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Abstract
In this paper, we investigate the dynamics of quantum memory-assisted entropic uncertainty,
uncertainty-induced nonlocality and log-negativity entanglement of two nitrogen-vacancy cen-
ters (NVC). In particular, we are interested in analyzing two nitrogen-vacancy centered qubits
coupled with two coherent nanocavities. We consider two different configurations of NVC qubits:
when the qubits are prepared initially in separable and maximally entangled states. We demon-
strate that coherent nanocavities can be successfully used to generate nonlocality and entangle-
ment in the two NVC qubits while suppressing the associated entropic uncertainty. When the
system is considered initially in separable two-NVC qubits, we show that the coupled coherent
nanocavities successfully generate nonlocality and entanglement while avoiding the associated
entropic uncertainty. The parameter’s adjustment determines the degree of entanglement, non-
locality generation, and preservation. In comparison, we find entanglement more vulnerable to
the decoherence and entropic uncertainty action between the two NVC qubits and nanocavi-
ties than the uncertainty-induced nonlocality. Furthermore, the NVC-qubits coupled with two
coherent nanocavities promote entanglement’s sudden birth and death phenomena. This study
contributes to the quantum mechanical protocols requiring the robust practical generation of
entanglement and nonlocality as well as the related information preservation for the increased
efficiency of quantum devices.

Keywords : Quantum Memory-Assisted Entropic Uncertainty; Uncertainty-Induced Non;ocality;
Nitrogen-Vacancy Centers; Nanocavities.

1. INTRODUCTION

Variable theories cannot replicate all of quan-
tum mechanics’ conclusions. This emphasized the
uniqueness of quantum state correlations, giving
rise to the idea of quantum nonlocality.1 Exper-
iments on Bell inequalities,2–7 have recently gen-
erated exciting results, as well as developments
in quantum technology,8,9 have sparked interest
in this effect, which remains one of quantum
mechanics’ most difficult issues to tackle. Quan-
tum nonlocality discloses the strong ties that bind

numerous quantum particles, including some that
transform their states rapidly when the state of
others is observed, no matter how far apart they
are. Aside from quantum nonlocality, the essential
quantum information resources for quantum com-
putation10–14 include quantum coherence and non-
classical correlations, which are the key differences
between quantum and classical physical systems.15

Quantum device realization has been advanced sig-
nificantly in recent years, with several applications
in business and research.16,17 It has been shown that
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the quantum computer can solve a variety of algo-
rithms and sophisticated protocols that are impossi-
ble to accomplish with conventional computers.18–21

Nearly all quantum computers require nonlocal fea-
tures, such as quantum correlations.22 As a result,
quantum correlations, as well as the understand-
ing of their resources and relative preservation, can
benefit the advancement of quantum information
processing and computing protocols.

Several challenges must be addressed to con-
struct an effective quantum computer for quantum
control, optimization, and other applications.23,24

Preserving the quantum-correlated data created by
the quantum procedures is one of the most ardu-
ous problems that researchers encounter. Quantum
memory has been proposed using quantum dots,25

nanoresonators,26 NVC in Diamond,27 and nanome-
chanical oscillator.28,29 Because of its great physi-
cal qualities, such as long sustained coherence and
a huge optical band gap, the NVC is one of the
finest quantum storage solutions.30,31 Jelezko et al.
were the first to prepare diamond defects.32–34 This
experiment resulted in the development of several
diamond defect applications, including nanoscale
sensors,35 the implementation of a photostable
single-photon laser source,36 optical preparation,37

optical quantum networks,38 and readout of defects
in quantum materials as an electronic spin,39 mak-
ing the NVC the most suitable for quantum infor-
mation technology and quantum memory. The NVC
defects have been used in quantum register imple-
mentations that rely on the NVC electron spin and
are close to the Nitrogen and carbon nuclear spins
at room temperature. These achievements are the
first step toward commercializing quantum storage.
Steiner et al. carried out additional experiments to
show the NVC’s utility as a quantum memory.40–42

In diamonds, they could make high-quality nitro-
gen defect quantum register spins. The suitabil-
ity of NVC centers for quantum storage has been
demonstrated using density functional theory tools
to investigate their quantum properties.31

