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Non‑local correlation dynamics 
in two‑dimensional graphene
Abdel‑Baset A. Mohamed1,2*, Abdel‑Haleem Abdel‑Aty3,4, Montasir Qasymeh5 & 
Hichem Eleuch  6,7,8

We explore the non-local correlation dynamics in a Graphene sheet of disordered electrons in a 
two-dimensional honeycomb lattice, containing two sublattices, induced by the interaction range 
of impurity potentials of two Dirac points.  The Bell function, uncertainty-induced non-locality, 
and concurrence are used to investigate the formation and robustness of the non-local correlation 
between the honeycomb lattice and the Dirac point. The generated lattice-point non-local correlations 
are explored when the lattice-point system is initially in the uncorrelated state. Due to the lattice-
point interaction, the resulting Bell-function non-locality and entanglement concurrence satisfy the 
hierarchy principle. The generated uncertainty-induced non-locality correlation has a higher degree 
of stability and robustness than the Bell non-locality and concurrence. We analyze the robustness of 
the initial maximal non-local correlations under the effects of the band parameter, the intravalley 
scattering processes, the wave numbers, and the intrinsic decoherence. The formation and stability 
of lattice-point correlations are highly dependent on the honeycomb lattice and Dirac point 
characteristics.

Graphene is a novel carbon-based material that has the potential to be beneficial in a variety of applications, 
including energy storage, drug delivery, biomedical applications, sensors, electronics, membranes, and quantum 
applications1–6. The most useful aspect of graphene is that it can be made from extremely low-cost materials using 
a variety of chemical and physical processes, making it more suitable for commercial use8. Due to the innovative 
applications of the optical properties and long coherence time of the Graphene and Graphene compounds7, many 
promising applications such electro-optic squeezing9, microwave-to-optical conversion10, quantum teleporation11, 
and quantum memory and communications have been investigated and reported6.

Kozikov et al. studied the phase coherence of the Graphene spin qubits as a model of quantum memory12. 
Quantum control of the coherence and Rabi oscillations of two-qubit spin states in a Graphene is investigated 
in13. Coherent control of quantum states in monolayer Graphene interacting with a strong laser field is explored 
in14. Bound and degeneracy states for three different models of Graphene to be used as a host for spin qubits 
in comparison with more standard materials like GaAs were studied in15. Schnez et al. detected excited states 
in a graphene quantum dot via direct transport experiments16. Wu and Lue suggested graphene-based qubits 
in photonic quantum communications as a solid-state component of a quantum network. The valley pair qubit 
in gapped graphene double quantum dots is being studied as a type of quantum memory in the realization of 
quantum repeaters17. Also, the ability to generate quantum gates using graphene qubits was introduced in18,19. 
Previous studies proved that graphene is one of the most important materials that will be used in the field of 
quantum applications.

One of the most significant quantum resources for quantum technologies is the quantum correlation (QC)21. 
Some quantum correlated states are devoid of quantum entanglement22,23. As a result, various methods for detect-
ing QC, other than entanglement, have been developed, including measurement-induced disturbance24, quantum 
discord25, and geometrical measures. They are based on p-norm26 and skew information quantity27,28. QCs can be 
applied in various branches of quantum engineering, quantum cryptography, and quantum information20,29,31,32. 
Quantum correlation has been extensively used to investigate the dynamic behavior of Graphene models. The 
quantum correlation over the two-particle quantum states of Graphene quantum dots was analyzed in33. The 
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entanglement, quantum discord, and squeezing of two graphene quantum dots interacting with a thermal res-
ervoir were computed34,35. In this work, the Bell function, the uncertainty-induced non-locality, and the concur-
rence are used to investigate the formation and robustness of the non-local correlation between the honeycomb 
lattice and the Dirac point. Entanglement, as an important quantum information resource, was implemented 
in different artificial Graphene qubit models. These models describe Bernal-stacked Graphene bilayers in the 
presence of trigonal warping in the energy spectrum36 and a tight-binding including mass and bias voltage37. 
In addition, the bilayer graphene lattice-layer entanglement was analyzed in the presence of non-Markovian 
phase noise38.

The manuscript is organized as follows: "The considered model" section introduces the theoretical model and 
its solution. The non-locality quantifiers of the quantum properties of the system are presented in "Non-locality 
quantifiers" section . The analysis of the results of the non-local correlations is illustrated in "Non-locality dynam-
ics" section. "Conclusions"  section concluded our findings.

