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Abstract The delicate relationship between the concepts of local quantum uncertainty, local quantum Fisher information and
concurrence is investigated. This is analyzed by quantifying the non-classical correlations inherent in a two-qubit XXZ open system
interacting with its surrounding environment in the presence of an external magnetic field. The second part of this work investigates
different kinds of states, namely pure, Werner, mixed, and maximally entangled states via solving the time-dependent Milburn
equation. Indeed, by controlling various interaction parameters, it is shown that the non-classical quantifiers and entanglement witness
by means of local quantum uncertainty, local quantum Fisher information, and concurrence, respectively, fluctuate approximately
similarly between their maximum and minimum bounds, where in general the sudden death, sudden birth, oscillations, and frozen
correlations phenomena appear in the case of Werner and maximally entangled states. Finally, a scheme of quantum teleportation
protocol is proposed in order to make a comparative study between teleported non-classical correlations and entanglement under
the influence of the intrinsic decoherence phenomenon.

1 Introduction

The characterization as well as the quantification of quantum correlations in composite quantum systems have been considered in
different areas of quantum information science [1-3] as for instance in quantum computation and quantum estimation theory and
stimulated interesting works [4—8]. Now, it is commonly accepted that quantum correlations constitute a key resource in the process
of the implementation of various quantum protocols, including: quantum teleportation [8—10], quantum cryptography [11], quantum
sensing [12], etc. In this sense, tools were developed in the last two decades to quantify the entanglement rate inherent in a quantum
state [13—16]. The most popular one is the concept of the concurrence introduced by Wootters [4,13,17]. Another tool recently
introduced in the literature is the concept of the so-called Local Quantum Uncertainty (LQU) that is now considered a reliable tool
to quantify quantum correlations in multipartite quantum systems [18, 19]. Roughly speaking LQU is investigated as a non-classical
correlations quantifier of a multipartite quantum system [19]. It was introduced first time by Girolami et al [18] using the information
of the Wigner Yanase Skew information [20]. Indeed, the LQU is originally defined as the minimum of skew information and it is
another type of discord-like quantifiers of the uncertainty presented in a quantum state according to its non-commutativity using local
observables [18,19,21]. Interestingly enough, the LQU is related directly to the notion of quantum Fisher Information (QFI) and
Local quantum Fisher Information (LQFI) and gives an important link between quantum information theory and quantum estimation
theory [22-24]. Indeed, it has been shown that quantum Fisher information provides a measure to investigate the entanglement for
multipartite entangled systems [25]. Recently, LQFI has been suggested as a very successful tool to quantify quantum correlations
in a composite quantum system [26,27]. In fact, the investigation and characterization of LQFI is performed using the optimization
over all the observables of one of the subsystems of the whole composite system [26,27]. However, since both quantities, namely
LQU and LQFI basically, depend on the quantum uncertainty concept, it might be used as good non-classical correlations quantifiers
that satisfy all the conditions needed to be a reliable a measure of quantum correlations [28].

In recent years, the open quantum systems theory have acquired growing importance within the field of quantum information.
Indeed, itis at the heart of many physical concepts used to understand and manipulate the interaction between a quantum system and its
environment. On the other hand, the interaction of an open quantum system with its surrounding environment as a single composite
system can be approached using concurrence, LQU, and LQFI as non-classical quantifiers in order to examine the correlations
between its components. Indeed, an open quantum system exhibits the decoherence phenomenon which has been examined for
different types of interaction in the literature [29-31]. Indeed, many works paid attention to study non-classical correlations by
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means of LQU and QFI and examined the dynamics of open systems interact with their environments [27,32-35]. For example, L-P.
Chen et al [36] examined the dynamics of LQU and LQFI for a two-qubit system driven by a classical phase noisy laser and they
showed that for an open quantum system, the LQU is bounded by LQFI. Similar analyses were reported by B-L. Ye who examined
the LQFI as a non-classical correlations quantifier in order to study the quantum phase transition in a spin-1/2 XX Heisenberg chain
with three spin interactions [37]. Moreover, M. Ali studied the LQU for a multipartite system and proposed an analytical formula to
derive the LQU in multipartite case [19]. Finally, V. Abhignan et al studied a two-qubit spin squeezing model in order to compare
the LQU with other quantifiers of quantum correlations, namely trace distance discord and uncertainty-induced quantum nonlocality
[33]. They concluded that the entanglement suffers from intrinsic decoherence and exhibits a sudden death phenomenon, while the
non-classical quantifiers are more robust against intrinsic decoherence.

The spin-chain frameworks are exemplary systems used to investigate a wide range of physical systems, and various potential
applications in quantum information, including: quantum phases, quantum communication, phase transitions, etc. Recently, a par-
ticular interest has been devoted to physically understand the Heisenberg spin chain models with Dzyaloshinski-Moriya interaction.
For example, in Ref. [38], the authors have used this coupling as a good marker of quantum phase transitions. Moreover, this model
is successfully appointed to generate entangled network from partially entangled states, thermal entanglement, teleportation fidelity,
and dense coding [39,40]. In particular, the spin chains have acquired an attractive attention within the area of quantum information
processing. Indeed, such spin chain has been devoted to investigate quantum data transmission through microscopic distances via
considering them as a powerful states used to transfer information between two sites that ensure the building of quantum buses
used to connect different computer components [41]. The core idea underlying the first part of this work is to study the dynamics
of quantum correlations under intrinsic decoherence [42]. We consider a two-qubit XXZ Heisenberg spin chain subjected to an
inhomogeneous magnetic field. We shall employ LQU and LQFI to quantify the quantum correlations in the quantum system, and
we shall also use the concurrence as a witness tool to discuss the non-separability. In particular, we examine four different kinds of
states, namely pure, mixed, maximally entangled, and Werner states [43]. The last class of states are significant in quantum informa-
tion and computation processing because they are able to ensure the separability of mixed states since they have been classified as
the generalized maximally entangled mixed states [43]. We shall evaluate the joint qubit—qubit state quantum correlations by means
of concurrence, local quantum uncertainty, and local quantum Fisher information under the intrinsic decoherence effect. It is shown
that these quantities fluctuate approximately in the same manner between their maximum and minimum amplitudes, where we have
studied different phenomena, including sudden death, sudden birth, oscillations, and frozen correlations phenomena. The dynamical
evolution of these quantities depends basically on the interaction parameters and appears fast in the case of Werner and mixed
states. In the second part of this work, we shall focus our attention to quantum teleportation process which is the transmission of the
information encoded in an unknown state from a sender named conventionally Alice to another located receiver, Bob using classical
and quantum channels [8] . To implement this process of quantum teleportation, we evaluate quantum correlations, by means of
LQU and LQFI and entanglement in terms of the concurrence of the final teleported state. Indeed, one of the most challenges of
this work is given in the possibility to create and examine local quantum correlations between the proposed open system and its
environment. According to this, we shall investigate the impact of the decoherence phenomenon on quantum teleportation protocol.
Finally, we examine the fidelity in order to exhibit the credibility of transmitting the unknown state.

The paper is organized as follows. In Sec.2 , we give the Hamiltonian proposed two-qubit Heisenberg XXZ model and the
corresponding density operator derived from the exact solution of time-dependent Milburn equation. In Sec.3, we review the
definitions and the properties of concurrence, LQU, and LQFI. Their dynamics behaviors versus the interaction parameters for
different proposed initial quantum states are considered in Sec.4. By using the standard teleportation protocol, the output state of the
two-qubit entangled state is investigated in Sec.5. The evaluation of the fidelity, average fidelity, and the non-classical correlations
of teleported state or output state is given in Sec.6 . Finally in Sec.7, we conclude with a summary and some future directions.