The interactions between solid-state emitters and
high-Q nanocavities have sparked a lot of inter-
est in quantum optics and quantum information
science as a result of experimental developments
in nanoscale photonic crystal (PC) cavity fabrica-
tion43,44 and solid-state device design.45,46 The dia-
mond NVC,47 which comprises a dopant nitrogen
atom and a nearby vacancy, is a promising corner-
stone for solid-state quantum computing at room

temperature48 due to long electronic and nuclear
spin lifetimes and the potential for optical coherence
encryption, such as fast initialization, well qubit
readout, and information storage. Our work can
be used for conceiving efficient quantum memory49

and integrated optical sources,50 plasmon-assisted
light transmission51 to mention a few. Note that
in the current case, we mainly focus on the the-
oretical approach for the dynamics of correlations
in NVC-qubits. The reason behind this is that the
theoretical study can greatly provide insight into
many considerable aspects of the problem.52–56 In
addition, based on results we provide insight into
practical quantum computing, for example, the cur-
rent set-up, we have devised can be used as effi-
cient quantum memory with enhanced preservation
time,49 pulsed quantum frequency combs,57 inte-
grated optical micro-comb source,50 memory asso-
ciated with high-speed and scalable optical neural
networks,58 and in plasmon-assisted light transmis-
sion,51 etc. We investigate a system of two open
PC crystal cavities, each containing a coherently
pumped NVC center. Each NVC center can only
have a three-level configuration of the Λ type with
a specific excited state.

In today’s quantum emerging environment,
more efficient and conveniently available quan-
tum resources are necessary to carry out nonlo-
cal protocols efficiently. As a result, we have been
motivated to develop a theoretical setup that can
be easily implemented for practical quantum com-
puting and data processing protocols. The gener-
ation of quantum correlations and overcoming the
entropy mixedness in all of the quantum system is
the first step to deal with. In this study, we inves-
tigate the formation of quantum correlations in a
system of two initial separable NVC qubits. The
second critical step in the effective deployment of
quantum protocols is the preservation and control
of the generated quantum correlations.

This paper is organized as follows. In Sec. 2,
the open NVC-nanocavity physical model and
its evolution equations are presented. In Sec. 3,
the definitions of the quantum memory-assisted
entropic uncertainty, uncertainty-induced nonlo-
cality and log-negativity entanglement are pre-
sented. Section 4 illustrates the numerical results
and discussion of the dynamics of entropic uncer-
tainty relations, the uncertainty generated non-
locality and log-negativity entanglement for two
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NVC coupled with open nanocavities. Finally, the
concluding section is presented in Sec. 5.

2. PHYSICAL MODEL

In this paper, we investigate a system consisting
of two open and spaced photonic crystal cavities,
each has inside a coherently-driven NV center.43,59

Every NV center is assumed to be a Λ-type three-
level system with the excited state |E〉k = (|e+〉k +
|e−〉k)/

√
2(k = A,B) as an ancillary state, where

|e±〉k represents orbital states that have an angu-
lar momentum projection of ±1 along the NV axis.
In the case of low pumping, the excited state |E〉k
decays to the ground states, |0〉k and |1〉k emit-
ting photons with frequencies corresponding to the
atomic transitions between the excited state and the
ground states. Furthermore, we take into account:
(1) the two nanocavities are coupled only because
of the overlapping of their photonic wave functions.
(2) the two nanocavities loss is restricted to the
condition that no photon as a result of either spon-
taneous NV center emission or from the photonic
crystal cavity leaking.43 The effective interaction
Hamiltonian of the system in the dispersive regime,
where the cavity mode is off-resonant with all tran-
sitions of the NV centers, can be written as

Ĥ =
∑

k=A,B

χkψ̂
†
kψ̂k|0k〉〈0k| + ξk|1k〉〈1k|

+λk(ψ̂+
k |0k〉〈1k| + ψ̂k|1k〉〈0k|)

− J(ψ̂†
1ψ̂2 + ψ̂1ψ̂

†
2)

− i

2

2∑
j=1

[γjψ̂
†
j ψ̂j − κj |ej〉〈ej |], (1)

χk = g2
k

Δk
and ξk = Ω2

k
Δk

design the coupling con-
stants and λk =

√
χkξk represents the effective

Rabi frequency. ψ̂†
k(ψ̂k) are the creation (annihi-

lation) matrix of the cavities with transition fre-
quency ω. The first and the second terms reflect
photon-induced and laser-induced dynamic energy
shifts. J designs the two-nanocavity coupling in PC.
γj and κj are the nanocavity dissipation rates and
the spontaneous transitions between the two NVC
state.

