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One of the most appealing quantum communication protocols is quantum teleportation, which
involves sharing entanglement between the sender and receiver of the quantum state. We address the
two-qubit quantum teleportation based on the Heisenberg XYZ chain with a magnetic-field gradient
affected by intrinsic decoherence. An atomic spin chain is primarily coupled to the linear gradient

of the magnetic field in the x-direction, with the assumption that the magnetic field varies linearly
with the position of the atom. By using the concepts of fidelity and average fidelity in the presence

of the magnetic field gradient and under the effect of intrinsic decoherence in the current model,

and considering the variables of the system, an improved quantum teleportation can be achieved. In
addition, using the concept of remote quantum estimation, we examine remote quantum sensing in
this article, which is very useful in quantum communication.
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Abbreviations

KSEWA  Kaplan-Shekhtman-Entin-Wohlman-Aharony
DM Dzyaloshinskii-Moriya

POVM  Positive operator valued measure

SLD Symmetric logarithmic derivative

CT Classical threshold

CR Cramér-Rao

QFI Quantum Fisher information

HSS Hilbert-Schmidt speed

Quantum teleportation is undeniably one of the most thrilling subjects in quantum communication'~'2 In this
process, which was proposed by Bennett et al.'?, Alice (sender) transfers an unknown quantum state to Bob
(receiver) by sharing a classical or non-classical channel'*-'°. This technique can be achieved over short distances
or across thousands of kilometers using existing equipment'”.

Initially, quantum teleportation was conducted based on photons'®, and subsequently with diverse systems
such as trapped ions'*?, atomic ensembles?!, high-frequency phonons?, and several other systems*-2. Now, this
popular protocol is acknowledged as a crucial technique for implementing numerous quantum protocols, includ-
ing measurement-based quantum computing®’, quantum repeaters***’, and fault-tolerant quantum computing™.

Studying quantum teleportation in dense matter systems at finite temperatures can be fascinating. In Ref.*!,
the investigation of quantum teleportation, dense coding, and entanglement based on the XYZ spin chain model
influenced by Kaplan Shekhtman Entin wohlman-Aharony (KSEWA) interaction and Dzyaloshinskii-Moriya
(DM) interaction have been studied. Furthermore, quantum teleportation via thermal mixed states in XXX
Heisenberg chain systems has been investigated®>. Moreover, the impact of an external magnetic field on the
standard teleportation protocol has been reported in the context of a two-qubit XY model®. Further, the dis-
cussion of thermal entanglement and teleportation in the XXZ chain with varying DM interactions has been
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addressed®. Besides, quantum Fisher information of an output state of the teleportation in the Heisenberg
XYZ chain with magnetic Field and KSEWA Interaction at thermal equilibrium has been studied in X and Z
directions®.

Intrinsic decoherence, which is usually included by the Milburn method* in open quantum systems, denotes
decoherence quite independent of any environment. This process resembles decoherence (i.e., one where phase
coherence or phase interference is suppressed over time) while this process is intrinsic to nature, i.e., not deter-
mined by simply averaging over external’ degrees of freedom that happen to be entangled with the desired
system™”. Therefore, intrinsic decoherence differs from environmental decoherence which arises from the nature
of the surrounding environment of open quantum systems and is ineluctable. Distinguishability between intrinsic
and environmental decoherence in experiments and theory is reported in Ref.”’”. Quantum correlation dynamics
influenced by intrinsic decoherence in a Heisenberg spin chain model under Dzyaloshinskii-Moriya interaction
have been investigated®. Moreover, quantum memory-assisted entropic uncertainty relation in a Heisenberg
spin chain model under intrinsic decoherence has been explored®. Further, the qutrit teleportation via XXZ
Heisenberg chain affected by an inhomogeneous magnetic field under intrinsic decoherence has been examined*.
As well as the robustness of an output state of quantum teleportation through a two-qubit Heisenberg chain
model influenced by dipole interaction and magnetic field under intrinsic decoherence has been addressed*'.
The entanglement teleportation using an XYZ Heisenberg chain model affected by various interactions under
intrinsic decoherence is also examined*. In addition, the examination of quantum teleportation via the entangled
channel consisting of a two-qubit XYZ Heisenberg chain model influenced by DM interaction in the presence
of intrinsic decoherence has been reported®’. Also, the quantum teleportation and phase quantum estimation
according to the two-qubit XYZ Heisenberg chain model influenced by dipole and symmetric cross-interactions
influenced by intrinsic decoherence have been explored*. The quantum teleportation through the entangled
states including a two-qubit XYZ Heisenberg chain model driven by a uniformly magnetic external field as a
channel under intrinsic decoherence has been investigated*. Moreover, the exploration of using helical spin
chains for quantum teleportation to share entanglement has been studied*. The study of qutrit teleportation
and entanglement involving the one-axis counter-twisting Hamiltonian under intrinsic decoherence has also
been explored?.

