the phase difference 1 — 9. If we choose 1 — o = /3, we will obtain x ~ 0.628.

The effective Hamiltonian can be realized in different quantum platforms. In particular, one
can couple two superconductor resonators to the same qubit. In this case the coupling strength
between the the resonators and the qubit can be hundreds of MHz. With such a strategy, one is
able to strongly couple the resonators to the qubit and obtain the desired Hamiltonian. Therefore,
in such a setup, one can effectively realize NOON state shared within the two resonators following
the quantum circuit which was already discussed in a great details. As was already noted such
an strategy provides a robust platform for realizing NOON states, with a high number of photons.
Since Fock state with 15 microwave photons has already been generated in the lab, and generation
of the Fock states with about 20 photons seems quite feasible, the platform described here can be
useful for breaking the existing limitations of the NOON state generation.

Even though generation of such a NOON state with the method that has already investigated
above, seems quite pleasing, we show that the main Hamiltonian can be realized in spin systems as
well. In particular, we are interested in generation of the NOON state in nitrogen vacancy centers in

diamond. This can provide many advantages considering the long coherence time of the diamonds,

16



which enables to overcome the decoherence problem of the NOON state generation as the main
challenge of this state. Furthermore, since NVEs are very good candidates for quantum memories,
generation of such states can be of particular importance as it enables us to preserve the generated
NOON states for the sufficiently long period of time. Therefore, in the following we are going to

describe this architecture in details.
2.3.3 NOON state in nitrogen vacancy centers in diamond

Now, we are going to show that NOON states can be generated in NVEs in diamond, based
on the Ref. [23]. The scheme of the NOON state generation is following the same NOON state
generation circuit. Thus, we are going to sketch a scenario where a similar effective Hamiltonian
can be extracted for NVEs interacting with a qubit.

In this platform, we investigate a quantum architecture consisting of two separate noninteract-
ing NVEs in diamond coupled to a common superconducting qubit. As a part of this architecture,
we consider a large and gap-tunable flux qubit [Fig.2.3(a)] [38,48]. Such a hybrid scheme com-
bines the long coherence time of spins in NV centers, the advantage of controlling NV centers by
microwave and optical fields [42,43], the tunability property of superconducting devices, the cir-
cuit scalability, and the remarkable compatibility with the cutting-edge nanotechnologies [38,48].
It is notable that, even though microwave photons in superconducting resonators provide a unique
platform for NOON state generation which was mentioned earlier, unlike microwave photons in
superconducting resonators, which have lifetimes of the order of 1 ms [34], the coherence time of
NV centers in diamond can approach 1 s even at relatively high temperatures [33]. Thus, combin-
ing the advantages from both devices seems to be more desirable for the quantum state preparation
purposes.

Now, we describe the quantum characteristics of the flux qubit. To this aim we note that
we need to choose the biasing in the main loop of the flux qubit close to half the flux quantum,
®y = h/(2e). Therefore, the flux qubit could be described [48] in terms of a Hamiltonian in a

two-dimensional Hilbert space. The Hamiltonian describing this system could explicitly be given
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H = —[e(®Pest)o. + A(Cngt)az]/Q

where o, and o, are the well-known Pauli operators in the basis of flux qubit. The parameter

A(®!

ext

) is the flux qubit tunneling splitting energy, and finally €(®.,;) is the energy bias of the flux
qubit. These parameters provide a platform for controlling the qubit Hamiltonian of the system.
When a static magnetic field of half the flux quantum is applied perpendicular to the main loop
of the flux qubit, the clockwise and counterclockwise persistent current states in the system be-
come almost degenerate [27,29]. These clockwise and counterclockwise states provide us with the
capability to define the logical basis states |0) ; and |1) ;. In this setting, |0) ; and |1) ; represent the
states of the clockwise and counterclockwise persistent current, respectively. Noting the fact that

€(Peyr) and A(P!

! .+) can be adjusted independently by external magnetic fluxes through the main

and the « loops, one can set €(®P.,;) = 0. Therefore, by preparing the system in one of its compu-
tational basis |0) s or |1) ;, one can perform a single qubit operation on the system considering the
Hamiltonian given above. In the following, we will show that such a flux qubit can be combined
with NVEs to construct an interesting hybrid architecture for information processing and entangled
state generation. To this aim we first need to consider the NVEs Hamiltonian in details.

For the NV centers in diamond architecture, we only are interested in the ground state of such
a system. Interestingly, the ground state of an NV center in diamond is a spin triplet state with
zero-magnetic-field splitting of about D,, ~ 2.87 GHz between the m, = 0 sublevel and the
degenerate my = =1 sublevels [Fig.2.3(b,c)]. To get rid of the degeneracy in the my; = +£1
sublevels, we can apply an external magnetic field to induce Zeeman splitting. Therefore. we
apply the external magnetic field B.,; along the [100] direction of the diamond crystal lattice, to
remove the degeneracy of |m, = +1) sublevels [Fig.2.3(c)]. Hence, one can focus on the two
sublevels m, = 0 and m, = —1, to reduce the system into a two-level system. This enables us
to reduce the Hilbert space of the system into a two-dimensional space in which one can define

the computational basis for the information processing operations. With this description, the spin
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operators of the jth NV center can be defined though Pauli operators. Hence, we explicitly define

525 = | = 1) (=151 = 10;)(04,
S4j | - 1j><0]|a
s_=10;)(—1,]

The definition of the Pauli matrices for a single NV, enables one to define a generic scenario for the
situation which includes /Vy nitrogen vacancy centers. More precisely, if an NVE contains Ny NV
spin, collective spin operators can easily be expressed through summing the spins of the system

which can be written as

It is quite notable that qubits based on nitrogen vacancy centers with an external magnetic field
B..: applied to induce splitting between the m = 1 and m = —1 sublevels have been investigated
extensively in the literature (see, e.g., [27,29]). One main difference of what we are going to
present here with the earlier works is that we apply additional time-dependent B; fields, to NVEs
beside with B,,; to provide a periodic modulation of the m = 0 —m = —1 splitting. This
interestingly provides us with the capability of generating NOON states which is the main goal
of our discussion in this chapter. To obtain the desired effective Hamiltonian, we are going to
apply the Holstein—Primakoff (HP) transformation [49] to the spin operators of NV centers. Such
a strategy enables mapping of the collective spin behavior of a quantum system to a harmonics
oscillator. Therefore, by applying HP transformation on the time-dependent m = 0 and m = —1
splitting we show that the transformation leads to a closed-form Hamiltonian that we are seeking
for.

To be able to apply the HP transformation, we need to restrict ourselves in the regime of weak
excitation, where the spin operators of an NVE with a large /Ny can be mapped onto bosonic

operators via an HP transformation [49]. Thus, we assume the the the number of the excitation
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Figure 2.3: (a) Two ensembles of NV centers coupled to a superconducting flux qubit consisting of
four Josephson junctions forming the main loop and an « loop. (b,c) Crystal-lattice (b) and energy
(c) diagrams of an NV center in diamond. (Yusef Maleki and Aleksei M. Zheltikov,2018)

20



is very small compared to Ny. With such an assumption, one can perform the HP transformation

resulting in

and
No
joo_ . N R
E 57, = ci\/ No cjc]_\/Noc],
k=1
also

No
E I —9cte

S = 2¢5¢; Ny.
k=1

In the relations above j = 1, 2 for the first and the second NVEs, respectively. In this manner,one
has [c;, cl] = 1.

We note that once we have a collective spin system, the coupling of the system enhances
drastically compared to the single spin coupling. More precisely, the collective coupling strength
of an ensemble of N, spins enhances by a factor of v/N, compared to coupling strength of a single
spin [31]. Therefore, increasing /Ny seems to to be favorable from this perspective as it is much
easier to fulfill the requirements of the strong coupling regime. Furthermore, the weak-excitation
requirement mentioned above is necessary for the validity of HP mapping, could be satisfied via
the conditions CI c1 << Npand C;CQ << Ny. This in turn limits the N number in attainable NOON
states, N << Ny. However, Ny can be sufficiently large in a realistic scenario. For instance,
Ny ~ 107 has been used in the practicle experiments [39], which is sufficiently higher than what
we expect for the NOON state generations.

The total Hamiltonian of the NVE-flux-qubit hybrid system considered here can now be written

as

A(@) 2 2
H = —hTmax + thjc;cj + hz g(c} +¢j)os, (2.14)

j=1 j=1
where

wj = Dys — geptpB: — geptnBj,
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ge 1s the ground-state Lande factor and 5 is the Bohr magneton and B, is the magnetic field
sensed by the spins due to the applied external magnetic filed B.,; and the magnetic field produced
by the flux qubit. Also, the parameter g is the coupling constant between the NVE esnenbles and
the flux qubit.

We Further assume that the sizes of the NVEs are sufficiently small to neglect spatial variations
of the magnetic field induced by the flux qubit. Furthermore, the magnetic fields are chosen such
that

wj = A(P,,)/2 + dsin(vt 4 ¢;),

where 0 sin(vt 4 ;) is controlled by the ac magnetic field. Choosing large v and small 6, so that

A

ext

) > ( = 0/v, we apply the rotating-wave approximation (RWA) and use the basis of flux

qubit eigenstates to reduce the interaction Hamiltonian of the considered system to
H = higo™ (¢,eeostiten) o g ei¢eostviben)y o ¢ (2.15)

This Hamiltonian can be reduced to a Floquet Hamiltonian by using the identity %€ ©5("t+%;) —
S Jn(Q)emHei) where J,(C) is the nth-order Bessel function of the first kind, which
gives Hy = Hy + Y00, H,e™", where Hy = hgJo(C) (o7 (¢ + &) + (¢] + éb)o) and H,, =
hg 23:1 i"Jn(C) (0T ¢ + (—1)"6}0‘)eiwﬂ‘ . The interaction Hamiltonian of this form can be re-
placed by the effective Hamiltonian Hey = Hy + > [Hy, H_,]/(nhv), which can be written
as Hey = hgJo(Q) (ot (é1 + &) + h.c.) + ihQ(éléy — ¢16))0.. Here, Q = ¢%x /v is the coupling
coefficient with x = Y>> 2.7, (¢)? sin(n(p1 — ¢2))/n.

We set ¢ = 2.40 (Jo(2.40) = 0) and 5 # 1 to find the effective interaction Hamiltonian:
Her = ihQ(elés — élér)o. (2.16)

It is straightforward to see now that the coupling coefficient can be tuned by varying the B;

fields. In particular, with ¢; — o = 7/3 and v = 5xg ~ 3.14g, we have /27 ~ 14 MHz.
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Such coupling strengths have been recently demonstrated for a system of a flux qubit and an NVE
with Ny =~ 3 x 107 [39]. With the decay rates of NVEs and the flux qubit estimated as Yy ~ 1
Hz [33] and yrg ~ 1 MHz [50], we find that the requirement of strong coupling, 2 > vro, Vv,
is fulfilled.

As one of its interesting features, our protocol of NOON-state generation requires only local
operations on the flux qubit at the second and third steps, where the state |¢)); is degenerated into
|1))3. Consequently, the operation time for each of these two steps reduces to the single-qubit
operation time, Aty, Atz ~ 1 ns [29]. This fact allows the overall time A7 = Zle At; of NOON-
state generation to be sufficiently shortened. This is useful for avoiding decoherence buildup in the
system. With our earlier estimate of /27 ~ 14 MHz, the system could be in a strong-coupling
regime, for which we have At; ~ 9 ns. Hence, we find for the total time required to create a
NOON state through the considered process to be A7 ~ 20 ns when the |0) ; state is found at the
measurement step and A7 ~ 38 ns if the measurement yields |1);. In both situations, the time
that is needed for NOON-state generation is much shorter than the dephasing times of both the flux
qubit, ~ 1 ps [50] and the NVEs ~ 350 us [28].

The architecture for the NOON state generation proposed here is robust against the buildup of
decoherence. This, could one advantage of such a state generation scheme compared to the ones in
which entangled states are generated first and then step-by-step increase in N are performed in the
state. In order for quantifying the behavior of the system against the buildup of decoherence in the
generated NOON state in our scheme, we need to analyse the density matrix elements and fidelity
of the system for the generated NOON state. To this aim we need to solve the evolution equation

for the density operator p [51,52],

ap ; _ f ot ataa aata i ostan s ata oan s
9P _ Z —%(1 + nth)(chpc; —&leip — pc;cj) — %nth@c}pcj — cjc;p — pcjc;-), (2.17)
J

23



where j =1, 2, and ~; is the decoherence rate of the ith NVE, and

nen = lexp(—hw/kgT) —1]71.

is the thermal phonon number at temperature 7'.

In this study, we take v; = v = v and choose T" = 20 mK. Since the temperature is sufficiently
low, the coherence time for the NV centers could be sufficiently long. Thus, we choose 1/y ~ 1 s
as an achieveable coherence time for NV centers [33]. In Fig. 2.4(a), we demonstrate the density
matrix elements p;; ;= (ik|p(t)|jl) (in which |jl) = [j)1 ® |I)2) are obtained by numerically
solving Eq. 2.17 for the initial conditions which correspond to the N = 2 NOON state stored in
the two spin ensembles at ¢ = (. The system decay is captured by the density matrix elements
evolution shows that the system is remarkably robust to the decoherence as was expected for the
NVE:s.

It is also insightful to consider the fidelity of the NOON state as the system evolves in time
through decoherence. This is shown in Fig. 2.4(b), where we demonstrate the fidelity carried out
as ' = (NOON|p(t)|NOON). As a result of these calculations, at ¢ = 1 ms, the fidelity F is still
higher than 0.99. This is a sufficiently long time for many quantum operations demonstrating the
unique characteristics of the NVEs. Furthermore, we can see that it remains above 0.97 for as long
as t ~ 3.5 ms [the inset in Fig. 2.4(b)]. Thus, NOON states in NVEs seem to have a long survival
time which make them a good candidate for such a task.

It is remarkable that that at 7" = 20 mK the average thermal excitation number is about 7;;, =
0.001. It is also possible to sufficiently cool down the system below 10 mK using the current
technologies for which the thermal excitation number as small as iy, < 107% can be attained. This
implies that we can ignore the effects of the thermal excitation when the system is cooled down

sufficiently. Thus, without the thermal effects (at 7' = 0 K), the analytic solution of the master
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Figure 2.4: Time evolution of the density matrix elements p;; ; (a) and the fidelity (b) calculated

by solving Eq. (12) for the NVE—flux-qubit source of NOON states with an N = 2 NOON state
prepared in a system at ¢ = 0 (Yusef Maleki and Aleksei M. Zheltikov,2018).
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equation for NOON state at time ¢ reads

N N
(1) = 5[5 e | | (e )Y (0) 0] +om) Oml) e~ N NOYON |+ ON) (NO).

(2.18)

This exact solution of the master equation provides the phase sensitivity which can be obtained in
such a damping process could thus be obtained as A¢ > ¢V /N. This shows that damping effects
result in an exponential decrease in the precision of phase measurements.

Moreover, to have a better insight into the robustness of the scheme against decoherence we
find the fidelity of the state in this scenario, which is found to be F' = e~ "Nt The NOON-state
fidelity decreases exponentially. Since the decoherence rate in the system is determined in terms
of the coherence time of it, i.e., v = %, we can arrive at the conclusion that the long coherence
time of the NVE demonstrates an exponential advantage compared to the physical systems which
have shorter coherence time. For a given N, the fidelity decreases to ~ ¢! at YNt = 1, for which

the state is effectively relaxed to the ground state.
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2.4 Entangled state generations beyond the NOON state

Here, we are going to consider generation of entangled state beyond the NOON state. These
entangled states could be very useful for various quantum information processing tasks. We are
going to show that a vast class of entangled states could be generated with the scheme that will be
provided here. More interestingly, various maximally entangled states could be engineered with
the protocol we shall lay out in what follows. We are going to follow [40] in doing so. The starting
point to our system is still the same effective Hamiltonian that we have already focused on. In this
platform, we consider two cavities which interact with a common qubit. Using the Hamiltonian in

Eq. (2.1) we can derive the dynamics of the field operators as

dl = K)CZQ(t)JZ,

éz2 = —RKaq (t)O'Z.
The solution to these equations can be found to be

a; = a1(0) cos(kt) — aq(0) sin(kt)o,,

as = as(0) cos(kt) + a1 (0) sin(kt)o.
At kt = /4, we have

a1 =

1
ﬁ (CLl (0) - a2(0>az)7
1

\/Q(GQ(O) + aq (O)UZ)

A9 =

Next, we let the photons to go through a 50/50 beam splitter given by the two—mode unitary
operation

U = exp[—/4(al(0)az(0) — a}(0)ay(0))].
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This process results in the following transformation of the field operators

a1(0) = —=(a1(0) + a2(0)),

H«||H
[(\©)

a3(0) = —=(a2(0) — a1(0)).

N

Thus, the total transformation, after passing through the beam splitter can be given by

ay — ax(0)[e){e[ + az(0)lg) (9], (2.19)

az — az(0)[e){e| — a1(0)g) (9] (2.20)

These transformations are central to generation of entangled states which will become clear
soon. Note that these are conditional photon transformation subjected to the state of the qubit.
We will see that such a transformation maps various initial states into interesting entangled states
which could be useful for various tasks. Now, to see the power of such a transformation, let us

consider an specific example as the input state

) = uv>wo>%<rg> T le)).

The above transformation, acting upon this initial state, gives rise into

1

!¢>H\/§

(IN)[0)]e) + [0)[N)]g))-

By applying an external 7 /2 pulse (Hadamard gate) to the atom in the state above the overall state

of the system degenerates into

[(IN)10) + [0} [ND)e) + (IN)0) = [0)|N))[9)] /2.

Therefore, the measurement on the state of the atom provides different NOON states. Namely,
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Figure 2.5: Architecture of the magic beam splitter in our approach. The input state first interacts
with the system of the two resonators interacting with a qubit for as long as xt = /4. Then the
photons in the resonators are sent to a beam splitter. Finally, by applying a Hadamard gate and
performing a measurement on the qubit we attain a NOON state. (Yusef Maleki and Aleksei M.
Zheltikov,2019)

detection of the atom in the exited state results in the NOON state

1

ﬂ(|N>\0> +10)[N)),

and detection of the atom in its ground state gives

1

ﬁ(INHO) = |0)[V)).

Regardless of the sign differences, both of the states give the same result in the phase estimation
scenario, and both are NOON states. We summarize the transformation presented here in Fig. 2.5.
Accordingly, the input state first interacts with the resonators—qubit system, then goes through a
beam splitter. Finally, a Hadamard gate followed by a measurement is performed on the qubit
which gives the desired NOON states.

As was mentioned earlier, the usefulness of our architecture can even be extended beyond the

NOON state generation. For instance, let us consider the case where we prepare the initial state of
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the first cavity in a coherent state

o0

o)=Y j%w,

n=0

where « is an arbitrary complex number. To this aim, we consider the initial state of the system to

be expressed as

) = \a>ro>%<\g> e,

where we could generate the superposed state of the form

1

\¢>—>\/§

(l}[0)]e) +[0)|ar)]g))

This is a micro-macro entangled state where an atom is entangled with a shared coherent state in

the cavities. Thus, one can generate entangled state of the form

1
V2 4 2e~lal?

™) = (l}]0) £ |0)]a)).

The state |¢™) is proven to be very usefull in quantum merology [53]. If we start with a squeezed
state at the input stage, we could entangle the squeezed state with the vacuum.
Our approach can generate states even beyond such a superposition. In general, we take the

quantum states
dy
W1> = an‘n>7
n=0
and

da
[a) =D caln).

