Pre prints.org

Article Not peer-reviewed version

Comparative Analysis of Robust

Entanglement Generation in Engineered
XX Spin Chains

Eduardo K Soares * , G. D. de Moraes Neto i , Fabiano M. Andrade :

Posted Date: 29 May 2025
doi: 10.20944/preprints202505.2342.v1

Keywords: quantum spin chains; entanglement generation; XX model; quantum information transfers

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/4487785
https://sciprofiles.com/profile/1098479
https://sciprofiles.com/profile/2871272

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2025 doi:10.20944/preprints202505.2342.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Comparative Analysis of Robust Entanglement
Generation in Engineered XX Spin Chains

Eduardo K. Soares 1*©, G. D. de Moraes Neto 2*{, Fabiano M. Andrade 13%*

Programa de Pés-Graduagao em Ciéncias/Fisica, Universidade Estadual de Ponta Grossa,

84030-900 Ponta Grossa, Parand, Brazil

College of Physics and Engineering, Qufu Normal University, 273165 Qufu, China;

Departamento de Matematica e Estatistica, Universidade Estadual de Ponta Grossa, 84030-900 Ponta Grossa, Parand, Brazil
Departamento de Fisica, Universidade Federal do Parand, 81531-980 Curitiba, Parand, Brazil

Correspondence: edukso2002@gmail.com; gdmneto@gmail.com; fmandrade@uepg.br

* =wN

Abstract: We present a numerical investigation comparing two entanglement generation protocols in
finite XX spin chains with varying spin magnitudes (s = 1/2,1,3/2). Protocol 1 (P1) relies on staggered
couplings to steer correlations toward the ends of the chain. At the same time, Protocol 2 (P2) adopts
a dual-port architecture that uses optimized boundary fields to mediate virtual excitations between
terminal spins. Our results show that P2 consistently outperforms P1 in all spin values, generating
higher-fidelity entanglement in shorter timescales when evaluated under the same system parameters.
Furthermore, P2 exhibits superior robustness under realistic imperfections, including diagonal and
off-diagonal disorder, as well as dephasing noise. These advantages stem from its ability to suppress
the bulk population and minimize susceptibility to decoherence. Together, the scalability, efficiency,
and noise resilience of the dual-port approach position it as a promising framework for entanglement
distribution in solid-state quantum information platforms.

Keywords: quantum spin chains; entanglement generation; XX model; quantum information transfer

1. Introduction

The advancement of quantum technologies depends crucially on the ability to generate and control
quantum resources in a reliable and scalable way [1,2]. Among these resources, quantum entanglement
stands out as a fundamental ingredient, enabling powerful protocols to operate within the limits of
local operations and classical communication (LOCC) [2]. Entangled states are at the heart of key
quantum information processing tasks, such as teleportation [3], sensing [4], and communication [5,6].
In particular, maximally entangled states, such as Bell pairs (EPR states), are essential building blocks
for these applications [7].

Although significant advances have been made in generating entanglement with photonic
systems [8,9], scalable solid-state quantum processors require architectures that can produce and
distribute entanglement on demand, integrated directly with quantum registers [10]. Spin chains have
thus emerged as promising candidates for short-range quantum communication and entanglement
distribution [11-13], due to their tunability and compatibility with solid-state platforms. Physical
implementations span electron spins in quantum dots [14], magnetic molecules [15], and endohedral
fullerenes [16], making spin chains attractive as modular elements for scalable quantum devices.

There is an extensive body of work exploring spin chains for quantum state transfer [11,17,18],
entanglement routing [19-21], and quantum bus architectures [22-28]. However, much of this research
focuses on idealized spin-1/2 models and often overlooks practical challenges such as disorder and
decoherence. Additionally, the performance of higher-spin chains and comparisons between different
entanglement generation schemes remain largely unexplored. We address these gaps by comparing
two entanglement generation protocols based on XY-type spin chains: Protocol 1 (P1), where alternating
weak and strong couplings guide quantum correlations toward the chain edges [23,25,29-31], and
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Protocol 2 (P2), which employs symmetric perturbative couplings at both ends to enhance transport
speed and facilitate the buildup of quantum correlations [32-34]. Using the XXZ spin model, we
systematically investigated the entanglement dynamics for spins s = 1/2, 1, and 3/2 under both
ideal and noisy conditions. Our analysis is primarily based on extensive numerical simulations.
We quantify entanglement using the negativity measure, explicitly including the effects of static
disorder — both diagonal and off-diagonal — as well as local decoherence channels within the model.
Although effective Hamiltonians are derived to elucidate the underlying physical mechanisms, our
main conclusions are based entirely on the numerical data. Importantly, we observe that the dual-
port databus protocol (P2) enables faster and more robust entanglement generation compared to the
staggered (P1) scheme, especially in the presence of environmental noise and fabrication imperfections.
To demonstrate practical applicability, we benchmark the entangling times and parameter regimes
against those accessible in the current solid-state platforms. Our results are relevant to a variety of
systems—including trapped ions [35], superconducting qubit arrays [36], nitrogen-vacancy centers in
diamond [37], and quantum dot devices [38] — where engineered spin-spin interactions and coherent
control has been experimentally realized. This work thus paves the way for deterministic and scalable
entanglement sources in next-generation quantum processors and networks.