Our motivation is investigating the two-qubit quantum teleportation based on the Heisenberg XYZ chain with
magnetic-field gradient in the presence of intrinsic decoherence. Consider an atomic spin chain that is primarily
coupled to the linear magnetic-field gradient in the x-direction, with the assumption that the magnetic field var-
ies linearly with the atom’s position*. This makes our model distinguishable from other XYZ Heisenberg chain
models and those done in the aforementioned references. Note that, the intrinsic decoherence is incorporated
into the current model using the Milburn method®. Moreover, to delve deeper into quantum teleportation
using the existing model, we aim to calculate the initial phase within the teleported state, potentially holding
vital encoded information.

Additionally, to further investigate quantum teleportation based on the current model, we aim to estimate the
initial phase in the teleported state, which may contain crucial encoded information or reveal the nature of the
process that prepared the initial state*. In addition, since we cannot ignore the interaction between the system
and its surrounding environment, we also examine the dynamics of open quantum systems®*->* in this article.
According to this, the dynamics with respect to the flow of information in systems theory are divided into two
classes: Markovian and non-Markovian. If information continually flows from the system to the environment,
the dynamic is called Markovian. However, if information can be periodically returned to the system from the
environment due to quantum memory effects, the dynamics in this class become non-Markovian®**-%. In open
quantum systems, quantum teleportation depends on the nature of system evolution.

The structure of our article consists of four parts: After the introduction, quantum communication prelimi-
naries are defined in “The physical model” section. In “Results and discussion” section, we introduce the physical
model that can serve as a resource for quantum teleportation. Finally, in “Conclusion” section our conclusions
are given.

Preliminaries

Quantum teleportation

The standard protocol for remote transmission® involves a two-qubit mixed state py,, serving as a channel or
resource and represented by a generalized depolarized quantum channel A (o) based on a single-qubit input
state p;,. Alice’s goal is to send her encoded qubit to Bob using this method. The unknown input (initial) state
of teleportation can be considered to be an arbitrary pure single-qubit state as follows:

Vin) = cos(g)u» + e"¢sin(§)|1>, (1)

where 6 and ¢ represent the amplitude and phase of the initial state of teleportation. The teleportation output
state, in the teleportation of an arbitrary single-qubit state (input state p;, = [¥in){(¥in|)), can be assumed by**:
3
Pout = A(pch) Pin = Z Tr[Bipcnloipinoi, (2)
i=0

in which A () denotes a generalized depolarized channel and /3; represents the Bell state corresponding to the
Pauli matrix o; that is defined by:
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B = (cro ®oi)Bo <Jo ®0i), i=123, (3)

that we have o9 = I,01 = 0,0, = 0,03 =0, and I refers to the identity matrix. Furthermore, for any two
arbitrary qubits, each defined in base {]0), |1)}, and we have By = % (IOO) + |11)P (00| + (11|> such that, the

teleportation channel is initially prepared in the maximum entangled state of Bell states.
The degree of similarity between two quantum states and the quality of the teleported state is determined by

the criterion of fidelity f ( pin (), pom(t)>, which is defined by**¢":

F(Pin®): ot (1)) = (Tr(\/ \/Pin(ﬂ%ut(ﬂ@))za (4)

As well as one can obtain the average fidelity of teleportation f5, as follows:

1 21 g
o= [ 0 [ 7 (000 p0a(®))sino)ds. ®

The threshold of the maximum classical average fidelity occurs at f;, = 2/3; afterward, we go into the quan-
tum average fidelity. The closer the quantum average fidelity is to the unit, represents that optimum quantum
teleportation can occur.