Hence, we prepare the initial state in

9 = o)) —=(19) + |e).
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Then, given the detection of the atom in its exited state, we can generate the symmetric entangled

state

E ! 1)|Y2 211 2.2
™) \/2+2’<w1w2>|2(|¢>|¢>+|¢>|¢ ), (2.21)

alternatively, if we detect the atom in its ground state, we attain the anti-symmetric entangled state

™) = (o) 2) = [2)|1h1)). (2.22)

1
V2 = 2[(Wh1 o) 2

Thus, we can generate several interesting states in our architecture such as superposition of two

coherent states |a) and |3)

1
24 2[(al5)?

(l)18) £ [8)]e)),

or superposition of two squeezed states |£;) and |&2)

1
2+ 2|(&11€2)[7

(I€0)162) + [€2)1€1)),

or even hybrid entangled states of the forms

1
24 2|(&i|a)[?

(l)l&n) = [En]e)),

1
24 2|(N|o?

(la)[N) + [N)|e)),

1
24 2[(N|&)?

(I€)IN) £ [N)[E))-

Such states are of paramount importance in beating the shot noise limit in quantum metrology
and have a vast application in quantum information processing.

In principle, quantum entanglement emerges from the tensor product property of the Hilbert
space of a quantum system in which two or more subsystems share a single state which can be

represented based on the superposition of the bases of these Hilbert spaces [9,17]. In the framework
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of pure quantum state of two subsystems, the state |¢)) is said to be separable (not-entangled) if
we can write it as the product of the states of each subsystems (1)) = |¢); ® ). Here 1 and 2
represent the state of the first and the second subsystems); otherwise, the state is called entangled
[9,17]. A similar definition can be developed for the case of a mixed quantum state. In fact,
entanglement is a purely quantum correlation with no classical description which is responsible for
many interesting physical phenomena in the quantum regime [2, 3]. Once we are given a quantum
state of two (or more) subsystems, a natural question is whether the subsystems are entangled
or not. However, the amount of entanglement and quantum correlation of the subsystems can
depend on many factors in a system. The two subsystems can present maximum entanglement
(or maximum quantum correlation of any type) or no entanglement at all. They can also present
quantum entanglement ranging between these two extreme cases of maximum and minimum. This
entails a formalism to quantify the degree of quantum correlations and more importantly quantum
entanglement. In other words, precise measures of entanglement is found to be necessary for this
aim [2,3,9,11,17,54]. For a system of two two-level subsystems, such as two spin-1/2 particles,
Wootters introduced an elegant measure of entanglement called concurrence [54], that quantifies
the degree of entanglement in such a scenario.

In this work, we are interested in the entanglement between the electron and the proton of the
hydrogen atom. Since each spin space of the subsystems (electron and proton) provide a two-
dimensional Hilbert space, the total system could be considered as a two-qubit quantum state.
Therefore, one can use concurrence as a measure of entanglement in a bipartite system of the
electron—proton. The entanglement of a two-qubit system can be characterized by the concurrence

[54]
C = maX{O, /\1 - /\2 - /\3 - /\4}, (223)

where \; are the eigenvalues of the Hermitian matrix

R=\/\rp.
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The operator p is defined as

p=(0y®0y)p*(oy @ ay).

Here, p* is the complex conjugate of p, and o, is the spin flip operator (y component of the Pauli
matrices).

In the definition of the concurrence C, the eigenvalues are given in non-increasing order ex-
pressed as

AL 2> A > A3 > g

Concurrence, ranges between 0 and 1. For a maximally entangled state we have C' = 1 and for a
separable state C' = 0.

Using concurrence to quantify entanglement of the H atom, we find its explicit form to be

To quantify the entanglement degree of the generated states [¢)) we can use concurrence as

the measure of entanglement [54], which is defined as

C = [(¢loy @ ay[y7)], (2.24)

where o, is the spin flip operator and |¢)*) is the complex conjugate of |¢/). With some straightfor-

ward calculation, we find the concurrence as

1= (W)

C=—- """
L+ [(¢]1h2)]?

(2.25)

Where, the plus(minus) sign in the denominator shows the concurrence of the state [0 )(|)7)).
Interestingly, [¢)~) is maximally entangled for any input states. However, [¢)") is maximally en-
tangled if and only if the input states in the modes are orthogonal states, i.e., (¢1]12) = 0. For

instance, considering the input state | N')| M), one can generate maximally entangled states

1

v — —

(IN)[M) + [M)|N)),

QI
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in this class of states. This reduces to the NOON states when M = 0.

Considering the maximal entanglement of |¢)~), a wast class of maximally entangled states
can be generated in this setup. It is notable that, having maximally entangled states are extremely
important in many quantum protocols. This scheme can be useful in a vast span of quantum

disciplines and can provide a new platform for information processing tasks.
2.5 [Eantangled state generation beyond the two-mode states

As was shown earlier, it is quite possible to generate a large class of entangled states, such
as NOON state and entangled coherent states in the architecture that we have described earlier. It
would be quite interesting to extend the scheme to a miltimode scenario. Generation of entangled
states with more than two modes could be very important for various applications as well. How-
ever, generation of multimode quantum states is one of the most challenging tasks in most of the
practical applications of quantum science. Thus, what will be presented here could be found useful
in various quantum disciplines.

Now, we would like to show how the scheme that we investigated earlier, can be used to gen-
erate a multimode state. To do so. we first prepare an array of two-cavity system where, the array
consists of pairs of cavities and a single qubit(see Fig. 2.6). Furthermore, we prepare the initial
state of the entire system in some specific state of the interest. For instance, let us examine the

following initial state as an input of the scheme

) = [N,0)® [N,0) ® .. ® |N, 0>%<\g> T le)).

Then, we send the qubit through the two-resonator network, where it interacts for the time length
of kt = m/4 with each resonator pair. Once the qubit is interacted with each pair, the photons go
though the beam splitters after that. Consequently, the initial state of the system degenerates into

1

|¢>—>\/§

(N, 0)...| N, 0)[e) + |0, N)...]0, N')|g)).

33
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Figure 2.6: The network of multi-NOON state generation architecture. The qubit is sent through
the resonator network to interact with each resonator pair. Then the photons inside the each pair is
sent to a beam splitter. (Yusef Maleki and Aleksei M. Zheltikov,2019)
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Now, by applying a /2 pulse on the qubit and performing a measurement we get the multi-NOON

state
1

V2

It is interesting that for an array of M resonator pairs, the phase resolution of the system reduces

|) — —(|NV,0)...|N,0) £]0,N)...|0, N)).

to Ap WIN To achieve this value through a NOON state we should be able to increase the number
of phtons to M N in each of the entangled modes which is a very hard task for relatively large M
and N.

Recently, a scheme to generate double NOON states was proposed [55]. To appreciate, the
approach we introduce here, we restrict ourselves to M = 2 and compare the proposal of our
work with the approach of [55]. In their setup they need /N + 2 operational steps to generate a
double NOON state; however, in our system we can generate a NOON state in just a few operational
steps, which is independent of the number of the photons. This is a big advantage of our approach.
Furthermore, our structure is even capable of generating multi-NOON states that can facilitate the
quantum phase estimation techniques. That being said, we can generate a vast class of multi-mode

entangled state by preparing each resonator in our specific state of interest.
2.6 Heisenberg-Limit metrology beyond NOON states

It was already discussed that NOON states have the specific capabilities to reach the Heisenberg-
Limit for the phase estimation sensitivity. The question we want to answer here is whether this HL.
sensitivity is an exclusive property of NOON states. In what follows, we demonstrate that this is
not the case in general. In fact, what we are going to show is that there is a large class of Fock
state superposition which can reach the HL sensitivity. To lay out a rather general formalism for
such states we will consider the relation between NOON state and spin coherent state superposition
based on [41]. To this aim, we note that for such a two-mode Fock state representation, one may

introduce the Schwinger realization of the su(2) algebra in terms of the field operators as

1
Jy = a'b, J_ =bla, J, = 5(aTa —b'h).
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Hence, J_ and J; are the lowering and raising operators of the spin states, respectively. The

generators of su(2) Lie Algebra J. and J, satisfy the commutation relations

o, J =20,  [J.,Je] =+J..

Taking j = 5, and m = @, one can define

Ma)alme)e = |7, M), (n = ng + ).

This relation maps all the basis of the Hilbert space of the entire system from Fock state products
to the Dicke state basis described by the su(2) algebra. The two special cases which are interesting

to note are given by

0)a ®@[27)s =17, —4), and  [2j)a ®[0)s =], 7).

With this definition, the generators of the spin operators act on the basis as

Jilj,m) =/ (GEm)GEm+1)|j,m=*1), and J.|j,m)=ml|j,m).

Therefore, given /V photons in one of the two modes, the two special cases could be expressed

as

0)a ® [N)y =14, =)z and  [N), @ [0)y =[5, )
These realizations in hand, one can rewrite the NOON state in Dicke basis as [56]

INOON) = %wmz =),

Thus, the NOON state is the superposition of the two north and the south poles of the Bloch sphere

in the Dicke state basis. We note that, the superposition of the states with other principle numbers,
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1.e.,
1

\/i(’j7 m>Z + ’j7 _m>2)>

cannot give raise to the NOON state since in the Fock basis it is equivalence to the state

L(ﬂ
VoA

n n n
+ m>a|§ —m)y + |§ - m>a|§ +m)s).

Clearly, such state could not reproduce the HL sensitivity that is achievable with NOON state.
However, considering the fact that NOON state are the two extreme points on the z direction, one
might think of considering the states in some other extreme points such as points in the x direction.

In fact, the superposition of the two extreme points in = direction could be expressed as

J

-y 1 2j T
7. £5)e = 5 > (£, m).,
m=—j ]+ m

n

5 — m,)y, the superposition of such states is not equal to the NOON

Noting that |j,m). = |5 +m)q|
state. In fact, the normalized superposition of the two extreme points in = direction is
r ... o
) = E(’%])x + 17, =5)a)-
Now, we show that this state could be equivalent to the NOON state in phase estimation scenario if
we perform an specific strategy that will become clear soon. To see this, we need to show that this

state can indeed give Heisenberg limit precision. For this purpose, let us apply the unitary operator

around x-axis exp(if,j,) on the state |¢)). With this operator applied, the state |¢)) becomes

1 . .
(0.))=—= (€75, )z + e |5, —j)).

V2

Therefore, we can calculate the phase uncertainty as Af, = % = % Thus, the phase estimation

is exactly equal to the HL as the NOON state. From this result one can easily realize that the
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Figure 2.7: Rotation of the |j, =-7). about y-axis on the Bloch sphere. (Yusef Maleki and Aleksei
M. Zheltikov,2020)

superposition of the two lowest and highest states in the y direction, i.e., |7, =7), can reach the HL
as well. These considerations through the extreme points in the x and the y directions was clearly
pointed investigated in Ref. [56].

Now, it is tempting to ask that if there is any other superposed state that can reach this limit,
or are these three states the only ones that can fulfill the NOON state property for the precise
measurement? If there are some other states what are these states? Also, how we can generate
such superposition states of the Dicke basis say in x, y and z directions? We shall address the
generation scheme later; however, we first are going to discuss the first questions.

It is remarkable that in such a cat state the two superposed points are antipodals on the Bloch

sphere. In general, an element of the Bloch sphere can be obtained by applying a rotation operator
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on a reference point (such as |j, —j).). Such rotation can be given based on the generators of
the su(2) algebra of the spin system. The most general form of the rotation operator then can be

expressed as

; —0 . , .
R(6, 80)6“”2 — exp {7((]_,_6_1@ _ J_ew)}e“”z,

—i9J,

On the z direction basis, the term e give rise to an overall phase, that dose not effect the

precision measurement. Since, The state

1. .
E(eml [N)a @[0)p +€7"[0)0 @ [N)),

is as good as the NOON state, for precise measurement purposes (this extra phase degree of freedom
was introduced in Ref. [56] to facilitate the generation of NOON state). However, the first term

displaces the ground state of the Dicke basis to a coherent state as

10, 0,7 = exp [5(Je™ = J_e®)]|j, —j) = RESCR > Y G,m), (2.26)
=i \j+m

where v = e tan(g). The overlap of two spin coherent states is given by

(14 07)%
T BV + R

(0,717, 7) = (

Now, we examine the superposition of two antipodal coherent states on the Bloch sphere. We
consider, with out loss of generality, a superposition given by
=10,,5) + | = 0,7+ ,))
= ’ ¥ T™—=0u,T ) )
NG ©,J ©,J

In order for to investigate the phase shift and sensitivity obtained through this superposition, we
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consider the following Hermitian operator.
1 » o
Jy=J,cost — §(J+e Y+ J_e"¥)sinb.

In fact, with such a Hermitian operator, we can define the unitary phase shift operator U = e~%”,

such that

o 1 1, ... »
eﬂ%ﬁ(lﬁ 0. J) F I = 0.1+ ¢.5) = —=(€¥]0,0,5) + e |m — 0,7+ ¢, 7). (227)

V2

Thus, the phase uncertainty can be obtained as A{ = % Therefore, we can get HL phase un-
certainty using the superposition of the two orthogonal spin coherent states as above. This shows
that the HL phase uncertainty is not an exclusive property of the NOON states, and it can indeed be
extracted with a large class of quantum states.

Now, one may ask whether it is possible to get such HL precision via superposition of two
non-orthogonal spin coherent states which are not antipodal points or is this just limited to the
antipodal orthogonal coherent state superposition? To have a better insight into such superposition
we show the relation between the NOON state and such superposition states. To this aim we note
that the two extreme points of the x direction are related to the diagonal z component of the spin

coherent state in Eq. 2.26 by the 7 rotation R,(5) = exp(—i%j,) about the y-axis, i.e.,
=T . . . .

This is shown in Fig. 2.7. Thus, by rotating the cat state about y-axis and noting that |0),|N),

|7, —7)., and [N),|0), = |7, 7). we create the NOON state

1

INOON) = NG

(127)a @ [0)s +10)a @ [27)s)-

This result clearly shows that a NOON state, is in fact a typical type of spin cat state [56]. A
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coherent state can be expressed as an action of the rotation operator on the ground state such that

10,0,7) = R(0,)|j,—7). Itis also remarkable that the antipodal point of this coherent state is

|7T - (9,71' + 90>j> = R<9790)R(7T790>’j7 _j> = R<8790>|j7]>

Therefore, by applying the rotation operator R~1(, ) = R(—0, ), we can get the NOON state.
Thus, the spin cat states of antipodal points can be converted to the NOON state by some global
unitary transformation. It is notable that such transformations change the states entirely and may
transform it to a completely different state. With this description, now consider a superposition of
two spin coherent state as |0, 1, 7) + |02, 2, 7). We apply the operator R(—6;, 1) on the state
and noting that the product of two rotation operators gives a rotation operator, up to a phase factor,

we may express the state as
17, —J) + R(=01, 01)R(02, p2) R(7,0)|3, j)-

This can be fulfilled for R(6, o) = P R(0y, 1) R(m, ¢'). Where we have used the fact that
|7,—j) = R(m,0)|,7). Now considering the fact that multiplication of two rotation operators

gives rise to a rotation operator, up to a phase factor

where
M2

_ 1—%%)
1=y’

(I)(ﬁ)/l?’}/?) =—1l ln(l _ ,Yl,)/*
2

V3

01

%), and 7, = e =2 tan(% ). Thus, to have a NOON state one needs to have

with y; = e~ tan( &
R(=01,¢1)R(02, p2) R(m,0) = I
Where, O is some phase determined by the variables of R(6y, ¢1) and R(6s, o). Thus, with this
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description the states |01, 1, j), and |0, @2, j) need to be antipodals. In other cases the action of

the operator €'*’+ shall not result in the HL metrology. We may express this in Fock basis as

1 [ n v, 1
—E {3+ e (=) Hm)aln — m), (2.28)

et | 3
where n is the number of the total photons. It is quite evident that this state is completely different
from the NOON state, however, it can give the HL precision as NOON state. Therefore, such a two-
mode superposition of the photon number states can give the set of the states satisfying this limit.
This may allow us to circumvent the difficulty of generating of the NOON state and permits more

general ways to produce the state that may reach HL precision.

The interaction Hamiltonian of the two-mode field and the two-level atom reads
H, = ihQ(a'b — bla)o, (2.29)

Now if the atomic state is initially prepared at \/%(| g) + |e)) and one of the fields in the Fock

state |n)p, and the other is prepared in the vacuum state |0),, then

6(0)) = %um T 1e))[0)aln).

Therefore, defining £(t) = €' tan(§2t) the initial state evolves to

[¥(t) = %(I@ ®[€(1),5) +19) @[ = &), 5))-

This, in fact, is a type of micro-macro entanglement between the electronic state of the atom and
the cavity fields. We apply a 7 pulse on the atomic state which transforms |e) — \%(\ g) +1e))
then make a measurement on the ground state of the electronic state that projects the state to
\%(K(t),j) + | — £(t), 7)), which is a spin cat state. Therefore, there is a large class of spin cat

states that can give HL metrology.
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2.7 Recovery of amplitude damped NOON states

Once created, NOON states are highly prone to decoherence and eventually lose their phase
super-resolving power when they couple to the environment or a detector, e.g., as a part of mea-
surement process.

In most of the measurement processes, a quantum system collapses to one of its eigenstates.
However, within a special class of physical measurements referred to as weak measurements [57—
61], the system does not completely collapse by the measurement process and it is described as the
superposition of its eigenstates. In this type of measurements the input state can be retrieved with
a nonzero success probability by reversing the weak measurement process.

As was recently shown weak-measurement reversal can protect quantum state from ampli-
tude damping [58, 59]. This approach provides a powerful tool for information processing by
enabling a high-fidelity restoration of two-qubit quantum states [61]. Here, we show that the
weak-measurement reversal procedure can be useful for protecting NOON states, enabling the HL
phase super-resolution provided by such states to be recovered in spite of the damping induced by
weak measurements [22].

To demonstrate the recovery of sub-SNL precision in NOON-state-based phase measurements,

we consider a NOON state subject to amplitude damping [62]

1
W) = W(W)@!@H”“I@@W))- (2.30)

The unbiased quantum Cramér-Rao bound (QCRB), setting a limit on the precision with which
the phase ¢ of the density matrix p(¢) can be measured is [18,24] A¢p > Apgep = l/m
Here, N,, is the number of measurements and Fy, is the quantum Fisher information [18,24], F(y =
Tr(p(¢)L7]. The symmetric logarithmic derivative Ly is defined by dgp(¢) = (1/2)[p(¢) Ly +
Lgp(o)]-

For the amplitude-damped NOON state above, the precision of phase estimation is thus limited

by A¢ > [cosh (N~t)]/N, showing that amplitude damping leads to an exponentially decreasing
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sensitivity of NOON-state-based phase measurements. Since v = 1/7, 7 being the coherence
time, it is straightforward to see, that NV-based NOON states (7 = 1 s) maintain their phase-
superresolving ability within much longer periods of time compared to photonic NOON states (7 =
1 ms).

The optimal phase sensitivity of the state versus ¢ for different N is given in Fig.4.5. The
sensitivity of the state degrades by the weak measurement process. Even though the sensitivity
gets far from the LH but for small enough time one expects that it still is below the shot noise limit.
In fact the condition that the state provides below SNL sensitivity is determined by

_ cosh™ (v/N) ‘

N (2.31)

We further analyze the parity operator measurement sensitivity in the weak measurement scenario.
For the NOON state the sensitivity of the phase estimation in the interfrometer is of vital impor-

tance. For the measured operator O the variance is limited by [18,24]

e,
Ap=AO/|— 2.32
6= 80/|%, 2.32)
The operator used for NOON state phase estimation can be P = |ON)(NO| + |[N0)(ON|, which
results in phase error
\/coshz(nyt) — cos?(Npt)
A¢, = (2.33)

N|sin (Ngt)|
It is notable that A¢, obtained here is larger than the one we obtained from CRB. The phase
sensitivity of the state for the parity measurement is depicted in Fig.2.8. The sensitivity of the state
drastically degrades by the weak measurement process.