2 Theoretical model

2.1 Two-qubit Heisenberg XXZ model

Consider a bipartite quantum system, namely a Heisenberg XXZ spin-1/2 chain interacting with an external magnetic field, B with
only nearest-neighbor interactions. The Hamiltonian of this system is given as below

H = J(s{s3 +5753) + Asis; + (B — b)si + (B + b)s5. (1

The coupling J describes the spin interaction strength, being anti-ferromagnetic when J > 0 while is ferromagnetic when J < 0. B
is the external magnetic field applied in the z-direction, while b denotes the degree of inhomogeneity of the field. A is the exchange
anisotropy parameter. For A = 0, the model reduces to the isotropic XX, while for A = J, the model is simply the isotropic
Heisenberg XXX model. The Heisenberg spin-1/2 operators s{ (& = x, y, z) are expressed in terms of the familiar Pauli matrices
ai“, acting on qubit i, as s;" = hoi“ /2. For sake of simplicity, we set 7 = 1 so that {B, J, A, b} are dimensionless parameters. In
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the standard basis, B ={ |00), |01), |10), |11)}, the Hamiltonian (1) takes the following matrix form

iIA+B 0 0 0
0 —ia-b 1J 0
H= 4 2 2
0 3 —iA+b 0 @
0 0 0 3A-B
By straightforward calculations, one can obtain the eigenvalues of Hamiltonian H as below
E—lA—}—B Eyqim A4 ] Es='A_B 3)
1= » B23=—7 X Ba=g )
with y = +/J2 + 4b2. The corresponding eigenstates by means of the above standard basis are given as follows
Y1) = 100),  |¥23) = (110) +n+ [01)),  [¢a) = |11), “

1
,/1+r]i

is the inhomogeneity parameter [44].

where nL = bty

2.2 Intrinsic decoherence

In general, any quantum system can be seen as an inevitably open system coupled to its surrounding environment. During the
interaction with ancillary or interface systems, even a well-isolated system has to be at risk of losing its characteristic quantum
traits, including coherence and quantum correlations. To describe this, Milburn amended the Schrodinger equation by incorporating
a decay factor and presented a decoherence model, which is entirely of phase decoherence in the Markovian regime. According
to Milburn’s model [42], the time-dependent density matrix in the presence of intrinsic decoherence phenomenon is expressed as
follows

d 1
3P O = plexp(=iTH)p(@) expl'H) — p(0)], (&)

where I' is the intrinsic decoherence parameter and H being the Hamiltonian of the system. It must be noticed that the master
equation describing the intrinsic decoherence effect under Markovian approach writes as

d r
ap(t) = —i[H, p(1)] — E[H’ [H, p(D]]. (6)

which can be derived from (5) for ' — 0. Equation (6) corresponds to the standard von Neumann equation [45]. The formal
solution of the master equation (6) can be written as

o (THk Kyt
p0) =3 =M OO M 1) ()
k=0 ’

where p(0) being the initial state of the system and M k(1) is defined by
MK (1) = HX exp(—i Ht) exp(~T H?t/2). )

By inserting the complete relation ), [[¥,)) ((¥,]| = 1 satisfied by the eigenvectors of the Hamiltonian (1) into Eq.(7), we obtain
the following time-dependent density matrix

I't .
pt) = ZeXp(—j(Em — En)" —i(Em — En)t) X (Yl pO) [1¥n)) [1¥m)) ((Wnll. ©))

m,n

Here, E,, and ||v,)) denote the eigenvalues and eigenvectors of the Hamiltonian (1) given by Eq. (3) and (4), respectively.

2.3 Density operator

In this section, we shall examine the non-classical correlations by means of the so-called local quantum uncertainty and local Fisher
information and entanglement measure in terms of concurrence inherent in a two-qubit system using the Heisenberg XXZ model
in the presence of intrinsic decoherence phenomenon [42]. Indeed, let us assume that that the qubits are initially prepared in the
extended Werner-like state as below [43]:

1
p0) =rl9) (o] +

. (10)
4
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where r being the purity of the initial state 0 < » < 1 while 7 is the (4 x 4) identity matrix and |¢) is the well-known Bell-like state
given by

) = p101) 4 /1 = p2[10), an
with p is the degree of entanglement. In the standard basis, p(0) can be written as

p11(0) 0 0 0
0 0200) p23(0) O

PO=1"0 ps@eno) 0 | 12
0 0 0 p44(0)
where
L—r 2 1—r 2 1—r )
p11(0) = p44(0) = 7 p22(0) =rp” + 7 p33(0) =r —p7) + 7 p23(0) = rpy/1 —p=. 13)
From the equation (9), the time evolution of the density matrix can be written as
p1i@) 0 0 0
0 t ) 0
o(1) = p22(t) p23(1) (14)

0 pa3) p33) O
0 0 0 paa(t)

where the density matrix elements are given by
—r
1
1 1
paat) = 35 (86 + )2 (0) + 4bJp23(0) + I p33(0) + J exp(—3 )X *1T) (Jp22(0) = 4bp23(0) = Jp3a(0)) cos(x1)).

1
p11() = p11(0) =

1 1
p33(t) = W(szzz«)) — 4bJp23(0) + (86 + J?) p33(0) + J exp(— x21T)(—J022(0) 4 4bpa3(0) + Jp33(0)) cos(x1)),

1 2
exp(—5x 1),

o () = 1 (2] exp(%xzzl“)(b,ozz(O) + Jp23(0) — bp33(0)) + 2b(—J p22(0) + 4bpr3 (0))
» 2

2x2 +J033(0)) cos(xt) +ix(Jp22(0) — 4bp23(0) — J33(0)) sin(x1t)
—r
T

1
P44(t) = p44(0) = 15)

Note that p11(¢) and p44(t) are not affected by the decoherence phenomenon since p11(t) = p11(0) and p44(t) = p44(0). Moreover,
the eigenvalues of the density matrix in Eq.(14) are calculated as below:

A= A2 = p11(D),

1
A3 = 5[,0220) + p33(1) — v/ (022(1) — p33(1))2 + 4123 (D121,

1
E[pzz(t) + p33(0) + v/ (022(1) — p33(1))2 + 4123 (1121, (16)

while the corresponding eigenvectors turn out to be:

A4

A1) = [11),
[A2) = 100},
1
M) = ——— 01) + [10)),
[A3) 1+|a)|2(w| ) +110))
1
Ay = ————(c|01) + |10)), 17
[A4) l+|x|2(%| ) +110)) 17
where
1
w=———[pn) — p3(t) — v (p2(1) — p33(1))2 + 4123 (1) 2],
2p+23(1)
1
%= ————[pn(t) — pn() +(pn(t) — p33(1)? + 4 p3 ()], (18)
20423 (t)

@ Springer



Eur. Phys. J. Plus (2022) 137:548 Page Sof 18 548

3 Quantum correlations

We begin in this section by introducing some non-classical correlations quantifiers, namely LQU and LQFI and the concurrence.