2. Model and Methods

We model the system as an N-site XX spin chain with Hamiltonian:

N-1 ) N
H=} ] (Sl’.‘Sfﬂ + Sz‘jsiyﬂ) + ) BiSE, (1)
i=1 i=1

where S} are spin-s operators and B; are local magnetic fields. The coupling constants J; alternate
between two values, A and J, depending on the position in the chain (see Figure 1).

The system evolves under the Lindblad master equation [39-41], which describes the combined
unitary and dissipative dynamics:

N
p = —ilt,p] +7 L (SipS; ~ 35i0). @
iz
The dissipative term proportional to <y introduces local pure dephasing, a common and critical source
of decoherence in quantum systems. This type of noise models the loss of quantum coherence without
energy exchange with the environment and is particularly relevant in platforms such as superconduct-
ing qubits [36,42—44], trapped ions [45], and ultracold atom simulators of spin chains [46,47]. In such
systems, fluctuations in the local environment or control parameters often lead to dephasing noise that
dominates other dissipative processes. Although we set ¢ = 0 unless otherwise stated to focus on the
coherent dynamics, we also consider finite y to assess the robustness of quantum correlations under
realistic conditions.
We assess entanglement between the chain ends via the negativity [48-50], defined as:

ATA _ 1
g = 1= ®)

A

where p74 is the partial transpose of the quantum state p with respect to subsystem A, and
|Y]l1 = tr|Y| = trv'Y1Y denotes the trace norm or the sum of the singular values of the operator Y.
Alternatively, negativity can be calculated as V() = 1 Yi(|e;| — €;), where ¢; are the eigenvalues of
the partially transposed density matrix p. The maximum attainable value of N/ (p) is constrained by the
dimensionality of the Hilbert space, which depends on the spin magnitude s. Because we work across
different dimensionality systems, we normalize our negativity calculations relative to the theoretical
maximum for the specific spin value s, corresponding to the negativity of a maximally entangled state
in the relevant Hilbert space.
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To assess whether the protocols generate a Bell state when the maximal possible negativity A is
achieved, we compute fidelity [51]

F(p,0) = <tr\/ Voo ﬁ) 4)

where § is the density matrix of the generated state and ¢ is the density matrix associated with the
target state. A fidelity of F = 1 indicates perfect preparation of the target state, while values below
unity quantify the deviation from that.

..........................................................................................

Figure 1. (a) P1 and (b) P2 architectures. Bold lines represent A couplings, while thin lines indicate § couplings.

2.1. Entanglement Generation Protocols

We investigated two different entanglement generation protocols, illustrated in Figure 1, both de-
signed to mediate long-range entanglement between boundary spins in a finite chain. Unlike traditional
quantum communication setups focused on state transfer fidelity, our objective here is the efficient and
robust creation of quantum correlations, specifically entanglement, between distant parties.

The P1 employs a staggered spin chain initialized in the state

$(0)) = 1), @0 ® 1), ®)

Moreover, it evolves unitarily under the system Hamiltonian with B; = 0. In this configuration, the
boundary spins A and C are initially excited, while the intermediate sites are prepared in their ground
states. Entanglement dynamics, in this case, arise from coherent exchange interactions distributed
across the entire chain.

For P2, the chain is initialized in the state

(0)) = 1), ® [0)*N T, 6)

but here, a single excitation is localized at the sender site, while all other spins — including the receiver
at the opposite end — begin in their ground states. A zero magnetic field B; = 0 is applied in the bulk
while carefully engineered optimized boundary magnetic fields are applied at the extremities to enhance
the coherent buildup of long-range entanglement.

A central advantage of P2 is that the bulk (spins 2 through N — 1) remains largely unpopulated
during evolution. That is, the intermediate spins undergo only virtual excitation, which avoids a
significant population of the bulk and enables the boundary spins to interact effectively as if they were
directly coupled. This virtual coupling mechanism reduces the influence of imperfections within the
chain, such as diagonal and off-diagonal disorder or local dephasing, thereby supporting the robust
generation of entanglement between sender and receiver.

Although structurally reminiscent of state transfer protocols, the goal here is not to maximize
transfer fidelity but to exploit coherent dynamics for the fast and resilient generation of entanglement.
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This distinction is central to our investigation, and we provide detailed numerical results in the
following section to validate the effectiveness of both protocols under various conditions. In particular,
we systematically compare their performance across different spin magnitudes, analyze their resilience
to disorder, and decoherence, and explore how the introduction of site-dependent magnetic fields
(B; # 0) affects entanglement generation.

The analysis reveals that P2 offers three key advantages over P1: (i) it achieves maximal entangle-
ment between boundary spins on shorter timescales, with this effect being particularly pronounced in
the spin-1/2 case; (ii) it demonstrates enhanced robustness against both diagonal and off-diagonal
disorder, as well as dephasing noise; and (iii) it maintains high entanglement generation efficiency
even in higher-spin systems (s = 1, and 3/2), where the P1 shows reduced effectiveness.