The non-Hermitian Schrödinger equation governs
the system’s evolution

d

dt
|ψ(t)〉 = −iĤ |ψ(t)〉, (2)

|ψ(t)〉 is the time-dependent wave function. For the
case of the one-excitation subspace, |ψ(t)〉 is repre-
sented as

|ψ(t)〉 =
4∑

n=1

[Λn1|00〉 + Λn2|10〉 + Λn3|01〉]

⊗ |Sn〉, (3)

where {|S1〉 = |1A1B〉, |S2〉 = |1A0B〉, |S3〉 =
|0A1B〉, |S4〉 = |0A0B〉} are the two NVC-qubits
space.

By putting χ = 1
2γk = 1

2κk(k = A,B), the time-
dependent coefficients Λnm(m = 1−3) can be deter-
mined from Eq. (2) as

Λ̇11 = −i(ξA + ξB)Λ11 − iλBΛ22 − iλAΛ33

− 2χΛ11,

Λ̇12 = −i(ξA + ξB)Λ12 + iJΛ13 − 3χΛ12,

Λ̇13 = −i(ξA + ξB)Λ13 + iJΛ12 − 3χΛ13,

Λ̇21 = −iξAΛ21 − iλAΛ43 − χΛ21,

Λ̇22 = −i(ξA + χB)Λ22 − iλBΛ11 + iJΛ23 − 2χΛ22,

Λ̇23 = −iξAΛ23 + iJΛ22 − 2χΛ23,

Λ̇31 = −iξBΛ31 − iλBΛ42 − χΛ31,

Λ̇32 = −iξBΛ32 + iJΛ33 − 2χΛ32,

Λ̇33 = −i(χA + ξB)Λ33 + −iλAΛ11 + iJΛ32

− 2χΛ33,

Λ̇41 = 0, Λ̇42 = −iχBΛ42 − iλAΛ31

+ iJΛ43 − χΛ42,

Λ̇43 = −iχAΛ43 − iλAΛ21 + iJΛ42 − χΛ43.

(4)

We solve numerically Eq. (4), which allows us to
explore the dynamics of quantum memory-assisted
entropic uncertainty and uncertainty-induced non-
locality and log-negativity entanglement two NV
centers.

3. QUANTUM MEMORY AND
NONLOCALITY QUANTIFIERS

The dynamics of the entropic uncertainty, uncer-
tainty induced nonlocality, and log-negativity are
utilized to explore the generation and robustness
of quantum memory and nonlocality by using the
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reduced two NVC density matrix

RAB(t) = TrNanocavity{ψ(t)〉〈ψ(t)|}, (5)

• Entropic uncertainty:
Bob’s uncertainty regarding the outcome of the
measurement is constrained by

S(P |B) + S(Q |B) ≥ S(A |B) + log2
1
c
, (6)

where S(A |B) = S(R̂AB) − S(R̂B) is the
density operator’s conditional von Neumann
entropy R̂AB , S(R̂) = −tr(R̂ log2 R̂). S(X |B) =
S(R̂XB) − S(R̂B), X ∈ {P,Q} is the post
measurement state and is defined as R̂XB =∑

x (|ψx〉〈ψx| ⊗ I)R̂AB(|ψx〉〈ψx| ⊗ I). Here R̂B =
trA(R̂AB) and |ψx〉 designs the eigenvectors of X
and I is the identical operator.

The left and right sides of Eq. (6) can be rep-
resented as follows:

L(t) = S(R̂σxB) + S(R̂σzB) − 2S(R̂B), (7)

R(t) = S(R̂AB) − S(R̂B) + 1, (8)

where L(t) and R(t) are, respectively, the entropic
uncertainty and its lower bound.