3.1 Quantum entanglement: concurrence

Various measures have been proposed to quantify the amount of entanglement in bipartite and multipartite quantum systems. The
concurrence C introduced by W.K. Wootters has been proven to be particularly useful and it is the most popular computable measure
for arbitrary two-qubit mixed states. This simple approach was developed to distinguish quantum entangled states from separable
states qualitatively and quantitatively. Indeed the case reflects C = 0 happens when the system is unentangled (separable), whereas
C = 1 reveals a maximally entangled state. The concurrence is given by [17]

¢ =max{0, /8] — /8, — /83 — /84}, (19)

where 8; (i = 1,2, 3, 4) are the eigenvalues in the decreasing order of the 4 x 4 matrix R = p(0? ® 6”)p*(0” ® ¢”), in which
p* and o” are, respectively, the complex conjugate of p in the standard basis and the y—component Pauli matrix. For the density
matrix (14), the concurrence is given by

Cp(1)=2max{0, | p23(1)| — v/ p11(1) p44(1)}. (20)
The concurrence of the initial state p(0) (10) can be derived from (20). It writes as
1 1
C(p(0))=2max{0, r(py/1 — p> + Z) - Z}' (21)

Hence, the initial state p(0) (10) is entangled when r > ro = 1/(1+4p+/1 — p2). However, for r < rg, the concurrence (21) is zero
and the entanglement vanishes and the initial state p(0) (10) becomes separable. For example, when the state of Eq.(11) becomes
1

the Bell state for the value p = Wit then, in this case p(0) is simply the Werner-like state. It is entangled when r > %

3.2 Local quantum uncertainty

Due to the probabilistic character of quantum mechanics, two incompatible observables cannot be measured simultaneously with
arbitrary precision. The uncertainty principle imposes a fundamental bound on the precision. The total uncertainty due to a single
observable K measurement on a quantum state p is usually defined by the following variance

Var(p, K) = Tr(pK?) — (Tr(pK))*. (22)

This uncertainty has purely quantum nature for pure states. However, it may include both classical ignorance due to the state
mixedness and genuinely quantum part arising by the non-commutativity of a state with an acting observable. In the theory of
quantum information, it is essential to distinguish between classical and quantum components. In order to deal only with quantum
part of the variance, Wigner and Yanase introduced the notion of the so-called skew information as a good quantifier of this uncertainty
[20]. It is defined as follows

1
Z(p, K) = =3 Tr((V/p, K1), (23)

where [., .] is the commutator, while 7 is the skew information associated to the density matrix p. It is worth nothing that, unlike
variance, Wigner—Yanase skew information (WYSI) is unaffected by classical mixing and it reduces to the variance for pure states.
Based on the notion of skew information, a discord-like measure of quantum correlations was recently proposed by Girolami et
al for arbitrary bipartite quantum systems [18]. This measure called local quantum uncertainty and defined as the minimum skew
information achievable with a single local measurement. It is given by

Ua(p) = nI}inI(,o, Ka ® Ip), 24
A

where K is a Hermitian operator (local observable) on the subsystem A admitting a non-degenerate spectrum. Moreover, /g being
the identity operator acting on the subsystem B. Note that, 7 is non-negative and non-increasing under classical mixing [19]. Besides,
LQU quantifies the minimum amount of uncertainty in a quantum state and is inherently an asymmetric quantity with respect to
subsystem exchange because they depend on which subsystem the measurements are made on [18,21]. From now on, we consider
the simple form U(p) instead of U4 (p). For a 2 ® d (qubit—qudit) bipartite quantum systems [18], the closed-form of the local
quantum uncertainty turns out to be,

U(p) = 1 —max(l1, &2, 83), (25)
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where ¢; (i = 1, 2, 3) are the eigenvalue of the 3 x 3 matrix WV of the following elements:
Wiap = Tr(\/p (0% @ Is) V7 (0F ® Ip)), (26)

where 0%(0#) with «(8) = {x, y, z} represent the Pauli operators of the subsystem A. The local quantum uncertainty provides a
reliable quantifier of quantum correlations and it has a geometrical significance in terms of Hellinger distance [18]. It is clear that
having the matrix ¥, one can easily evaluate the local quantum uncertainty for qubit—qudit quantum systems contrarily to quantum
discord based on von Neumann entropy [19,46]. This is a quite an easy task compared with the complicated minimization process
over parameters due to the local measurements [18,29]. It is important to note that for some quantum states, quantum discord and
local quantum uncertainty capture the same correlations, whereas, they are different measures for others states [19]. However, for
the pure bipartite states, the local quantum uncertainty reduces to the linear entropy of the reduced densities of the subsystems and
vanishes for classically correlated state [18]. Moreover, it is invariant under local unitary operations [18].

In the Fano—Bloch representation, the density matrix p(¢) (14 ) can be written as follows:

3
1
PO =7 ,;::o Run(®) (0" ®0") | 27)

where R, (t) = Tr (p(t)(0*®c")) are the total correlation tensor components occurring in the Fano—Bloch decomposition asso-
ciated with bipartite density matrix p(z) with o#(cV) = {00, o%c? )}. The non-vanishing components R, (¢) are calculated
as

Roo(t) = Trp(®)=1, Ro3(t) = 1 —2(p22(t) + p44(1)), Ri11(t) = R (t) = |p23(0)],
R30(t) = 1 — 2(p33(t) + p4a(t)), R33(t) =1 — 2(p22(t) + p33(1)). (28)

Therefore, in terms of the Fano—Bloch components R ,,,(¢) associated with the matrix p(t) (14), the eigenvalues of the 3 x 3 matrix
(W(1))qp (26) can be expressed as

1 Ris(1) — R3
Wi = W) = (10 + 2/ 0) (20 +2VE0) + (R ) ~ R@) , 29)
J OO +2/@0) (00) +2J50)

W) = 3 (142 (V&0 +V&0))

L Re® +Rao®)? = Ru® =Rn0)® | (Roa(®) = Rao®)? = Run(0) + Roa()? 30)
8 (1) +24/d (1)) (2(1) 4+ 24/da (1)) ’
where
1
no(r) = 5 (Roo (1) = Ro3(1)) , (B1)

1
di2(t) = — [(Roo(t) £ R33(1)* — (Rao(t) £ Ros(1)* — (R11(t) F R (1))?].
16

Hence, in this case, it is easy to check that the matrix W(#))op (26) is diagonal Wiz () = Wai(t) = Was(t) = Wi (r) =
Wi3(t) = W31 (t) = 0). Thus, its eigenvalues are simply reduced to diagonal elements W;;(¢) (i = 1, 2, 3). Therefore, the LQU
associated with quantum correlation in the system described by p () (14) takes the form

Up (1)) =1 —max(Wi1(2), Waa (1), Ws3(1)). (32)

3.3 Local quantum Fisher information

Quantum Fisher Information has been shown to be an useful concept in quantum estimation theory. It is employed to determine the
precision of a parameter associated with a physical quantity encoded in the quantum state. Assume that p, is an arbitrary quantum
state, where € is the parameter to be estimated, the QFI is defined as follows [47,48]

1

F(p) = ;Trlpe L], (33)
where £, denotes the symmetric logarithmic derivative operator that satisfies the following equation :
ap 1
— = = (Lepe + peLe). (34)
d€ 2
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Now, suppose that the initial density operator, namely p(0) evolves unitarily and the corresponding unitary operation is ¢/, = ¢! ¢
such as p. = Z/l: p(0)Ue. In this case, the QFI can be expressed in terms of the Hamiltonian H (1) governing the evolution of the

system [49]

(hi — 2?2 )
F(p, H) = E G H ) P (35)
2 ‘A + }»j
i#j
where p = Y, AnlAn)(Ay| . It follows when the dynamics is governed by a local transformation, namely e~ €Ha of a local

Hamiltonian H4 = H, ® Ip, the so-called local quantum Fisher information turns out to be:

22X
F(p, Hy) = Tr[pH;] —
(p, Ha) = Tr[pHj] Zk oy
i#j
The main motivation behind the use LQFI is its ability to serve as good witness of quantum correlations. The quantum quantum
correlations measured by means of LQFI correspond to the minimum of QFI over all local Hamiltonians H4 acting on the part A
[50]. It is given by

|(hil Halnj) 1. (36)