Since controlling the weak measurement is important for quantum metrological applications it
would be interesting if we could reverse the weak measurement and partial collapse process. In
fact, reversing the weak measurement and protecting entangled qubit systems from such decoher-

ence has been experimentally demostrated [58]. Such process can be fully or partially reversed
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Figure 2.8: (a) Time evolution of the Cramér—Rao bound ¢crp and (b) the phase error Ay p (with
¢ = m/2) for a NOON-state phase estimator subjected to a weak measurement with v = 1 Hz.
(Yusef Maleki and Aleksei M. Zheltikov,2018)

from the amplitude damping via an ancilla assisted protocol containing a series of CNOT and
generalized Hadamard gates [58]
To demonstrate entanglement recovery in an amplitude-damped NOON state, we set an ancilla

qubit such that tan § = 7" and define a generalized Hadamard gate as

cosf sinf
Y = . (2.34)
sinf) —cos@
With the generalized Hadamard transform applied to an ancilla qubit, the state of the system con-
sisting of the amplitude-damped NOON state and the ancilla qubit (up to a normalization factor)
is
(IN)er 0y + €™V 7(0)ey [ N)ey) @ (cos O] 4) + sin 6] 1)) (2.35)
The NOON state basis consists of the orthonormal Fock states {|0), |N)} in each subsystem. Since
each subsystem contains two basis they can mapped to the qubit basis, and hence, We also consider

a CNOT gate acting on the subsystem containing the state of the second NVE (considered as the

two-level system with the basis |0).,, | V).,) and the ancilla qubit.
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Figure 2.9: Reversal of a partial collapse of a NOON state induced by a weak measurement: (a)
single-step and (b) k-step recovery procedures: H, generalized Hadamard gate; CNOT, CNOT
gate. (Yusef Maleki and Aleksei M. Zheltikov,2018)

At the next step, the ancilla qubit is detected. When the outcome of this measurement is | }),

the NOON state is fully recovered [Fig.2.9(a)]. The success probability of this outcome is

) e—2N’yt
p = COS 0= m (236)
If the outcome of ancilla-qubit detection is | {}), implying that
1
|0) = ————=(IN) ®0) + e**"|0) @ |N)), (2.37)

V14 e 4Nt

2Nt If the outcome of

the procedure should be repeated with the ancilla qubit set as tanf = e
ancilla-qubit detection is now | }), then the NOON state is recovered. Otherwise, we need to keep
repeating this procedure setting the ancilla qubit as tan = ¢V at the kth step until ancilla-qubit

detection yields the desired outcome [Fig.4.7(b)].
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2.8 Quantum Metrology with Spin Cat States

A superposition of the spin coherent states can be expressed as

[¥,5) = N (161,01, ) + 102, 2, 5)).

The normalization factor of this cat state is given by

(14 69)% + (1L +7586)%7] 2

N= 2 s s ey

A special class of this state could be given as

0, 3) = N(16,0,5) + |7 — 6,0, 5)),

(2.38)

(2.39)

(2.40)

We are going to consider the performance of the spin cat state in Eq. (2.38) as a probe for the

phase estimation. The parameter that we are interested in estimating is introduced as the phase

shift & through e’ to the state Eq. (2.38). Now, we are interested in determining the minimum

error which can be obtained using such a cat state.

For the spin cat state in Eq. (2.38), the error of phase measurement A is limited from below

by the CRB, as mentioned above. To determine the CRB, one needs to obtain the quantum Fisher

information F¢. Maximizing the quantum Fisher information results in minimum CRB. Therefore,

states with larger quantum Fisher information are more desirable for phase estimation protocols.

For the cat state in Eq. (2.38), we find the Fisher information to be

Fo :4(92+g1—912)-

where,

2 0 (L4 09)¥ "oy + (1+70)¥ 170

G, = 2JN? +

L+ 14152 (L4 1612)7(1 + [v[2)?
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and

o] R U (1 +09)¥72(07)* + (1 + 70)**(79)”
(422 (1+152) (1 +[02)7(1 + [7[?)?

Go = 2j(2j — 1)N?
(2.43)

This provides an analytical solution for the spin cat state metrology in Eq. (2.38). From
this expression, we immediately observe that the quantum Fisher information is a function of ¢ =
2 — 1, thus CRB only depends on the phase differences rather than each of phases independently.
Also, the quantum Fisher information is proportional to 2. Considering the photonic realization
of the spin cat state, for instance, 27 is just the number of the photons /V that is used to generate
the spin cat states.

We note that j = 1/2 and j = 1 should be considered more carefully when 7 = —1, due
to the fact that some powers in the above expressions vanish. Thus, we will explicitly find the
expressions for the Fisher information in these cases.

For j = 1/2, we simply have
ol 6% 0y +70

+

Fq = 4N?
¢ Ly 14102 (L [02) 2 (1 + [y [?)/2

(2.44)

Since j = 1/2 corresponds to N = 1, it does not provide quantum enhancement as shot-noise
limit coincides with HL. Therefore, we investigate higher spin states. The cat states with j = 1,

corresponds to two-photon states. For this case we have

—ope [ F o] (1470 +(1 +%)75]
G = 2N {1 + ")/|2 T 1+ |5‘2 + (1 + ‘5’2)<1 + ’7‘2) ) (2.45)
and
_on2 | T Ll (97)* + (36)? }
Gy = 2N {(1 + [7/?)? + 1+ 0P)? + ELRE Ik (2.46)
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with

1+ 67)2 + (1+70)2] 2
N (1+ 7)2+( +72) (2.47)
(L 162) (1 + 7
To analyse the performance of spin-1 probes, let us consider the states of the form
o, 1) =N (16,0, 1) + |7 — 0,0+ ¢, 1)), (2.48)

Note that ¢ does not affect CRB and only the phase difference ¢ is important. For ¢ = 7 we have
the superposition of two antipodal spin coherent states on the Bloch sphere, the so-called antipodal
cat states. We plot phase estimation error bound for various ¢ in Fig. 2.10. Interestingly, the
antipodal cat state reaches HL (A = 1/2) for any 6 in this case. Thus, antipodal cat states are
optimal in this case and provide a better sensitivity compared to the states of the type Eq.(2.40).
The HL can also be directly obtain from the above analytical expression for the CRB. All of the
states reach the HL for & = 0, m, as expected. This is due to the fact that, at these points, the
cat states recast the superposition of the north and the south poles of the Bloch sphere, where the
azimuthal phases become irrelevant. In other words, the cat states reduced to the conventional
NOON states. The states with ¢ # 7 provide maximum error for § = 7/2. In this case, both
coherent states lay on the great circle at = = 0 on the Bloch sphere. The cat state with ¢ = 0,
reduces to the shot-noise limit at § = 7 /2.

To consider the effects of polar angles on the metrology, we present the CRB as a function of
61 and 05 in Fig. 2.11, for ¢ = 0 and ¢ = 7. This Figure shows that minimum error for such cat
states are those with 6, = m — 6;. This also shows that the antipodal cat states reach HL for all
cases.

Now, a natural question is whether all antipodal cat states provide HL precision, with any j. To
figure this out, and to consider the cat states with larger j in more details, let us consider the states

of the form

0,7y = N(10,0,5) + |7 — 6,0+ 6,j)). (2.49)
We plot the CRB as a function of 6§ for various cases in Fig. 2.12.
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Figure 2.10: The CRB in terms of 0. ¢ = 0 dotted. ¢ = 7/2 dashed. ¢ = 7 solid.

It is clear that, in these cases the antipodal cat states do not provide the HL anymore. However,
in all cases the antipodal cat states provide better precision compared to the cases with ¢ = 0 as in
Eq. (2.40). First, let us see if there is any antipodal cat states which could provide HL metrology.
Noting that, for the antipodal cat states we have 70 = —1, the quantum Fisher information in Eq.
(2.41) can be simplified to

1+ |7|4 .9

This provides a closed-form expression of the Fisher information of any antipodal cat state with
j larger than 1. Now, the HL precision could be achieved under the condition o = N? = 452,
Combining this with F; we immediately find that HL could be fulfilled only for |y| = 0 or occ.
Or equivalently for & = 0, 7. However, this means that the cat state reduces to the superposition
of the north and south poles of the Bloch sphere, which is nothing but the conventional NOON
state. Therefore, it is quite interesting that 7 = 1 antipodal cat state is the only state of this type
which provides HL for any . Another interesting insight from the above relation can be achieved
is that maximum error (minimum Fisher information) can be obtained for |y| = 1 (0 = 7/2).

This maximum error is given by the shot-noise limit as the Fisher information in this case reduces
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Figure 2.12: The CRB in terms of 6. ¢ = 0 dotted. ¢ = 7/2 dashed. ¢ = 7 solid.

to Fo = 2j. Geometrically, this means that any antipodal cat state on the z = 0 circle of the
Bloch sphere (on the equator) provides shot-noise limit sensitivity, while any other state away
from this circle provides quantum enhancement, suppressing the shot-noise limit. In other words,
the precision with antipodal cat states vary between shot-noise limit on the equator of the Bloch
sphere to the HL on the poles. The further away from the equator we move, the more sensitivity
could be attained. The other important feature that can be observed from Fig. 2.12 is that, for all
spins, the cat states with ¢ = 7 provide better sensitivity compared to the ones with ¢ = 0. To see

if this could be the case for all spins, we find the Fisher information for the states with ¢ = 0. For
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these states 76 = 1, and the Fisher information reduces to

J(25 - 1) L o 1 . .9
Fo {1_'_“42] 2A+2A +J=77, (2.51)
where
_2p
L+ |y

With this relation, it is straightforward to prove that the Fisher information of the antipodal cat
states in Eq. (19) is always larger, providing a better error suppression in phase estimation. Both
of these class of states provide shot-noise limit at 6 = 7/2.

In [63], it was found that for the states in the class of Eq. (2.40), when j > 20, and 6 < 77 /20,

the CRB could be approximately obtained as

(2.52)

14 tan?6/2 3
Aécrp ~ ( / ) n

1 —tan?6/2
where, N = 2j. Now, we would like to see how this result could be understood considering the
more generic and exact result of Eq. (2.51). To understand this, we simply seek the condition such

that A% < 1. That means we take 6 # 7/2, and take j large enough. With this approximation we

attain
.9 cre - 1 2
Fo~4 {] —j(2j — 1)5./4 ] : (2.53)
Since, j is large enough, j(2j — 1) ~ 2;2, we attain
Fo =457 [1 - A% = N? Sadulid (2.54)
L+ [y[?

Considering the fact that |y| = tan®6/2, we immediately arrive at the result of [63]. As an
interesting feature, the large spin limit of the antipodal cat state also provides the same result,
as above. Our proof suggests that this approximated solution could be valid beyond the scope

of approximation made in Ref. [63], and demonstrates the significance of the generic and exact

52



solution provided in this work.

The other class of states shown in Fig. 2.12, is the states with ¢ = 7/2. Such a cat state
provides much better error sensitivity for j = 3/2 and 2, while it does not provide a better error
suppression for j = 7/2, when compared to ¢ = 0, 7. Hence, these states are highly dependant on
the spins of the system. In other words, by fixing all parameters except the spin, for some states we
can suppress the shot noise limit, while for others we may not. Therefore, delicate engineering of
the phases can be used to determines states that can be better than antipodal cat states for the phase
estimation purposes. Comparing the subplots in Fig. 2.12, it is clear that by increasing spin the
error is more suppressed for ¢ = 0&7. However, it may not be the case for ¢ = /2. Note that,
it is usually believed that increasing number of photons can assist in attaining better resolution;
however, our observations shows that it may not be the case in general. That means, feeding more
photons to the scheme may even degrade the resolution of phase sensitivity. This feature, could
not be captured in the limited class of sta] tes in Ref. [63], where the precision always increases as
the spin enhances. This reveals the significant role of the azimuthal angles on phase estimation. To

analytically find the CRB for ¢ = 7/2, we can obtain the Fisher information elements such that

. ; 2 2sin(3[2) — 1)y |¥ (2.55)
1 TR renpr
and
G, j(gj —1) | [ 14 |’y!4 B 2 Sin(%j)"ﬂ%} (2.56)
14 2GR | (T4 322 (1+ ]y P)%

(I+1[2)%

From these expressions it is easy to verify the behavior of cat state which is presented in Fig. 2.12.
For instance, at § = /2, for j = 3/2 we obtain Aécgp = 1/2, for j = 2 we get Acrp = 1/V/8
and for j = 7/2 we obtain Aécrp ~ 0.48.

To illustrate the effect of variation in the polar angles, we plot the CRB of the antipodal spin cat
states with 7 = 3&10 in Fig. 2.13. In both cases, it could be concluded that the error could be large

when ¢, = 6,, and when both coherent states are on the same poles the error diverges, as expected.
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While, the error could be reduced as the coherent states move further towards the opposite poles

on the Bloch sphere, providing HL at the opposite poles. Hence, a class of cat states of the form

[, 5) =N(|0,0,7) + 10,0 +7,7)), (2.57)

can never beat the shot noise limit, independent of the spins and coherence parameters. Thus, these

states are not quantum metrologically useful. Similar observations could be achieved for ¢ = 0.
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Figure 2.13: Density of the CRB in terms of §; and 65 for ¢ = 7. (a) j = 3. (b) j = 10.

As a specific consequence of, our result, using a single spin coherent state as a probe, i.e.,

|1, j) =16, ¥, j), the Fisher information can be obtained to be

el :
Fo=8 — %A (2.58)
MERCERETRE
Therefore, a single spin coherent state, can never beat the shot-noise limit, and hence, spin cat

states are crucial for attaining quantum advantages.
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3. MACROSCOPIC TRIPARTITE ENTANGLEMENT OF NITROGEN-VACANCY
CENTERS IN DIAMOND COUPLED TO A SUPERCONDUCTING RESONATOR !

3.1 Introduction

In this chapter, we consider a hybrid quantum device containing three separated NVEs coupled
to a common coplanar waveguide resonator (CPWR) (see Fig. 3.1), where, the collective magnetic
coupling between NVEs and CPWR is used to generate entanglement among the NVEs which
are initially in their ground states following [64, 65]. This provides a practical architecture for
realizing multipartite entangled states in NVEs, which is of paramount importance in the NVE-
assisted quantum network and is a valuable physical resource in large-scale quantum information
processing.

Detecting entanglement in a quantum system is of paramount importance in quantum infor-
mation science [66—68]. The most general approach for detection of quantum entanglement in
any given quantum system is based on the notion of entanglement witness [66—68], as a physical
observable which can be engineered experimentally. Thus, we consider the detection of tripartite
entanglement among NVEs by exploiting suitable entanglement witnesses. The dynamics of the
expectation value of the entanglement witnesses provide a useful tool for quantifying and detect-
ing entanglement. The generated state can have a large overlap with maximally entangled GHZ
by controlling the relavant parameters in the system. The effects of decoherence on the expec-
tation value of the entanglement witnesses can be destructive, and in some cases preventing the
entanglement to be detected.

We are going to show that the entanglement generation is highly dependent on the initial state

of the hybrid system, where a proper preparation of CPWR can be used for entangling NVEs.

IThis chapter is partly based on the following journal publications with the permission: (i) Reprinted with permis-
sion from “Witnessing quantum entanglement in ensembles of nitrogen—vacancy centers coupled to a superconducting
resonator” by Yusef Maleki, Aleksei Zheltikov, 2018 Opt. Express 26 17849-17858, Copyright [2020] by The Optical
Society (OSA). (ii) Reprinted with permission from “Macroscopic tripartite entanglement of nitrogen-vacancy centers
in diamond coupled to a superconducting resonator” by Yusef Maleki, Aleksei Zheltikov, 2019 J. Opt. Soc. Am. B 36
443-450, Copyright [2020] by The Optical Society (OSA).
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Figure 3.1: (a) Three ensembles of NV centers coupled to a superconducting coplanar waveguide
resonator. (b, ¢) Crystal-lattice (b) and energy (c) diagrams of an NV center in diamond. (Yusef
Maleki and Aleksei M. Zheltikov,2019)

When the CPWR is initially prepared as a cat state of coherent states, the entanglement of NVEs
oscillates periodically, and the maximal entanglement always happens when the CPWR disentan-
gles from the rest of the system. The entanglement degree between the NVEs strongly depends
on the initial state of the CPWR, the collective coupling parameter and the interaction time. The
maximal entanglement can be tuned by adjusting these parameters, enabling generation of highly

entangled quasi-GHZ macroscopic entangled states as well as controlling the entanglement.
3.2 Entanglement generation

The superconducting coplanar waveguide resonator consisting of the length L, the capacitance
C., and the inductance F.. contains two nearby lateral ground planes and a narrow center conductor,

which can be described by the harmonic oscillator operators, and thus, its Hamiltonian can be
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written as Ho = hw.a'a, where a (a') is the annihilation (creation) operator of the microwave

mode of the resonator, and its corresponding eigenfrequency is determined by [69, 70]

w, = 21 /+/C.F..

The distributions of current and voltage inside the CPWR can be described as

Lpw = i\/C./F.(a' — a)sin(27/Lx),

and

Vpw = V/We/Ce(al + a) cos(27/Lx).

The ground state of an NV center, as was already discussed, is a spin triplet with zero-magnetic-
field splitting D,,/2m = 2.87 GHz between the m, = 0 sublevel and the degenerate my; = =+1
sublevels (see Fig.3.1 (b)&(c)). An external magnetic field B.,; applied along the [111] direction of
the diamond crystal lattice (parallel to the resonator plane) removes the degeneracy of |m, = +1)
sublevels, by inducing Zeeman splitting and tunes the transition energies. Again, considering only
the two ms; = 0 to ms = —1 sublevels we can isolate our investigation into a two-level system.
Thus, for an ansanble of spins in each NVE, the HP transformation is vaid [49].

With this description, the total Hamiltonian of the NVE—CPWR hybrid system considered here

can now be written (in units of & = 1) as

3 3
H =w.a'a+ Zwva;bj + Z gj(b;r-a + aTbj), 3.1

J=1 Jj=1

where g; is the coupling strength for the ith NVE and the CPWR. We assume that the frequency of
the NVEs are tuned to be at resonance with the CPWR w, = w = wyv .
We are going to show now that, starting from this Hamiltonian, we can create an entangled state

shared among the the NVE memories. To this end, we prepare the CPWR (up to a normalization
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factor) in the macroscopic cat even (odd) state
a)e £ ] — o).

where the plus (minus) sign is for the even (odd) cat state. Here, |«). denotes the coherent state of
the microwave mode. The cat state described here can be generated by first keeping all the NVEs
off the resonance with the CPWR and coupling it to a qubit [71]. The dynamics of the resonator—
qubit system can be used to generate the desire cat state. This method can generate a large cat state
consisting of more than 100 photons in a superconducting resonator [71] . Thus, the resonator is
prepared in cat state, and the i-th NVE in its ground state |0). The initial state of the entire system
is thus given as

[4+(0)) = (lae £ [ = @)c)[0)[0)]0). (3.2)

v
V2 £ 2¢- 20
The time evolved wave function |1, (¢)) of the whole NVEs—CPWR system can be obtained by
applying the time evolution operator U(t) = e~*#*/" on |1)..(0)), and the dynamics of operator
O(t) can be given as O(t) = U(t)O(0)UT(t), where O(0) = O is the operator at t = 0.