• NVC-qubits uncertainty-induced nonlocality
The UIN can be computed using the following
formula60 based on the skew information quanti-
fier61:

UIN(R̂AB) = max
K

I(R̂AB(t),K). (9)

The UIN(R̂AB) is determined by the maximal
skew information of the NVC-qubits state R̂AB(t)
and local observable K. As an update to the pre-
ceding Eq. (9), it can be expressed as61

U(t) =

⎧⎪⎨
⎪⎩

1 − λmin(WAB), r = 0;

1 − 1
‖r‖2

rWAB rT , r 	= 0,
(10)

where ‖r‖ represents the Bloch vector norm r.
• Log-negativity entanglement: Negativity and log-

negativity are effective entanglement quanti-
fiers.62 We examine the entanglement for the
bipartite NVC-qubits system RAB using the log-
negativity function62:

N(t) = log2[1 + 2n(t)], (11)

where n(t) represents the negativity defined as
the absolute sum of negative eigenvalues of

the matrix (R̂AB)TA (it represents the den-
sity matrix’s partial transpose). The elements of
(R̂AB)TA can be determined by

〈i, j|(RAB)TA |m,n〉 = 〈m, j|R̂AB |i, n〉. (12)

The states are separable for N(t) = 0 and the
function N(t) is used to quantify the entangle-
ment of the final state.

The dynamics of the quantum memory and nonlo-
cality functions L(t), R(t) and U(t) as well as N(t)
are calculated numerically by developing a MAT-
LAB Program to compute the reduced two NVC
density matrix elements of Eq. (5) at a time, which
is used to compute the quantum memory and nonlo-
cality functions by using Eqs. (7), (8), (10) and (11).

4. DYNAMICS OF TWO-NVC
QUANTUM COHERENCE
AND ENTANGLEMENT

In the NV centers’ AB-qubit space: {|	k〉}(k = 1−
4), the reduced density of the two-NVC qubits can
be expressed as

R̂AB(t) = TraceCav{R̂(t)} =
4∑

j,k=1

Vj ·Vk, (13)

where Vk = (Λk1Λk2Λk3). In the following, the gen-
eration of quantum memory, nonlocality and entan-
glement of two NVC-qubits are explored for the case
of the initial separable state

|ψ(0)〉S =
1√
3
[|00〉 ⊗ |0〉 + |10〉 + |01〉] ⊗ |S2〉.

While the robustness of the quantum memory-
assisted entropic uncertainty and the nonlocality is
analyzed for the case of the maximally entangled
state

|ψ(0)〉E =
1√
6
[|00〉 + |10〉 + |01〉] ⊗ [|S1〉 + |S4〉].

4.1. Generation of Quantum Memory
and Two NVC-Qubits Nonlocality

The dynamics of the generation of quantum
memory-assisted entropic uncertainty and uncer-
tainty-induced nonlocality beyond log-negativity
nonlocality of two NVC qubits is investigated. We
consider that the open NVC-nanocavity system
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(a) (b)

(c)

Fig. 1 The dynamics of the entropic uncertainty L(t), entropic uncertainty lower boundR(t), uncertainty-induced nonlocality
U(t), and log-negativity N(t) for |ψ(0)〉S and χk = ξk = 0.5λk in the absence of the dissipation with different coupling cases:
J = 0.01λk in (a) J = λk in (b) and J = 4λk in (c).

starts initially with the NVC-qubits separated state
|1A0B〉 as: |Ψ(0)〉S = 1√

3
[|00〉+|10〉+|01〉]⊗||1A0B〉.

