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Abstract : We present a comprehensive theoretical study of quantum coherence and entanglement dynamics in spin qubits realized in gallium
arsenide (GaAs) quantum dots. The spin system is modeled using a Heisenberg exchange Hamiltonian incorporating relaxation and dephasing via
Lindblad formalism. Decoherence is dominated by the hyperfine coupling between the confined electron spin and approximately 105nuclear spins
in the GaAs lattice, producing a fluctuating Overhauser field and limiting the inhomogeneous dephasing time to T5 ~ 10ns. Analytical and
numerical treatments demonstrate that spin echo and dynamical decoupling sequences can extend coherence to the microsecond regime.
Entanglement generation is analyzed through exchange-mediated coupling and biexciton—exciton cascades, with concurrence and fidelity
employed as quantitative metrics. Suppression of fine structure splitting below 1 peV yields near-maximal polarization-entangled photon states
with fidelities exceeding 0.97. The results elucidate the interplay between spin—bath interactions, exchange control, and fine-structure effects in
GaAs quantum dots, establishing a theoretical framework for optimizing coherence and deterministic entanglement in semiconductor spin qubits.
These findings provide a microscopic basis for coherent control and error mitigation strategies in scalable, solid-state quantum information
architectures.
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I. INTRODUCTION

Quantum coherence and entanglement represent the fundamental physical resources underlying all quantum information processing
tasks. In solid-state platforms, maintaining and controlling these quantum properties in the presence of environmental interactions
remains a central challenge for realizing scalable quantum computation and communication. Among various candidates, spin qubits
in semiconductor quantum dots offer a promising route toward integrated and scalable architectures due to their compatibility with
established nanofabrication techniques and tunable electronic properties. In particular, gallium arsenide (GaAs) quantum dots
provide a well-characterized system in which electron and hole spins can be coherently manipulated using electrical and optical
control fields, enabling the exploration of fundamental spin dynamics and quantum logic operations in a controlled environment.
The coherence of spin qubits in GaAs is primarily limited by interactions with the nuclear spin bath of the host lattice through the
Fermi contact hyperfine coupling. These interactions produce an effective fluctuating magnetic (Overhauser) field, which leads to
rapid inhomogeneous dephasing with characteristic times T, ~ 10ns. Techniques such as spin echo, dynamical decoupling, and
nuclear spin polarization have been developed to mitigate these effects, extending coherence times to the microsecond regime.
Concurrently, the generation and preservation of entanglement between spin qubits—mediated through exchange coupling or
optical processes—are essential for implementing universal quantum gates and entanglement-based quantum communication
protocols.

GaAs quantum dots grown via droplet epitaxy offer near-symmetric confinement potentials and minimal strain, resulting in fine
structure splitting (FSS) values that can be tuned below 1 peV. This structural symmetry enables the generation of highly
indistinguishable, polarization-entangled photons via the biexciton—exciton cascade, achieving experimentally measured
entanglement fidelities exceeding 97%. Furthermore, the controllable exchange interaction between coupled quantum dots permits
deterministic entanglement generation through time-dependent modulation of inter-dot tunnel coupling, as described by the
Heisenberg spin Hamiltonian.

In this work, we develop a comprehensive theoretical framework for analyzing quantum coherence and entanglement in GaAs-
based spin qubits. We employ a combination of analytical modeling and numerical simulations to investigate coherence decay under
hyperfine and spin—orbit interactions, entanglement evolution under exchange coupling, and the influence of fine structure splitting
on optical entanglement fidelity. By integrating experimentally validated parameters into the theoretical model, we establish a
consistent description of decoherence dynamics and gate-level entanglement generation. The results elucidate the fundamental
mechanisms governing spin coherence and quantum correlations in GaAs quantum dots and provide guiding principles for
optimizing coherence preservation and entanglement fidelity in scalable, solid-state quantum architectures.
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1. THEORETICAL ANALYSIS

Quantum coherence refers to the maintenance of a well-defined phase relationship between quantum states. In the context of spin
qubits in quantum dots, coherence determines the ability of a system to undergo meaningful quantum evolution. Coherence is
quantitatively described by two timescales:

e T, (relaxation time): Time over which the qubit energy eigenstates equilibrate.
® T, (dephasing time): Time over which phase information between superposed states is lost.

For electron spins confined in GaAs quantum dots, the dominant decoherence mechanism is the hyperfine interaction with the host
lattice’s nuclear spins [1]. Each GaAs QD contains ~10° nuclear spins, which collectively produce a fluctuating effective magnetic
field (Overhauser field) that causes inhomogeneous dephasing, limiting T.* to ~10 ns in typical systems [2].

This decoherence can be partially mitigated using spin echo or dynamical decoupling sequences, which extend the coherence time
T2 up to microsecond timescales [3]. Additionally, nuclear spin polarization and isotopic purification (e.g., using "'Ga or ™As-
depleted substrates) are promising strategies to suppress the Overhauser field fluctuations [4].