The considered model
Here, we consider a graphene sheet of disordered electrons in a two-dimensional honeycomb lattice. The lattice 
structure can be described by studying a primitive unit cell containing two sublattices (A and B). The two sites 
of the sublattices are denoted by up | ↑� and down | ↓� pseudospins in the representation of the Pauli matrix 
�σ = (σx , σy , σz) . The two inequivalent valleys occurring at two different Dirac points are represented in another 
Pauli matrix �d = (dx , dy , dz) , which is spined by the states |1� and |0� . The Hamiltonian around two Dirac points 
is given, within the effective-mass approximation, by39–41:

where η denotes the band parameter, n̂x and n̂y are wave number operators, and Î is an identity matrix. The UA 
and UB represent the potential of the impurities localized at A and B sublattices, respectively. They are defined as:

Here we focus on the case where �A = �B = � . �er = (cosα, sin α, 0) when the intravalley scattering processes 
are accompanied by a phase shift α . We consider the short-range impurity potential in the standard basis of the 
two pseudospin states {| ↑ 1�, | ↑ 0�, | ↓ 1�, | ↓ 0�} . Hence, the energy eigenstates of the Hamiltonian of Eq. (1) 
are given by

where the 4× 4-matrix A satisfies AA† = I and the intravalley scattering processes are accompanied by the phase 
shift φ = e−iα . The coefficients χ± are given by:

 The Hamiltonian eigenvalues Dk(k = 1, 2, 3, 4) , which correspond to the eigenstates {|Dk�} , are given by:

The Milburn intrinsic decoherence model42 is used to explore the dynamics of the graphene sheet effects 
included by the intervalley interaction and the intravalley scattering processes. The Milburn model can be 
applied here due to the fact that in this model its assumed that on sufficiently short time steps, the system does 
not evolve continuously under unitary evolution but rather in a stochastic sequence of identical unitary phase 
changes. This assumption is required for the considered intervalley scattering of electrons from disorder sources 
in graphene, which is induced by potentials with extremely short interaction range like a lattice vacancy. Where, 
in the short time interaction range, the potential of the impurities (which is localized at A or B sublattices) and 
intravalley scattering can be generated40,41. The intrinsic decoherence effect is explored by applying the first-order 
approximation of the Milburn equation42,
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where M(t) is the time-dependent density matrix and γ is the decoherence parameter. For the coherent excita-
tion of a two-level atomic model (of a spin half particle, Ĥ = �Jx , with a x-angular momentum Jx and a Rabi 
frequency � ), it is shown that the decoherence effect is apparent if �2 > 107γ42. The dcoherence times for the 
Milburn master equation have been introduced42–44. The intrinsic decoherence model has been used to explore 
quantum information resources dynamics in several real systems as: trapped ion coupled to an optical cavity44, 
single C60 solid state transistors45, polar molecules in pendular states46,47 as well as two superconducting charge 
qubit system48.

To find a particular analytical solution for Eq. (6), we consider that the two qubits of the honeycomb lattice 
and the Dirac point started with different initial uncorrelated states:

and maximally correlated non-symmetric Bell state: M(0) = |ϕ��ϕ|,

We can study the generation of the non-local correlations when the system starts with correlated states, as 
well as investigate the robustness of the initial non-local correlations against the interactions.

Using the eigenvalues Dk ( k = 1, 2, 3, 4 ) and the eigenstates |Dk� , the time-dependent state of the honeycomb 
lattice and the Dirac point is described by the lattice-point density matrix:

The unitary evolution �mn(t) and the intrinsic decoherence Imn(t) terms are defined by:

In the following sections, the non-local correlations between the honeycomb lattice and the Dirac point will 
be investigated using the concurrence and the local quantum Fisher information.

Non‑locality quantifiers

•	 Concurrence entanglement (CE): Here, the concurrence is used to quantify the entanglement between 
the honeycomb lattice and the Dirac point. Based on the lattice-point density matrix M̂(t) of Eq. (4), the 
concurrence49,50 is defined as, 

 where �1 > �2 > �3 > �4 are the eigenvalues of the matrix: R = M̂(t)(σy ⊗ σy)M̂(t)(σy ⊗ σy).
•	 Uncertainty-induced non-locality (UIN): Based on the skew information quantity I(M̂(t), K̂)27, the UIN 

of the lattice-point density matrix M̂(t) is defined by: 

 For the density matrix M̂(t) and a local observable K̂ , the skew information quantity is given by: 