The quantum memory-assisted entropic uncer-
tainty and uncertainty-induced nonlocality, as well
as log-negativity entanglement, are shown to be
dependent on the NVC-nanocavity coupling in
Fig. 1. Figure 1a, displays the dynamics of the quan-
tum memory and nonlocality for the case χk =
ξk = 0.5 and J = 0.01λk in the absence of the
dissipation effect. In the current system–cavity cou-
pling, the entropic uncertainty and entropic uncer-
tainty lower bound are determined to be nonzero,
and L(t) = R(t) = 1. This is exclusively due to the
coupling of the uncorrelated state with the cavities.
When the interaction between the NVC-qubits and
nanocavities is activated, both functions achieve
their peak. The L(t), on the other hand, remains
bigger and achieves its maximum quicker than the
R(t), proving that the L(t) > R(t). Due to the
back action of the nanocavities, the functions L(t)

and R(t) are lowered to their minimum during later
interaction time. Even though the NVC-qubits and
nanocavities were separable initially, however, the
entanglement and nonlocality grow to their maxi-
mum values for the latter interaction time. We also
observe that the system’s nonlocality is greater than
its entanglement. None of the functions involved
saturates to constant values and has a revival char-
acter at any point in time. As a consequence, it is
essential to highlight that entanglement and non-
locality are successfully formed between the two
NVC-qubits and nanocavities. At comparable peri-
ods, the minima of L(t) and R(t) correspond to the
maxima of U(t) and N(t). This indicates that all
the present phenomena under examination are in
accord, and the results are consistent.

In Fig. 1b, the quantum memory and nonlocal-
ity functions L(t), R(t) and U(t) as well as N(t)
are depicted for the parameter setting: J = λk and
χk = ξk = 0.5. The coupling strength between
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the two connected nanocavities is raised in this
example, and it is set to the unit strength of the
effective Rabi-frequency λk. At t = 0, L(t) =
R(t) = 1 and N(t) = U(t) = 0, as shown in
Fig. 1b. However, as compared to Fig. 1a, the aver-
age entropic uncertainty appears to be smaller in
this case. Furthermore, the N(t) and U(t) remain
more resistant to the entropic and disorder effects
of the NVC-nanocavities coupling and attain higher
average values than that seen in Fig. 1a. All of
this is due to the increasing coupling strength of
the entangled nanocavities, which causes the NVC
qubits to become entangled and encode nonlocal-
ity. In contrast to Fig. 1a, we observed a rise in
revival character with time, indicating a successful
flow of information, entanglement, and nonlocality
between the NVC-qubits and two nanocavities.

For the case J = 4λk, the generation of the
two NVC-qubit quantum memories and nonlocal-
ity is shown in Fig. 1c. Increased coupling strength
between the two nanocavities has an impact on
the generation of correlations between the NVC-
qubits, as shown by the current parameter setup.
For increasing interaction time choices, the dynam-
ical map of entropic uncertainty relations appears
to be completely different from that previously
observed. The functions L(t) and R(t) increased
uniformly between the time limits 0 ≤ t/π ≤ 3
before decreasing to their minima. On the other
hand, N(t) and U(t) started growing from zero to
their highest points. There is a time interval where
the minima of L(t) and R(t) meet the maxima of
N(t) and U(t), 5.5 < t/π < 6.5. During this time
interval, the largest rise in entanglement and non-
locality, as well as the maximum drop in entropic

action of the environments, occur. Every one of the
quantifiers, except N(t), shows a revival character.

The dependency of the generated two NVC-qubit
quantum memory and nonlocality on the two NVC-
qubit coupling constants χk and ξk is shown in
Fig. 2. The current results address the enhanced
interaction between NVC-qubits and nanocavities.
These results differ from those depicted in Fig. 1.
When the above-mentioned parameters are raised,
the functions L(t) and R(t) exhibit a sudden rise
from zero and grow with a rapid revival rate.
N(t) = U(t) = 0, the entanglement and nonlo-
cality functions, initially coincide, but later evolve
to their different maxima and experience revivals.
In comparison to the results in Fig. 1, the NVC-
qubits interacting with the nanocavities are more
correlated and exchange their features more quickly.
As a result, χk and ξk have more prominent traces
in coupled NVC-qubits and nanocavities for control-
ling entanglement and nonlocality than J and λk.
In Fig. 2b, the entanglement and quantum mem-
ory generation duration were longer. Therefore, in
the current system–environment coupling, longer
entanglement and nonlocality values are favored by
higher values of J and λk, as well as χk and ξk.