The time evolved wave function |¢)(¢)) of the whole NVEs—CPWR system can be obtained
by applying the time evolution operator U(t) = e~*#*/" on |1/(0)), and the dynamics of oper-
ator O(t) can be given as O(t) = U(t)O(0)U'(t), where O(0) = O is the operator at t = 0.
Considering the dynamics of the operators of the subsystems using Hesenberg equation, i.e.,

dO(t)/dt = —i/h[H, O], we have

da(t)/dt —lw  —ig; —iga —ig3 a(t)
db (t)/dt | —i —iw 0 0 by ()
doty/dt | | —igp 0 —iw 0 bo(t)
dbs(t)/dt —igs 0 0 —iw b3 (1)

Thus, the NVE-CPWR system initially prepared in the state given by Eq.(3.2) evolves in time
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according to

[+ (t)) = [e(t))e @ [51(2)) ® [Ba(t)) @ [B5(t))
tl-a)e®|=F1) @] - Bt) @] = b)), (3.3)

where

at) = e “acos(Gt),

and
v 9isin(Gt)
’ t o iwt )
Bi(t) = —ie a—=—

Also, the parameter G is given by

G=\/gl +95+95

Generally, both the NVEs and the CPWR may become entangled as a result of this time evolution.
However, we are concerned here with the entanglement that builds up in the three NVEs. To
quantify this entanglement, we trace out the CPWR subspace to obtain the reduced density operator
related to the NVEs,

pnv(t) = Tropwr(|v+(t)) (Y (1)],

which gives

prv(t) = Ni[Bi()) (B (1) ® |B2())(B2(t)] @ [ B3(1))(B5(t)]

H = Bu) (=B O] @ | = B () {(=Fa()] @ | = F3(1)) (=Fs(1)]
£q()[1B1(8))(=61(B)] © [B2(£)) (= Fa(t)| @ |B5(2)) (—Ps(t)

£q()] = AO) (A D] @ | = B2())(B2()| @ | = Bs(£)) (Ba(E)]]- (3.4)
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Here,

q(t) — 672|a\2 cos?(Gt)

and N is the normalization factor, which can be written as
Ny =[2+2¢7 27

With an appropriate encoding of the logical bases, the above density matrix can be mapped

onto a three-qubit state. With this goal in mind, we choose the following orthogonal basis:

10)i = 18:(1)), 1) = —=—===( = Bi()) — pi(1)|:(1))),

where

pilt) = e 206/G) ol sin(G).

The coherent states | + /3;(¢)) can then be expressed as

1B:(6)) =10)i, | = Bi(t)) = pi(1)0); + /1 = P} (B)[1):.

3.3 Witnessing entanglement in the system

In order for detecting entanglement in tripartite state one can use a relevant entanglement wit-
ness. Here, we use the entanglement witness of the GHZ state for both even and odd input cat
states which can detect the states close to the GHZ state [72,73]. The three-qubit GHZ state is

defined as [72,73]
1

V2

First, we consider the detection of entanglement for the even coherent state input Ny (|a).+|—a).)

(GHZ) = —(]000) + [111)).

with the density matrix pyy 4 (t). The corresponding entanglement witness for the even coherent
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state input can be given as [72,73]

A 1
Wonz = 51 @ 1®1~|GHZ)(GHZ|

This witness can detect genuine three-partite entanglement when

TT(WGHZPNV—i-(t)) < 0.

The expectation value of the witness operator Wenz with respect to pyv (), after encoding to a

three-qubit density matrix, can be calculated as

EW = Tr(Wanzpnv=(t)) [pi(t) + p3(t)

T 4t 4¢P
+p3(t) — pi(t)p3(t) — pi()p5(t) — p3(t)p3(t) — 2[q(t)

o (Op2(Ops ()1~ 5201 B0 /1— B3] (3.5)

If one of NVEs does not couple to the rest of the system then one has a biseperable state where
the entanglement may be generated between the two remaining NVEs. For instance, if the first
NVE remains uncoupled to the rest of the system (¢; = 0), then we have p;(¢) = 0. Hence, the

expectation value of entanglement witness will reduce to

1

EW(pi(t) =0) =

[1— p3(t)p5(t)].

Thus, the entanglement witness above can be negative only when the entanglement is distributed
among all the three NVEs, otherwise the expectation value of the entanglement witness shall not
be negative.

We plot the dynamics of the expectation values of the entanglement witness in Fig.3.2 for

various coherence parameters. Fig.3.2(a) depicts £WW when the coupling strength of the NVEs are
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the same, i.e., g1 = go = ¢3. In this case p; () = p2(t) = p3(t) = p(t) and EW simplifies to

W p) = L)

= T aezer B () = 2a@®) + P (] V1 = p(B)):

Thus, detection of entanglement requires

3p*(t) — 2[a(t) + P’ ()]V/1 = p*(t) < 0.

Accordingly, the entangled state can be detected when Gt is close enough to (2k + 1) /2, and
EW presents a periodic behavior in terms of Gt. For large enough o, EW can be close to —1/2
indicating a large overlap between the density matrix and the three-qubit GHZ state. Fig.3.2(b) is
plotted for g, = 0.5g; and g3 = 1.5g;. The variation in the coupling of each of the NVEs does
not effect the periodic pattern of the £/, where only the overall coupling GG effects the periodic
behavior of the ETV in time. In both cases the minimum of EW can be found at Gt = (2k+1)7/2,
where the resonator is completely depleted from the photons and all the photons are shared as
expectations of the NVEs. When the couplings are not identical the overlap of the density matrix
and the GHZ state is smaller. As can be seen from Fig.3.2(b) when the coherence parameter « is
very small, ETV mostly becomes a positive number and detection of largely entangled state fails.
As is clear from Fig.3.2 when « is very large, the range of G't at the vicinity of (2k + 1)7/2 where
the entanglement can be detected shrinks. For & — oo, EW — —1/2 when Gt = (2k + 1)7/2;
otherwise, EW — 0.

Now, we consider detection of entanglement when the input state is an odd cat state of the form
N_(Ja). — | — @).); here, the density matrix of the final state is given by pyy_(t). In this case
we use an other form of the maximally entangled GHZ state which can be obtained from a local

operation on the GHZ state as

1

(I®1®0.)|GHZ) = —(|000) — [111)).

Sl

2
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Figure 3.2: Time evolution of £W for entanglement of ensembles of NV centers with even cat state
as the input state, for various coherence parameters «. (a) For g1 = g2 = g3. (b) For go = 0.5¢;
and g3 = 1.5g,. (Yusef Maleki and Aleksei M. Zheltikov,2018)

The corresponding entanglement witness for the odd cat input state can be given as [72,73]

A~

1
Wianz =51 @101~ (10100.)|GHZNGHZ(I® 1 0.)

The expectation value of the witness operator W crz With respect to pny (1), after encoding

to a three-qubit density matrix, can be calculated as

BW = Tr(Weanzony- (1)) = T 20 + 10
+p5(t) — pI()p3(t) — pi(O)p3(t) — pa()p5(t) — 2[a(t)
—ppa(Ops(O)y/1 = (01— B30/ 1~ B30 (3.6)

The expectation values of the entanglement witness are again periodic functions of Gt (Fig.
3.3). However, we see that FWW have larger peak values. In this case when pi(t) = po(t) =
ps(t) = p(t), EW simplifies to

= m[iﬁ??(ﬂ —2[q(t) — p*(H)]V/1 — p2(1)].
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Figure 3.3: Time evolution of EW for entanglement of ensembles of NV centers with odd cat state
as the input state, for various coherence parameters «. (a) For g; = g2 = g3. (b) For go = 0.5¢;
and g3 = 1.5¢g,. (Yusef Maleki and Aleksei M. Zheltikov,2018)

Thus, entanglement can be detected when

3p?(t) — 2[q(t) — p*(1)]/1 = p(t) < 0.

Comparing this inequality with a similar condition obtained for even-cat input states, we see that,
entanglement detection in the case of odd-cat input state imposes more stringent requirements on
p(t). When « is small, entanglement detection through the entanglement witness fails.

As is readily seen in Fig. 3.3, minimum E'W values are achieved at Gt = (2k+1)7/2, when all
the photons are shared between the NVEs, leaving the resonator completely depleted of photons.
When the couplings between individual NVEs are not identical, the overlap of the NVE state and
the GHZ state is smaller. As can be seen from Fig. 3.3(b) when the coherence parameter « is small,
EW becomes positive, and entanglement detection fails. When « is very large, entanglement can
be detected only within a very narrow range of Gt near (2k + 1)7/2. For a — oo, we have
EW — —1/2 when Gt = (2k + 1)7/2; EW — 0 otherwise.

To quantify the overlap between the considered class of entangled states and the maximally

entangled GHZ state, we consider the fidelity of the considered entangled states with respect to the
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ideal GHZ states. Applying a standard definition of the fidelity [2]

F(p.0) = Tr(y/\/po/p)’

to the density matrices p and o of the considered entangled states and the ideal GHZ states, we find

1
T AE Aq(t)p(O)pa(t)ps ()

x (1= p3(6)) + 2[a(t)  pu (Opa(ps ()31 — $2(0 /1 — 31/ 1 — PA(D))

F. [1+ pi(O)p3(6)p3(t) £ 2q(t)p1 ()pa(t)ps(t) + (1 — pi(£)) (1 — p3(t))

where the fidelity F'; and F_ measures the closeness of the state with the density matrix pyy 4 to
the maximally entangled GHZ state |GH Z) and F_ characterizes the closeness of the state with
pnv— to the GHZ state (0, ® I ® I)|GHZ).

In the special case of p;(t) = po(t) = p3(t) = p(t), Fx simplifies to

1

B L Om Om O

[L4+p° (1) £2q(1)p* () +2(q(t) £p* () (L —p?(1)** +(1-p(1) ],

For both even- and odd-cat input states, the fidelity is a periodic function of dimensionless time
Gt (Fig. 3.4), reaching its maximum value at Gt = (2k + 1)m/2. As the coherence parameter
increases, the NVE state gets closer to the maximally entangled state, with the fidelity approaching
1 for moderate values of the coherence parameter. This indicates that NVEs are approaching
maximally entangled GHZ states. At ¢ = 0, the fidelity is exactly 1/2, as expected, since all the

NVEs are in their ground states.
3.3.1 Effect of decoherence on EW

In any realistic experimental implementation, entanglement detection is inevitably subject to
decoherence. To examine decoherence effects, we consider an experimental scheme where the
resonator is tuned to the zero-field splitting frequency of NV centers with a suitable choise of

electric circuit parameters. Specifically, to tune the resonator frequency to D, /27 = 2.87 GHz,
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Figure 3.4: Time dependence of the fidelity (a) F'; and (b) F_ with g; = go = g3. (Yusef Maleki
and Aleksei M. Zheltikov,2018)

the CPWR should be designed to have an inductance F. = 60.7 nH and a capacitance C,. = 2
pF [69].

For a single NV center placed 1 um above the center, the coupling strength induced by the
CPWR conductor is go/2m ~ 12 Hz. This is well below the decoherence rate of the resonator,
k/2m ~ 1 MHz. However, for ~ 10'?> NV centers coupled to a superconducting resonator, a col-
lective coupling, g/27 ~ 10 MHz, exceeding the coherence rate of both the CPWR and diamonds
can be achieved [30], enabling the desired strong coupling regime. With these experimental pa-
rameters, the first maxima of entanglement are observed at ¢ ~ 14 ns, i.e., well within the lifetime
of microwave photons in a superconducting resonator (=~ 1 ms). To let the NVE-CPWR coupling
reach its maximum, the NVEs should be positioned symmetrically at the points where the magnetic
field of the resonator reaches its maximum.

The coherence time of NV centers in diamond is extraordinarily long, especially at lower tem-
peratures. Quantum control techniques based on dynamically decoupling pulse sequences enable
a further suppression of NV spin decoherence. CPWRs are operated at temperatures of a few
millikelvin. Decoherence due to NV centers can be efficiently suppressed at these temperatures,

leaving decoherence related to the CPWR the dominant source of decoherence. We include these
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Figure 3.5: Time evolution of ET for an NVE with decoherence for (a, b) g; = g» = g3 and (c, d)
g1 = 1,90, = 0.5g3 = 1.5: (a, c) even-cat input state and (b, d) odd-cat input state. (Yusef Maleki
and Aleksei M. Zheltikov,2018)

effects in our model through the quantum jump approach, leading to a modified Hamiltonian
K
Hp =H — zgaTa, (3.7)

where H is the Hamiltonian as defined by Eq. (3.1).

The dynamics of the CPWR modes is now governed by

alt) = e—i@=ik/Dteog CRPYYICAN ; k/4 ‘i A
0) [eos(VG* = (k/4)°1)a(0) +i—== QDL (VG2 = (k/4)%t)a(0)
— = _1(/{/4)2 x sin(/ G2 — (k/4)%t)(g1b1(0) + g2b2(0) + g3b3(0))], (3.8)
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The initial state defined by Eq. (3.2) evolves to the state

[WL(1) = | ())e @ [51(1)) @ [B5(1)) @ [B5(1))

] —a(t)e®| = Bi(1) ®| = Ba(t)) ® [ — B5(1))- (3.9)

Here,
o (t) = e WDt gcos(GCE) 4 i(N/C) sin(GCt)], (3.10)
Bi(t) = —ie_i(“_i“/4)ta% sin(G(t) (3.11)

are the time-dependent coherence parameters

A = k/4G, and (¢ =+/1—(k/4G)%

In Figs. 3.5(a) and 3.5(b), we plot the /¥ dynamics for even- and odd-cat input states in the
case when the coupling strengths of all the NVEs are the same, g; = g» = g3 and A = 0.1. For
both classes of input states, F'TV is seen to decrease as a function of time due to the dissipation of
microwave photons from the resonator. For small coherence parameters, the damping can make
entanglement detection completely impossible. This limitation is especially serious in the case of
odd-cat input states. For large coherence parameters, however, entanglement can still be efficiently
detected via the entanglement witnesses. Specifically, for the first peak in entanglement dynamics,
observed at Gt = 7/2, the effect of damping is still weak in the case of a high-quality resonator,
allowing a robust generation of strongly entangled macroscopic quasi-GHZ states. At later mo-
ments of times, damping inevitably becomes a significant factor, leading to a loss of photons from
the resonator. These photons can be detected with a suitable photon-counting scheme. No photon
count in such a scheme would indicate that all the entanglement is shared among the NV memories.

Figures 3.5)(c) and 3.5)(d) display the £W dynamics in a system where the individual NVE-

resonator coupling strengths g; are not equal to each other (we set g = 1, go = 0.5, g3 = 1.5). For
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Figure 3.6: Effect of decoherence on the time evolution of the fidelity (a) F'; and (b) F_ with
g1 = g2 = gs3. (Yusef Maleki and Aleksei M. Zheltikov,2018)

large «, the behavior of E'WW is similar to the dynamics of £W in a system with equal g; (Figs.
4(a), 4(b)). However, since a system with unequal g; features a weaker NVE entanglement, the
entanglement witnesses fail to detect the entanglement in such a system already for a ~ 1 (Figs.
3.5)(c), 3.5)(d)).

Figure 3.6) illustrates the influence of decoherence on the fidelity of the generated NVE state
calculated with respect to the maximally entangled GHZ state. Similar to the case of no decoher-
ence (Fig. 3.4), the fidelity reaches its maximum at Gt = (2k + 1)7 /2. However, unlike the case
of no decoherence, the fidelity never reaches 1 at these points, decreasing from one maximum to
another. The rate of this decoherence-induced fidelity decay depends on the coherence parameter.
Specifically, for a = 2, the fidelity is still larger than 0.94 at Gt = 7 /2 for both even- and odd-cat

inputs, deceasing at later moments of time.
3.4 Quantifying entanglement among NVEs

Now that we have carefully analyzed the entanglement detection of the system, we would like
to take an step further and quantify the entanglement among the NVEs. We are going to show that
the entanglement generation is highly dependent on the initial state of the hybrid system, where

a proper preparation of CPWR can be used for entangling NVEs. When the CPWR is initially
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prepared as a cat state of coherent states, the entanglement of NVEs oscillates periodically, and the
maximal entanglement always happens when the CPWR disentangles from the rest of the system.
The entanglement degree between the NVEs strongly depends on the initial state of the CPWR, the
collective coupling parameter and the interaction time. The maximal entanglement can be tuned
by adjusting these parameters, enabling generation of highly entangled quasi-GHZ macroscopic
entangled states as well as controlling the entanglement.

We are going to show now that, we can create an entangled state shared among the the NVE
memories. To this end, we prepare the CPWR (up to a normalization factor) in the macroscopic
cat state |).. + €| — a)., and the i-th NVE in its ground state |0). Here, |).. denotes the coherent

state of the microwave mode. The initial state of the entire system is thus given as

1

- V2 + 2 cos fe=lal’/2 (Ja)e + €] = @).)[0)[0}]0). (3.12)

[%(0))

The dynamics of the operators of the subsystems using Hesenberg equation, read

da(t)/dt —ilw —ig —ig —ig a(t)
dby (t)/dt I A 0 bi(t)
dot/dt | | —ig 0 —iw 0 ba(t)
dbs(t)/dt —ig 0 0 —iw b (%)

Where we have assumed that g; = g2 = g3 for the NVEs. Solving this for the operators of the

system, the time dependent operator of the resonator reads

a(t) = e=*'[cos(v/3gt)a(0) — i%(bl(m + by(0) + b5(0))], (3.13)
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and the dynamics of the operator of the NV ensembles is governed by

bi(t) = e—iwt[—z'—smgg“a(m + 0 5 0)
(21 (0) = ba(0) — bs(0))/3.

bo(t) = e—w[-z%a(o) + M‘B@’t) >~ 0i(0)

+(202(0) — b1(0) — b5(0))/3.

V3
+(2b3(0) = 02(0) — b2(0))/3.

1) = et gy VB 57

Therefore, the initial state given in Eq.(3.12), at time ¢, evolves to

[P(t)) = la(t))e ® |B(1) @ [B(1)) @ [B(t))
+ell —a(t).@| - B1) @] - B(1) @] - B(t). (3.14)

Where the time dependent coherence parameters are
a(t) = e “tacos(vV3gt)

and

B(t) = —ie_mozw.

V3
In general, all of the subsystems including the NVEs and the CPWR may become entangled by

the time evolution process; however, we only are interested in the entanglement between three

NV ensembles. Therefore, we obtain the reduced density operator of the NVEs by tracing out the
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CPWR subspace, i.e., pyy (t) = Trepwr(|¢(t))(¥(t)]), which results in

prv(t) = N2[|BONB®)] @ [B)(BH)] @ [B(){(5(1)]
+ =B =P = BB @[ = B(E))(=L(1)]
+eq(t)B() (=B @ [BO)N-BH)] @ |B(t){~B(t)]
+eq(t)] = B)(BMOI @ | = BE){BMO]® | = B(t)(B(1)

] (3.15)

Where

q(t) _ 6—2\042 cos?(v/3gt)

and the normalization factor /V is given as
N =[2+ 2cos 96_2“‘2]%.

The above density matrix can be mapped to a three qubit state with an appropriate encoding of

the logical bases. Therefore,we can choose the orthogonal basis for each subsystem as

0) =16@)), [1)= %p%)(l — B(t)) —p(®)|5(1)))

Where p(t) = e~ slol*sin*(V3g1)

Thus, the coherent states | + §(¢)) can be expressed in two orthogonal basis as

6() =10), [ =58() = p)[0) + V1 = p*(B)[1).

Replacing coherent states with these orthogonal bases in pyy (t), degenerates the density matrix to
a three-qubit state.
To understand the entanglement characteristics of the density matrix in Eq.(3.15), we need to

quantify the entanglement. For a general mixed three-qubit state of p ¢, the entanglement can be
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quantified by the three tangle which is defined as [74]
_ inl(2 2 2

Where C’i( pe) Must be minimized for all possible decomposition of the density matrix pspc. Also,
C\ is the concurrence of a two-qubit density operator p,,. In this sense, p* is the complex con-
jugate of p and o, is the spin flip operator. Therefore, C'4(pc) represent the bipartite entanglement
of the system in which A is on of the partitions and BC' together form the other partition of the
system.