These benefits stem from the engineered boundary control and the architecture’s ability to harness
virtual excitations for indirect but coherent boundary coupling, effectively bypassing the detrimental
effects of bulk-mediated decoherence. The validity of these claims and the quantitative characterization
of these mechanisms will be fully explored in the next section.

3. Results
3.1. Benchmark without noise: dynamics in pristine chains

To establish a baseline, we first compare the coherent dynamics of the two architectures in the
absence of disorder or decoherence for N = 7. Figure 2 shows the time evolution of the end-to-end
negativity for spin magnitudes s = 1/2, 1, and 3/2. The results demonstrate that P2 reaches its first
entanglement maximum significantly faster than P1 while maintaining robust performance across
different spin dimensions. The quantitative data extracted from these curves are presented in Table 1.

Table 1. Peak end-to-end negativity A and corresponding evolution time f for P1 (subscript 1) and P2 (subscript
2) protocols. Times are in units of the weak coupling é; B4 = Bp = B are the optimal boundary fields.

Spin M f N, 1) B

1/2 1 22.500 1 136 3.7
1 0.75 13.96 0.94 9.85 29

3/2 0.62 10.546 0.9 7.456 4.7

1.0

Normalized negativity
(-}
Ot

o
o

Time

Figure 2. Cont.
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Figure 2. Time evolution of the end-to-end negativity for (a) s = 1/2, (b) s = 1, and (c) s = 3/2. All traces
correspond to the same dimerization ratio A/é = 10. Results are shown for P1 (red curves) and P2 (blue curves).

In all cases, P2 exhibits faster entanglement generation and consistently achieves higher negativity
values. In particular, for s = 1/2, both protocols output the Bell state [¢™) = (|01) + [10))/+/2 when
maximally entangled, though P2 requires a local —77/2 rotation to be applied on the z-axis of the qubit
at site N, via application of the R, gate. The fidelity dynamics concerning the target state | ™) is shown
in Figure 3, where the necessary rotation for P2 has already been applied before the fidelity calculation.

The P2 can also be extended to arbitrary chain lengths N when s = 1/2, making it possible to
obtain maximally entangled states for higher values of N. For each system size, we only need to
optimize the boundary magnetic field B to find the maximal possible negativity between terminal spins.
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This simple adjustment of B for different N consistently yields maximal or near-maximal entanglement,
demonstrating the scalability of the protocol. To determine the optimal value of B, we numerically
analyze the relationship between B and the resulting negativity, identifying the parameter regimes
and time scales that maximize negativity, as shown in Figure 4.

1.0

Fidelity
(e}
ot

0.0

Time

Figure 3. Time evolution of fidelity when considering |¢™) as the target state. The red line represents P1, while
the blue line represents P2. The time at which maximal entanglement is achieved for each protocol is marked with
a dashed vertical line.

Normalized Negativity

0.5 1.0

Boundary Field

Time

Figure 4. Contour plot of negativity values as a function of time and the magnetic field applied to the boundaries
fora N = 7 chain.
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3.2. Robustness of the spin-1/2 protocol

The performance advantage of P2 is most relevant when it survives realistic imperfections.
Therefore, we investigate its stability against static disorder, focusing on the spin-1/2 chain as a
representative and experimentally accessible platform. To achieve this, we quantitatively assess its
stability by introducing static disorder in spin-1/2 chains—a platform chosen for both its theoretical
tractability and its experimental relevance. The analysis focuses on two fundamental channels of
disorder that reflect distinct physical origins.

First, on-site (diagonal) disorder tests P2’s sensitivity to variations in the fine-tuned boundary
magnetic fields essential for its operation. To model fabrication-induced energy offsets, we introduce
random local fields h; = Ed;é with d; € [—0.5,0.5] uniformly distributed, where E scales the disorder
strength relative to weak coupling é. This modifies the Hamiltonian as:

H — H+ E5(dqS% +dy_15%_1). 7)

For comparison, we apply identical perturbations to P1, establishing a performance baseline under
equivalent conditions.

Second, coupling (off-diagonal) disorder captures imperfections in exchange interactions aris-
ing from material defects or control errors. The modified couplings J; — J; + Ed;0 yield the

adjusted Hamiltonian:
N-1
H = Y (i+ Edid) (S78%, +5!8!,, ). ®)
&~

1

1.0} mwg ' ' ' ' -

Negativity
S
Ot

- P1
= P2

0.0 0.2 0.4 0.6 0.8 1.0

Disorder

Figure 5. Average peak negativity as a function of diagonal disorder strength E. A red line represents P1, while P2
is shown as a blue line. The red and blue bars indicate the standard deviation from the mean for each protocol.

We investigated three distinct regimes: (i) pure on-site disorder, (ii) pure coupling disorder,
and (iii) simultaneous disorder. For each disorder strength E, we ensure statistical reliability by
computing the end-to-end peak negativity across 10° realizations. Specifically, for each realization, we
simulate the time evolution under the corresponding disordered Hamiltonian, record the maximum
entanglement value attained during the evolution, and then average this value over all realizations.
The resulting data points, plotted for varying E, quantify the robustness of both protocols against
realistic experimental imperfections.
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Figure 6. Average peak negativity as a function of off-diagonal disorder strength E. A red line represents P1, while
P2 is shown as a blue line. The red and blue bars indicate the standard deviation from the mean for each protocol.