Figure 3 shows the effect of the dissipation on
the dynamics of the quantum memory and the non-
locality when the dissipation rates χk = 0.025λk .
The recent results provide support to the hypothe-
sis so that the coupling coefficient χk governs the
growth map of quantum memory, entanglement,
and entropic interaction dynamics. The assertion
can be validated by looking at Figs. 2 and 3 for
different values of χk. In both Figs. 3a and 3b, the
entropic uncertainty relations graphs start from a

(a) (b)

Fig. 2 The dynamics of the quantum memory and nonlocality functions L(t), R(t), U(t), and N(t) of Figs. 1a and 1c but
for the case χk = ξk = 2λk in the absence of the dissipation effect.
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(a) (b)

Fig. 3 The dynamics of the quantum memory and the nonlocality functions L(t), R(t), U(t), and N(t) of Fig. 2 but for the
dissipation χk = 0.025λk .

nonzero value, but they are soon suppressed by the
formation of memory effects in the NVC-qubits,
resulting in decreasing entropic actions. When the
interaction is triggered, the quantifiers N(t) and
U(t) that were previously zero (two uncorrelated
NVC-qubits) achieve their maximum. Surprisingly,
the behavior of the associated metrics diverges as
the time of interaction rises. Unlike the R(t) func-
tion, which uniformly declines to its original values,
the L(t) function hits 0 in its latter intervals. Entan-
glement and nonlocality function,N(t) and U(t), on
the other hand, exhibited distinctive behavior. The
first is uniformly decreasing to zero, whereas the
second indicates that the quantum memory in the
two NVC-qubits is effectively generated with high
nonlocality. U(t) reaches a final and stable satura-
tion level as it rises over time. Despite the similari-
ties between the two sides of Fig. 3, it is critical to
highlight the differences in entanglement and quan-
tum memory generation exchange rates. We note
that the exchange rates between NVC-qubits and
nanocavities improve as J increases. This could be
observed in Fig. 3a.

4.2. Robustness of the Initial
Quantum Memory, nonlocality
and Entanglement

Here, the robustness of the initial quantum memory,
nonlocality and entanglement in the two NVC-qubit
systems will be analyzed when the NVC-nanocavity
system state starts with the entangled state

|ψ(0)〉E =
1√
6
[|00〉 + |10〉 + |01〉] ⊗ [|S1〉 + |S4〉].

For this case, the two nanocavities are initially in
the correlated state 1√

3
[|00〉 + |10〉 + |01〉] whereas

the two NVC-qubits are initially in the entangled
state 1√

2
[|S1〉 + |S4〉].

Figure 4 illustrates the robustness of the ini-
tial nonlocality and entanglement against the NVC-
nanocavity interactions and entropic uncertainty
with different cases of the NVC-nanocavity cou-
pling. We set the values of χk = ξk and analyze the
consequences of changing the value of the nanocav-
ities intercoupling strength parameter J . We set
J = 0.01λk in Fig. 4a, and unlike the situations
studied in Figs. 1–3, the system’s entropic relations,
L(t) = R(t) = 0. This is because the system is
initially prepared in a maximally entangled state.
The functions N(t) and U(t), on the other hand,
start at their maximum values but N(t) 	= U(t),
with N(t) = 0.8 and U(t) = 1. The fact that
U(t) > N(t) and L(t) > R(t) are in line with
the preceding sections. The two nanocavities suc-
cessfully preserved the initially encoded entangle-
ment and nonlocality. Besides, at the final inter-
action time, the entanglement and nonlocality in
the system, on the other hand, restore to their ini-
tial maximum levels. Except for entanglement, the
correlations between the system and nanocavities
rise and decrease within a specific time window and
do not vanish completely. As a result, nanocavities
appear to be a potential resource for reliable quan-
tum memory and quantum correlations preserva-
tion and processing.