Using the three tangle 74p5¢, the entanglement of the system can analytically be quantified as

€—4|a\2 cos?(v/3gt) [1 _ 6—%|a\2 sin2(\/§gt)}3

[1 + cos fe—2lel*]2

, (3.17)

T123 =

Where, the index (123) of the three tangle represent that the entanglement is among the first, the
second and the third spin memories. The tripartite entanglement among NVE ensembles is a func-
tion of the coherence parameter «, the local phase 6, the collective coupling strength between the
NVE ensembles of the resonator g, and the interaction time ¢. These parameters can be used for
controlling the entanglement among the diamonds. We present the entanglement dynamics of the
NVE centers versus the dimensionless parameter /3¢t in Fig.3.7(a). Accordingly, entanglement
of the system demonstrates a periodic behavior in terms of g¢, where the maximum of the entangle-
ment occurs at v/3gt = m(n + 1/2) with an integer n. The periodic behavior of the entanglement
as well as the position of its maximums are independent of the coherence parameter and the local
phase 6.

Furthermore, the entanglement improves as the coherence parameter |«/| increases. For || 2 3
maximum entanglement among the spin memories can be generated.

In Fig. 3.7(b) entanglement of the spin ensembles versus v/3gt for various local phase 6 is
presented. Accordingly, the entanglement of the system improves as the local phase increases

from O to 7. This immediately suggests that the even cat state |a), = |a). + | — ). input of the
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Figure 3.7: Entanglement dynamics of three ensembles of NV centers with even coherent states
as the initial state of the waveguide resonator for various coherence parameter (a). Entanglement
dynamics of three-tangle among three ensembles of NV centers with cat states as the initial state
of the waveguide resonator for various phase parameter 6, with || = 1 (b). (Yusef Maleki and
Aleksei M. Zheltikov,2019)

initial state generates minimum entanglement, while the odd cat state |a), = |a). — | — @), can
generate the maximum of the entanglement in this scenario. The effect of # can be significantly
remarkable when the coherence parameter is relatively small; while, it becomes negligible for large
enough |«|. With this description, we can set an upper bound for the entanglement of the system

(1+e*%‘0‘|2)3

as T3 < (I—e 2la)2

. Thus, 7193 = 0 (7123 = 1) in the limit |O€| — 0 (|O[| — 00).
To understand the relation between the degree of entanglement with the input energy of the

system we calculate the dynamics of average photon number of the CPWR (a'(t)a(t)) as

1 + cos fe2lel?
1 — cos fe—2lel?

(a'(t)a(t)) = |af* cos’(V3gt)

Thus, the excitation of the resonator periodically oscillate by the factor cos?(v/3gt) as presented
in Fig.3.8, where the degree of entanglement the average number of photons dynamics are de-
picted. Accordingly, both entanglement and the photon number average present a periodic evo-

lution. The entanglement reaches its maximum when the photons of resonator is completely de-
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Figure 3.8: Dynamics of the entanglement (solid curve) and average photon number (dashed curve)
of three ensembles of NV centers as a function of v/3¢t for resonator initially prepared in odd
coherent state (a), and even coherent state (b) with with |« = 1. (Yusef Maleki and Aleksei M.
Zheltikov,2019)

pleted ({a'(t)a(t)) = 0), which suggests that the resonator becomes disentangled from the rest of
the system at these picks, and the state of the NV ensembles (up to a normalization factor) can be

described by a pure quasi-GHZ state as

(0% (0% (0%

==

« (67

W) \/§>Iﬁ

)| )+ €| — ). (3.18)

L«
= |%
Where the unimportant phase factor for —ie =™/ 2V3g jg dropped in coherence parameter, which
can be saturated in o.

For large enough |«, the two coherent states |\%> and | — \/%> become orthogonal and the
overall state reduces to maximally entangled GHZ state. According to Fig.3.8 when the resonator
field is initially prepared in an odd coherent state both entanglement and mean photon number is
larger compared to that of even coherent state when « is fixed, indicating that the average photon
number is also increasing as the local phase increases from 0 to 7. Specifically, for || = 1 as

depicted in Fig.3, the entanglement, and average photon number are, respectively, about 0.53 and
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1.31 for the odd cat state; while for the even coherent state, the entanglement and average photon
number are, respectively, about 0.31 and 0.76.

To get a better insight into dynamics of the entanglement of the system we investigate the
entanglement between any pair of the diamond NV ensembles, where by using concurrence it can
be calculated as

6_2/3(1+2 cos?(v3gt))|al? _ 6—2\042

p— .1
¢ 1 + cos fe—2lal? (3.19)

Entanglement dynamics of concurrence between any pair of ensembles of NV centers among three
with even coherent states (§ = 0) as the initial state of the waveguide resonator for various co-
herence parameter is presented in Fig.3.9(a). In this case, the entanglement starts from O and
increases as the coherence parameter increases beyond 0 and it gets its maximum (=~ 0.34) at
coherence parameter of || ~ 1.02; then it decreases as the coherence increases further and the
bipartite entanglement approaches 0 for sufficiently large |«r|. The maximum of the entanglement
occurs at \/3gt = w(n + 1/2).

Similar dynamical characteristic can be seen for various parameters of 0 except = 7(2n + 1)
(odd coherent cat state), where the entanglement asymptotically approaches 2/3 for |o| — 0 (see
Fig.3.9(b)). In the case of odd coherent state input, the entanglement immediately increases to
2/3 from zero, indicating that such entanglement can be generated with sufficiently small energy
stored in the CPWR.

Next, we analyze the effects of decoherence on the entanglement evolution of the system.

Adopting these experimental values discussed earlier, the first maxima of the entanglement in
T123 occur at about ¢ ~ 14 ns, far below the lifetime of microwave photons in superconducting
cavities of about 1 ms [34]. To make the coupling between an NVE and the CPWR reach its
maximal values, the NVEs should be located symmetrically in the position where the magnetic
field of the resonator is maximum.

The dynamics of the operator of the resonator which takes into account effect of the dissipation
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Figure 3.9: Dynamics of the entanglement between any pair of ensembles of NV centers as a
function of \/ggt for various o with # = 0 (a), and for various # with |a| = 1 (b). (Yusef Maleki
and Aleksei M. Zheltikov,2019)

can be obtained as

a(t) = e Hw—in/4)t [cos(1/3g% — (k/4)%t)a(0)

it sin(v/397 — (/4P (b1(0) + B2(0) + Ba(0))], (3.20)

Therefore, the initial state given in Eq.(3.2), at time ¢, evolves to

(1)) =1/ (t)e ® |8'(1)) @ |6'(2)) @ |8())
+ell —a'(t))e® | = B() @] - F() @] = F(t). (B2D)

Where the time dependent coherence parameters are

A

NG% sin(v/3gt¢)],

o/ (t) = e @TND g [cos(V/Bgtl) — i

B(t) = —z’e“wW‘@gta\%C sin(v/3gt¢). (3.22)
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Figure 3.10: Dynamics of the entanglement of three ensembles of NV centers as a function of
\/§gt, for A\ = 0 (solid curve) and A = 0.1 (dashed curve), for resonator initially prepared in odd
coherent state (a) and even coherent state (b) with with |o| = 1. (Yusef Maleki and Aleksei M.
Zheltikov,2019)

Where A = k/g, and ¢ = \/1 — (\/4y/3)2.

To understand the effects of the damping of the resonator on the entanglement among the
NVE memories, we plot the dynamics of the entanglement for even and odd coherent state when
A = 0.1, and compare it to the case with no damping in Fig.3.10. It is found that the amount of
entanglement among three memories degrades, due to the dissipation of microwave photons in the
resonators to the surrounding environment with the evolution of the time. The effect of damping
on the entanglement can be negligible at first pick of the entanglement dynamics (v/3gt = m/2),
for high-quality resonators, that can ensure robust generation of highly entangled macroscopic
quasi-GHZ state in the solid state memories; however, it may become significant at later times as
the system dissipates to the environment. The loss from the resonator to the environment can be
monitored by photon counting detectors, where no photo-detection implies that the entanglement

is perfectly shared among the NV memories.
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4. QUANTUM ENTANGLEMENT IN NONORTHOGONAL STATES !

4.1 Introduction

Entangled nonorthogonal states have occupied a distinguished position due to their vast ap-
plications in various quantum optics and information physics. Entangled coherent and squeezed
states, entangled SU(2) and SU(1,1) coherent states as well as nonlinear coherent states are some
typical examples of entangled nonorthogonal states [75-78]. In this chapter, entanglement of
multi-qubit nonorthogonal coherent states (CSs), where each qubit is described in the framework
of superposition of linearly independent nonorthogonal states such as {|a;), |as2)}, will be inves-
tigated [79-85].As a part of this study the required criteria for maximal entanglement of bipartite
nonorthogonal will be addressed. In fact, we are going to show that by encoding logical qubits in
terms of nonorthogonal CSs states in a multi-dimensional Hilbert space demonstrates a promising
strategy in performing various quantum tasks [76,84—86]. In particular, the generalization of such
states to the three dimensional structure (or qutrits), where each mode is described based on three
linearly independent nonorthogonal CSs states such as {|a;), |as), |as)}, is important from both
practical and fundamental perspectives. It is notable that three-dimensional entanglement provides
significant advantages in quantum communication over the conventional qubit entanglement. It
provides enhanced channel capacity [87], and higher security in some quantum protocols [88-90],
and also is more robust against environmental noise [91,92]. This enhancement is due to the ac-
cess to larger Hilbert spaces in qutrit states which provide a richer yet more intricate and somewhat
complicated structure.

Therefore, the importance from fundamental perspective as well as many practical advantages
of entangled nonorthogonal states in three dimension, motivate us to introduce a generic multi-
partite superposition of such nonorthogonal states and to explore its entanglement in detail. These

states which, via an appropriate encoding of qutrit logical basis, recast entangled qutrit states, can
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'This capter is partly based on Ref. [96]. Reprinted with permission from * Linear entropy of multiqutrit
nonorthogonal states” by Yusef Maleki, Aleksei Zheltikov, 2019 Opt. Express 27 8291-8307, Copyright [2020] by
The Optical Society (OSA).
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provide a richer physical structure as they provide remarkable advantages over the qubit-based op-
erations in various information processing tasks such as enhancing the channel capacity in quantum
communication and providing higher security in some protocols [87, 89].

In this chapter, we demonstrate that such three dimensional cat states of coherent states can
be manipulated Optomechanical cavities and beam splitters [52,93-95]. We find explicit expres-
sions for the linear entropy of the nonorthogonal states, for both two- and multi-mode scenarios,
which can fully capture the entanglement of the states and characterize its entropy. Even though
we study coherent and squeezed states in particular; however, this expression may be applied to
any given nonorthogonal qutrit state such as multi-mode SU(2) and SU(1,1) coherent states, de-
formed, nonlinear and also pair coherent states. By comparing the results to the entanglement
of two dimensional nonorthogonal coherent states, we observe that this result is a further gener-
alization of the entanglement of the two dimensional nonorthogonal states, and it exposes some
of the characteristics of two and three dimensional states. Subsequently, we present a detailed
investigation of the linear entropy of generic multi-qutrit coherent states and examine the role of
parameters that control the entanglement of the states and expose some important features of the
states. Furthermore, we study the three dimensional multi-mode superposition of squeezed states
and explore their entanglement characteristics. It is found that coherent states of three dimensional
superpositions are more entangled than their squeezed vacuum counterparts, when the number of

modes and the controlling parameters are the same. We follow [96] in this chapter.
4.2 Generation of the generalized entangled cat states

Manipulating quantum information processing with three dimensional quantum states or qutrits,
provides the opportunity of getting access to larger Hilbert spaces, which can result in significant
improvements over qubits in various tasks such as enhanced channel capacity in quantum com-
munication and higher security [87,89]. Therefore, it would be important to study multi-qutrit
entangled nonorthogonal states, and examine their properties. The Glauber coherent state which

is a typical example of nonothogonal states and is defined as the eigenstate of the annihilation
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operator of the bosonic Harmonic oscillator. In the Fock basis, it can be given as [75].

where « is an arbitrary complex number. The overlap between two coherent states |«) and |y)
is [79]

(aly) = exp[—1/2(|af* + [7[* — 2a77)].

To study the entropy of three dimensional nonorthogonal states we suppose that |a), |as) and |ag)
are linearly independent normalized states that span the space of the first subsystem, and |31), |52)
and |33) are linearly independent normalized states that span the space of the second subsystem.
These states may not be orthogonal mutually, in general, for both subsystems. Therefore, a general

form of a superposition of a pure two-qutrit nonorthogonal state may be given as

W) = plan)|Br) + Maz)|B2) + vas)|Bs). (4.1)

Such generalized states can be prepared using optomechanical Fabry-Perot cavities [94] as

shown in Fig.4.1. In the optical cavity the moving mirror generates the mechanical mode.

Figure 4.1: Schematics of an optomechanical Fabry-perot cavity.
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Let us assume the cavity resonance frequency to be wy and the mechanical mode as a harmonic

oscillator with the frequency w,,, then the Hamiltonian of the system can be written as
H = hwoa'a + hw,b'b — hga'a(b 4 bh). (4.2)

Where a (a') and b (b") stand for the annihilation (creation ) operators of the cavity mode and the

mechanical modes, respectively. The time evolution operator for this Hamiltonian is given by [93]

U(t) _ efiCaTatemQ(aTa)Q(tfsin t) enaTa(anfn*b)tefibert' (43)

Where ¢ = wo/wm, n = (1 —e™™), and t represent the dimension-less time, which is the actual
time 7" multiplied by w,,. Also, the scaled coupling constant is denoted by xk = g/w,,. It is notable
that the magnitude of the coupling parameter « can be manipulated even to reach the order of unity
with experimentally feasible parameters. For example, consider a Fabry-perot cavity with length
[ ~1m,wy~ 10571, w,, ~ 1 KHz and the mass of the moving mirror m ~ 10 mg [93].

We suppose that at £ = 0 both the mechanical and the cavity modes are in coherent state. Thus,

the initial state is

W) = lax)el B)m, (4.4)

where |«1). and |3),, are the initial coherent states of the field and the mechanical mirror, respec-

tively. The time evolution of the system using Eq.4.3 is

w12 0 —iCt JikIm[Bne” %] 1n ) ) )
“P(t)) _ e_\ %I Z [ale 6\/_' ] 6m2n2(t_smt)’n>c ® ‘56_” + /‘i?ﬂ?)m. (45)
n:

n=0

At t = 27 the mechanical mode returns to its initial state and decouples from the cavity mode, and
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the cavity mode degenerates to

o o~ Q" o2
T)e=e"2 Y ﬁez ™0, (4.6)
n=0 :
with o = e7%2"v;. Now, for k = 0.5 we get the cat state

[1))e = —=[e"T|a)e + 7T — ), 4.7)

Sl

and for k = \/ig we get

) = p| — a)e + Mae's), + v]ae '), (4.8)

with t = 1 and A = —v = (1 + €'5)/i+/3. To generate an entangled state we send the generated
state through a 50/50 beam splitter. For two modes given with annihilation operators a and a;, the

50/50 beam splitter can described by the operator [52]

T
U= exp[z(agal — a{ao)].

Now, under the action of this beam splitter, the cat state in Eq. 4.8 results in an two-mode entangled

state
oy @ ae's el ae” aeTh
V) = N|E>|ﬁ> + )\|W>|W> + VlWH 7 )

To produce more generalized state and have more control on the parameters, we next apply
displacement operators then applying displacement operators D(7,d) = D(v); ® D(8), on both
modes, and by redefining the parameters the state reduces to the form of Eq.(4.1). If the optical

mode , up to normalization factor, was prepared in

|¢>c = a|0>c + b|a>ca (49)
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at t = 2 the cavity state will reduce to

[)c = al0).+ e o+ ¢F| =) (4.10)

Once again we apply the displacement operator 15( ) on the state and get

beilG+Im(Bar)) pe—i(5+Im(5a))

7 1B+ a) + 7

V) = alB) + 18— a). 4.11)

Now, redefining

o= be—i(%-ﬁ-[m(,@a*))/ﬁ
A=a

Y — belFHmE0) 1 /3

and sending the state through a beam splitter results in

b —«
V2

Bb4+a B+«

R RS

)| + v (4.12)

[¥) = ul > \\ﬂ\\ﬂ

For generating more general state one can displace each mode to get a superposition of various
coherent state. If we assume 5 = 2a,a = 1,and b = V/2¢' in the above generated state, then the

state reduces to

a 200 2« 3o, 3o

)I\/—> I\/—>|\f> I\/—>|\/—

V) = |E

We can redefine < B a which gives

), (4.13)

V) = |a)|a) + [2a)[2ar) + i|3a)|3a). (4.14)

Which is an example of the more general case discussed earlier.
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4.3 Linear entropy of two-qutrit states

In quantum computing with qutrits we use three mutually orthogonal basis {|0),[1),]2)} as
the logical states. We can introduce an encoding of these logical states in terms of nonorthogonal
states of the first subsystem in the state given by

o) =lar), |1y = 22l

2) = (P1p3 — p2)lan) + (Prp2 — p3)|az) + Ni|a)
o NNy 7

in which we have

p1 = (ai1|aw), p2 = (ulas), ps = (as|as), N;=+/1— |pi|?,

NI

N =[1— |p1|* = |p2|? = |ps|” + p1D2ps + Pr1p2ps)2.

Where p; is the complex conjugate of p;. This specific encoding of the qutrit computational basis
allows one to express the nonorthogonal states |a1), |as) and |as) in terms of orthogonal logical
basis {|0), |1), |2)} such that

1) =10, [az) = Ni|1) + pi[0),

N|2) 4 paN1|0) — (Prp2 — p3)|1)
N, ’

az) =

Similarly, the standard qutrit basis of the second subsystem {|0), |1),]2)} can be encoded in its

nonorthogonal basis

oy =10, |y = R0
2) = (9193 — @)|B1) + (G192 — g3)|Ba) + M7 |B3)
B MM, ’
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in which we have

q1 = (51|52>7 q2 = <51|53>, qs = <52|53>, M; =+/1— |Qi|27

_ _ _ 41
M=[1—|q]> = |gl® - e + adas + 690].

We note that the encoding is essential in utilizing these nonorthogonal states in various quantum
information tasks. The transformation of nonorthogonal basis to the orthogonal standard qutrit
basis illustrates that the (unnormalized) state (4.1) can be converted to a qutrit state

3 — (192

|¥) = (1 + Aqipr + VPQQQ)‘OED + (I/pgq i
1

+ AMypy)|01)

(ps — P1p2) (43 — 192)

¢ D3 — P1D2
2 N, M,

AN q1)]10
N, + AN1q1)|10) + (v

+(v

- M - N = p3 — Dip2 M
AN, M) |11 —102 —120 _
SANMIT) + vy 109) + vy 120) + (222

93— q1q2 N |~ N M -
B DD N o7y 4, 8 o5y 4.15
M, N1| >+VN1M1| ) @15

112) + v
By an appropriate encoding, we observe that | V) recasts a two-qutrit state, which can be entan-
gled or seperable in general. Therefore, it would be interesting to investigate entanglement of
such system state and analyze its properties. To this aim, we use linear entropy as a measure of
entanglement that can be utilized for quantifying entanglement of a qudit system states [14]

d
Tin = =—5 (1 =Trpr"). (4.16)

In this expression d is the dimension of the state vector, and hence, for a qutrit state d = 3. Also, p;
is the density operator of the first subsystem that is obtained after tracing over the second subsystem
p1 = Trs(|W)(¥|). Hence, one may work out the entropy of the state (4.1) using the linear entropy

and examine its entanglement properties. Therefore, we present the entropy of the two-qutrit state
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as
2d A1+ 2(Ay + Az + Ay)

Liin, = : 4.17
l d—1 A2 ( )
where
Al = |/L)\’2M12N12 + ‘,U/V’QMQQNQQ + |)\V|2M32N32

Ay = |u|*Re[A\v(q1q2 — q3)(P1p2 — 3)]

As = |\"Re[av(qiqs — @) (p1p3 — p2)]

Ay = |V|2Re[ﬁ)\(§3Q2 — q1)(P3p2 — p1)]

N = [ul> + AP+ [v]* + 2Re(@Aqip1 + fivgaps + Avgsps).
Proof:

One may work out the density operator of the first subsystem by tracing over the second sub-

system as p; = Try(|W)(V|). In the standard qutrit basis it reads
pr= (I @ (OD[W)(P[(I @ 0)) + (I © (1[W)(P[(I @ [1))

+( @ )W) (Y[ ©[2).