Three cases were analyzed: (i) pure on-site disorder, (ii) pure coupling disorder, and (iii) both
disorders acting simultaneously. We begin by analyzing pure on-site disorder. Figure 5 shows that
P2 maintains excellent performance even at high disorder strengths, while P1 suffers significant
entanglement degradation. This robustness is particularly valuable for practical implementations, as it
allows for high entanglement generation (high negativity values) despite imperfections in the applied
boundary magnetic fields.

A similar advantage emerges for coupling disorder (Figure 6), where P2 maintains substantial
entanglement (A & 0.8) even at values of E &~ 0.754. Interestingly, when diagonal and off-diagonal
disorders are present simultaneously, P2 continues to outperform P1, as shown in Figure 7. This
consistent superiority across all disorder regimes confirms P2’s exceptional resilience to typical solid-
state fabrication imperfections.

3.3. Resistance to dephasing

A ubiquitous source of decoherence in solid-state devices is pure dephasing of the qubits that
terminate the spin chain and interface it with external control circuitry. To assess its influence, we
numerically evolve the full Lindblad master equation [see Eq. (2)], in which the term

N 1
7Y (8757~ S{(SP)%6}), ©)
i=1

already models local dephasing for every site. By sweeping the dephasing rate  and recording the
peak end-to-end negativity, we obtain the curves in Figure 8. The qualitative difference in decay trends
between protocols P1 and P2 can be understood through the lens of the effective Hamiltonian derived
in Appendix A.
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Figure 7. Average peak negativity as a function of combined diagonal and off-diagonal disorder strength E. The
red line represents P1, while P2 is shown as a blue line. The red and blue bars indicate the standard deviation

from the mean for each protocol.

1.0F - P1,J=10

= P1,J =30
P2, J =10
= P2, J =30

2.0 .
0.5}

Maximal Negativity
Max population

—_

S

0 10 20 30
A/

0.0}
10 10° 100* 10 1072 107! 10°
Dephasing rate, ~

Figure 8. Peak end-to-end negativity as a function of the boundary dephasing rate -, shown for two coupling
regimes: A = 10 and A = 30, with § = 1. The main plot compares the performance of protocols P1 and P2,
highlighting the enhanced robustness of P2, which exhibits a slower decay of entanglement under increasing
dephasing. The inset displays the maximum population in the bulk channel for each protocol, demonstrating that
P2 maintains significantly lower excitation in the intermediate spins across both coupling regimes.
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In the dispersive regime (§ < A), the spin chain associated with P2 reduces to an effective
two-qubit model

/‘\2
He = x(S5°S, +5.57), x= Zg—l’z, (10)
k

with an accompanying Lindblad term

) r _ _
Pefely = 5 Y (257 peisS; —{S"S; pett}), (11)

j=er
and Ay defined in Eq. (A5). Here, the dephasing rate I' is renormalized as

A2 A\ 2
7;5% 7\ 7 (12)

indicating that dephasing within the bulk enters only at higher order. Since the chain spins remain
virtually unexcited, the entangled state decays predominantly through the suppressed rate I', explain-
ing the gradual decline of negativity in P2 (Figure 8). In contrast, P1 lacks this protection, leading to a
more pronounced sensitivity to dephasing.

This distinction is clearly illustrated in the inset of Figure 8, which plots the maximum bulk
excitation as a function of the coupling ratio A/é for both protocols. P2’s enhanced resilience to
dephasing arises from its effective decoupling from the bulk, whereas P1 relies on direct excitation
transport through the chain, making it significantly more vulnerable to noise. The key difference
lies in how entanglement is generated: P1 requires the physical propagation of excitations through
intermediate spins before boundary entanglement can be established. As each of these intermediate
spins becomes populated, the system accumulates dephasing noise at each site. This sequential
exposure results in a larger bulk population (see the red curve in the inset of Figure 8) and a sharper
degradation of entanglement. In contrast, P2 consistently maintains a low bulk occupation (orange
curve in the inset of Figure 8) across all tested A /¢ ratios. This population suppression directly explains
the significantly flatter negativity decay curve for P2 in the main panel of Figure 8: by avoiding the
buildup of noise along the chain, it preserves entanglement more effectively under dephasing.

The enhanced protection in P2 comes from two key factors related to the dimerization ratio A/J:
First, higher values push the system deeper into the dispersive regime, suppressing the real chain
occupation. Second, the effective dephasing rate I' « (A /])? decreases quadratically with g, explain-
ing why P2’s negativity curves in Figure 8 decay increasingly slowly as A/§ grows. The combination
of these effects, the minimal bulk population, and suppressed I, gives P2 its characteristically flat
negativity decay.