Entanglement between spin qubits is a non-local quantum correlation that cannot be described by classical probability theory. For
two spin-Y2 particles, the maximally entangled Bell states are of the form:

1
[7) =5 (T + 1) ®

Entanglement is essential for quantum communication protocols like quantum teleportation, entanglement swapping, and
quantum key distribution (QKD).

Two commonly used entanglement measures are:
e Concurrence (C): Varies from 0 (no entanglement) to 1 (maximally entangled).
e Entanglement fidelity (F): Measures overlap with a Bell state. F > 0.5 implies quantum correlations [5].

Experimental studies with GaAs quantum dots have demonstrated fidelities up to 0.978(5) using strain-tuning techniques and two-
photon excitation [6].

GaAs quantum dots are typically formed using local droplet etching (LDE) combined with molecular beam epitaxy (MBE),
creating nearly strain-free, symmetric nanostructures [7]. These dots confine single electrons or holes, which can be manipulated
via:

e  Gate electrodes to tune dot potentials
e  Magnetic fields to lift spin degeneracy
e Microwave excitation for spin resonance

The spin qubit Hamiltonian under exchange interaction can be modeled as:

1

H= EQHBB- o +J()S:S,; (2)
Where:
g = Landé g-factor
ue = Bohr magneton
B = magnetic field
Si1, S2 = spin operators
J(t) = the time-dependent exchange coupling, tunable via inter-dot bias [8]

This Hamiltonian enables SWAP and VSWAP gates, critical for quantum logic.

Fine structure splitting arises due to electron-hole exchange interaction and breaks the degeneracy of excitonic states, reducing
entanglement fidelity in photon pairs emitted from the biexciton—exciton cascade [6].

In GaAs QDs, FSS can be suppressed by:
e  Strain tuning via piezoelectric actuators (up to 3-axis control) [7]
e  Electric field tuning using diode structures [9]
e  Optimized QD growth to maximize symmetry [10]

When FSS is tuned below ~1 peV, near-maximal polarization entanglement can be achieved without post-selection.
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I11. MODEL AND ASSUMPTIONS

We consider a system of two gate-defined quantum dots embedded in a GaAs/AlGaAs heterostructure, each confining a single
electron. These electrons form spin-% qubits, manipulated via gate voltages and controlled magnetic fields. The dots are placed
close enough to enable a tunable exchange interaction between the two spins.

Such a configuration is described by the Heisenberg spin Hamiltonian:

1

H= EyuBBi- o; +J()5:5,; 3
Where:
g = Landé g-factor for GaAs (typically ~—0.44),
ue = the Bohr magneton,
Bi = external magnetic field on spin i,
oi = Pauli matrices,
Si1, Sz = spin operators,
J(t) = time-dependent exchange coupling, controlled via gate voltages.

This Hamiltonian allows the implementation of quantum gates like VYSWAP and controlled-NOT by modulating J(t) [8].
To model this system, we make the following physical and mathematical assumptions:

e  Zero or Low Temperature Operation: We assume the system operates at cryogenic temperatures (e.g., 4 K or lower),
minimizing thermal excitations.

e  Weak Spin-Orbit Coupling: GaAs exhibits weaker spin-orbit interaction compared to InAs. Spin relaxation due to spin-
orbit mechanisms is considered perturbative [11].

e Quasistatic Overhauser Field: The fluctuating magnetic field due to the surrounding nuclear spins is treated as
quasistatic. This allows modeling of inhomogeneous dephasing (T>*) as a Gaussian decay [2].

e Instantaneous Gate Pulses: We assume that microwave or gate pulses used to manipulate the spin states are instantaneous
compared to decoherence timescales [12].

e  Symmetric Dot Geometry: The coupled quantum dots are assumed to be nominally identical, grown via LDE for
minimal structural asymmetry, enabling high entanglement fidelity [7].

The system is affected by various decoherence processes, modeled as Lindblad operators in a master equation formalism. The
reduced density matrix p of the two-spin system evolves according to:

dp i

L= —LlH pl+ ) kDL 4)

Where :

DI[L,k]lp =L kpL kt—(1/2){L_kt L k, p} represents decoherence due to the collapse operator [L , k].
Typical collapse operators include:

Spin flip: L =\(1/T:) o,

Dephasing: L = (1/T2) o;

Solving this equation predicts population dynamics, coherence decay, and entanglement evolution.

To ground our theoretical model, we adopt experimental values observed in high-fidelity GaAs spin qubit systems:
Exchange coupling range: J/h = 0.01 - 1.0 GHz [8]

Dephasing time T2* ~ 10 ns; Echo-enhanced T2~ 1 - 10 ps [2]

Relaxation time T1 ~ 100 ps at 1.5 T field [11]

FSS in LDE-grown QDs: < 2.5 peV (suppressible to ~0) [7]

GaAs electron g-factor: g =—0.44 [13]

IV. COHERENCE PROPERTIES OF SPIN QUBITS

Quantum coherence is the cornerstone of any quantum information system. In spin qubits realized in GaAs quantum dots,
coherence is compromised by interactions with the environment, particularly through:

A. Hyperfine Interaction with Nuclear Spins: Each GaAs quantum dot contains a large number (~10°) of nuclear spins from

isotopes such as 7'Ga, "*As, and ®Ga. These nuclear spins generate a fluctuating Overhauser field, resulting in rapid dephasing of
the electron spin [1]. The decoherence time T2*, governed by this interaction, is typically limited to ~10 ns [2].
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To mitigate this:
e Dynamical decoupling sequences (e.g., CPMG, XY-4) extend coherence times [3].
e Nuclear spin polarization techniques can suppress fluctuations [14].
e |sotopic purification reduces spinful nuclei [15].