With this regard, we find the density matrix of the first subsystem that is given as a 3 X 3 matrix
of qutrit form. Here, we use p; for unnormalized density matrix (since the qutrit state |W) in
(4.1) is not normalized, in general), and p; for the normalized density matrix. Therefore, the

(unnormalized) density matrix of the first subsystem can be derived as
pr = [lul? + IAPIpa* + W [pel® + uAgupr + pirGapa + ANoGspipa

+pAGLP1 + I gaps + Avgzpipa]|0)(0] + [[A*p1 Ny + pAgi N,

(Ps — Pap1)  «

|y|2p2p3 — P21 (p3 - P2p1) 1w

+ prGp-——r——= + g
N, KV g2 N, Vqsp1 N,
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P3 — P2b1

qsN1p2]|0) (1| + [|A*PiNy + |v|* P2 1AqG N1 + [ivgs

Ny
(pg-Nﬂ + 5\”%]51(]93 — pap1) + AvgsN1po||1) (0] + H)"QN12
1
PP Pl e s ) + Swaa(s — pap)l (1)

1

N N N
+[(|V|2p2ﬁ1 + (uvgs + Aﬁqspl) ]|0><2| + [vge + Avgspr) ~— N

N (ps —pap1) N (D3 — Da2p1)
25.—112 2M P T 111M(2 2\ el
201+ [ B N gy o4 g B

N]|2><1|+[Iv|2N 122,

This density matrix is rather complicate to evaluate the linear entropy of the state and get a sim-
plified form; therefore, we may discompose the density operator in terms of matrices A and B
as

— A+ B+ BT,

where the matrix A is given by

A= (|l + IMFlpi P + [ Plp2l)[0)(0] + (IAFpi Ny + [P

B3~ POPLy 10y (1] 4+ (IAPNupy + | (=222 ) 1y o+
N1 Nl
|ps — papr |2
PN + P BB [ + vf? p2—|o><2|+|u| N

—pap1) N (ps — pap1) N
92 2M_ 1)(2 2\8 - PRPL “7 19y
2(0] + o PPy o PP gy

N2
il 5 22

and the matrix B is given by

B = (uA@ipy + pGapa + Avgspip2)]0) (0] + (Ags Ny p2)[1) (0]
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(Ps - Pzpl) APy (p3 - p2P1) |0><1|

A N 7
+(uAG Ny + pogo N, N,

0~ pap 1)1+ (02 + M) 1) 10) 2

We note that A" = A, but B # B. Furthermore, the normalized density matrix is given as

& Trpy

Thus, the linear entropy can be expressed as

d Trps d Tr*p, —Trp?

L = 1 - =) = —
: d— 1( Tr2p1) d—1 Tr2p

We can expresses the terms 7r%p; and Trﬁ%, in as the matrix traces of combinations of A and B
Tr’p, = Tr*A+Tr?B + Tr?B' + 2TrATrB + 2TrATrB' + 2TrBTr BT,

also

Trp? = TrA% + TrB2 + TrB" + 2Tr(AB) + 2Tr(AB') + 2Tr(BBY).

Thus, the linear entropy may be rewritten as

Lin = (Tr?A — TrA*)+

(d—1)Trp
(Tr*B — TrB?) + (Tr*B' — TrB™)
+2(TrATrB — Tr(AB)) + 2(TrATrB" — TrABY)

+2(TrBTrBY — TrBB)).

We leave it to the reader to verify that

Tr*A —TrA* = 2| u*|APNT + |u*[[v]* N5 + [AP[v|*Ng]
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Tr’B — TrB® = 2| AP uvqigs(p1ps — p2)
Tr?B' - TrBY = 2|\ v qugs(pips — p2)
TrATrB — Tr(AB) = —|ul*[\vgs(pip2 — Ps) — [\ 1o
(P1Ds — D2) — |VI*Ag(Paps — D1)
TrATrB" — Tr(AB) = —|uAvgs(pips — ps) — |\ ivgs
(p1ps — p2) — [V A2 (p2ps — p1)
TrBTrB" — Tr(BBY) = —|uPAP|aiPNF — |uf*[v?|go* N3
—| AP lasP NS + |l Avqige(Pip2 — p3) + |1*Avqiq
(P2p1 — P3) + [V AGogs(Paps — P1) + [V EAG2Gs (Dsp2 — p1)

Now, putting everything together it is straightforward to verify the linear entropy of the qutrit
system in Eq.(4.17).

As was expected [;;;, is symmetric in terms of the parameters of the first and the second sub-
system. This expression fully captures the entanglement of qutrit nonorthogonal state and gives
the unentangled and maximally entangled states. It can be observed that when at least two of the
coefficients (1, A, v) is zero or in the case that p; = ¢; = %1 the entropy becomes zero. Now, if
we take A = 0 in the state (4.1), then the three dimensional state will reduce to a two dimensional

system state

|U) = ploa)|Br) + v]as)|Bs). (4.18)

In this case Ay = Az = Ay, = 0, and A; = |pv|?M,? N,%. Taking into account the fact that we are

dealing with a two-dimensional state (d = 2), the linear entropy then will reduce to

201 _ 2\(1 — 2
[ 2(1 — [pa]) (1 — |go]?) (4.19)

Iin =4 [ ‘
l (||> + [v|? 4+ 2Re(vgeps))?
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This is just the square of the concurrence [13] of nonorthogonal two-qubit coherent states which is
studied widely in the literature. Therefore, the linear entropy in (4.17), captures the entanglement
of both qubit ( when one of the coefficient is zero) and qutrit nonorthogonal states, and hence, we
can take d = 3,2 in (4.17) for the qutrit and qubit system states respectively. To investigate the two-

dimensional case in more detail, we define |pa| = cos @y, and |ga| = cos fy, with 0 < 61,0, < 7.

This change of variable results in

I 4| pv|? sin” 6, sin” 6,
lin >

(Jul? + [v]? = 2|pv| cos 0 cos B9)2

By maximizing the right hand side in terms of the real parameters |u| and |v| we see that the

maximum of the linear entropy occurs when |u| = |v|, and consequently

2, .o
L < (1 Tncozlé’s::osegg)z’

The right hand side of the inequality is equal or less than one, and hence, the maximality requires
that 6, = 05, or equivalently, |ps| = |g2|. On the other hand, with this description, the inequality
in above relations must reduce to equality for maximal entanglement, and as a result, one can
verify that the two-qubit nonorthogonal CS is maximally entangled iff 1« = ve® and py = —goe ™.
Thus, we just recovered the main result of the Ref. [76]. We note that the qutrit type entangled
coherent states studied in the framework of the linear entropy in this work generalizes the qubit
type entangled coherent states that are widely investigated in the literature [62]. We also note that

in the orthogonality limit (¢; = p; = 0), taking y = v = 1 and A\ = +1 we get the maximally

entangled qutrit states
1

V3

We note that, strictly within the framework of coherent states, the overlap of two coherent states

[¢+) = —=(100) + |11) + |22)).

is not zero ([{a|y)| = exp[—1/2(|a| — |7])?]). Thus, the orthogonality limit requires that the

difference between coherence parameters in the modes to be relatively large. We note that, due to
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the exponential behavior of the coherent state overlap parameters, even for relatively small values
of the parameters « and ~ this limit can be fulfilled, such that one may consider («|y) ~ 0.
Noting that for the coherence parameter o the average number of photons 7 can be expressed in

2, one observes that to approach the orthogonality

terms of the coherence parameter as i = |«
limit, for generating the above maximally entangled state, we must be able to prepare coherent
states with large enough average photon number. It is remarkable that such coherent states can be
prepared using superconductor cavities and quantum circuits [97]. The generation of coherent state
superposition of 100 photons has been realized [71]. Which makes the experimental possibility of
such limit more feasible. The other interesting situation would be to consider the case where one
of the subsystems is given in orthonormal basis and the other one in mutually nonorthogonal basis.

Therefore, by taking the second subsystem in orthogonal basis the state (4.1) reduces to
(W) = plen)|0) + Aag)[1) + v]as)[2). (4.20)

For this system state the entropy reads

2d N2 N2 + |puv|>Ny? + | Av)? N3?

Ilin =
d—1 (l* + AP+ [v]?)?

4.21)

It immediately follows that

2d_|pAP? + |pv|* + [Av]?

Ilin < .
d—1 ([ + A2+ [v[?)?

We note that this condition may reduce to the equality only if p; = 0, or equivalently the first
subsystem happens to be in orthogonal basis as well; however, we have supposed that the first
subsystem in nonorhogonal basis. Therefore, taking into account the fact that the right hand side
of the inequality is equal or less than one (for both qubit and qutrit states), and hence, [;;, < 1.
Thus, we conclude that there is no maximally entangled two or three dimensional state in which one

of the subsystems is given in mutually orthogonal basis and the other subsystem in nonorthogonal
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basis.
It is notable that by factoring out the coefficient iz # 0 and saturating it in normalization factor

and then redefining the coefficients, we can always rewrite the state unnormalized | V) as

(W) = lan)[Br) + Aaz)[B2) + v]as)|Fs).

This is equivalent to taking ;o = 1. To illustrate the effects of different parameters that control the
entanglement, let us take ¢; = p; in Eq.(4.17) and investigate the entanglement of the system in
different situations. First, we fix the overlap parameters (p;s) and study the entropy of the state as
a function of v and A\. We report in the Fig.4.2 the entanglement of the system versus v and A. The
entanglement for the case p; = 0.1, po = 0.1 and p3 = 0.4 is given in the plot A, and also for
the p; = 0.1, po = 0.5 and p3 = 0.3 in the plot B. The density of entanglement corresponding to
the figure A is presented in plot C, and the one corresponding to the plot B is presented in plot D.
Clearly, when v = X\ = 0, the state become a product state, and the entanglement is zero. We note
that, according to the Fig.4.2, the entropy at the vicinity of the line ¥ = —\ can be larger than the
other regions. It is also interesting to note that for nonzero p;s, entanglement along the direction
v = A can be less than the states with v = —\. With this observations, we consider two different

sets of the states (satisfying ¢; = p;) in more details

(0)* = |a1)|B1) £ |az)|Ba) + |as)|Bs). 4.22)

It is remarkable that, as was observed in Fig.4.2, for given p;s, |¥)~ tends to be more entangled

than |¥)". The linear entropy of |¥)* reads

(pi =1+ (p5 —1)* + (p3 — 1)

: (3£ 2p3 + 2p3 + 2p3)?

(P2 - p1p3)2 + (Pl - p2p3)2 + (PS - p1p2)2

+6
(3 & 2pT + 2p3 + 2p3)?

(4.23)
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Figure 4.2: A: Entanglement of the state with p; = 0.1, p» = 0.1 and p3 = 0.4. B: Entanglement
of the state with p; = 0.1, p, = 0.5 and p3 = 0.3. C: The density of entanglement corresponding
to the A. D: The density of entanglement corresponding to the B.
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Let us first consider the entropy of |¥)~ as a function of p; and ps for different values of ps.
Thus, the density of the entanglement of |¥)~ as a function of overlap parameters p; and p3 is
depicted in Fig.4.3. One can observe that | W)~ is highly entangled for different values of overlap
parameters, and the maximally entangled states in this set of states can be detected. According to
Fig.4.3, the state becomes highly entangled at the vicinity of p; = p3. And, we should stress that

the entanglement increases as p, decreases. Now, we consider the entropy of |¥)™ as a function of

0.8
0.6
-0. 5 -0. 5 0.4
p1 p1
0.5 () 0.5 L)
! li N ‘ H
-0.5 -0.5
-0.5 0 0.5 0.5 0 0.5
P, Py

[m]

Figure 4.3: Density of Linear entropy of |¥)~ as a function of overlap parameters p; and ps. (a)

corresponds to p, = 0.05. (b) to po = 0.2. (c) to p, = 0.4. And (d) to po = 0.5. (Yusef Maleki and
Aleksei M. Zheltikov,2019)

p1 and ps for different values of p,. We attribute the same values as in | W)~ for ps in this case and

study the entanglement properties of the system state. In Fig.4.4, the density of the entanglement of
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|W)* as a function of overlap parameters p; and ps is given. One can observe that, the entanglement

0.5

Figure 4.4: Density of Linear entropy of |¥)™" as a function of overlap parameters p; and p3. The
plot (a) corresponds to p, = 0.05. (b) to p, = 0.2. (c) to po = 0.4. And (d) to po = 0.5. (Yusef
Maleki and Aleksei M. Zheltikov,2019)

increases as the overlap parameter p, decreases. Moreover, unlike the state | ) ~, in this case when
p2 # 0, the states at the vicinity of p; = —ps line attain more entanglement entropy than the other
regions. Furthermore, by comparing entanglement in |¥)~ and |¥)™ we can see that the states
in |¥)~ may be more entangled when both of the states take the same values of positive overlap

parameters. It is also worth to compare this with two-qubit coherent states given as

) = |a)|B1) £ |2)|Ba). (4.24)
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Taking the parameters to be real (without loss of generality), the concurrence of the states reads

[36,76]

oF V(1 — (az|a1)?)(1 — (B2]51)?)
1+ (ag|ar)(Be|B1) .

Where (cs|an) = exp[5H(ag — aq)?]. Itis evident that |®)~ is more entangled than |®)* in the

above scenario. Therefore, the states with all coefficients having positive or negative values, are
less entangled than the ones that coefficients take the same values but not all have the same signs.
To get a better insight into entanglement behavior of these states let us consider typical exam-

ples of entangled coherent state as

[0) = |a)]a) + e]2a)|2a) + |3a)|3a), (4.25)

[6) = la)]a) + €”|2a)[2a) + €”|3a)[3a), (4.26)

Since |«), |2cr), and |3«) are linearly independent for all nonzero as, these are two-qutrit coherent
states. The linear entropy of the states as a function of o and 6 is given in Fig.4.5, where Fig.4.5(a)
corresponds to the state |¢)) and Fig.4.5(b) corresponds to the state |¢).

In both states, entanglement is small for small enough coherence parameter «, but it enhances
as the parameter |«| increases. For large enough |als (Ja| > 2), the states become maximally
entangled and their entanglement is independent of local phase 6. Note that in the large coherence
limit the coherent states tend to orthogonality and the orthogonal basis can be encoded such that
|0) = |a), |1) = |2«) and |2) = |3«). Therefore, in the strong regime (ja|] — o0) the three

dimensional coherent state becomes maximally entangled. For example the state |¢)) shall read

1

\/g(\00> + €11 +122)).

[¥)

However, for the weaker regime with smaller values of |a/, the entanglement highly depends on
the phase 0; it is minimum for @ = 0, and increases as |f| increases from 0 to 7. For the very weak

regime with || — 0, one has [;;,, = 0. Furthermore, the entanglement of the state |¢)) is more
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Figure 4.5: Linear entropy versus « and 6 for two-qutrit coherent state state. (Yusef Maleki and
Aleksei M. Zheltikov,2019)

dependant on the phase compared to the state |¢), also its entanglement at § = 7 is larger. As the
last example of the two-mode entangled coherent states, we examine the entanglement of the state

generated is previous section in Eq.(4.14). The linear entropy of the state reduces to

;g =1+ (3 = 12+ (95— 1) + (p1 — paps)®
(3 +277)?

with p; = py = e 2%’ and p, = e2%°. The state tends to maximal entanglement for |a| >
1(p; — 1), and the entanglement becomes vanishingly small for the very small coherence param-
eter |a.

Thus, our analysis of linear entropy for multipartite nonorthogonal states paves the way for
understanding the quantum correlations of higher dimensional systems and it provides an insight in
controlling entanglement degree of such states in practice via manipulating the involved parameters

in the system as well as highly entangled states generations.
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4.4 Linear entropy of multi-qutrit states

In this section, we generalize the study of the two-qutrit scenario to the multi-qutrit states. To

this aim, we suppose that in a multi-mode system state each subsystem contains £ modes

|9 = pi]on)...]on) |B1)...|B1) +Aan)...[a)|Ba)... Bo)

-~ -~

k k

—|—I/|043>...’a3>’ﬂ3>...|63>. (427)

For generating such entangled state, we can start with a single mode qutrit-like superposed coherent
state p|a) + A|S) + v|y), which, for example, can be produced by the method considered in
second section. We can send this state though a network of beam splitters, shown in Fig.4.6, where
each beam splitter is governed by u;_y; = exp[f; ;(al_,a; — al_,a;)], with a; and !, being the
annihilation and the creation operators of the :th mode, and acts on the modes : — 1 and 7. One
can generate multi-mode entangled state of various coherence amplitude types by controlling the

reflectivity of the beam splitter through 6. As an illustration, if we set the reflectivity of the beam

1 —=, respectively, then

splitters such that B, 5, By 3,..., B,_1, have the reflectivity of in NS \}5,

S

the generated state shall read

(V) = pla/)|d)...|) + ABHB).18) + vV )Y )-- 1) (4.28)

where o/, 5’ and +/, represent \/iﬁ, \% and —=, respectively.
One may define three mutually orthogonal standard qutrit basis as {|0), |1), |2) }. Thus, in anal-
ogy to the two-qutrit case, we introduce encoding of these logical basis in terms of nonorthogonal

states such that
0) = |au)...]a1),

‘1> _ |042>---’042> _plf‘@1>-~-|041>
Ny ’
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Figure 4.6: The beam splitter network for generation of multimode entangled state. B, ; represents
the beam splitter action on the modes 7 and ;.

2) = (pips — p5)lon).-laa) + (Pips — p§)las)...|an)
NN,

N12’063>‘053>
NN; ’

where the overlap parameters and the normalization factors are given as

p1 = (o), p2 = (a1|as), ps = (as|as), N; = /1 — |pi|?*,

_ _ Ll
N =[1—[p]* — [po|®* — |ps|** + piD5p5 + DYp5ph]2.

In a similar manner, the nonorthogonal basis of the second subsystem can be used to encode the

qutrit logical basis{|0), [1),]2)} as

|6> = |B1).-|B1),
\i> — |B2)--|B2) — Pi[Br)--|B)
= A ,
3) = (¢id5 — @5)1B)-1B1) + (@Ta5 — 45)|B2) -1 Ba)
a M M,
M¢|Bs)...|5s)
= MM,
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in which the overlap parameters and the normalization factors are

@ = (o), ¢ = (ai|as), g3 = (as|as), M; = /1 — |q|*,

_ _ _ 1
M =[1—|q|* = |g* — |g** + ¢f 5 dy + aabaph)=.