 The amount of skew information encoded in the density operator M̂(t)27 is employed as a measure of the 
information encoded. Due to its capacity to measure the non-commutativity between M̂(t) and K̂  , it may 
also be used to quantify the uncertainty of the observable K̂ of the state M̂(t) . The maximal skew information 
between the local observables K̂ and M̂(t) is represented by UIN. Based on the correlation matrix H = [hij] 
of the lattice-point state M̂(t) , 

 where σi , i = 1, 2, 3 represent the Pauli matrices, the closed form of UIN can be written as51: 
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 where ‖ �r ‖ is the norm Bloch vector �r . If the elements of the lattice-point density matrix M̂(t) (in the 
standard basis {|i�}(i = 1− 4) : {|1� = | ↑ 1�, |2� = | ↑ 0�, |3� = | ↓ 1�, |4� = | ↓ 0�} ) are denoted by: 
zij = �i|M̂(t)|j� = aij + ibij , then the vector �r is given by: 

•	 Maximal Bell function (MBF): The maximal values of the Bmax(t) were utilized as indicators of quantum 
non-locality52–54. If this function satisfies Bmax(t) > 2 , the MBF inequality is violated (i.e., Bmax(t)− 1 identi-
fies the MBF nonlocal correlation when it is grater than one). For the lattice-point density matrix M̂(t) , the 
analytical expression of the Bmax(t) is based on the correlation matrix T = [tij]53, where the elements tij are 
defined by tij = Tr{M̂(t)σ

(1)
i d

(2)
j } , i, j = 1, 2, 3 . The closed form of the Bmax(t) is given by: 

 where Ek(k = 1, 2) are the two largest eigenvalues of the matrix K = T†T . In our work, the MBF non-local 
correlation is quantified by: 

 The lattice-point state has MBF non-locality when B(t) > 1.
Following the introduction of quantum discord25 as a type of non-local correlation other than entanglement, 
several quantifiers were introduced to measure other non-local correlations, such as CE, MBF and UIN. The 
CE is determined by the eigenvalues of the non-Hermitian matrix R, the UIN by the Wigner-Yanase skew 
information27, and the MBF by the correlation matrix T. Because their mathematical definitions differ, each quan-
tifier is related to a different type of non-local correlation. Physically, all kinds of quantum correlations depend 
on physical parameters of the considered model and satisfy the hierarchy principle. The hierarchy principle55–57 
establishes a closer relationship between entanglement and Bell nonlocality. In this respect, all the quantum states 
have Bell nonlocality are entangled states, which is necessary but is not sufficient condition.

Non‑locality dynamics
The generation and the robustness of the lattice-point non-local correlations of the maximal Bell function, the 
uncertainty-induced non-locality, and the concurrence will be here investigated under the effects of the band 
parameter η , and the scattering strength � for various wave numbers nx and ny.

In the following, based on the Eqs. (4-6) and (10), we consider the scaled time �t which is a unitless time nor-
malized to the scattering strength parameter. Therefore, the ν and γ are normalized to the scattering parameter �.

Initial uncorrelated state.  In Fig. 1, we illustrate the generated CE, UIN, and MBF non-local correlations 
dynamics and their dependence on the band parameter η . Fig. 1a, displays the generation of the lattice-point 
non-local correlations of the Bell function, the uncertainty-induced non-locality, and the concurrence when the 
lattice-point system is initially in the uncorrelated state: M(0) = | ↑ 1��↓ 0| for small η = 0.5� . Note that the 
Bell-function non-locality and the entanglement concurrence are formed, due to the lattice-point interaction, 
and have the same oscillatory behaviour. The maximal violation of the Bell’s inequality and the MBF nonlo-
cal correlation have always occurred. The results show that the permanent presence of the Bell-function non-
locality satisfies the hierarchy principle55–57, as illustrated by the results. The MBF nonlocal correlation implies 
entanglement concurrence, which in turn implies uncertainty-induced non-locality. The lattice-point system 
has three different types of non-local correlations. During particular intervals, a partially lattice-point state has 
a maximal UIN-correlation and partial MBF non-locality.

Figure 1b shows that the increase of the band parameter η enhances the lattice-point non-local correlations. 
The maximal violation intervals of Bell’s inequality increase, and the lattice-point state has MBF-nonlocality 
( B(t) = 2

√
2− 1) at t = 0.5 . In this case, the concurrence and the UIN-correlation rapidly reach their maximal 

correlations. The intervals of the stability of the maximal UIN-correlation are reduced. The fluctuations and the 
stability of the generated lattice-point non-local correlations depend on the band parameter η . For a large value 
of the band parameter, Fig. 1c shows that the fluctuations of the MBF nonlocal correlation, the concurrence, and 
the UIN-correlation rise while their amplitudes decrease, with the exception of the UIN-correlation. In this case, 
η = 2� , the uncertainty-induced non-locality presents the highest generated lattice-point non-local correlation.