Q(p(t)) = min F(p, Ha). (37)
Hy

We notice that the local Hamiltonian can be expressed in terms of the Pauli matrices, namely ¢ and Bloch vector r* (o = x, y, 2)
as Hy = o“.r%, such that [r¢| = 1 [50]. It follows that the first term on the right-hand side of Eq.(36) is equal to one, while the
second term leads to:

2Ai N 2Ai N
D Halk )P =) S [ Halh ) O Halr)

Pyl Py
3
2Aik;
=20 2 e ® I5lx ) 1P o) © Ipli)
Ai +Aj
i#j a=p=1
3
2hikj
=r*y Z N ule® @ Iglh,) (A jlo? @ Ighi)rf
Ai +Aj
i#j a=p=1
N
=rT.Sr (38)
where 0! = 0%, 02 = ¢ and 63 = o'?. Moreover, S denotes a 3 x 3 symmetric matrix with the following elements
2hmn o P
(Sap = Y~ (hlo® @ [p|1n) (Anlo” & Iglhm). (39)
)\'VI‘L + A’}’l
mzn
The minimum over all unit of vectors »* which coincide with the maximum eigenvalues of S and the LQFI is obtained as [50]
Q(p(t)) =1 = Ay (40)

This quantity is invariant under any local unitary operation, non-negative and vanishes for any kind of classically correlated states.
Moreover, it coincides the geometric discord for pure quantum states [50]. After some straightforward calculations and using the
eigenvalues and eigenvectors calculated in Eqs. (16) and (17), the analytical expression of LQFI is obtained as

O(p(1)) = 1 — max(Si1, S22, $33), (41)
where Sy (0 = 1, 2, 3) are calculated analytically from Eq. (39). They are given by

AA3 AMAg A3 AoAg
Sip =Sy =4 | + 4———|x|* + 4 I,
A A3 A+ Ay A t+A3 A2t Mg
A3Ag )
S33 =4 e — 117, 42
33 ppa )»4| | (42)
where X; (i =1, ...,4), wand x are given in Egs. ( 16) and (18), respectively. Moreover, we have S12 = S21 = S23 = S30 = S13 =

S31 = 0. Interestingly enough, one of the most important properties of LQU in relation with LQFI is: given any unitary evolution,
the LQU is majorized by LQFI as follows [22,23]

Up (1) =Z(p(1), H) = Q(p (1)), (43)

where U(p(t)) and Q(p(t)) are the LQU and LQFI defined in Eqgs.(25) and (40) , respectively. Moreover, Z(p(¢), H) denotes the
skew information defined in Eq.(23).
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Fig. 1 Dynamics of quantum correlations versus time parameter ¢ for several fixed values of purity parameter p and degree of entanglement r, assuming
fixed J =1

4 Analysis of quantum correlations evolution

To get an insight into the dynamics of the bipartite quantum correlations for the model under intrinsic decoherence, we have plotted
in Fig. 1 the temporal evolution of the concurrence C and local quantum uncertainty (LQU) for several values of the purity » and
the entanglement degree parameter p and we considered the following value of J = 1. Figure 1a, b depicts the behaviors when
r=1and p =1/ V2 corresponding to the case where the system is initially prepared in the maximally entangled pure state;
lp) = % (101) 4+110)). In this case, for # = 0, both measures C and LQU are maximal C = 1 and &/ = 1, which means that two-qubit
are maximally entangled. Moreover, both quantum correlations quantifiers decrease during the decoherence process. When I' = 0.05
(Fig. 1a), the LQU shows a set of damping oscillations with series of revival and collapse phenomena over time with an asymptotic
limit. All measures reach a steady-state value, which means that the amount of quantum correlation is frozen for specific intervals
of time. Note that the time variations for the concurrence C show large amplitudes compared to those displayed for LQU. Figure
1b shows also that large numbers of the intrinsic decoherence rate (I" = 0.50) accelerate the stabilization of correlations at the
same steady-state values. Further, the two-qubit state exhibits frozen dynamics for both measures. On the other hand, the oscillatory
behavior of parameters is almost disappeared due to the intrinsic decoherence effect. The increment of the decoherence intrinsic
rate I' causes fast correlations measures decay and shows that the intrinsic decoherence plays a destructive effect on the quantum
correlations. As we mentioned, the steady-state value does not depend on I', but it depends on the system’s initial state.

Figure 1c shows the evolution of parameters C and LQU when the system is initially in a pure Bell-shaped state (r = 1) with
p = 1/+/3. This case corresponds to the state p(0) = |¢) (¢| with |¢) = % (|01) ++/2|10)). Figure 1c shows that the LQU reaches
its maximum value at t = 0, whereas the concurrence has a minimum value at which the time parameter ¢ is close to absolute zero.
Besides, we can also see that the concurrence has a sharp maximum positioned around ¢ ~ 1. However, the maximum bound of
the concurrence is higher than LQU. When the dynamic is switched on, both quantifiers decrease following the same behaviors as
plotted in Fig. 1a, b but with many oscillations frequencies of the amount of quantum correlations between the two-qubit. It is clear,
the robust value of the amplitude of those functions asymptotically decreases. Moreover, the frozen phenomenon appears also in
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Fig. 2 Dynamics of local Fisher information versus the time parameter ¢ for several fixed values of purity parameter p and degree of entanglement r,
assuming fixed J =1

this pure state. Figure 1d shows the evolution of C and LQU versus the time, when the system is initially separable p = 1 (i.e.,
p(0) = |01) (01]), at + = O there are no quantum correlations between the qubits. However, with time increasing, the quantum
correlations between two spin-1/2 qubits can be generated by the time evolution of the state under the Hamiltonian (1), implying
that the spin—spin interaction is responsible for the induced correlation between the qubits by a series of entanglement revival
and collapse phenomena. This conclusion is also similar to the results reported in Ref. [51] where the generation of non-classical
correlations is due to the coupling parameter between an atomic system interacting with a single mode of radiation field inside
a quantum electrodynamics cavity, in such a way large numbers of the coupling parameter allow in general to increase gradually
quantum correlations. Further, the dynamics of concurrence differ from the LQU. The amplitudes of the concurrence C are always
larger than those obtained for LQU. Moreover, the LQU stabilizes for a particular time interval, which means that the LQU is frozen.
The LQU correlations are more stable than the concurrence (the LQU stabilizes at a steady-state value lower than the concurrence).
By fixing the degree of entanglement at the value p = 1/+/2, the state (10) turns out to be the Werner state. From equation (21), one
can see that when the purity r is ranging between 0.3 and 1, the system is initially entangled, otherwise it is disentangled. We notice
that even if the system is separable (C = 0 for 0 < r < 1/3), the LQU remains nonzero. It implies that quantum entanglement is
only a special kind of quantum correlation and even separable states possess the quantum correlations.