Therefore, one may observe that the entropy of the system can be given by transforming p; — p¥,

and ¢; — ¢ in the two-qutrit state. Thus the linear entropy of the multi-qutrit state reads

2d A +2(Ak + Ak + AF)
d—1 NE ’

Liin = (4.29)

where

Alf = |,l,l,)\|2.]\412]\712 —+ |MV|2M22N22 + ’)\V|2M32N32

A = |ul*Re[Av(qi g5 — ¢5)(Pyphs — p5)]
A% = |\PRe[av(qid§ — ab) (pip§ — p5)]
A} = [vPRe[EN @ d5 — ab) (505 — pY)]

Ni = [ + AP + |v|” + 2Re(pAg; Py + fivabph + Avgsps)

To illustrate the entanglement behavior of these states let us assume p; = ¢;, and p = v = £\ = 1.
The entropy shall reduce to Eq.(4.23), but p; replaced by p¥. Let us take p; = p3 = 0, and
study entanglement of the system as a function of py. This situation can be visualize by assuming
|ay) in z direction of three-dimensional coordinate and |a4), and |a3) in x-y plane with arbitrary

directions. In this framework, the linear entropy (for both A = +1) reduces to

Py +3

L =3—5——.
: (2p3* + 3)?

The entropy of the state as a function of p,, for different mode number £, is presented in Fig.4.7.
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Entanglement
Entanglement

Figure 4.7: Entanglement of multi-qutrit state as a function of ps, when p; = p3 = 0 (a): The
black, red, green and blue curves represent entropy for k = 1,k = 3,k = 5 and k = 7, respectively
.Entanglement of multi-qutrit coherent state as a function of « (b): The black, red, green, and blue
curves represent entropy for k = 1,k = 2,k = 4, k = §, respectively. (Yusef Maleki and Aleksei
M. Zheltikov,2019)

The state becomes maximally entangled when |a;) and |«3) are orthogonal, and the entangle-
ment becomes independent of the mode number k. However, the entanglement reduces as |ps|
increases, and when p, = 41, one gets, from the equation above, [;;, = 0.48. We also observe
that the entanglement increases by increasing the number of the modes in each subsystem (see Fig.
4.7), and the two-mode nonorthogonal states get the minimum entanglement in these set of states.

Finally, we consider the entropy of multi-mode coherent states, as an specific state of the form

Eq. 4.28, in which each party contains k£ modes and is given as

V) = |a)...|a) |a)...|a) —|2a)...]2a) |2q)...|2a) + |3a)...|3a)|3a)...|3a). (4.30)
S — N———

k k

This state can be deduced from Eq. 4.28 by setting o = «, 5’ = 2«, v = 3a, and specifying the
coefficients.
The entropy of this state is depicted in the Fig.4.7.

Accordingly, The entanglement increases as the coherence parameter gets larger (stronger
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regime), and it also enhances as the number of modes in the subsystems increases. For & = 8§,
the entropy is maximum even for relatively small coherence parameters (|a| > 1), and for k = 2,

the maximum can be obtained for || > 2. Since, in the coherent state, the average of photons is

given by 7 = |«|?, the maximum entanglement is achievable for even rather small values of mean
photon numbers (n = 4), when k is large enough. For very large coherence parameter (strong
regime), the nonorthogonal states will tend to orthogonality and the entangled coherent states shall

be encoded as

1T = ]0Y...]0Y [0Y...[0) —[ 1) 1) [1)n 1) + [2)...]2)[2)...]2).

Entanglement
)
wn

0
-4

Figure 4.8: Entanglement of multi-qutrit coherent and squeezed state as a function of a.. The black
and the red curves represent the entanglement of superposed squeezed state (SS) and coherent state
(CS), respectively, for k£ = 1. The green and the blue curves depict the entanglement of SS and CS,
respectively, for k = 8. For both cases, coherent states represent more entanglement than squeezed
states. (Yusef Maleki and Aleksei M. Zheltikov,2019)

One may also consider the entanglement of multi-mode squeezed vacuum states of the light in
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the context of the state 4.30; that means the coherent states are replaced by squeezed states. We
compare the entanglement of three-dimensional coherent and squeezed states in Fig.4.10, for k =
1, and k£ = 8. Accordingly, the three dimensional coherent states demonstrate more entanglement
than squeezed states when the number of modes and other parameters are the same for both states.
Furthermore, the more squeezed the states are (larger squeezing parameters), the more entangled

the resultant state becomes.
4.5 Effects of decoherence

Manipulating a quantum system and performing quantum information processing is always
subjected to various decoherence effects. A realistic quantum system is not completely closed and
interacts with its environment. Thus, it is worthwhile to characterize the entanglement when the
system interacts with the environment. Here, we explore entanglement of multimode entangled
states when the system loses its coherence due to interactions with the environment [86]. As a
practically significant example of a multiqutrit state subjected to decoherence, we consider a 2k-

mode superposition state
|0) = pole) F¥le) 5" + 11 |20) 31200 5" + 2 30) 5 [30) 5" (4.31)

In which [¢)®* = |[¢) ® ... ® [1), k times, and the indexes A and B denote the first and the
second partitions. Suppose we encode the information on multimode entangled coherent state | )
and send each mode through a noisy channel, or equivalently each mode undergoes amplitude
damping decoherence in a cavity. The information in this process is subjected to decoherence. In

particular, a mode that travels through a noisy channel is characterized by [86]

)0}z = [Vna)|v/1 = na)s. (4.32)

Where 7 is the channel lose due to decoherence. Considering the decay of the system inside a

cavity, the decay parameter can be given as 5 = e, 7y being the decay rate of the cavity and ¢ is
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the storage time of the state inside the cavity.

If we take the state (4.31) and send each mode through a noisy channel, after tracing out the
environment we get the mixed density matrix of multiqutrit system. Then one can introduce qutrit
orthogonal basis similar to what we already introduced in this work and find the mixed density
matrix of the system in orthogonal bases. To this end, to keep the consideration simple, yet to have
an insight into the damping effect, we consider take oy = 1, p; = 0, and jp = €', reducing the

state to |¥) = |a)®*|a)®* + €]3c)®*|3a)®*. This stats, due to the damping effects degenerate to

) = (Ivne) 311 = na) 5D (vne) 5[/ 1 — na) 5°)
+ e (lvn3e) 3 [v/1 = 13e) ") (1yi3e) 5"V 1 — n3a) 5Y). (4.33)

We trace over the modes belonging to the environment and encode the information in orthonormal

computational qubit basis as

_ mBa)t — e e §F

— Rk
|0> - ’\/ﬁa>A ) ’1> W (434)

This reduced the states of the system to a mixed bipartite entangled state of a two—qubit form which
can be represented by a 4 x 4 matrix. Thus, mapping to the orthogonal bases allows one to work

out the concurrence as

1— 674k7]|a\2

¢= 1 + cos(#)e4klal?

e~ tk=mlal® (4.35)

We present the entanglement of the states subjected to decoherence in Fig. (4.9), for the dif-
ferent number of modes in each partition. We take # = 0 in Figs. 4.9(a) & (b). Accordingly,
Fig. 4.9(a) presents entanglement of the system when there is no damping introduced to the sys-
tem. This is comparable to Figs. 4.7(b) for the qutrit states, where the entanglement increases
by increasing number of the modes, which agrees with the previous studies of the multimode

nonorthogonal states. The concurrence in this case reduces to C' = (1 — 6’4’“‘2)/ (1+ 6*4’“‘2),
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Figure 4.9: The effects of the damping on the concurrence of the multimode states versus the
coherence parameter o«. We have considered § = 0 in (a) and (b). n = 1 (a), n = 0.9 (b). Similarly,
we have considered § = 7 and n = 0.9 in (c). The black, red, green and blue curve corresponds to
k =1,2,4 and 8, respectively. (Yusef Maleki and Aleksei M. Zheltikov,2019)

which gives C' = 0 for a = 0 and C' — 1 for |o| — oo. Fig. 4.9(b) presents the same situation
except with damping effect introduced into the state. We have taken # = 0.9 in this plot, which can
be translated to a cavity with the damping rate characterized by v ~ 1M H z, and the time interval
of t ~ 0.1us. As is demonstrated in Fig. 4.9(b), decoherence affects the entanglement drastically
in this case. For small coherence parameter « it is quite similar to the situation where there is
no damping presented in Fig. 4.9(a). However, for each number of the modes, the entanglement
reaches its maxima at a certain «, and decreases beyond that point, approaching zero for a very
large « limit. Also, for large enough «, increasing the number of modes not only does not improve
the entanglement but it also has an inverse impact on the entanglement. The maximum of the
entanglement is independent of the number of the modes and can be determined by the nonlinear
equation (n — 1)(34’”‘1'277 + ne4k|o‘|2(”_1) + 1 = 0, which numerically can determine the « that gives
the maximum value. For instance, for n = 0.9, the maximum is given at about 4k|a|? ~ 3.12.
Thus, o ~ £0.88 for k = 1, and o ~ £0.31 for k = 8. The peak of the concurrence only depends
on the channel lose which for 7 = 0.9 is about C' ~ 0.66 as shown in Fig. 4.9(b).

The other interesting situation is to consider the case § = 7 /2. For this case, the maximum of
the entanglement occurs when 4k|a|? = _Tl log(1 —n). The maximum of the concurrence reduces,
thus, to C' = n(1 — 77)177”

We have only considered § = 0 in Figs. 4.9(a) & (b); however, similar characteristic can be
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observed for other nonzero values of 6. The characteristics are drastically different when the phase
0 is exactly equal 7. This is shown in 6 Fig. 4.9(c), where we have considered the same parameters
as in Fig. 4.9(b) except for § = 7. From the concurrence in Eq.(4.35), it is obvious that when there
is no decoherence involved, the states with # = m become maximally entangled independent of the
coherence parameter . This different characteristic is depicted in Fig. 4.10(a). Where, for any
given 0 # 7, the entanglement approaches zero for very small «, while it approaches 1 for such
small a. According to Fig. 4.9(c), the entanglement decreases when we increase the number of
the modes in the presence of decoherence. The maximum of the entanglement occurs when « is

nonzero but very small. At such limit, the concurrence is less than 1 and is given by C' — 7.

(b) (c)
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Figure 4.10: The effects of the damping on the concurrence of the multimode states versus the
coherence parameter ov. We have considered various 6 in (a) and (b). n = 1 (a), n = 0.9 (b).
Similarly, we have considered various 7) in (c).

In Figs. 4.10(a) & (b) we present the entanglement of the states subjected for various 6 for the
lose less and lossy channels. According to Fig. 4.10(a) the entanglement enhances when the phase
« increases from O to 7, which agrees with the previous results [82]. Fig. 4.10(b) represents the
same situation except n = 0.9. As we can see, the decoherence affects the system remarkably,
reducing the entanglement, specially when « is large enough. Accordingly, the maximum of the
entanglement is C' ~ 0.70 for o« = 7/2 and C' ~ 0.76 for o = 37 /4.

Finally, we present the entanglement for various channel lose factor 7 in Fig. 4.10(c). As is

expected, decreasing 7 translates into the larger lose in the system resulting in reduction in the
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entanglement of the state. Also, the entanglement versus the coherence parameter «, represents

some maxima which agrees with the previous figures.
4.6 Extention to higher dimensions

The discussion of the multiqutrit coherent state entanglement made so far can be extended to
higher dimensions (d > 4) by carefully encoding the information in orthogonal bases. A general-
ized multimode superposition of CSs spanning d—level Hilbert space may be given in the following

form

We can consider that normalization factors be saturated in y;s, and take the state normalized. To in-
vestigate bipartite entanglement in such a superposition, one can divide such multimode states into
two partitions A and B, and consider it as a bipartite d-level state by defining |o) = |ay)...|asy),

B5) = lamir)-low), lof) = 1B1).|Bm)s 1BF) = 1Bmsr)-law) laiiy) = 7). 7m),

182 ) = |Yma1)---|7n). With this description general form of multi-qudit CS can rewritten as

d—1
W5 = plaf)|BP). (4.37)
=0

Similar to previous cases, we would like to represent this state in orthogonal qudit state basis
{leo), |e2), ...|ea—1)}, for first and {|fo), |f2),..-|fa_1)}, for second partition, respectively. Thus
we write both subsystems in orthogonal bases. To this end, we have a set of nonorthogonal basis
{lagh), |adhy, ..., |aZ )} describing subsystem A, and {|8%),|85), ..., |82 )} describing subsys-

tem B. We introduce the following change of basis to the subspace A

k—1 k—1
= k=1 = : :
1 i) = 22 (eilaid)les) |l N
Where, |eg) = |aj'), and ||.|| gives the norm of a vector. One may check that these basis make

complete orthonormal basis; e.i. (e;|e;) = 0;;. With this definition we can expand coherent states
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in orthogonal basis

E
—_

lat) = Niler) + Y {eilaj)|es).

%

Il
=)

Similarly, for the subspace B we have

) = B = LB 1BY) = S (B

- = . (4.39)
11BE) = iz (AlBEM i) | My,

Where, |fo) = |5E).
With this extension, we can map the generalized multiqudit nonrthogonal states to orthogo-
nal superposition via proper encoding of the information in orthonormal bases. This provides a

platform for the extension of the study of this work to a generalized setting in higher dimensions.
4.7 The general case of multiqutrit states

Here, we extend our analysis to n-mode qutrit states with arbitrary n. To this end, we consider
the first £ modes of a state | V) as the first partition and the remaining n — k modes as the second

partition:

|‘I’> =K |041>~-|04k>1 61>~-|6n—k>/+/\|ak+1>~“a2k>|Bn—k‘+1>---|52(n—k)>

k n—k

N

+vlooki) .| osi) | Bagn—t)+1) | B3(n—k)) -

We introduce a standard orthogonal qutrit basis {|0), |1), |2)}, encoded through the first parti-

tion of |U) as

k
|0> _ |Oz1>...|ozk>, |1> _ |ak+1>"‘|a2k> _ Hi:lpi,k+i|a1>"'|ak>

Ny ’
k k k
2) = (ITizy Pigri LTy Prviorri — Ty Piokra)[0a) - o)
NN; ’
k k
+(H Di k+i Hpi,2k+i — Prriokri)|Qrrr ) loor) + NE|aogir).|osg)
i—1 i—1
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where

k
pij = (ailay),  No= |1 =[] pissil®
i=1

k k
Ny =, |1— |Hpi,2k:+i|2» Ny =,|1— |Hpk+z‘,2k+z‘ 2
i=1 i=1

k k k
N = [1 - |Hpi,k+i’2 - | Hpi,2k+i|2 - \ Hpk+i,2k+i|2
i=1 i=1 i=1

k k k k k k
_ _ _ 1
+ H Dik+i H Di2k+i H Phti2k+i T H Dik+i H Di2k+i H Ph+i2k+i] 2.
=1 =1 =1 =1 =1 =1

A qutrit logic basis {|0), |1), |2)} is encoded through the second partition of | W) as

{10) = [51)-|Bn—s),

\i> = |Brr1) | Bon—k)) — ngk) Qi (n—k)+i] B1) | Br)
M1 !

n—k n—=k n—k
o (T8 G T Gnisizmerye: — T80 @i200-i40)181) -1 Be)

3) —
12) MM,

(T177 @omiei T Gi2miri — TI70" Gnirionsi) | Boir1) oo Bognny)
MM, ’

+N12|52(n—k)+1>--- | B3(n—k))
M M,

_|_

where ¢; ; = (0;|5;), and

(n—k)
M, = I | H Qi,nfk+i‘2a
i=1

(n—k)
My=4|1—] H @i 2(n—k)+il %
i1
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(n—Fk)
My =,|1—]| H Gn—k+i2(n—k)+i| >

=1

(n—k)

1_| H qi,n— k+z| _| H qi,2(n— k+z| _| H qk+i,2(n— k+2

(n—k) (n—k)

+ H QZn k+i H Q'L2n k—l—zHQn k+i,2(n—k)+

(n—k) (n—k) (

_ _ 1

+ | | Qi (n—k)+i | | Qi 2(n—k)+i | |n — k) Gn—kti2(n—k)+i) -
i=1 i=1 i=1

The state |¥) can thus be represented as

(n—k) (n—k)

| M—l—)‘ H din— k+Zszk+z+V H qi,2(n— k+sz12k+z |00

(n—k) (n—k)

sz2k+z H Gn— k+i,2(n—k)+ H qzn k+1 H Q'LQn k)+i +)‘M1szk:+z |01

(n—k) (n—k)

H qi,2(n—k)+i Hpk+z 2k+i — sz k+i sz 2k+z +)\N1 H Qi n—k+i |10

k- k
—|—(1/ (Hle Dk+i,2k+i — H¢=1 Di k+i Hizl pi,2k+i)
N,

n—k) n—=k) - n—k
(H( Qn—k+i,2(n—k)+i - H§:1 )Qi,n—k+i H§:1 )Qi,Q(n—k)-i-i)
M,

+AN; My)|11) + VHpi,2k+z |02 +v H Gi2(n—k)+i |20>
i=1 Ny

+(VH§C:1 Dheti, 2+i — Hf:1 Di ki Hle Dik+i M

—) |12

L i)
+V1—[(n k) Ui 2(m k) H(n k) Ginkri H( —k) qi72(n—k)+i£|21> -I—Vﬁ%
]\41 N1 Nl Ml

22).

(4.40)

With the same algebra as in the case of a two-qutrit nonorthogonal state considered above, we find
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that the linear entropy of the generalized multiqutrit state is given by

2d A7 4 2(A7 + AL + AD)

Lin =
lin d—1 ./\/2 ’

where

A = |pAP M2 N2 + |puv > My Ny + |Av|? Ms? N3

(n—k) (n—k)
AL = pPRe[\( [ Ginoiri [ @ity
i=1 =1

(n—k) k k k
- H ank+i,2(nfk)+i)(Hﬁi,k+i Hpi,Zk-i-i - Hpk+i,2k+i)]
i=1 i=1 i=1 i=1

(n—k) (n—k)
A = |\|*Reljiv( H Qisn—kti H In—k+i,2(n—k)+i
i=1 i=1

(n—Fk) k k k
- H Qi,Q(n—k)+i)<H Di k+i Hpk—l-i,%—i-i — H]%,zkm‘)]
i=1 i=1 i=1 i=1

(n—k) (n—k)
AT = [v*Re[p( H Tn—k-+i,2(n—k)+i H @i,2(n—k)+i
i=1 i=1

(n—k) k k k
- H %,n—k—f—i)(H Di+i,2k+i Hpi,Zk-i-i - szk—i-z)]
i=1 i=1 i=1 i=1

(n—k) k
No = ul* + (AP + [v]* + 2Re[u) H Qin—k+i Hpi,k:-‘,—i
i=1 i=1

(n—k) k (n—k) K
+ pv H 0i,2(n—k)+i Hpi,2k+i + Av H On—k+i,2(n—k)+i Hpk+i,2k+i]
i=1 i=1 i=1 =1
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5. PERFECT SWAP AND TRANSFER OF ARBITRARY QUANTUM STATES

5.1 Introduction

Faithful quantum state swapping and transferring is an indispensable element of salable quan-
tum information and quantum communication processes. In fact, in most of quantum technologies
the need for transferring a quantum state to different element of a quantum network is inevitable.
Therefore, developing reliable of quantum architecture which can enable high fidelity swap and
transfer of quantum information is a pivotal task for quantum technologies.

In realistic scenario of quantum state swapping, if the ¢th subsystem of a quantum network
is prepared in state |¥) and the the jth subsystem in the state |®), after swapping the quantum
states, the first subsystem should end up in the final states |®) and the second subsystem in the
|¥). In most of quantum state swapping protocols, however, the final states are not swapped
faithfully. One main restriction can be traced to the role of decoherence on the states that are being
swapped. However, even when the decoherence is not taken into account, the faithful swapping of
two unknown quantum states is not a trivial task. In fact, after the protocol is carried out on the
system, the final states does not necessarily are the same as the input states.