Here, we assume Alice transmits two encoded qubits to Bob. For an arbitrary two-qubit pure state, the
unknown input (initial) state can be considered as:

Wm)—cos( )|10)+e sm( )|01) (6)

To determine the output state p,,,; of an arbitrary two-qubit state, one can generalize Eq. (2) as®:

Pout = zs:Pij (Ui ®Uj)pin (Ui ®Uj)- (7)

i,j=0

in which ) pjj = land pj; = Tr[Bioas]Tr[B;ocn):

Quantum phase estimation

Quantum Fisher information

The accuracy of phase estimation is crucial, and it is determined by the “Cramér-Rao (CR) inequality”. This
inequality compares the difference between the true and estimated phase values, representing the estimation
accuracy, with the “quantum Fisher information (QFI)®*-%” that defines the lower limit of accuracy based on
the number of measurement repetitions. Therefore, the QFI is a powerful tool for estimating the uncertain true
value of a phase. The quantum CR inequality®®®” can be expressed as follows:

1
= V7 ®

which gives us the smallest detectable phase change phase ¢. Also, F represents the QFI with respect to ¢ and
is defined by®*¢8:

(3p7)? w
Fo=y 42 oot 9)
#i

i

such that|¢;) and /; are eigenvectors and eigenvalues of the density matrix, respectively. According to the theory
of quantum estimation, increasing the QFI means improving the estimation accuracy. We use this point in quan-
tum phase estimation to improve remote quantum sensing. The question is, what is the mechanism of remote
quantum sensing in this article? In response, it can be said that the quantum estimation process is conducted
by sensors, and their proper design can significantly enhance measurement accuracy. For instance, a quantum
sensor can be based on a qubit that encodes information in the relative phase of its quantum state by interacting
with a weak external field. The information obtained by measuring the qubit can be used to estimate the electric
field, magnetic field, or temperature®~7>. In many cases, it may not be feasible to be physically present for a special
assessment due to security risks or logistical constraints. However, remote estimation offers a solution, allowing
individuals to realize quantum remote sensing using classical and quantum communication channels, even when
the necessary tools are not physically available at the desired location. In this work, we investigate the idea of
remote parameter estimation, which so-called remote quantum sensing, using two-qubit quantum teleportation
in the presence of magnetic field gradient and intrinsic decoherence. More precisely, in Alice’s location, there is
a qubit whose desired information is encoded in its initial state phase, and Alice is obliged to teleport the state
of this unknown qubit to Bob, who is equipped with a sensitive sensor for estimation. In addition, Bob is under
the effect of magnetic field gradient and intrinsic decoherence such that their effects on the quality of remote
estimation, teleportation process, and their optimization are investigated.
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The physical model
Consider a paradigmatic open quantum system consisting of a two-qubit anisotropic Heisenberg XYZ chain in
the presence of external magnetic fields. The system’s Hamiltonian can be given by’*”:

H =Jx(ox ® 0x) +]y(gy ® Gy) + /(0 ® 07) + ((Uj +bo, @I+ (a)j - b ® oy, (10)

where 0;(i = x, y, z) denote the Pauli matrices, J;(i = x, y, z) represent the interaction coefficients in the ferromag-
netic J; > 0and anti-ferromagnetic J; < 0 couplings between two spin degrees of freedom, respectively. It should
be noted that the difference between J, and J, measures the anisotropy of the system. Moreover, we consider the
external magnetic fields to be along the z-direction. wj is transition frequency dependent on the magnitude of
the magnetic field By, while b measures the degree of the non-uniformity of the field, and I is the identity matrix.

The eigenstates ’d>j>(j = 1,2,3,4) and the corresponding eigenvalues E; of the Hamiltonian 10 on standard
basis {|11), |10}, |01), |00)}, can be expressed by

[®1) = n4[11) + €4]00), Ey =]+,
|@2) = n-|11) +€-100), E; =], =3, an
|®3) = vi|10) +&4|01), Es=x —]J,
|®4) = v_[10) +&_[01), Es=—x—];
where
i 1 ij:f:(S
e =t
V2 [52 £ 206
1 —
=t L Sl
V2[5 & 20y
1 X £2b
Vg =d———,
V2 /%2 £ 2by
1 L+

Ei:ﬁw/xzisz)

1 0
such that§ = 4a)j2 + (]x —]y)2 and x =4/4b% + (]x +]y)2.InEq.(ll)weused|0) = (O)andII) = <1),

such that|ij) denotes |i) ® |j) in whichi,j = 0, L

In Ref.’%, Milburn suggested a straightforward modification of the Schrodinger equation, adding a term
that accounts for the decay of quantum coherence in the energy eigenstate basis. This modification is based on
the assumption that for sufficiently brief time intervals, the system does not continuously evolve under unitary
transformation. Based on consideration of the effect of intrinsic decoherence, the time evolution of the density
matrix of the system is given by the Milburn equation as follow:

pt) = Zexp |:_y7t(Em _En)2 — i(Em — Ep)t| X | D) (P p(0)[ D) (Dil, (12)

where E,, , and |®,,,,) are, respectively, the eigenvalues and the eigenvectors of the Hamiltonian of the system
Eq. (10), y is the intrinsic decoherence rate. Besides, p(0) denotes initial density matrix.