Figure le, f shows the time evolution of the concurrence and LQU for r = 0.4 and r = 0.5, respectively, when the Werner state
is considered as the initial state. Figure le, f indicates that the LQU takes a maximum bound comparing to the concurrence when
r = 0.4, but when the purity switches to r = 0.5 the concurrence is larger than the LQU. At ¢ = 0, both qubits are partially
entangled. When the dynamics is switched on the quantum correlations decrease until reaching a constant value. From Fig. le, it
is clear that the concurrence vanishes instantly for particular time values. For these particular values, the disentangled two qubits
have non-zero LQU. The amplitudes of the parameter C are always larger than those displayed for the LQU, even if the LQU
predominates over C. By comparing the results of Fig. 1f with Fig. le, we can conclude that the increase of the purity r leads to the
correlations enhancement as well as their robustness against the decoherence. The oscillations frequencies become more prominent
for the two-qubit system as the purity strength r decreases. The time evolution of the concurrence and LQU, when the system is
initially prepared in the mixed state, are shown in Fig. 1g, h, respectively, in the case when » = 0.4 and » = 0.5. They show different
behaviors compared to those shown for concurrence and LQU in the previous cases. For the initially mixed state, we observed that the
dynamics under intrinsic decoherence cause entanglement sudden death, while LQU quantity is more robust than entanglement. This
indicates that there exists locality by means of LQU even in the absence of entanglement between the subsystems. The amplitudes
of the concurrence are always larger than those of the LQU. The phenomena of sudden death and growth of entanglement appear
in the behavior of the concurrence entanglement, where the two qubits have a non-zero LQU correlation. Both quantifiers reach a
steady-state demonstrating the frozen phenomenon. Interestingly, when the purity switches to » = 0.4, the entanglement oscillates
at a particular time interval and after some time the entanglement between the qubits remains zero and it is known as the sudden
death of entanglement. On the other hand, the LQU keeps the same behavior as plotted in Fig. 1g. Thus, from Fig. 1, we conclude
that the LQU correlation is more stable than the concurrence. The stability of the generated correlations is enhanced. The frozen
LQU and C show a robust feature against the intrinsic decoherence.
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Fig. 3 Upper panels: dynamics of quantum correlations as a function of the exchange coupling parameter J when the system is initially prepared in the
maximally entangled state (a), in the Werner state (b), and in the mixed state (¢), taking b = 0.20,7 = 10 and I = 0.03. Lower panels: dynamics of quantum
correlations as a function of the inhomogeneous magnetic field b when the system is initially prepared in the maximally entangled state (d), in the Werner
state (e), and in the mixed state (f), taking / = 1,71 =10and I' = 0.03

Figure 2 displays the dynamical evolution of LQFI versus the time ¢ for different initial settings of b, r, p and I'. In the case
whenr = 1and p = %’ corresponding to a maximally entangled state, the state p(¢) defined in Eq.(14) is initially maximally
entangled state since the LQFI reaches its maximum for ¢+ = 0. Under decoherence effects, the LQFI decreases gradually to stabilize
for a specific interval of time which means that the LQFI becomes frozen. Moreover, it is clear that for small values of decoherence
parameter I' (Fig. 2a) gives oscillating variation of quantum correlations similar to those displayed for higher values of I" (See
Fig. 2b) which allows to enhance the stability of quantum correlations by means of LQFI. On the other hand, it is clear that even
in the presence of decoherence phenomenon, the sudden death phenomenon does not occur. In Fig. 2¢, d, we analyze the LQFI
quantifier for a pure state, namely » = 1 and p # \iﬁ As it can be seen, the LQFI follows the same behaviors as in Fig. 2a, b but
with many oscillations frequencies of the quantum correlations between the two-qubit system. Again, it is clear that the presence of
decoherence phenomenon doesn’t possess the sudden death phenomenon but leads to froze the LQFI for large values of 7. However,
Fig. 2e, f shows the evolution of non-classical correlations by means of LQFI for different values of p. Indeed, for p = \%, the

state is simply the Werner state. In this case, it is clear that both the oscillation correlations and the sudden death phenomena don’t
occur while the frozen phenomenon appears fast. The entanglement sudden death does not necessarily mean the loss of all quantum
correlations. As separate states nevertheless have an advantage over classical states, thus they are still relevant for protocols that
exploit quantum correlations other than entanglement. However, an efficient information processing protocol based on the local
quantum Fisher information offers more resistance to the effect of intrinsic decoherence and is completely different from that of
entanglement.

From Figs. 1 and 2, it is clear that in most of the above-cited cases, the non-classical correlations quantified by means of LQFI
and LQU and the entanglement measure in terms of concurrence follow the same behavior but different upper bounds and various
oscillations correlations. Moreover, it is obvious that the sudden death and the sudden growth phenomena appear in the LQU and
concurrence behaviors while they don’t occur for LQFIL. On the other hand, the amplitudes of LQFI are always robust than those
displayed for LQU and concurrence. The results discussed above show that the local quantum Fisher information is always greater
than the LQU and the concurrence. This agrees with the results given by the inequality (40).

An interesting topic is to investigate an overall insight into the influence of the inhomogeneous magnetic field and the coupling
coefficients, namely b and J, respectively, on the dynamics of concurrence and local quantum uncertainty. Indeed, in Fig. 3a—c and
Fig. 3e—g, we investigate the evolution of the C and LQU for the system which is initially prepared in the maximally entangled state,
in the Werner state, and in the mixed state as a function of parameters and J, respectively. The time and the intrinsic rate have been
fixed at + = 10 and I = 0.03. When the system is initially prepared in the maximally entangled state, it is clear from Fig. 3a that
the concurrence and LQU are symmetric with respect to J = 0. As |J| increases, both quantifiers show oscillations until reaching a
maximal asymptotic constant value. This shows that the coupling J enhances the amount of quantum correlations in the system. We
notice that both measures have similar behavior but with different amplitudes; therefore, they can give the same information about
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the correlations of the qubits and they present a freezing phenomenon for higher values of |J| ( the amount of quantum correlations
is constant).

From Fig. 3a, it is quite clear that the concurrence is more robust than LQU when the initial states of qubits are maximally
entangled. For the case of the Werner state Fig. 3b whenr = 0.5and p =1/ V2, the entanglement quantified by the concurrence
and LQU have similar behavior as shown in Fig. 3a. For particular values of J (|J| = 1.5), the concurrence exhibits the phenomena
of sudden death and growth entanglement, while the two qubits have non-zero LQU. The concurrence and LQU present an unusual
behavior (see Fig. 3c) when the system is initially prepared in the mixed state. First, both measures are not symmetric with respect to
J = 0. Both quantifiers have more oscillations frequencies in the antiferromagnetic phase (J/ > 0). The concurrence shows the death
and growth phenomena with an increase of coupling constant until it reaches a steady state, while the LQU decreases gradually with
a tendency of stabilization. Note that the maximum values achieved by LQU are larger than those displayed for entanglement. In the
ferromagnetic phase (J < 0), for a particular point, C shows the death and growth phenomenon and then continues to oscillate until it
stabilizes. The asymptotic value reached for the antiferromagnetic phase (J > 0) is higher than one evaluated for the ferromagnetic
phase (J < 0). This is due to the ground-state phase transition in the Heisenberg XXZ spin chain H (1) [3,29]. As a result, the
quantum correlations in the ferromagnetic phase are most robust than those given in the anti-ferromagnetic phase, when the system
is initially prepared in the mixed state. The ferromagnetic property enhances the quantum correlations in the two-qubit system. On
the other hand, introducing J into a constructive domain could generate and improve the quantum correlations in the system. This
result can be understood as follows: the information between two spin-1/2 qubits is controlled by different parameters in Heisenberg
spin chain systems. Some proportionally while some negatively affect the information as well as other correlations between them.
One of the parameters, regulating the exchange coupling, directly increases the information transfer rate between the two qubits.
Thus, the two qubits become more entangled and correlated as the exchange coupling parameter strength increase and vice versa.