In this chapter, we find a physically feasible unitary transformation that can swap any given
quantum state such that for any given pair of quantum states [1)1) |13), the faithful transformation
[11) ® |1he) — [1h2) ® |th1) can be obtained. As we demonstrate, a resonator—qubit system con-
sisting of three resonators and two qubits enable a perfect swap of two unknown quantum states
between two of the resonators, providing an experimentally feasible mechanism for universal swap
operation in photonics systems. The architecture can faithfully transfer an unknown quantum state
from one of the resonators to the other, proving a universal swap operation in Hilbert spaces of any

dimensions for the photonic system.
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5.2 Swap and transfer of quantum states between resonators

We consider a system of three quantum resonators that interact with two two-level systems (see

Fig. 5.1). The Hamiltonian can be given as H = Hy + H, such that

Wo

3
Hy=hY_ wala; +h .

=1

o+ h%azz, (5.1)

is the free Hamiltonian of our system, while al, and a; are the raising and the lowering operators
associated to the ith resonator. o,; = l|e)i{e| — |g)1(g| and 0,2 = l|e)2(e| — |g)2(g| provide
the z-component of the Pauli operators of the qubit 1 and 2, respectively. Furthermore, w; is
the frequency of the ith cavity, and wy is the frequency of the two-level system, respectively.

Furthermore, the interaction Hamiltonian of the system can be written as
H, = hgio{ (a1 + az) + h.c + hgaof (a1 + a3) + h.c., (5.2)

in which, o] and o are the raising Pauli operators of the atoms 1 and 2 respectively. ¢; and
go are the coupling coefficients among the qubits and the interacting resonators. We assume a
scenario where the resonators are periodically modulated such that w; = wg + ¢ sin(vt + ¢;). This
periodic modulation can experimentally be achieved in superconducting circuits. By choosing v
and ¢, so that wy > ¢ = §/v, we apply the rotating-wave approximation (RWA) to degenerate the

Hamiltonian of the system to

Hy = hgi(of (@ + )™)Y 4 hc.

+hga(of (g + dg)e™ sWie2)) L p e,

Using the previously introduced identity identity e cs+¢:) = 3% ] (()et+¢i) with

J,,(¢) being the nth-order Bessel function of the first kind, the Hamiltonian could be reduced to

a Floquet Hamiltonian. Hence, the Hamiltonian can be expressed as H; = Ho + Y oo Hne™?,
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Figure 5.1: The architecture of quantum swapping scheme. Three resonators interact with two
qubits. The quantum state transferring and swapping is performed between the second and the
third resonators.
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where

Ho = hg1 Jo(Q)loy (@ + a2) + (a] + ab)oy]

+hga Jo(Q)log (@ + as) + (a] + af)oy .

and

Ho=hg1 Y i"Ju(O) (o7 & + (~1)"aloy )e"e

j=1,2
+hgy > " Tu(Q)(oF a; + (—1)"aloy )™

j=1,3

This interaction Hamiltonian can be replaced by the effective Hamiltonian

Heir = Ho + i[Hna H_n]/(nhv)

n=1

as

Her = Ho — ihkyo.q(abay — alay) — ihkyo.o(aday — alag).

Where, k1 = g2x»/v and ky = g3 /v are the coupling coefficients with

= 322, (0F sl = )

and

ZQJ 2sin(n(p1 — @3))/n.

(5.3)

Setting ¢ = 2.40 (Jy(2.40) = 0) and vy # 1 we find the effective interaction Hamiltonian

Heyp = —ihky oo (abay — alay) — ihkyo.o(ahay — alas).

5.4)

We note that when ¢ = 2.40, if we choose the phase difference 1 —ps = —7/3 = — (1 —3),
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we have y3 = —x2 =~ 0.628. We are going to consider the same coupling coefficients which results
ink, =—k=—ks.

The evolution of the wave function [¢)(0)) of this scheme could be attained by applying the
time evolution operator U(t) = e~"efit/" to the initial state [1/(0)). We assume the qubits to be
kept in their ground states |¥);5 = |g)|g) during the dynamics of the entire systems. This means
that the resonators are passively coupled, due to the presence of the atoms, and the atom subspaces
are decoupled from the resonators.

To show an example of the quantum state transfer, let us consider the first and the third res-
onators prepared in their ground states, while the second resonator containing n photons. There-
fore, the cavities are prepared in the state |U)z = |0)|n)|0). The dynamics of the initial state is
given by

V()R @ V)12 = e~ et W(0)) £ @ | V)1,

The qubit subspace will be separable from the resonator, and their states will remain unchanged.

hence, once can focus on the resonators subspace which gives

n n—i n! 1/2 . o
W= Y (i) (v 59

x§u+c%@6mmy€u—c%uémmym—¢—$@ﬁ3 (5.6)

Interestingly, for the case v/2kt = 7 the quantum state of the cavities reduces to |¥) z = |0)|0)|n),
which means that all of the photons are transferred from the second cavity to the third one, i.e.,
n)2|0)3 = [0)2]n)s.

As a matter of fact, taking the qubits in their ground states, one can focus on the Hilbert space

of the resonators with the Hamiltonian

He = —ihk(abay — alas) + ink(alay — alas). (5.7)

—iHefft/ﬁ

By considering the dynamics of the operators with the unitary evolution U(t) = e , once

117



can obtain the time dependence of the operators. For the time passage T given by T = 7/+/2k,
we attain the transformation a(0) — a3(7) and a3(0) — ao(T), i.e., the operator of the second
cavity mode at initial time ¢ = 0 is mapped to the third cavity mode operator at final time ¢ = 7.
This transformation shows that the states prepared in these two resonators could be swapped after

the time passage with the time interval 7', so that that we achieve the transformation

[V)ale)s = [0)a|th)s.

To see this, we write the general form of the any photon state of the second cavity, having d;

levels, as
d1
=D_baln):
n=0
and the quantum state of the third cavity, with d, levels, as

da

o) =D cmlm)s.

m=0

It is notable that d; and d, are arbitrary numbers, which dimension the states in the Fock bases.
These numbers can be finite or infinite, in which the later corresponds to the infinite dimensional

superposition of Fock bases. By considering the relation

L @ly
k)i =) ln! 10):,

j=0
the initial state of the two cavities could be expressed as

di  do

=203 (a0 00100 59
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Hence, after the time evolution U (t) = e~*Hefit/? for t = T, we have

di  da

CEEDDS Dnon_ (4 (T),)" (! (T)5)™[0)2]0)

\/n'—

d1 d2

=23 a4t (0), Y4 (at(0),)"[0)2[0)s = I} ).

VTR

Hence, an arbitrary photon state superposition of d; Fock bases, that is prepared initially in the

second cavity can be swapped by an arbitrary photon superposition of ds Fock bases of the third

cavity. This is true without any restriction on the state of the first cavity, that provides the swap

operation for arbitrary quantum states.

To have a better insight into the dynamical properties of the scheme we can define the current

operators for the photons. For the cavity ;7 we define
Ij = <atnj> = Izn - Iout

where n; = d;dj, for j = 1,2, 3. Since

7
ﬁ[Heffa n;]

8tnj =
we attain the equations for the currents of photons in the cavities as

Oy = =0y — Oyns,
_ At A At
Ong = k10,1(a3a1 + aqaq),

atng = ]{32022(&;&1 —I— CALJ{CAL:J,)

Obviously,
L +1,+13=0
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which shows that the total photon number is constant in the system.

Starting with a single photon in the second cavity, i.e.,
(W (0))r = 0,1,0),

the currents can be obtained as

I, = sin(2v/2kt)

1 .
I, = 7% sin(v/2kt)[1 + cos(v/2kt)]

and
1

V2

We present the time evolution of the currents in the system in Fig. 5.2. The current of the second

I3 = —=sin(V2kt)[1 — cos(V/2kt)].

cavity starts from zero and reduces to below zero due to the fact that the current flows from the
second cavity feeds into the other cavities. Hence, as is expected, the other cavities start from zero
and attain positive currents. The minimum of the current /5 could be seen at V2kt = 7 /3, in
which the cavity has the maximum rate for the population loss. This maximum rate is (/5),,, =
—\/m ~ —0.92. The first cavity has a large positive population change for small enough
time ¢, where the third cavity starts slowly to gain population. At v/2kt = 7/2, the first cavity
also starts to attain negative current that implies that it feeds photons to the other cavities. In the
region V2Kt € (m/2,7), the currents in cavities 1 and 2 are below zero and I3 is above zero,
indicating that the overall population gets fed into the third cavity. The first maximum of /5 occurs
at v/2kt = 2r/3, in which the cavity has the maximum population gain rate that is given by
(I3)maz = /27/32 ~ 0.92. The currents become zero at v/2kt = 7, in which the photons are all
in the third cavity, and the other cavities are completely depleted.

Now, if we start with n photons in the second resonator having the state |¥(0))r = |0, n, 0),
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3t 2
2

V2 Kkt

Figure 5.2: The photon currents of the resonators when a single photon is placed in the second
resonator and the two other resonators have no photons. At 2kt = =, the single photon is
transferred from the second resonator to the third one.

the current shall be given by

n n—i

[2—QZZ<n_l_j_1>‘z|j)(\/_81n(\/_kt)) ni=j)= (5.12)

=0 5=0

x(%[l + cos(\/ékt))]wﬂ(%u ~ cos(VakD)]), (5.13)

which reduces to

k.
I, = —nﬁ sin(v/2kt)[1 + cos(v/2kt)].

Interestingly, this current is n times of the current of a single photon. Similarly, the currents of the

other cavities provide

I
I3 = nﬁ sin(vV2kt)[1 — cos(v/2kt)]

and

I, = nsin(2v/2kt).
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Having the current of the n photon Fock state input attained, we can consider current of various
quantum states. To this aim, let us consider the coherent state transfer procedure and find the
currents flow in the scheme. Hence, starting from the input state |V(0))r = |0, a, 0), at t = T, the

coherent state will transfer to the third cavity, i.e.,

U(T))r = 10,0, ). For a coherent state we

have

n n—

I, = —2k exp[—|a|*] Z

n=0 i=0 j=0

|| n! I (i f)—
— 2kt )=t
nl \(n—i—j—1)lly! (\/ﬁsm(\/_ )

« (%[1 + cos(ﬂkt))])%(%u — cos(VZRO) )Y, (5.14)

which reduces to

I, = —|a|2% sin(v/2kt)[1 + cos(v/2kt)).

Similarly,

I3 = |a|2% sin(vV2kt)[1 — cos(V/2kt)]

and

I = |af?ksin(2v/2kt).

Interestingly, since the value 7 = |«|? is the average photon number in the coherent state, I

takes a similar form as the Fock state that could be written as

k.
I, = —nﬁ sin(v/2kt)[1 + cos(v/2kt)).

Thus, the coherent state transfer can be attained by the current dynamics given in Fig. 5.2, where
the photon average |«|? is a overall coefficient.

In fact, for a general input state

(W (0))r = [0)[)[0)
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with

the current of the second cavity reduces to

k.
I, = —nﬁ sin(vV2kt)[1 4 cos(v/2kt)]

with
n = (Ynly).
Similarly,
k
I3 = ﬁ—2 sin(v/2kt)[1 — cos(v/2kt)]
and

I, = nksin(2v/2kt).

We note that starting from the initial state in the third cavity will also result in a similar behavior
because of the symmetry of the system. Hence, the physics provided here explains the current
dynamics of any quantum state transferring in the system.

Now, we investigate a scenario in which the first cavity is populated while the two others are
in their ground states. If the first cavity attains n photons and the other cavities have zero photons,

i.e., [¥(0))r = |n,0,0), one can obtain the time evolved state of the system as

n n—i nl 1/2 .
[¥(0)= = z_: 2 ((n —i- j)!z‘!j!) (=1

« (% sin(v/2kt))+ (cos(VEEE))" T — i — j.i, ). (5.15)

In this case,

k
Iy, = Iy = n—— sin(2v/2kt
2 3 \/5 ( )

123



and

I, = —nkV/2sin(2v/2kt).

Thus, the photons prepared in the first resonator feeds the second and third resonator with the
same rate of population changes, as is evident from the symmetry of the system. The period of
the current in the resonators is equal to 7 , in this case. The maximum current into the cavities is
determined by

k

Igzlgzn—

V2
which is fulfilled at ¢ = 27",

Interestingly, for n = 1, i.e., |[¥(0))g = |1, 0, 0), the state evolves to the W state

1

W) = (]1,0,0) +10,1,0) — 10,0, 1)),

Sl

3

when tan(v/2kt) = 1/v/2.

For a general input state

(W (0))r = [0)[)[0)

with
N
) = ZCJZ)
i=0
=I5 = s (2V/2kt)
= I3 = n——=sin
2 3 o)
and

I, = —ikv/2sin(2v/2kt).

The equations imply that the positive flow of population from the first resonator to the others
continues until 2v/2kt = 7. At this point, the sign of the direction of the currents change as the

population goes back to the first resonator. Thus, regardless of which resonator is populated at the
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initial stage, the current of the first resonator is a periodic with ¢ = T'.
5.3 Experimental feasibility

Next, we analyze the experimental feasibility of the proposed photonic swapping system. The
coupling strength between the qubit and the resonators can be in the order of hundreds of MHz.
Specifically, taking the coupling constant ¢ = 27 x 40 MHz, with v = 5yg, we obtain k£ =
g*x/v = 27 x 8 MHz, and for ¢ = 27 x 200, we obtain k = 27 x 40 MHz, well above the
decoherence rates of the resonators, where the rates of less than 1 MHz can be achieved with the
current technologies. Thus, with £ = 27 x 8 MHz, the quantum swap operation time of the system
canbe T' = 7/ 2k = 44 ns. Which is much shorter than the relaxation time of the resonators.
Single photon lifetime of fixed frequency resonators can be in the order of milliseconds. Tunable
resonators with kinetic inductance are shown to have a relaxation time as long as 6 ys. To minimize
the decoherence resources in our system, both of the qubits can be considered in their ground states.
Thus, the dephasing and relaxation of the qubits have no effects on our system. Note that one may
choose the modulation parameters such that k; = k5, and take one of the qubits in the ground state
and the other one in its excited state to relax the condition ky0,; = —ks0,5 = —Fk, for realizing the
Hamiltonian in Eq. (6). However, with the conditions, the decoherence of the exited qubit can be
relevant in the process.

The frequency modulation can be efficiently controlled similarly to the recent experiments,
where the periodic dynamical modulation of the relevant parameters in quantum systems can be
fulfilled.

To investigate the dynamics of the system subjected to the decoherence, we consider the perti-

nent master equation for the density operator p,

+ ﬁmh@a}ﬁaj —djalp— pajal), (5.16)
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Figure 5.3: Quantum state trasfer in the presence of decoherence with the resonator decay rate
v/k = 0.02. (a,b) with 7y, = 0.1 and the initial state |0, 1, 0). (c,d) with 7;5, = 0.5 and the initial
state |1,0,0). (a,c) population of the density matrix elements, and (b,d) dynamics of the photon
currents in the resonators.

where j = 1, 2,3, ~; is the decoherence rate of the ith resonator, and 7y, = [exp(hw/kpT)—1]71
is the thermal photon average at temperature 7 with the frequency w of the resonators. We consider
the configuration of similar resonators with the same decoherence rate of ~.

The dynamics of the system, in the presence of damping in the resonators, is depicted in Fig.
5.3, where we have assumed the damping rate of v/k = 0.02. This rate is quite feasible with the
current technologies. Fig. 5.3(a)&(b) present the dynamical evolution of the single photon when
transferred from the second resonator with the initial state |0, 1, 0) to the third resonator. As can
be seen from Fig. 5.3 (a), the population of the second resonator drops from 1 as time increases

from ¢ = 0 until the photon is transferred to the third resonator at the ¢ = I'. The first resonator
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is also gets populated in this process; however, it feeds its population to the third resonator at
t = T. The increase in the density matrix element (0,0, 0|p(¢)|0, 0, 0), demonstrates the buildup
of the loss in the system. The target density matrix element (0,0, 1|p(¢)]0, 0, 1), demonstrates the
fidelity of the quantum state transfer to the third resonator. As Fig. 5.3 (a) demonstrates even
with a relatively large ratio of the loss, the fidelity of the information transfer is about 94% at
the first maxima, which demonstrates the robustness of our scheme to decoherence. Note that
this fidelity can efficiently be improved by decreasing the thermal photon average 7y, or using
high finesse resonator with an ultrastrong coupling to the field, where a faithful quantum state
transfer and be achieved. For instance, with v/k = 0.005 and 7, = 0.01, the fidelity of ~ 99%
can be achieved. Fig. 5.3(b) demonstrates the currents in the resonators with the parameters the
same as for Fig. 5.3(a). Accordingly, the currents still demonstrate periodic characteristics, except
the amplitude of the currents decreases due to the loss in the resonators. For a sufficiently long
time, all the currents approach zero as the system approaches its steady state. In Fig. 5.3(c)&(d),
we have considered the thermal photon average 7, = 0.5, when the single photon is prepared
in the first resonator, with the initial state |1,0,0). In this scenario, the photon from the first
resonator feeds the second and the third resonators with the same rate, thus, (0,0, 1|p(¢)|0,0,1) =
(0,1,0[p(¢)]|0,1,0). At a very long time scale, the system approaches the steady state, where
the populations in the resonators approach to some fixed values. Fig. 5.3(d), demonstrates the
current of the resonators with the parameters same as Fig. 5.3(c). Accordingly, the currents of
the second and the third resonators are the same, when the population is prepared only in the first
resonator. First, the current in the first resonator becomes negative as the population is fed to the
other resonators, then it becomes zero where it has lost the maximum of its population and starts
to gain populations from the other resonators beyond this point. This cyclic behavior is repeated

as time increases, except the amplitudes of the currents decrease due to the loss in the resonators.
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6. CONCLUSION AND OUTLOOK

Quantum entanglement is the cornerstone of various quantum technologies and is an indispens-
able ingredient of quantum information processing. These make the generation, characterization
and quantification of entangled states very important in quantum information studies, beside all
their fundamental importance. As a particular example of such applications one may consider
quantum metrolgy, in which, quantum entanglement is shown to have a remarkable role for sup-
pressing the classical limits. However, generation, characterization and quantification of desirable
entangled states are not easy most of the times.

We introduced new deciplins for engineering multipartite entangled states that are shown to
be useful for quantum information processing and quantum metrology applications. In particular,
we introduced new methods which could be used for generating NOON states, as one of the most
challenging states to generate, which enables realization of such states in both photonic and spin-
tronic architectures. We outlined a rather generic quantum circuit, for the NOON state generation,
that could be realized in various quantum systems. Furthermore, we extended this platform for the
generation of states beyond the NOON state. Typical examples of such sates could be entangled co-
herent or squeezed states, for instance. Furthermore, we extended the protocol for the multimode
scenario. Also, we demonstrated that attaining the ultimate sensitivity in phase estimation is not
an exclusive property of the NOON states. As a result, we found a large class of entangled states
that could provide us with the ultimate sensitivity achieved by the NOON state.

As a part of our investigations for the NOON state generation, we developed a new scheme
where NOON states could be realized in two ensembles of nitrogen—vacancy centers in diamond.
This could be interesting by noting the fact that NV centers in diamonds provide a remarkably
long coherence time, even at the room temperature. This opens up new possibilities for protecting
NOON states against decoherence.

Moreover, having the long coherence time of the ensembles of the NV centers, we showed that a

hybrid quantum system consisting of three ensembles of NV centers coupled to a superconducting
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device enables the generation of controllable macroscopic multipartite entangled states, which
could be used as a building block for quantum networks.

Furthermore, we investigated entanglement of nonorthogonal states in details, and more spe-
sifically, we derived a closed-form analytical expression for the entanglement degree of a multi-
partite qutrit state, offering a quantitative measure for entanglement within the class of n-mode
nonorthogonal qutrit states with an arbitrary n.

Finally, we introduced a new configuration where any pair of quantum states can perfectly be
swapped between two quantum resonators enabling a realization of a universal swap operation in

photonics systems.
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