Figure 2 shows the effect of intrinsic decoherence on the dynamics of the lattice-point non-local correlations 
of the CE, UIN, and MBF for γ = 0.125× 102� with different band parameters’ values. Fig. 2a illustrates that the 
fluctuations and amplitudes of the CE, UIN, and MBF quantifiers are reduced and completely disappear after a 
short time. The maximal violation intervals of the Bell’s inequality vanish, except during a small interval around 
t = 0.5 . For particular time windows, the generated CE presents the sudden death and sudden birth phenomena 
in lattice-point entanglement dynamics58,59. The stability and robustness of the generated UIN correlation against 
the high intrinsic decoherence are larger than those of the CE and MBF. In the sudden death-birth windows, the 
disentangled lattice-point state has a non-zero stationary UIN correlation.

Figure 2b shows that the increase of the band parameter η = 2� enhances the intrinsic decoherence effect on 
the generated lattice-point correlations. In this case, the reduction of the fluctuations and the amplitudes of the 
CE, UIN, and MBF is faster than that of the case η = � . UIN correlation dynamics is more robust against the 
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decoherence. We can deduce that the generated lattice-point correlations are very fragile against the decoherence 
effect, with high values of the band parameter.

Figure 3 shows the dependence of the dynamics of the Bell non-locality, the UIN non-local correlation, and 
the concurrence entanglement on the wave numbers nx and ny . Two cases are considered: (nx , ny) = (1, 7) in 
(a), and nx = ny = 7 in (b). We observe that the CE, UIN, and MBF nonlocal correlation can be controlled by 
varying the wave number operators. For the case (nx , ny) = (1, 7) , in Fig. 3a, the CE, UIN, and MBF non-local 
correlations grow slowly and have periodical oscillatory behaviour. We can observe that the tp-period and the 
wave number operator ny are related by tp = ny

2nx
 . They reach their maximal correlation only at the middle of the 

period 1
2
tp . The dashed line in Fig. 3a, shows a rapid increase in the UIN non-local correlation with more fluctua-

tions. The UIN reaches its maximal correlation quickly. The UIN lower bounds increase and reach maximum 
value at the middle of the period. For the case (nx , ny) = (7, 7) , we note that the tp-period of the periodical oscil-
latory behaviour for the CE, UIN, and MBF non-local correlations is reduced by increasing the wave numbers nx 

0 0.5 1 1.5 2 2.5 3 3.5
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

λ t/π

(a) η = 0.5λ   α = π      
B(t)
U(t)
C(t)

0 0.5 1 1.5 2 2.5 3 3.5
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

λ t/π

(b) η = λ   α = π      
B(t)
U(t)
C(t)

0 0.5 1 1.5 2 2.5 3 3.5
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

λ t/π

(c) η = 2λ   α = π      
B(t)
U(t)
C(t)

Figure 1.   Non-local correlations of CE, UIN, and MBF for nx = ny = 1 , α = π and when the lattice-point 
system is initially in the uncorrelated state: M(0) = | ↑ 1��↓ 0| in the absence of the intrinsic decoherence with 
different values of band parameters η : η = 0.5� in (a), η = � in (b), and η = 2� in (c).
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and ny at the same time. In each period, the fluctuations and the amplitudes of the CE, UIN, and MBF decrease. 
The lattice-point state has maximal UIN non-local correlation, partial CE, and MBF non-local correlations. 
By comparing the case (nx , ny) = (1, 7) with the case (nx , ny) = (7, 7) , we find the the increasing of the energy 
of the second case (when the band parameter is equal to the scattering strength parameter, η = � ) leads to the 
reduction of the generated CE, UIN and MBF non-local correlations (see Fig. 3) and the preservation of the 
initial nonlocal correlations (see Fig. 5).

Initial maximally correlated state.  Here, we investigate the robustness of the maximal CE, UIN, and 
MBF non-local correlations, which are induced by considering the initial maximally correlated lattice-point 
state |ϕ� = 1√

2
[| ↑ 1� + | ↓ 0�] . For the initial state, the values of the CE, UIN, and MBF are 

B(0) = 2
√
2− 1 ≈ 1.8284 and C(0) = U(0) = 1.