Figure 3d presents the effect of the inhomogeneous magnetic field on the concurrence and LQU for r = 1 and p = 1/+/2. It

is clear that the C and LQU reach their maximum ( C = 1 and & = 1) for b = 0 and the qubits are maximally correlated. Both
quantifiers exhibit sudden revival and collapse phenomena which manifests themselves in increasingly weak peaks as |b| increases.
LQU collapses faster than C, which decreases very slowly. This indicates that the LQU is more sensitive to the inhomogeneous
magnetic field than C when the system is prepared in the maximally entangled state. When the system is prepared in the Werner
state (Fig. 3e), the concurrence and LQU have nearly the same behavior as plotted in Fig. 3d, except that the concurrence collapses
fast for a small period of time which indicates the phenomenon of entanglement sudden death (ESD). This surprising behavior
was reported in [52]. The LQU keeps a non-zero value, decreases with oscillations, and becomes zero with an increase of |b|, but
without any revival. It is attractive that when r = 0.5 and p = 1/ V2 (Werner case), the LQU is more robust than entanglement.
Indeed, our numerical analysis corroborates the results reported in Refs [53—-55]. In fact the authors showed that that for all states,
with non zero discord, the interaction with any Markovian bath can never lead to a sudden and permanent vanishing of discord and
the entanglement sudden death phenomenon is then explained by the existence of separability.
Figure 3e shows that the inhomogeneous magnetic files b have a destructive effect on the quantum correlations. When the system
is initially prepared in the mixed state Fig. 3f, the concurrence and LQU are not symmetric relative to b = 0. The height of the
amplitude of these functions considerably decreases as |b| increases. When b > 0, the concurrence exhibits a death and revival
process for a certain interval of b. Then for large values of |b| indicates the phenomenon of entanglement sudden death. In the
negative range of b, the concurrence oscillates gradually as |b| decrease and then suddenly disappears. The LQU continues with
tiny oscillations without death and revival phenomena until the system reaches a steady state at a value very close to zero. Besides,
the bipartite quantum correlations are more robust in the region when b < 0. This is due to the fact that in the negative regimes
of the external inhomogeneous magnetic field, the relative effects will be such that the correlations between the sub-systems of
the composite state are disturbed the least as compared to that in the positive regimes of the field. Thus, the optimal value of the
magnetic field strength where the system remains more correlated is » < 0. This sudden change in quantum correlations behavior
in the two-qubits state can be used to achieve optimal procedure for choosing the measurement operators [56,57] to investigate
specific regions of interest where the system will remain less disturbed and thus more correlated. In the case when the system is
initially prepared in the mixed state, we observed less deformation in quantum correlations in the two-qubits system in the region
b < 0. Therefore, Fig. 3 shows the destructive effect of the inhomogeneous magnetic field b on the correlations of the system. This
behavior is predictable since the dynamics of the concurrence and LQU are severely affected by the inhomogeneous magnetic field
and intrinsic decoherence which play a negative role in inhibiting decoherence. Very particularly, the external degree of freedom
(magnetic field, environment coupling) degrades the property of the quantum system.

In Fig. 4, the LQFI is plotted against the spin interaction strength parameter J including: the anti-ferromagnetic range (J > 0)
and ferromagnetic range (J < 0) and also versus the degree the field inhomogeneity b. Similarly to the LQU and concurrence
behaviors, in the first region (J < 0) the LQFI decreases gradually to reaches its minimum values at J = 0, while in the second
region (J > 0), it increases suddenly to achieve again the maximum value for large numbers of J. However, the oscillating behavior
of quantum correlations appears only for maximally entangled state, namely r = 1 and p = % (See Fig. 4a, d), while for the

Werner state (p = %)’ then the oscillation correlations disappears totally. However, the evolution of LQFI against the parameter b
is given in the plots Fig. 4d—f. Obviously, in the case of a maximally entangled state (Fig. 4d), the plot shows many the oscillations
of correlations. Roughly speaking, in the first region, namely (b < 0) the amount of LQFI are reduced asymptotically from its

@ Springer



548 Page 12 0of 18 Eur. Phys. J. Plus (2022) 137:548

(a) 10— —— (b) ————— (€) 0340
095} 033} < 0.33
032
- 0.90} - 032} 1 o
X 085t X 031t 1=10.0 X 030
< < r'=0.03 <
0.80f 030+ r=0.50 - 029
b L 028
075} 029} = A 027
070 s oogb v o o6l
-8 -6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6 8
J J J
. . e
(d) 1o (e) 034~ . . . . . ® 035 . . . . .
i 1 032 0.30 /\/
—_ 06, 4
3 2 2 0250 <
{ 1=10.0 :i 030+ :;_2
S o4t r=00| g 3 020l =100 |
r=1.00 028} I=0.03
o 0 r=0.50
l a 0.26} 0131 p=040
ol o e : . 0.10
-5 —4 -3 -2 -1 0 1 2 3 4 5 -3 -2 - -3 -2 -1 0 1 2 3
b b b

Fig.4 Upper panels: dynamics of local quantum Fisher information as a function of the exchange coupling parameter J when the system is initially prepared
in the maximally entangled state (a), in the Werner state (b), and in the mixed state (c¢), taking » = 0.20, t = 10 and I' = 0.03. Lower panels: dynamics
of local quantum Fisher information as a function of the inhomogeneous magnetic field » when the system is initially prepared in the maximally entangled
state (d), in the Werner state (e), and in the mixed state (f), taking J/ = 1,7 = 10and I' = 0.03

Table 1 A comparative study between LQU, LQFI, and concurrence

Initial states Sudden death Sudden birth Oscillations correlations Frozen correlations
Pure state LQU None LQU, C and LQFI LQU, C and LQFI
Werner state LQU and C LQU and C LQU and C LQU, C and LQFI
Maximally entangled state LQU LQU, C and LQFI LQU, C and LQFI LQU, C and LQFI
Mixed state LQU and C LQU and C LQU, C and LQFI LQU, C and LQFI

maximum bound and suddenly increases to achieve again the maximum value for b = 0. In the second region, namely b > 0 the
LQFI decreases gradually and achieve the maximum peak for large numbers of the parameter b. Again in the case of Werner state, the
oscillations of the correlations and sudden-death phenomena don’t occur and the maximum correlations are obtained around b = 0.
The frozen LQFI phenomenon occurs for small values of p (See Fig. 4f). As it can be seen from this figure, the LQFI bounds are
always greater than LQU and concurrence. From the discussion above, we conclude that the exchange coupling parameter induces
quantum correlations between two qubits in contrast to the inhomogeneous magnetic field as well as the intrinsic decoherence rate
loss of the quantum correlations. This means that there exists a competition between the Heisenberg exchange coupling coefficient
and the inhomogeneous magnetic field as well as the intrinsic decoherence.

The influences of the initial states, the exchange coupling parameter, inhomogeneous magnetic field, and the intrinsic decoherence
rate on the dynamics of non-classical correlations have been investigated in detail. Our findings show that the dynamics of the
entanglement termed by the concurrence, local quantum uncertainty, and local quantum Fisher information are strongly dependent
on the forms of initial states. Our numerical results corroborate the results reported in [34,58]. When the system is initially prepared
in a Werner-like state (10), the dynamical behaviors of these quantum correlation measures are independent of the external magnetic
field B and the exchange anisotropy parameter A. The dynamical behaviors of the mentioned quantifiers exhibit damped oscillations
with respect to time. While for initial product state (i.e., p(0) = |01) (01]), the concurrence and LQU can be created due to the
spin—spin coupling interaction.

The following Table 1 summarizes the four generated phenomena already pointed out, namely sudden death, sudden birth,
oscillation correlations, and frozen correlations phenomena in the case pure, Werner, maximally entangled, and mixed states.