In contrast, P1’s excitation-mediated transport remains fundamentally exposed to dephasing
regardless of A/J, as its physical propagation mechanism inevitably populates intermediate sites.
While stronger dimerization may slightly reduce bulk occupation, it cannot eliminate the accumulation
of sequential noise along the chain. This stark difference highlights the central advantage of virtual
tunneling: by avoiding real excitations in the bulk, P2 naturally decouples from noise sources while
maintaining efficient end-to-end entanglement generation.

4. Conclusions

We have conducted a comprehensive numerical study of two entanglement generation protocols
in XX spin chains, evaluating their performance across spin magnitudes s = 1/2, 1, and 3/2. Our
analysis reveals that the dual-port architecture (P2) consistently achieves higher entanglement on
shorter timescales than its staggered counterpart (P1) for all the spin values considered.

In addition to its speed advantage, P2 demonstrates strong robustness against both diagonal and
off-diagonal disorder, as well as local dephasing noise. This resilience is attributed to its design, which
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minimizes excitation of the bulk spins through optimized boundary control and coupling symmetry,
thereby enhancing coherence and reducing vulnerability to noise.

These features make P2 not only more efficient but also more scalable and robust, establishing
it as a strong candidate for practical implementations in entanglement-based quantum information
processing. Future work may explore the extension of this protocol to larger spin networks, the
incorporation of non-Markovian environmental effects [52], and embedding it within hybrid quantum
architectures [53]. These directions could be further enriched by integrating advanced techniques
such as color-engineered communication channels [54], star-like entanglement hubs for multi-qubit
interfacing [55], and dissipative stabilization mechanisms for steady-state entanglement [56].
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Appendix A. Effective Dynamics

To complement the numerical results discussed in the main text, we present here a concise deriva-
tion of effective descriptions in two relevant limiting regimes that support entanglement generation
between distant spins-1/2: (i) the dispersive regime of P2, and (ii) the strong dimerization limit, where
the bulk dynamics are well described by a trimer model involving only a few sites.

Appendix A.1. Effective Dispersive Hamiltonian for Protocol 2
We consider an N-site spin-1/2 XX chain with alternating couplings, described by

N-1 N
H= Y Ji(SiSt+ S!S, ) + L Bisi, (A1)
i=1 i=1

where J; = A (strong) or ¢ (weak), and B; = w/2 is a uniform magnetic field. We consider emitter (e)
and receiver (r) qubits coupled at the boundaries via

w _ _
H. = E(S‘f—i—Sf)—|—)L(Sj$1 +SfSN+H.c.), (A2)
leading to the full Hamiltonian Hg = H + Her, with all J; = A and A = ¢ for P2.

Applying the Jordan-Wigner transformation maps the spin system to noninteracting fermions.
The resulting Hamiltonian in the single-excitation subspace becomes

N N
Hs =Y Exfifi+ Y Ak (lek + (=D o+ HC) (A3)
k=1 k=1
where
km
E, =Q+2A _— A4
k + cos(N+1>, (A4)

— /2. km
A=A N—i—lsm<N—|—l>' (AbB)

Transforming to the interaction picture concerning Hy = Yi Exff fi + 4 (S% + S7) gives
Hs(t) =} Ak [(Cka + (*1)k_1cffk>€i§kt + H-C-} , (A6)
k
with detuning {; = w — Ej.

In the dispersive regime Ay /(i < 1, second-order perturbation theory yields an effective Hamil-
tonian that directly couples the boundary qubits via virtual excitations:
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Heg = x (C;rcr + Cec;r)/ (A7)
with
pp
X=) 5" (A8)
; Ck

This mediated interaction allows coherent entanglement generation without significant excitation
of the channel. The average number of excitations in the chain during evolution up to the entanglement
generation time T = 7t/4y is

T (fH (O /() 5\
= M At~ N — ) . A
{m) ; /0 T <2A> (A9)

Thus, the excitation leakage remains negligible as long as VN /A < 1.
Moreover, the third-order corrections scale as NXi /C ]%, so the validity of the effective model requires

N Q (A10)

Ar

Appendix A.2. Trimer Approximation in the Strong Dimerization Regime

In the opposite limit of static spin chains with alternating strong and weak couplings, the 7-site
ABC spin chain can be reduced to an effective three-site (trimer) model involving only the sites labeled
A, B, and C. For §/A < 1, the chain effectively breaks into dimers weakly coupled via 4. In this
regime, the dynamics relevant to entanglement generation can be captured by an effective trimer
model involving only the boundary spins A, C, and the central site B.

The effective Hamiltonian projected to the single-excitation subspace is

0 n O
Hiimer = |7 0 7|, (A11)
0 n O

with effective coupling

A 5\ AN
_2 23 - he = . Al2
r= 2 e(8) - () 4 () 12
This trimer mediates coherent oscillations between A and C through B, enabling the generation
of high-fidelity entanglement. The first entanglement peak appears approximately at
tp 0w

tr = —_—, Al3
ER S N (A13)

with revival of the initial state at tp = 7/ ﬁiy.

This approximation generalizes to longer chains by symmetrically adding dimer pairs around the
central site B, preserving low-energy trimer-like dynamics. However, the effective coupling 17 decreases
exponentially with chain length, leading to a corresponding increase in entanglement timescales.