In Fig. 4b, we set the coupling strength of the
nanocavities to J = λk. The modification of this
value completely changes the dynamics of entropic
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(a) (b)

(c)

Fig. 4 The dynamics of the entropic uncertainty L(t), entropic uncertainty lower boundR(t), uncertainty-induced nonlocality
U(t), and log-negativity N(t) for |ψ(0)〉E and χk = ξk = 0.5 in the absence of the dissipation with different coupling cases:
J = 0.01λk in (a) J = λk in (b) and J = 4λk in (c).

uncertainty relations, entanglement, and nonlocal-
ity. In terms of average entanglement and nonlo-
cality preservation, the present parameter values
for NVC-qubits and nanocavities are more effec-
tive. Unlike the N(t) simulation in Fig. 1a, the N(t)
dynamics feature a single sudden death. Further-
more, in Fig. 1a, the U(t) function remains above
the highest value observed in Fig. 3a for the same
measure. In both Figs. 1a and 1b, the L(t) and R(t)
functions approach an extreme minimum, although
in the current case, this occurs significantly faster.
Entanglement and nonlocality become stronger as
the coupling strength of the nanocavities increases.

The dynamics of uncertainty relations, entangle-
ment, and uncertainty-induced nonlocality in two-
NVC qubits coupled with two nanocavities are
depicted in Fig. 4c. According to the dynamics of
the functions L(t) and R(t), the entropic relations
reach their maxima but suffer a larger loss than
indicated in Figs. 4a and 4b. Furthermore, in previ-
ous cases, the maximum levels attained via entropic

relations are far greater than in the current case.
N(t) and U(t) experience a lesser loss, indicating
greater entanglement and nonlocality preservation.
It is important to highlight that the present revival
rate in all functions is significantly greater. This
indicates that the interchange of information and
other types of quantum correlations between NVC-
qubits and nanocavities improves as the intensity of
the nanocavity coupling rises.

Figure 5 analyzes the dynamics of quantum
memory-assisted entropic uncertainty and uncert-
ainty-induced nonlocality beyond log-negativity for
high NVC-qubit coupling constants. We notice a
quick increase and decrease in the functions L(t)
andR(t) beginning from zero for the current param-
eter set-up. Because the system’s state is chosen
to be maximally entangled, the entropic relations
never vanish after the first increase. When the func-
tions N(t) and U(t) are first decreased from their
maximum values, a revival phenomenon occurs for
the latter interaction time. The average level of

2240185-9

Fr
ac

ta
ls

 2
02

2.
30

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 8
6.

98
.9

4.
62

 o
n 

05
/2

9/
24

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



2nd Reading

August 24, 2022 16:1 0218-348X 2240185

A.-H. Abdel-Aty et al.

(a) (b)

Fig. 5 The dynamics of the quantum memory and the nonlocality functions L(t), R(t), U(t), and N(t) of Figs. 4a and 4b
but for the case χk = ξk = 2.

uncertainty appears to be higher in the current
case than in Fig. 4, indicating that the coupling
coefficients χk and ξk enhance the system’s disor-
der rate. The system frequently becomes entirely
disentangled with the least nonlocality due to the
NVC-nanocavities interaction, but is then recov-
ered. The dynamics of the currently involved func-
tions remained the same in both Figs. 5a and
5b, however the latter case experiences the sudden
death entanglement. This is due to an increase in
the coupling strength between the two nanocavities,
leading the system to become more entangled and
nonlocal than in the previous case.

Figure 6 shows the effect of the dissipation
on the quantum memory-assisted entropic uncer-
tainty and uncertainty-induced nonlocality and log-
negativity entanglement for the dissipation rates
χ = 0.05λk and the large two-nanocavity coupling
J = 0.01λk with different dissipation NVC-qubits

coupling constants: χk = ξk = 0.5 in Fig. 6a
and χk = ξk = 2 in Fig. 6b. In the present
figure, the entropic uncertainty relation functions,
L(t) and R(t) develop quickly to their maxima
and then decrease. Simultaneously, the entangle-
ment and uncertainty-induced nonlocality func-
tions, N(t) and U(t), fall to their first minimum
and then increase again. When compared to Fig. 5,
the revival phenomena are dramatically diminished
during the whole interval. This implies that there is
less contact between the two NVC-qubits and the
two nanocavities. The average level of uncertainty-
induced nonlocality appears to be higher than in
Fig. 5, although entanglement remains suppressed
under the present parameter settings. In accordance
with U(t), the L(t) and R(t) quantifiers attain lower
values, reflecting less entropic uncertainty in the
system. The results in Fig. 6b show that entan-
glement is significantly reduced when compared to