In Fig. 4, we illustrate the robustness of the initial maximal CE, UIN, and MBF non-local correlations against 
the lattice-point interaction and its dependence on the phase shift α of the intravalley scattering processes. In 
Fig. 4a, the functions B(t) U(t) and C(t) are plotted for the band parameter η = 1 , α = π , nx = ny = 1 , in the 
absence of intrinsic decoherence. It is worth noting that the CE, UIN, and MBF functions exhibit regular oscil-
latory behavior, displaying the decaying and amplifying processes for the initial maximal non-local correlations 
with 1

2
π-period. The concurrence and the UIN present a nonlocal correlation. CE, UIN, and MBF disappear 

instantaneously at particular points 1
4
(2n+ 1)π , n = 0, 1, 2, ... (disappearance points). For the intravalley scatter-

ing phase shift α = π/3 , the concurrence and the MBF functions exhibit the same behavior, which differs from 
the UIN. The intravalley scattering processes in this situation decrease the loss of initial maximum CE, UIN, 
and MBF non-local correlations. These processes also prevent non-local correlations from vanishing. The UIN 
has a maximum value for short windows of maximum UIN-correlation stability (MCS-intervals)60, indicating 
that the UIN-correlation is more resistant to the lattice-point interaction.
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Figure 2.   Dynamics of the nonlocal correlations of the Fig. 1b,c but in the presence of the decoherence 
γ = 0.125× 102�.
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Figure 5, shows the dependence of the robustness of the lattice-point non-local correlation dynamics on the 
wave numbers nx and ny . The CE, UIN, and MBF functions are displayed for the two cases: (nx , ny) = (1, 7) in 
(a), and nx = ny = 7 in (b). We observe that the CE, UIN, and MBF non-local correlation can be controlled by 
varying the wave number operators. Non-local correlations diminish slowly with regular oscillatory behavior 
with ny

2nx
-period for the situation (nx , ny) = (1, 7) . The variations of the CE and MBF functions indicate that their 

maxima decline until the period’s middle. The UIN non-local correlation is more volatile, but more resistant 
to the lattice-point interaction. In the case (nx , ny) = (7, 7) , the CE, UIN, and MBF functions exhibit regular 
oscillatory behavior with small amplitudes as the period decreases. The non-local correlation minima for CE, 
UIN, and MBF are increased. Because of the small amplitudes, the initial lattice-point non-local correlation is 
extremely resistant to the lattice-point interaction. We may conclude that increasing the wave numbers nx and 
ny results in preserving the initial lattice-point nonlocal correlations.

By comparing Fig. 6a and Fig. 4b, we find that the increased decoherence γ = 0.25× 102� deteriorates the 
amplitudes and the frequencies of the lattice-point non-local correlations. The UIN-correlation is more robust 
against the decoherence. For particular time windows, the phenomenon of the sudden death-birth appears in the 
lattice-point entanglement dynamics. The MBF non-local correlation and entanglement concurrence decrease 
rapidly in the case of Fig. 6b, (nx , ny) = (1, 7) , because the decoherence is greater than that in nx = ny = 1 . The 
UIN oscillates briefly before presenting a stable correlation that is stronger and more persistent.

Conclusions
In the present work, we have considered a graphene sheet of disordered electrons in a two-dimensional hon-
eycomb lattice that contains two sublattices induced by the interaction of the impurity potentials of two Dirac 
points. The non-local correlations between the honeycomb lattice and the Dirac points have been quantified by 
using the Bell function, the uncertainty-induced non-locality, and the concurrence. We have investigated the 
ability of the lattice-point interaction to create lattice-point non-local correlations under the effects of the band 
parameter, intravalley scattering processes, and the wave numbers. The generation of lattice-point non-local cor-
relations has been explored when the lattice-point system is initially in the uncorrelated state. We have noticed 
that the produced Bell-function non-locality and the entanglement exhibit the same oscillatory behavior and 
satisfy the hierarchy principle. We have analyzed the robustness of the CE, UIN, and MBF non-local correla-
tions by varying the band parameter, the intravalley scattering processes, the wave numbers, and the intrinsic 
decoherence for an initial maximally correlated lattice-point state. We deduce that the generation and robustness 
of lattice-point correlations are very sensitive to the honeycomb lattice and Dirac point parameters.
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Figure 3.   Dynamics of the non-local correlations of Fig. 1b for (nx , ny) = (1, 7) in (a) nx = ny = 7 in (b).
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2
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9

Vol.:(0123456789)

Scientific Reports |         (2022) 12:3581  | https://doi.org/10.1038/s41598-022-07204-5

www.nature.com/scientificreports/

0 0.5 1 1.5 2 2.5 3 3.5
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

λ t/π

(a) η = λ   α = π/3      

B(t)
U(t)
C(t)

0 0.5 1 1.5 2 2.5 3 3.5
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

λ t/π

(b)
η = λ   α = π/3      

B(t)
U(t)
C(t)

Figure 5.   Non-local correlations for α = π/3 , η = � and the maximally correlated state: 
|ϕ� = 1√

2
[| ↑ 1� + | ↓ 0�] in the absence of the intrinsic decoherence with (nx , ny) = (1, 7) in (a) and 

nx = ny = 7 in (b).