Now, if we assume the qubits 1 and 2 are both initially in the spin-down states, i.e., the system is in an unen-
tangled state | ¥ (0)) = |00) at the beginning, then we have py = |W(0)) (W (0)|. By a straightforward computa-
tion from Egs. (11, 12), one can calculate the time evolution of the density matrix of the system on the standard
basis as

p(t) =a|11)(11] 4+ w[11){00] + w*|00)(11] 4 B|00)(00], (13)

in which

1
a=1-— 257 (82 — 4a)]2) [1 — cos(28t) exp (—282)/1‘)],

1 1 L 2
w= 6—2(]x — ]y) X q wj — E[2a)j cos(28t) — 16 sin(25t)] exp (—28 yt) ,

B (Tc = Jy)?[1 = cos(281) exp (—28%y1)].

282
It is evident that the time-dependent density operator of the system is independent of the non-uniform magnetic
field b.

At the moment, we assume an atom to have two hyperfine spin states. Hence, when an atom is coupled to a
magnetic field, the energy splitting between two hyperfine states is changed because of the Zeeman effect*®76.
Determining the difference in transition frequencies of two atoms at different locations can distinguish the
magnetic-field gradient. As mentioned in*®, an atomic spin chain can be employed to probe the magnetic-field
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gradient as illustrated in Fig. 1, where each atom is separated by a distance d. Consider that the magnetic field
B(x;j) linearly changes with the position x; as follows:

in which B represents the reference magnetic field and G denotes the magnetic-field gradient. The transition
frequency w;j depends on the magnitude of the magnetic field B(x;) and defined as

wj = wo + )\.B(xj). (15)

such that wy indicates the transition frequency of the two hyperfine spin states without the external magnetic
field and / represents the gyromagnetic ratio of an atom.

It is important to note that the key aspect of this work, which distinguishes our work from other works, is
here that by replacing the definitions (Eqs. 14 and 15) in the Hamiltonian (Eq. 10), we consider the magnetic
field including the gradient varies with the position of atoms. In the following, we consider Eq. (13) as a resource
for two-qubit quantum teleportation and analyze the results. Another point is that to plot the figures throughout
the work, we employ the nondimensionalized parameter method as described in**7778,

Results and discussion

First, we calculate the output state of the two-qubit quantum teleportation performed based on the computed
resource in Eq. (13). By placing Egs. (14 and 15) in Eq. (10) and using Egs. (6 and 7), the output state of two-qubit
quantum teleportation is obtained as follows:

00 00O
_ | Op22p230
puut(t) - 0 032 P33 0 (16)
00 0O
where the non-vanishing elements of the output density matrix are given by
6 0
_an2 (Y —eo2 [T
P22 = SIn (2> P22 = COS (2)
2sin(0) Ux — Jy)* (@)’ ’ , 17
023 = x84 J J exp (2yt62> — cos (2t8) (exp (—4yt52 + qu)), 17
P32 = P§k3~

where 8 and wj are defined in Eqs. (11 and 15).

One of the most important criteria that should always be considered in quantum teleportation is the average
fidelity, which determines the success rate of a quantum teleportation. Therefore, we examine the qualitative
behavior of average fidelity in two-qubit teleportation according to the current model in this section.

In Fig. 2a, time evolution of average fidelity f,, in terms of interaction coeflicient J is plotted. The initial
observation from this figure states that the average fidelity f,, exceeds 2/3, suggesting an enhancement in quan-
tum teleportation. Moreover, based on the prediction, we observe that in the initial times of quantum telepor-
tation, there is a better quality of teleportation because the average fidelity is higher in the initial times and
decreases over time. In addition, it can be seen that when the value of ], is around zero, we have a better average
fidelity value. Of course, the value of the average fidelity is higher in the ferromagnetic region J; > 0 than in the
antiferromagnetic region Jx < 0. These results can also be obtained in Fig. 2b, which is the contour plot of this
process. Note that the same results can be obtained for J,.

Figure 1. An atomic spin chain (Blue spheres) is coupled to a linear magnetic field gradient (Gray arrows) in
the x-direction. Each atom is separated by a distance d.
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Figure 2. (a) Temporal variations of average fidelity f;, in two-qubit teleportation in terms of J, when B; = 0.5,
w=09,G=Lx=1),=2,y = A =0.001. (b) Contour plot of temporal variations of f,, with the same
conditions.