Both protocols allow for controlled entanglement generation between distant qubits by exploiting
virtual excitation pathways. The effective Hamiltonians derived here enable fast, robust entanglement
in the presence of weak system-bath interactions and minimal occupation of the intermediate chain.

References
1. A. Acin, L. Bloch, H. Buhrman, T. Calarco, C. Eichler, J. Eisert, D. Esteve, N. Gisin, S. J. Glaser, F. Jelezko,
S. Kuhr, M. Lewenstein, M. E Riedel, P. O. Schmidt, R. Thew, A. Wallraff, I. Walmsley, and F. K. Wilhelm, The

quantum technologies roadmap: A european community view, New J. Phys. 20, 080201 (2018).
2. E. Chitambar and G. Gour, Quantum resource theories, Rev. Mod. Phys. 91, 025001 (2019).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.1088/1367-2630/aad1ea
https://doi.org/10.1103/RevModPhys.91.025001
https://doi.org/10.20944/preprints202505.2342.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2025 doi:10.20944/preprints202505.2342.v1

13 of 14

3. S. Takeda, T. Mizuta, M. Fuwa, P. van Loock, and A. Furusawa, Deterministic quantum teleportation of
photonic quantum bits by a hybrid technique, Nature 500, 315 (2013).

4. C.L.Degen, F. Reinhard, and P. Cappellaro, Quantum sensing, Rev. Mod. Phys. 89, 035002 (2017).

5. C. H. Bennett and G. Brassard, Quantum cryptography: Public key distribution and coin tossing, Theor.
Comput. Sci. 560, 7 (2014).

6. V. Giovannetti, S. Lloyd, and L. Maccone, Quantum metrology, Phys. Rev. Lett. 96, 010401 (2006).

7. A.Einstein, B. Podolsky, and N. Rosen, Can quantum-mechanical description of physical reality be considered
complete?, Phys. Rev. 47, 777 (1935).

8. P.G. Kwiat, K. Mattle, H. Weinfurter, A. Zeilinger, A. V. Sergienko, and Y. Shih, New high-intensity source of
polarization-entangled photon pairs, Phys. Rev. Lett. 75, 4337 (1995).

9. D.Hucul, L V.Inlek, G. Vittorini, C. Crocker, S. Debnath, S. M. Clark, and C. Monroe, Modular entanglement
of atomic qubits using photons and phonons, Nat. Phys. 11, 37 (2015).

10. A. Furusawa, J. L. Sgrensen, S. L. Braunstein, C. A. Fuchs, H. J. Kimble, and E. S. Polzik, Unconditional
quantum teleportation, Science 282, 706 (1998).

11. S. Bose, Quantum communication through spin chain dynamics: An introductory overview, Contemp. Phys.
48, 13 (2007).

12. G. M. Nikolopoulos, D. Petrosyan, and P. Lambropoulos, Electron wavepacket propagation in a chain of
coupled quantum dots, J. Phys.: Condens. Matter 16, 4991 (2004).

13. A.Kay, A review of perfect state transfer and its application as a constructive tool, Int. ]. Quantum Inf. 8, 641
(2010).

14. 1. D’Amico, Relatively short spin chains as building blocks for an all-quantum dot quantum computer archi-
tecture, in Quantum Information and Quantum Computation: Theory and Experiments (Nova Science Publishers,
2007).

15. J. Tejada, E. M. Chudnovsky, E. del Barco, ]. M. Hernandez, and T. P. Spiller, Magnetic qubits as hardware for
quantum computers, Nanotechnology 12, 181 (2001).

16. J. Twamley, Quantum-cellular-automata quantum computing with endohedral fullerenes, Phys. Rev. A 67,
052318 (2003).

17. S. Bose, Quantum communication through an unmodulated spin chain, Phys. Rev. Lett. 91, 207901 (2003).

18. M. Christandl, N. Datta, A. Ekert, and A. J. Landahl, Perfect state transfer in quantum spin networks, Phys.
Rev. Lett. 92, 187902 (2004).

19. T.]J. Osborne and M. A. Nielsen, Entanglement in a simple quantum phase transition, Phys. Rev. A 66, 032110
(2002).

20. L. Amico, R. Fazio, A. Osterloh, and V. Vedral, Entanglement in many-body systems, Rev. Mod. Phys. 80, 517
(2008).

21. A.H. Alsulami, I. D’Amico, M. P. Estarellas, and T. P. Spiller, Unitary design of quantum spin networks for
robust routing, entanglement generation, and phase sensing, Adv. Quantum Technol. 5, 2200013 (2022).

22. M.-H. Yung and S. Bose, Perfect state transfer, effective gates, and entanglement generation in engineered
bosonic and fermionic networks, Phys. Rev. A 71, 032310 (2005).

23. M. P. Estarellas, I. D’Amico, and T. P. Spiller, Robust quantum entanglement generation and generation-plus-
storage protocols with spin chains, Phys. Rev. A 95, 042335 (2017).