10

Vol:.(1234567890)

Scientific Reports |         (2022) 12:3581  | https://doi.org/10.1038/s41598-022-07204-5

www.nature.com/scientificreports/

Received: 21 October 2021; Accepted: 7 February 2022

References
	 1.	 Olabi, A. G., Ali Abdelkareem, M., Wilberforce, T. & Sayed, E. T. Application of graphene in energy storage device—a review. 

Renew. Sustain. Energy Rev. 135, 110026 (2021).
	 2.	 Song, S. et al. Biomedical application of graphene: From drug delivery, tumor therapy, to theranostics. Colloids Surf. B Biointerf. 

185, 110596 (2020).
	 3.	 Shen, H., Zhang, L., Liu, M. & Zhang, Z. Biomedical applications of graphene. Theranostics 2, 283 (2012).
	 4.	 Li, W. et al. Highly stretchable and sensitive SBS/graphene composite fiber for strain sensors. Macromol. Mater. Eng. 305, 1900736 

(2020).
	 5.	 Nie, L. N., Chuah, C. Y., Bae, T.-H. & Lee, J.-M. Graphene-based advanced membrane applications in organic solvent nanofiltra-

tion. Adv. Funct. Mater. 31, 2006949 (2021).
	 6.	 Yang, T., Wang, H., Zhang, B. & Yan, X. Enhanced memory characteristics of charge trapping memory by employing graphene 

oxide quantum dots. Appl. Phys. Lett. 116, 103501 (2020).
	 7.	 Deb, J., Paul, D. & Sarkar, U. Density functional theory investigation of nonlinear optical properties of T-Graphene quantum dots. 

J. Phys. Chem. A 124, 1312 (2020).
	 8.	 Wu, Y., Wang, S. & Komvopoulos, K. A review of graphene synthesis by indirect and direct deposition methods. J. Mater. Res. 35, 

76 (2020).
	 9.	 Qasymeh, M. & Eleuch, H. Hybrid two-mode squeezing of microwave and optical fields using optically pumped graphene layers. 

Sci. Rep. 10, 1 (2020).
	10.	 Qasymeh, M. & Eleuch, H. Quantum microwave-to-optical conversion in electrically driven multilayer graphene. Opt. Exp. 27, 

5945 (2019).
	11.	 Asjad, M., Qasymeh, M. & Eleuch, H. Continuous-variable quantum teleportation using a microwave-enabled plasmonic graphene 

waveguide. Phys. Rev. Appl. 16, 034046 (2021).
	12.	 Kozikov, A. A., Horsell, D. W., McCann, E. & Falko, V. I. Evidence for spin memory in the electron phase coherence in graphene. 

Phys. Rev. B 86, 045436 (2012).
	13.	 Enamullah, V. Kumar, Kumar, U., & Setlur, G. S. Quantum Rabi oscillations in graphene. J. Opt. Soc. Am. B 31, 484 (2014).
	14.	 Avetissian, H. K., Mkrtchian, G. F., Batrakov, K. G., Maksimenko, S. A. & Hoffmann, A. Nonlinear theory of graphene interaction 

with strong laser radiation beyond the Dirac cone approximation: Coherent control of quantum states in nano-optics. Phys. Rev. 
B 88, 245411 (2013).

	15.	 Recher, P. & Trauzettel, B. Quantum dots and spin qubits in graphene. Nanotechnology 21, 302001 (2010).
	16.	 Schnez, S. et al. Observation of excited states in a graphene quantum dot. Appl. Phys. Lett. 94, 012107 (2009).
	17.	 Wu, G. Y. & Lue, N.-Y. Graphene-based qubits in quantum communications. Phys. Rev. B 86, 045456 (2012).
	18.	 Cordourier-Maruri, G., Omar, Y., de Coss, R. & Bose, S. Graphene-enabled low-control quantum gates between static and mobile 

spins. Phys. Rev. B 89, 075426 (2014).

0 0.5 1 1.5 2 2.5 3 3.5
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

λ t/π

(a) η = λ   α = π/3      (n
x
, n

y
)= (1,1) 

B(t)
U(t)
C(t)

0 0.5 1 1.5 2 2.5 3 3.5
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

λ t/π

(b) η = λ   α = π/3      (n
x
, n

y
)= (1,7) 

B(t)
U(t)
C(t)

Figure 6.   Dynamics of the non-local correlations of Figs. 4b and the 5a but in the presence of the decoherence 
γ = 0.25× 102�.