(a) (b)

Fig. 6 The dynamics of the quantum memory-assisted entropic uncertainty, uncertainty-induced nonlocality, and log-
negativity nonlocality of Fig. 4a and 5a but for the dissipation χ = 0.05λk .
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nonlocality, which inevitably saturates at a greater
constant level. The L(t) function approaches a con-
siderably lower saturation threshold in entropic
uncertainty relations, whereas the R(t) function
recovers to its starting value. Despite this, the sys-
tem’s high resistance to uncertainty-based nonlocal-
ity cannot be ignored.

Finally, when two NVC qubits are connected with
nanocavities, we have investigated the dynamics of
entanglement, nonlocality, and entropic uncertainty
relations. The dissipation effects are inevitable and
induce loss of useful information in the current sys-
tem. As a result, future contributions need to be on
how to appropriately handle the nanocavities for
the sake of practical applications.

In comparison to the induced nonlocality and
entanglement defined for the NVC embedded in
photonic crystal (PC) cavities,63 we observe the
induced nonlocality and entanglement suffer from
high oscillations. Furthermore, the revival nature of
quantum correlations in separated NVC embedded
in PC cavities appears to be more periodic than the
abrupt revival behavior seen for quantum dynamics
in the current case.43 The present physical model
has the benefit of strongly supporting both genera-
tion and strong information exchange between NVC
qubits and coupled coherent cavities; but, as shown
in Ref. 64, quantum correlations can sometimes
only display decay rather than generation. Quan-
tum correlations can be attributed to the quantum
channels with memory depicted in Ref. 65, but with-
out the death and rebirth phenomena. Despite the
differences in exact dynamical behavior, we discov-
ered that the formation and stability of quantum
correlations, as well as the suppression of entropic
uncertainty, are similar to those described in
Ref. 66.

5. CONCLUSIONS

We explored the dynamics of quantum memory-
assisted entropic uncertainty, uncertainty-induced
nonlocality, and log-negativity entanglement gen-
eration by two coupled dissipative nanocavities
located between two Nitrogen-Vacancy centers
(NVC). Each of the two nanocavities has been
designed to provide a coherently-driven NVC. We
have investigated the current physical system in two
initial states: when it is prepared in a separable
state and when it is maximally entangled. The
generation of nonlocality and entanglement under
the effect of two coupled nanocavities has been

examined in the first case. In the second case,
we have focused on the system’s capacity to sus-
tain entanglement and nonlocality while avoiding
entropic uncertainty action. We have also performed
a series of parameter changes and reported the
results. The coupling of two NVC-qubits with two
coherent nanocavities, according to our results, is
one of the most promising quantum information sci-
ence resources for successfully creating, transmit-
ting, and preserving entanglement and nonlocality.
We have demonstrated that the current system–
environment coupling appears to be more resilient
to entropic uncertainty and disordered behavior.
The transformation of a separable state of two-
NVC qubits and nanocavities into a highly non-
local entangled state is possible. The design of
the parameters influences various aspects of two-
qubit NVC centres and nanocavities, such as entan-
glement, nonlocality, and related entropy suppres-
sion and generation. Their respective rates, and
optimum outcomes can be achieved by parame-
ter adjustment. As the coupling strength between
the nanocavities grows, for example, the produc-
tion of entanglement and nonlocality increases.
In agreement, the related nonlocal correlations
appear to be stronger and more robust to the
entropic uncertainty relations when the coupling
strength between the NVC-qubits and nanocav-
ities is enhanced. Despite entanglement decreas-
ing for the nonzero dissipation value, nonlocal-
ity remains robust against larger increases in
entropic uncertainty relations. Even in the absence
of entanglement, the system’s uncertainty-induced
nonlocality exists, showing that entanglement is
more fragile than nonlocality. The ability to con-
trol the parameters that characterize the NVC-
qubit nanocavities coupling may easily be exploited
to provide optimized results. Thus, the current
system-cavity design is a potential quantum infor-
mation science resource for the effective trans-
mission and long-term preservation of quantum
information.
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