Finally, since the density operator p(¢) is an entangled and maximally entangled state for some critical values of 7, b and J,
namely ¢ = 0 and large numbers of J and b, then it would be very motivated to consider it as a quantum channel in order to
implement a protocol of quantum teleportation under local-time dynamics and in the presence of intrinsic decoherence effect. In
this sense, we shall examine in the next session the non-classical correlations by means of LQFI and LQU and the entanglement
measure in terms of concurrence of the teleported state, namely p,,;(¢) given by Eq.(47).
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Fig. 5 The scheme of quantum Classical channel
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5 Quantum teleportation

In this section, we implement a scheme of quantum teleportation using, as a resource, an entangled mixed state. Indeed, according
to Bowen et al [59-61], the scheme of quantum teleportation with arbitrary two-qubit mixed states can be regarded as a general
depolarizing quantum channel. The significant results of this work are shown in the ability to take into account the mixed teleported
states, except in the case of a maximally entangled channel. Next, we investigate the effects of the intrinsic decoherence phenomenon
on the transmission of information shared between a two-partners, namely Alice and Bob using the obtained density operator p(t)
in Eq.(14) as a quantum channel (See Fig. 5). Assume that the input state being the following arbitrary unknown two-qubit pure

state ||Yin))

0 o (0
[1¥in)) = cos 3 [110)) + ¢'¥ sin 3 [101)) (44)
where 6 € [0, 7] and ¢ € [0, 2] denote the amplitude and the phase of the input state, respectively. After some straightforward
calculations, the concurrence of the input state p;, = ||¥in)) ((¥in|| turns out to be
Cin = | sin(6)]. 45)

From the mathematical point of view, the quantum channel is known as a completely positive and trace-preserving operator. Via
this mechanism, an input density operator is mapped to an output density operator [59—61]. When the quantum state is teleported
through the mixed channel pcp, the output replica state poy can be obtained by applying a joint measurement and local unitary
transformation to the input state pj, [59—62], hence

3

pou =Y Pap(c" ®c")pin(c" @ "), (46)
w,v=0

where 60 = I (1 defining 2 x 2 identity matrix). The joint probabilities are p,, = p,py,where p, = Tr(E*p(t)) satisfy
the condition )°, , puv = 1. The projective measurements are defined by; EY = |[[wo)) (||, E' = ||]@7) (@], E? =
[[w ) ((w*]|, and E3 = [|®1))((@F]|, where {||W¥)), ||®F))} are the well-known Bell states. Therefore, the density operator of
the output state poy; can be calculated straightforwardly from Eq.(46). Indeed, it takes the following matrix form

pri(®) 0 0 0
0 p2a() pa3() O
Pout(t) = 0 ﬁ%(t) Ps3t) 0 i (47)
0 0 0 P

where

P11 (@) = (p11(0) + paa())(p22(1) + p33(1)),
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Fig. 6 The dynamics of quantum correlation quantifiers for the output state poyt versus the inhomogeneous magnetic field b for the parameter set J = 1,
t = 10, and I' = 0.03 when the system is initially prepared in the pure state (a). The exchange coupling dependence of the dynamics of quantum correlation
and fixed b = 0.20. The same quantifiers as a function of the time parameter ¢ by assuming J = 1 and b = 0.20 when I" = 0.05 (¢) and I' = 0.5 (d)

~ % . 0
D20(t) = (p11(t) + paa(r))? cos? (5) + (p2a(t) + p33(1))? sin? <5> :
~ . 6 0

P33(1) = (p11(t) + paa(t))? sin’ (5) + (022(1) + p33(1))* cos? <5> ,

P23(t) = 2¢" pp3(t) sin 6.

We first consider the dynamical evolution of quantum correlations quantifiers of the output state pgy, i.€., concurrence C(pou) and
U(pour) When the system is in the pure entangled state (- = 1 and p = 1/+/3) for fixed / = 1 and A = 0.5 which are presented
in Fig. 6. We plot in Fig. 6a the above-mentioned quantum correlations quantifiers as functions of the inhomogeneous magnetic
field for t = 10. Both quantifiers have the same behavior, namely, they decrease from a typical maximum with the increase of |b|.
The phenomena of sudden death and growth of entanglement also occur in the behavior of the concurrence and LQU in the output
state. For higher values of the inhomogeneous magnetic field |b|, the output concurrence and LQU vanish indicating that there are
no quantum correlations (the information between two-qubit is destroyed). Thus, in this situation (|b| < 0.5), the concurrence and
LQU of the teleported state reach large amplitudes which are good for the success of the quantum teleportation protocol. However,
for a sufficiently strong inhomogeneous magnetic field, the output concurrence and LQU gradually decrease, and the entangled state
teleportation will not succeed anymore. We plot in Fig. 6b the concurrence and LQU versus the exchange coupling parameter J for
b = 0.20. The quantum correlations in the output state behave like the results shown for the input state in Fig. 3c. Besides, as | /|
increases, both quantifiers oscillate with a tendency to reach a steady state. The frozen phenomenon appears in the output state, which
means that information between two-qubit is secured. The output quantum correlations in the ferromagnetic phase predominate
over the antiferromagnetic phase. From Fig. 6c, d, the effect of intrinsic decoherence rate is clearly seen through the oscillating
behavior of the correlations as a function of time with large amplitudes for LQU. The sudden death phenomenon can be prevented
by increasing I" and at the early times lead to the same steady-state values of the correlations depicted in Fig. 6¢. On the other hand,
these results are compatible with the results in Fig. 1a for the input state, except that for the teleported state the LQU captures more
information than concurrence. Further, we notice that quantum teleportation can be improved by increasing the intrinsic parameter
" . Thus, we conclude that parameter I is an efficient control parameter of quantum communications. This is illustrated in Fig.
6d. According to our numerical calculations, we conclude that the LQU is more robust than concurrence for either input states or
output states. In general, the LQU is a discord-like measure of quantum correlations this explains the robustness in comparison with
the entanglement (concurrence) [46]. In this sense, LQU has a relevant application in the field of quantum metrology and quantum
information processing. Therefore, it is desirable to investigate, characterize, and quantify quantum correlations more broadly.
Figure 7 examines the LQFI as a measure of non-classical correlations of the teleported state. It is clear that the teleported
LQFI shows many oscillations for various values of » and r and the increase of the decoherence parameter, namely I" allows to
enhance the LQFI of the teleported state. Moreover, the frozen teleported LQFI appears again for some special values of J, b and
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Fig. 7 The dynamics of local fisher information for the output state poy¢ versus the inhomogeneous magnetic field b for the parameter set / = 1, t = 10,
and I' = 0.03 when the system is initially prepared in the pure state (a). The exchange coupling dependence of the dynamics of LQU and fixed » = 0.20.
The same quantifiers as a function of the time parameter ¢ by assuming J = 1 and b = 0.20 when I' = 0.05 (¢) and I" = 0.5 (d)

t. Moreover, it appears fast in the case when I" takes large values (See Fig. 7d) which indicates an emerging future of frozen LQFI
under teleportation protocol in the presence of intrinsic decoherence effects.