In the next step, the temporal behavior of the average fidelity f;, in terms of transition frequency wy of the
two hyperfine spin states without the external magnetic field is plotted in Fig. 3. Quantum teleportation has bet-
ter quality at low transition frequencies, i.e. less than wy < 1. Furthermore, the qualitative behavior of average
fidelity f,, becomes more oscillate over time.

In Fig. 4, the average fidelity dynamic is illustrated in terms of the gyromagnetic ratio 4 of an atom. The sig-
nificant point is that the quantum teleportation in the present model is optimal when the gyromagnetic ratio of
the atom is less than 0.2, therefore, the more this ratio is less than 0.2, the better the quality of quantum teleporta-
tion is achieved. The gyromagnetic ratio corresponds to the ratio of the magnetic momentum in a particle to its
angular momentum”. Therefore, it can play a crucial role in practical quantum teleportation®.

In the next stage, the time evolution of the average fidelity f,, in terms of the intrinsic decoherence rate y is
investigated in Fig. 5. The average fidelity value clearly decreases as the intrinsic decoherence rate increases. This
means that the system is affected by decoherence effects®, including noise, and causes quantum teleportation to
be adversely affected. So increasing these effects can cause the teleportation process to fail.

In Fig. 6a, the temporal behavior of average fidelity in terms of interaction coefficients of J, and J, is depicted.
It is evident that when both interaction coefficients ] and J, have the same value, the quality of quantum tel-
eportation is reduced. This is because the value of average fidelity is minimum at the points where J; = J,. This
is obvious because the direction of the magnetic field is only in the z-direction. Moreover, as we see in Eqgs. (13
and 16) the density matrix and the output density matrix of quantum teleportation are independent of J,. Note
that, Ji (i = x, y) measures the anisotropy of the system. When we have ], = J;, the model is reduced to the
Heisenberg XXZ. Since our system is independent of ], and we have J, = J,, then our system becomes an iso-
tropic system, and this causes a decrease in the value of the average fidelity and therefore decreases the quality of
quantum teleportation. Hence, the quality of the two-qubit quantum teleportation with magnetic-field gradient
when the model is reduced in the Heisenberg XXZ is suppressed. Besides, in Fig. 6b, the qualitative behavior of
average fidelity f;, versus ], and g is shown. We see that when ], > 0 s in the ferromagnetic region, the maxi-
mum value of average fidelity occurs in wy < 1; But, when Jy < 0isin the anti-ferromagnetic, the maximum

3.0

25 [ S

2.0 1|~ 0.95
" 0.90
0.85

Lo/ : s E0.80
0.75

0.5 0.70

0.0

(a) (b)

Figure 3. (a) Time evolution of average fidelity f;, in two-qubit teleportation versus wo when B; = 0.5,G = 1,
xj=1Jx=2,], =1,y = 4= 0.001. (b) Contour plot of time evolution of f;, with the same conditions.
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Figure 4. (a) Dynamic of average fidelity f;, in two-qubit teleportation vs A when B; = 0.85, wy = 0.7G = 0.9,
xj =1, Jx =2,], = 1.Ly = 0.001. (b) Contour plot of time evolution of f,, with the same conditions.
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Figure 5. (a) The temporal behavior of average fidelity f5, in two-qubit teleportation in terms of y when
B1 =0.65,wp =0.75G = 1, x; = 1, Jy = 2,], = 0.9, 2 = 0.001. (b) Contour plot of time evolution of f,, with
the same conditions.

value of the f;, arises in1 < wy < 2. Moreover, in Fig. 6¢, the qualitative behavior of average fidelity f;, versus
Jyand /is illustrated. We see that when we have 4 = 0.5and ], = 0 or 2, then the quantum teleportation can be
optimum. It means that the role of the anisotropy in the system under magnetic-field gradient is very important.
Furthermore, in these figures, it is obvious that the role of the ferromagnetic region is significant. Figure 6a—c
refer to the optimal quantum teleportation that is dependent on the interaction coefficients.