24. L.C. Venuti, C. D. E. Boschi, and M. Roncaglia, Long-distance entanglement in spin systems, Phys. Rev. Lett.
96, 247206 (2006).

25. L. C. Venuti, S. M. Giampaolo, F. [lluminati, and P. Zanardi, Long-distance entanglement and quantum
teleportation in xx spin chains, Phys. Rev. A 76, 052328 (2007).

26. S. M. Giampaolo and F. Illuminati, Long-distance entanglement and quantum teleportation in coupled-cavity
arrays, Phys. Rev. A 80, 050301 (2009).

27. G. M. Nikolopoulos, D. Petrosyan, and P. Lambropoulos, Coherent electron wavepacket propagation and
entanglement in array of coupled quantum dots, Europhys. Lett. 65, 297 (2004).

28. G. M. Nikolopoulos and I. Jex, Quantum State Transfer and Network Engineering (Springer, 2014).

29. K. N. Wilkinson, M. P. Estarellas, T. P. Spiller, and I. D’amico, Rapid and robust generation of einstein-
podolsky-rosen pairs with spin chains, Quantum Inf. Comput. 18, 247 (2018).

30. M. P. Estarellas, I. D’Amico, and T. P. Spiller, Topologically protected localised states in spin chains, Sci. Rep.
7,42904 (2017).

31. M. X. Huo, Y. Li, Z. Song, and C. P. Sun, The peierls distorted chain as a quantum data bus for quantum state
transfer, Europhys. Lett. 84, 30004 (2008).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.1038/nature12366
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1016/j.tcs.2014.05.025
https://doi.org/10.1016/j.tcs.2014.05.025
https://doi.org/10.1103/PhysRevLett.96.010401
https://doi.org/10.1103/PhysRev.47.777
https://doi.org/10.1103/PhysRevLett.75.4337
https://doi.org/10.1038/nphys3150
https://doi.org/10.1126/science.282.5389.706
https://doi.org/10.1080/00107510701342313
https://doi.org/10.1080/00107510701342313
https://doi.org/10.1088/0953-8984/16/28/013
https://doi.org/10.1142/S0219749910006514
https://doi.org/10.1142/S0219749910006514
https://doi.org/10.13140/RG.2.1.3696.6163
https://doi.org/10.1088/0957-4484/12/2/311
https://doi.org/10.1103/PhysRevA.67.052318
https://doi.org/10.1103/PhysRevA.67.052318
https://doi.org/10.1103/PhysRevLett.91.207901
https://doi.org/10.1103/PhysRevLett.92.187902
https://doi.org/10.1103/PhysRevLett.92.187902
https://doi.org/10.1103/PhysRevA.66.032110
https://doi.org/10.1103/PhysRevA.66.032110
https://doi.org/10.1103/RevModPhys.80.517
https://doi.org/10.1103/RevModPhys.80.517
https://doi.org/10.1002/qute.202200013
https://doi.org/10.1103/PhysRevA.71.032310
https://doi.org/10.1103/PhysRevA.95.042335
https://doi.org/10.1103/PhysRevLett.96.247206
https://doi.org/10.1103/PhysRevLett.96.247206
https://doi.org/10.1103/PhysRevA.76.052328
https://doi.org/10.1103/PhysRevA.80.050301
https://doi.org/10.1209/epl/i2003-10065-3
https://doi.org/10.1007/978-3-642-54474-4
https://doi.org/10.26421/QIC18.3-4
https://doi.org/10.1038/srep42904
https://doi.org/10.1038/srep42904
https://doi.org/10.1209/0295-5075/84/30004
https://doi.org/10.20944/preprints202505.2342.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2025 doi:10.20944/preprints202505.2342.v1

14 of 14

32. G. Neto, M. de Ponte, and M. H. Y. Moussa, Nonlocal dissipative tunneling for high-fidelity quantum-state
transfer between distant parties, Phys. Rev. A 85, 052303 (2012).

33. N.Y. Yao, L. Jiang, A. V. Gorshkov, Z.-X. Gong, A. Zhai, L.-M. Duan, and M. D. Lukin, Robust quantum state
transfer in random unpolarized spin chains, Phys. Rev. Lett. 106, 040505 (2011).

34. S.Paganelli, S. Lorenzo, T. J. Apollaro, F. Plastina, and G. L. Giorgi, Routing quantum information in spin
chains, Phys. Rev. A 87, 062309 (2013).

35. R. Blatt and C. F. Roos, Quantum simulations with trapped ions, Nat. Phys. 8, 277 (2012).

36. P.Krantz, M. Kjaergaard, F. Yan, T. P. Orlando, S. Gustavsson, and W. D. Oliver, A quantum engineer’s guide
to superconducting qubits, Appl. Phys. Rev. 6, 021318 (2019).

37. M. W. Doherty, N. B. Manson, P. Delaney, F. Jelezko, J. Wrachtrup, and L. C. L. Hollenberg, The nitrogen-
vacancy colour centre in diamond, Phys. Rep. 528, 1 (2013).

38. R. Hanson, L. P. Kouwenhoven, J. R. Petta, S. Tarucha, and L. M. K. Vandersypen, Spins in few-electron
quantum dots, Rev. Mod. Phys. 79, 1217 (2007).