11

Vol.:(0123456789)

Scientific Reports |         (2022) 12:3581  | https://doi.org/10.1038/s41598-022-07204-5

www.nature.com/scientificreports/

	19.	 Dragoman, D. & Dragoman, M. Quantum logic gates based on ballistic transport in graphene. J. Appl. Phys. 119, 094902 (2016).
	20.	 Nielsen, M. A. & Chuang, I. L. Quantum Computation and Quantum Information (Cambridge University Press, Cambridge, 2000).
	21.	 Modi, K., Brodutch, A., Cable, H., Paterek, T. & Vedral, V. The classical-quantum boundary for correlations: Discord and related 

measures. Rev. Mod. Phys. 84, 1655 (2012).
	22.	 Lanyon, B. P., Barbieri, M., Almeida, M. P. & White, A. G. Experimental quantum computing without entanglement. Phys. Rev. 

Lett. 101, 200501 (2008).
	23.	 Datta, A. & Vidal, G. Role of entanglement and correlations in mixed-state quantum computation. Phys. Rev. A 75, 042310 (2007).
	24.	 Luo, S. Using measurement-induced disturbance to characterize correlations as classical or quantum. Phys. Rev. A 77, 022301 

(2008).
	25.	 Ollivier, H. & Zurek, W. H. Quantum discord: A measure of the quantumness of correlations. Phys. Rev. Lett. 88, 017901 (2001).
	26.	 Dakic, B., Vedral, V. & Brukner, C. Necessary and sufficient condition for nonzero quantum discord. Phys. Rev. Lett. 105, 190502 

(2010).
	27.	 Wigner, E. P. & Yanase, M. M. Information contents of distributions. Proc. Natl. Acad. Sci. USA 49, 910 (1963).
	28.	 Girolami, D., Tufarelli, T. & Adesso, G. Characterizing nonclassical correlations via local quantum uncertainty. Phys. Rev. Lett. 

110, 240402 (2013).
	29.	 Horodecki, R., Horodecki, P., Horodecki, M. & Horodecki, K. Quantum entanglement. Rev. Mod. Phys. 81, 865 (2009).
	30.	 Mohamed, A.-B.A. & Eleuch, H. Quantum correlation control for two semiconductor microcavities connected by an optical fiber. 

Phys. Scr. 92, 065101 (2017).
	31.	 Mohamed, A.-B.A., Eleuch, H. & Raymond Ooi, C. H. Non-locality correlation in two driven qubits inside an open coherent cavity: 

Trace norm distance and maximum bell function. Sci. Rep. 9, 19632 (2019).
	32.	 Mohamed, A.-B.A., Eleuch, H. & Raymond Ooi, C. H. Quantum coherence and entanglement partitions for two driven quantum 

dots inside a coherent micro cavity. Phys. Lett. A 383, 125905 (2019).
	33.	 Gräfe, M., & Szameit, A. Two-particle quantum correlations at graphene edges. 2D Mater.2, 034005 (2015).
	34.	 Tan, X.-D., & Mao, Qian-Hui. Thermal quantum correlations in zigzag graphene nanoribbons. J. Phys.: Condens. Matter 32, 185601 

(2020).
	35.	 Liao, Q. & He, G. Maximal entanglement and switch squeezing with atom coupled to cavity field and graphene membrane. Quantum 

Inf. Process. 19, 91 (2020).
	36.	 Predin, S., Wenk, P. & Schliemann, J. Trigonal warping in bilayer graphene: Energy versus entanglement spectrum. Phys. Rev. B 

93, 115106 (2016).
	37.	 Bittencourt, A. S. V. & Bernardini, A. E. Lattice-layer entanglement in Bernal-stacked bilayer graphene. Phys. Rev. B 95, 195145 

(2017).
	38.	 Bittencourt, A. S. V., Blasone, M. & Bernardini, A. E. Bilayer graphene lattice-layer entanglement in the presence of non-Markovian 

phase noise. Phys. Rev. B 97, 125435 (2018).
	39.	 Hu, Z.-N., Park, K.-S. & Yi, K.-S. Quantum entanglement in a graphene sheet. J. Korean Phys. Soci. 54, 921 (2009).
	40.	 McCann, E., Kechedzhi, K., Fal’ko, Vladimir I., Suzuura, H., Ando, T., & Altshuler, B. L. Weak-Localization Magnetoresistance 

and Valley Symmetry in Graphene. Phys. Rev. Lett.97, 146805 (2006).
	41.	 Suzuura, H. & Ando, T. Crossover from symplectic to orthogonal class in a two-dimensional honeycomb lattice. Phys. Rev. Lett. 