6 The fidelity of entanglement teleportation

In order to estimate the quality teleportation process, it is often quite useful to study the fidelity between pj, and p oy to characterize
the transmission credibility of the secure information shared between Alice and Bob. We note that when the input state is a pure
state, we can apply the concept of fidelity as a useful indicator of the teleportation performance of a quantum channel [63]. The
fidelity is determined by

2
F = (TI‘ «/Pﬁpout«/ﬁ) , (48)

We note that the fidelity is near zero if the input and the output state are orthogonal which implying that the information is completely
destroyed during the transmission process and the teleportation fails. While it is close to unity if the input state and the output state
are identical. In the case when 0 < F < 1 the quantum information is subjected to distortions after transmitting to some extent.
Using Eq.(47), after a straightforward calculation, the fidelity is given by

sin? 6
2

Since the parameters 6 and ¢ are unknown, we calculate the average of the fidelity F4 over all the points of Bloch sphere. This is
given by

F= [(p11(t) + paa(1)? + 4p33(1) — (p22(1) + p33(1))*] + (p22(1) + p33(1))*. (49)

1 2 T
Fp=— d¢/ dOFsin6, (50)
47 Jo 0
which gives
1
Fa=31ou® +pu (1)) + 4p33(1) + 2(p22(1) + p33(1)*]. (51)

Obviously, the average fidelity F4 depends basically on the quantum channel parameters. To transmit the input state |v,) with
better fidelity than any classical communication protocol, F4 must exceed % which is the maximum achievable for classical
communication. Figure 8a, b shows the average fidelity against the exchange coupling parameter in the pure state and mixed state,
respectively, for mixed values of b = 0.20, I' = 0.03, and for ¢+ = 10 where several fixed values of the purity have been considered.
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Fig. 8 F4 versus the exchange coupling coefficient, assuming b = 0.20, t = 10, and I" = 0.03 and several fixed values of the degree of entanglement
p, when the system is initially prepared in the pure state (a), in the mixed state (b). The time dependence of the average fidelity for various values of the
intrinsic decoherence parameter (c), and the degree of entanglement parameter (d), where other parameters have taken as b = 0.20 and r = 1. F 4 against
the inhomogeneous magnetic field » when different fixed values of the magnetic field are considered such that I' = 0.03 and r = 1

In these figures, the horizontal dashed lines at 74 = % denote the limit of quantum fidelities. When the system is initially prepared
in the pure state (r = 1) (Fig. 8a), the average fidelity shows many oscillations as the parameter p decreases. Moreover, all curves
eventually reach a steady state as the exchange coupling parameter increases, which means that the amount of average fidelity is
frozen for a certain time. The inclusion of purity stimulates an increase in the average fidelity until reaching maximum fidelity
(Fa = 1). It is also observed that the quantum communication is enhanced with the increase of |J| ( F4 > 2/3 represented as a
dash-dotted line). In Fig. 8b, the plot shows that the teleportation will not succeed for 74 < 2/3, because the system is initially in
the interphase between the entangled state and the separable state in contrast to the situation when the system is prepared in the pure
state Fig. 8a, the success of the teleportation depends on the purity parameter. For example, when r = 0.80 and p = 0, we have
a dramatic increase of average fidelity and at lower values of the spin coupling, it reaches the maximum value and then decreases
monotonically below 2/3 as soon as |J| increases. The average fidelity F4 remains below 2/3, making it impossible for the existence
of quantum teleportation of the information. In Fig. 8c, the evolution of the average fidelity 4 is plotted for certain values of the
intrinsic decoherence parameter when the system is prepared in the pure state. As we can see, the average fidelity oscillates over
time and reaches a stable value when time ¢ approaches infinity. Larger the parameter I, while the shorter one is the time of reaching
the stable values Fig. 8c. Moreover, the stable value remains always above 2/3, which means that such teleportation through the
two-qubit Heisenberg XXZ model is better than any classical communication protocol. When the system is in the initial pure state,
the behavior of the average fidelity becomes more robust, enabling the teleportation of information in the regions of large value of
intrinsic rate (I' = 1). Therefore, the initial state and the parameters of the model are significant factors to determine what kinds
of systems are suitable as a quantum channel. From these figures, we can see that the fidelity can reach the unity for p = 1/+/2,
which means that the channel is the two-qubit maximally entangled state, namely |¢) = % (|01) + 110)), and two-qubit states can
always be teleported with a pair of EPR states which agrees with the results reported in [64]. Figure 8e shows the effects of the
inhomogeneous magnetic field on the average fidelity when the system is initially prepared in a Bell-like state. The average fidelity
achieves the maximum amount at b = O then gradually decreases as b increases to a critical value of 2/3. The decay of the average
fidelity as a function of » means that the inhomogeneous magnetic field b has unfortunately a destructive effect on the average
fidelity. As a result, one conclude that the initial-parameters state of the channel plays an important role in the average fidelity of
teleportation. It is found that when the initial state is entangled state |¢) = « [01) + B]10) the corresponding average fidelity is
always larger than 2/3 (a similar behavior was reported by N. Zidan in Ref. [58]).

7 Conclusions

In this work, we have demonstrated a straightforward analysis of the dynamics of a two-qubit system on the Heisenberg XXZ model
under intrinsic decoherence. We first assumed that the system interacts with an external magnetic field, B with only nearest-neighbor
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interactions. After exactly solving the time-independent master equation, we have investigated the dynamics of the concurrence,
local quantum uncertainty and local quantum Fisher information in order to quantify the quantum correlations of this system. We
have concluded that all these quantifiers oscillate similarly between their upper and lower bounds where in general the LQFI is more
stable comparing to the LQU and concurrence. The sudden death, sudden birth, oscillations, and frozen correlations phenomena
appear clearly for different initial settings. By making a comparative study between the dynamics of C, LQU and LQFI, we have
obtained some interesting outcomes. For example, the intrinsic decoherence destroys the oscillations of the correlations between
the qubits. For the initially mixed state, we have concluded that the dynamics under intrinsic decoherence causes the sudden death
phenomenon for some particular initial state settings, while both LQU and LQFI quantities resist the decoherence effect. This implies
that the absence of entanglement does not necessarily mean the absence of non-classical correlations in the quantum states. Besides,
the robustness and the generation of the quantum correlations depend on the physical parameters and the initial state as well. Further,
our investigations emphasize that efficient information processing based on the LQU and LQFI offers more resistance to the effect of
intrinsic decoherence and is completely different from the entanglement. Finally, we have examined the possibility of teleportation
process through the model under consideration. We have showed that when the system is initially prepared in entangled state, the
corresponding average fidelity is always larger than 2 /3, which means the success of the teleportation in contrast to the case when the
system is initially in the interphase between the entangled state and the separable state. Indeed, the initial state of the channel plays
an important role in the fully entangled fraction and the average fidelity of teleportation. In particular, we showed that the average
fidelity achieves the maximum amount when the degree of inhomogeneity of the field vanishes. Moreover, large numbers of the
decoherence parameter allow to enhance different quantities, namely teleported concurrence, LQU, LQFI, and fidelity. Therefore,
one can conclude that different parameters encoded in the two-qubit Heisenberg XXZ model are an efficient control parameter of
quantum communications.

In summary, it is possible to prepare an entangled mixed state arising from the interaction between a two-qubit open systems
interacting with its environments under Markovian dynamics. These results can be used analytically and experimentally in many
areas of secure communication, quantum information theory and quantum estimation theory. Our future perspective will concern
other types of environments in order to investigate the crucial relationship between entanglement, LQU and LQFI in Markovian
and also non-Markovian regimes and to extend the present work higher dimensional. Moreover, it will be motivated for us to take
into account the influence of Dzyaloshinski—Moriya interaction on the dynamics of entanglement and quantum correlations. Indeed,
in this context, Y-n. Guo et al [34] quantifies the quantum correlations by means of LQU of a two-qubit one-dimensional XYZ
Heisenberg chain with Dzyaloshinski—-Moriya interaction in thermal equilibrium, where interestingly enough they showed that for
an initial separable state, the quantum correlations by means of LQU can be induced due to the Dzyaloshinski-Moriya interaction
and Heisenberg anisotropic interaction.
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