39. G. Lindblad, On the generators of quantum dynamical semigroups, Commun. Math. Phys. 48, 119 (1976).

40. V. Gorini, A. Kossakowski, and E. C. G. Sudarshan, Completely positive dynamical semigroups of n-level
systems, ]. Math. Phys. 17, 821 (1976).

41. D.Manzano, A short introduction to the lindblad master equation, AIP Adv. 10, 025106 (2020).

42. J. M. Martinis, S. Nam, J. Aumentado, and C. Urbina, Rabi oscillations in a large josephson-junction qubit,
Phys. Rev. Lett. 89, 117901 (2002).

43. ]. A. Schreier, A. A. Houck, J. Koch, D. I. Schuster, B. R. Johnson, J. M. Chow, ]J. M. Gambetta, J. Majer,
L. Frunzio, M. H. Devoret, S. M. Girvin, and R. J. Schoelkopf, Suppressing charge noise decoherence in
superconducting charge qubits, Phys. Rev. B 77, 180502 (2008).

44. ]. Clarke and F. K. Wilhelm, Superconducting quantum bits, Nature 453, 1031 (2008).

45. P. Schindler, J. T. Barreiro, T. Monz, V. Nebendahl, D. Nigg, M. Chwalla, M. Hennrich, C. F. Roos, and R. Blatt,
Quantum simulation of dynamical maps with trapped ions, New ]. Phys. 15, 123012 (2013).

46. 1. Bloch, J. Dalibard, and W. Zwerger, Many-body physics with ultracold gases, Rev. Mod. Phys. 80, 885
(2008).

47. M. Lewenstein, A. Sanpera, V. Ahufinger, B. Damski, A. Sen(De), and U. Sen, Ultracold atomic gases in optical
lattices: Mimicking condensed matter physics and beyond, Adv. Phys. 56, 243 (2007).

48. A. Peres, Separability criterion for density matrices, Phys. Rev. Lett. 77, 1413 (1996).

49. M. Horodecki, P. Horodecki, and R. Horodecki, Separability of mixed states: Necessary and sufficient
conditions, Phys. Lett. A 223, 1 (1996).

50. G.Vidal and R. F. Werner, Computable measure of entanglement, Phys. Rev. A 65, 032314 (2002).

51. M. A. Nielsen and I. L. Chuang, Quantum computation and quantum information (Cambridge university press,
2010).

52. 1. De Vega and D. Alonso, Dynamics of non-markovian open quantum systems, Rev. Mod. Phys. 89, 015001
(2017).

53. P. Forn-Diaz, L. Lamata, E. Rico, ]J. Kono, and E. Solano, Ultrastrong coupling regimes of light-matter
interaction, Rev. Mod. Phys. 91, 025005 (2019).

54. G. de Moraes Neto, M. de Ponte, and M. H. Y. Moussa, Colored channels for high-fidelity information transfer
and processing between remote multi-branch quantum circuits, Europhys. Lett. 103, 43001 (2013).

55. R. Grimaudo, A. S. Magalhdes de Castro, A. Messina, and D. Valenti, Spin-chain-star systems: Entangling
multiple chains of spin qubits, Fortschr. Phys. 70, 2200042 (2022).

56. G. de Moraes Neto, V. Teizen, V. Montenegro, and E. Vernek, Steady many-body entanglements in dissipative
systems, Phys. Rev. A 96, 062313 (2017)

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and /or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.1103/PhysRevA.85.052303
https://doi.org/10.1103/PhysRevLett.106.040505
https://doi.org/10.1103/PhysRevA.87.062309
https://doi.org/10.1038/nphys2252
https://doi.org/10.1063/1.5089550
https://doi.org/10.1016/j.physrep.2013.02.001
https://doi.org/10.1103/RevModPhys.79.1217
https://doi.org/10.1007/BF01608499
https://doi.org/10.1063/1.522979
https://doi.org/10.1063/1.5115323
https://doi.org/10.1103/PhysRevLett.89.117901
https://doi.org/10.1103/PhysRevB.77.180502
https://doi.org/10.1038/nature07128
https://doi.org/10.1088/1367-2630/15/12/123012
https://doi.org/10.1103/RevModPhys.80.885
https://doi.org/10.1103/RevModPhys.80.885
https://doi.org/10.1080/00018730701223200
https://doi.org/10.1103/PhysRevLett.77.1413
https://doi.org/10.1016/S0375-9601(96)00706-2
https://doi.org/10.1103/PhysRevA.65.032314
https://doi.org/10.1017/CBO9780511976667
https://doi.org/10.1103/RevModPhys.89.015001
https://doi.org/10.1103/RevModPhys.89.015001
https://doi.org/10.1103/RevModPhys.91.025005
https://doi.org/10.1209/0295-5075/103/43001
https://doi.org/10.1002/prop.202200042
https://doi.org/10.1103/PhysRevA.96.062313
https://doi.org/10.20944/preprints202505.2342.v1
http://creativecommons.org/licenses/by/4.0/