89, 266603 (2002).
	42.	 Milburn, G. J. Intrinsic decoherence in quantum mechanics. Phys. Rev. A 44, 5401 (1991).
	43.	 Diási, L. Brazilian Journal of Physics, Intrinsic Time-Uncertainties and Decoherence: Comparison of 4 Models. 35, 260 (2005).
	44.	 Shelly Sharma, S. & Sharma, N. K. Intrinsic decoherence effects on tripartite GHZ state generation using a trapped ion coupled 

to an optical cavity. J. Opt. B Quantum Semiclass. Opt. 7, 230 (2005).
	45.	 Flores, J. C. Intrinsic decoherence theory applied to single C60 solid state transistors: Robustness in the transmission regimen. 

Phys. Lett. A 380, 1063 (2016).
	46.	 Han, J.-X., Hu, Y., Jin, Y. & Zhang, G.-F. Influence of intrinsic decoherence on tripartite entanglement and bipartite fidelity of polar 

molecules in pendular states. J. Chem. Phys. 144, 134308 (2016).
	47.	 Zhang, Z.-Y. & Liu, J.-M. Quantum correlations and coherence of polar symmetric top molecules in pendular states. Sci. Rep. 7, 

17822 (2017).
	48.	 Naveena, P., Muthuganesan, R. & Chandrasekar, V. K. Effects of intrinsic decoherence on quantum correlations in a two super-

conducting charge qubit system. Phys. A 592, 126852 (2022).
	49.	 Hill, S. & Wootters, W. K. Entanglement of a pair of quantum bits. Phys. Rev. Lett. 78, 5022 (1997).
	50.	 Wootters, W. K. Entanglement of formation of an arbitrary state of two qubits. Phys. Rev. Lett. 80, 2245 (1998).
	51.	 Wu, S.-X., Zhang, J., Yu, C.-S. & Song, H.-S. Uncertainty-induced quantum nonlocality. Phys. Lett. A 378, 344 (2014).
	52.	 Banaszek, K. & Wódkiewicz, K. Nonlocality of the Einstein–Podolsky–Rosen state in the Wigner representation. Phys. Rev. A 58, 

4345 (1998).
	53.	 Horodecki, R., Horodecki, P. & Horodecki, M. Violating Bell inequality by mixed spin-12 states: necessary and sufficient condition. 

Phys. Lett. A 200, 340 (1995).
	54.	 Brunner, N., Cavalcanti, D., Pironio, S., Scarani, V. & Wehner, S. Bell nonlocality. Rev. Mod. Phys. 86, 419 (2014).
	55.	 Costa, A., Beims, M. & Angelo, R. Generalized discord, entanglement, Einstein–Podolsky–Rosen steering, and Bell nonlocality in 

two-qubit systems under (non-)Markovian channels: Hierarchy of quantum resources and chronology of deaths and births. Phys. 
A 461, 469 (2016).

	56.	 Qureshi, H. S., Ullah, S. & Ghafoor, F. Hierarchy of quantum correlations using a linear beam splitter. Sci. Rep. 8, 16288 (2018).
	57.	 Abdel-Aty, A.-H., Kadry, H., Mohamed, A.-B.A. & Eleuch, H. Correlation dynamics of nitrogen vacancy centers located in crystal 

cavities. Sci. Rep. 10, 16640 (2020).
	58.	 Yu, T. & Eberly, J. H. Sudden death of entanglement. Science 323, 598 (2009).
	59.	 Mohamed, A.-B.A. Bipartite non-classical correlations for a lossy two connected qubit-cavity systems: trace distance discord and 

Bell’s non-locality. Quantum Inf. Process. 17, 96 (2018).
	60.	 Mohamed, A.-B.A., Homid, A. H., Abdel-Aty, M. & Eleuch, H. Trace-norm correlation beyond entanglement in InAs nanowire 

system with spin-orbit interaction and external electric field. J. Opt. Soc. Am. B 36, 926 (2019).

Acknowledgements
The authors are very grateful to the referees for their constructive remarks, which have improved this paper.

Author contributions
A.-B.A.M. and A.-H.A.-A. prepared all the figures and performed the mathematical calculations. A.-B.A.M. and 
H.E. wrote the original draft. H.E. and M. Q. reviewed and edited the draft. All authors have read and agreed to 
the published version of the manuscript.



12

Vol:.(1234567890)

Scientific Reports |         (2022) 12:3581  | https://doi.org/10.1038/s41598-022-07204-5

www.nature.com/scientificreports/

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.-B.A.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Non-local correlation dynamics in two-dimensional graphene
	The considered model
	Non-locality quantifiers
	Non-locality dynamics
	Initial uncorrelated state. 
	Initial maximally correlated state. 

	Conclusions
	References
	Acknowledgements