In the last step, which is one of the most important achievements of this article, a comparison of the qualita-
tive behaviors of quantum Fisher information F according to ¢, fidelity f and average fidelity f,, in two-qubit
quantum teleportation in the present model in terms of time ¢ (Fig. 7) and in terms of the interaction coefficient
Jx (Fig. 8) is plotted. In both figures, it can be observed that the average fidelity f,, and fidelity fare higher than
the classical threshold CT, which indicates that quantum teleportation based on the present model is success-
ful in the presence of a magnetic field gradient. Now we go to the subject of quantum sensing. In both figures,
it can be seen that the qualitative behavior of phase quantum estimation is completely similar to the behavior
of fidelity and average fidelity in such a way that their minimum and maximum points of qualitative behavior
coincide with each other. Therefore, wherever we have the best quality of quantum teleportation, then the best
information extraction from the phase of the initial state of quantum teleportation also occurs. In addition, the
behaviors of all three above-mentioned criteria are oscillating, and this indicates that in some intervals when the
behaviors have an increasing rate, the dynamics of the system will be non-Markovian, and at intervals when the
behaviors have a decreasing rate, the dynamics of the system refer to Markovian. In intervals when the dynamic
is Markovian, it means that information continuously flows from the system to the environment, while if there
is a backflow of information from the environment to the system, this process has a non-Markovian dynamic,
which is caused by the existence of quantum memory>-%. Since the non-Markovian dynamic of the system is
determined from the information flow, witnesses based on QFI in®* and fidelity in® have been suggested. Accord-
ing to them, a flow of QFI is defined as I (¢) := dFy/dt, that if we have I(¢) > 0 for some interval ¢, then the
time evolution is called non-Markovian. Furthermore, a flow of fidelity is introduced as Iy (t) := df /dt, that if
we have If(t) > 0 for some interval ¢, then the dynamic refers to non-Markovian. These flows of information
respect to QFI and fidelity are valid for this work.
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Figure 6. The qualitative behaviors of average fidelity f;, in two-qubit teleportation in terms of (a) J, vs Jx
whenB; = Lwg =0.7G =04,x; =1,y = A=0.01, (b) Jyvswowhen B; =0.8,G =2,x; =1, ]y =2,

y = A =0.001,and (c) Avs Ty when By = 0.4, wy = 0.5,G = 2, xj = 1,Jx = 1,y = 0.004. Here, we consider
t=1

Y/ NI/ NI AN/ANI/AN
0.8 1

0.6- ]

0.4f 1

0.2} 1

0.0 1 2 3 4 5

t

Figure 7. Dynamics of quantum Fisher information F with respect to ¢, fidelity f, and average fidelity f,,
whenB; = 05,00 =1G=Lx;=1Jy =2,], =01,y = 2= 0.001,0 = /6, and ¢ = 7. CT (Black dotted
line) represents classical threshold of teleportation.

Conclusion

Quantum teleportation enables the transmission of a desired quantum state between two locations, making it
valuable for quantum communications. In this article, we investigated the quantum teleportation based on the
Heisenberg XYZ chain with a magnetic-field gradient affected by intrinsic decoherence. An atomic spin chain is
primarily coupled to the linear magnetic field gradient in the x-direction, with the assumption that the magnetic
field varies linearly with the atom’s position.

Using the concepts of quantum threshold in quantum teleportation, fidelity and average fidelity in the current
model were investigated and we were able to improve the quality of quantum teleportation and maintain fidelity
and average fidelity in the quantum region by using various system variables.

In addition, we investigated remote quantum sensing according to the concept of remote quantum estima-
tion with regard to the output state of two-qubit quantum teleportation. This in-depth investigation allowed us
to clearly reveal the concepts of information flow that led to the clarification of the concept of non-Markovian
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Figure 8. The qualitative behaviors of quantum Fisher information F with respect to ¢, fidelity f, and average
fidelity fg, in terms of J, when By = 0.5,wp = 0.8G =1, xj =1,]J, = 0.1,y = A =0.001,0 = /6,and ¢ = 7.
In addition, we sett = 1. CT (Black dotted line) represents classical threshold of teleportation.

time evolution of the system in the current model using evidence of non-Markovian dynamics such as fidelity
and quantum Fisher information (QFI). In addition, we showed that in the presence of a magnetic field gradient
and under the influence of intrinsic decoherence, an improved quantum teleportation can be obtained along
with the extraction of improved information from the initial state phase of teleportation. It was found that in
the intervals when the maximum amount of qualitative behaviors of fidelity and average fidelity occurs, the best
information extraction from the initial state phase also occurs.

These results can be very useful in the implementation of experimental quantum teleportation'$8*% and the
selection of desired resources®. Moreover, the results of this paper can play valuable role in quantum remote
sensing®®.
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