B. Spin-Orbit Coupling: Though relatively weak in GaAs, spin-orbit coupling still contributes to spin relaxation (T decay) by
coupling the electron spin to phonons. Relaxation times range from 0.1 to 1 ms [16].

C. Charge Noise and Electrical Fluctuations: Charge noise from nearby defects or gates leads to electric field fluctuations,
modulating qubit energy levels and contributing to dephasing [17].

Table 1 : Several characteristic timescales define the coherence performance of spin qubits

Coherence Time Description Value (Typical GaAs QDs) Typical Value (GaAs)Source
T, Spin relaxation due to phonon emission 100 us — 1 ms [16]

Ta* Inhomogeneous dephasing due to quasi-static noise | 5— 15 ns [2]

T2 Intrinsic dephasing measured using echo pulses 1-10 ps [3]

These times are typically measured using pulsed ESR or electrical readout in double quantum dots.
Advancements in both device fabrication and control protocols are enabling significant improvements in coherence times:
e  Optimal Working Points: Operating at symmetry points or sweet spots where qubit energy splitting is insensitive to
fluctuations reduces dephasing [4].
¢ Dynamical Decoupling: Pulse sequences like CPMG, XY-4, or Uhrig DD can enhance T- times significantly [3].
e Hybridization with Hole Spins: Hole-spin qubits have weaker hyperfine interaction due to p-orbital character and show
improved coherence [18].

e Electric and Strain Engineering: Tuning QDs with strain, piezoelectric fields, or gate voltages improves symmetry and
suppresses decoherence [19].

V. COHERENCE PROPERTIES OF SPIN QUBITS

The two principal mechanisms to generate entanglement between electron spins in GaAs quantum dots are:

A. Exchange Interaction: The Heisenberg exchange coupling arises naturally when two spins are confined in adjacent quantum
dots. The Hamiltonian is:

He, = J(t)S:S; %)
By modulating ] (t), SWAP and VSWAP gates can be implemented [8].
B. Optical Excitation and Biexciton Cascade: In photonic schemes, entanglement arises from the biexciton—exciton cascade in a
QD. Photon pairs are polarization-entangled if the exciton levels are nearly degenerate. Strain and electric-field tuning are used to

suppress fine structure splitting (FSS) [6], [19].

Metrics to evaluate entanglement include:

e Concurrence (C): C=max (0, M — A2 — Az — \a)
e Entanglement Fidelity (F): F = (Wideal | p | Wideal)
e CHSH Bell Inequality Violation: S > 2 confirms entanglement

GaAs quantum dots have demonstrated entanglement fidelities exceeding 97% with two-photon resonant excitation [6], [10].

Progress in GaAs spin qubits includes:

e Exchange-pulsed entanglement via nanosecond-scale voltage pulses [2]
e Photon-mediated entanglement via spin—photon interference [20]
e Entanglement swapping between remote QDs using indistinguishable photons [21]

These protocols are crucial for quantum networks and distributed quantum computing.
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Some of the Mitigation Strategies are :
e Fine Structure Splitting (FSS): Breaks polarization degeneracy. Mitigation includes strain tuning and symmetric QD
growth [19], [10].
e Temporal Jitter and Indistinguishability: High temporal and spectral overlap of photon wavepackets is needed. GaAs QDs
via droplet etching show excellent results [6], [20].
o Dephasing During Gate Operations: Fast operations and sweet-spot tuning help mitigate decoherence [2], [4].

VI. RESULTS AND DISCUSSION

6.1 Results

Consider two spin-%2 electrons in adjacent GaAs quantum dots. Starting with an initial product state:
Vo) = T & ), (6)

Under the Heisenberg exchange Hamiltonian:
H=7]5.5, @)

Time evolution:

w@) =

Wo) 8)

Solves to:

|[W(t)) = cos <£—;) |Tl) — isin (é—;>| T 9

At t=m7h/2], this gives a maximally entangled Bell state: [8]

4 =51 = i) (10)
Spin dephasing under quasi-static Overhauser field: .
(o 0)) o7 (11)
Echo-enhanced coherence:
(00, x e (12)

Verified with T,* = 10 ns and T, = 10 us in GaAs devices [2], [3].

Fidelity F of polarization-entangled photons via biexciton—exciton cascade:
0.5
F~=05+|——— (13)

Where § is FSS and v is linewidth (~1 peV).For§ = 0,F = 1.
Reported F = 0.978 with strain — tuned GaAs QDs [6].

Table 2: Comparison of Experimental Parameters

Parameter Property Value (Typical GaAs QDs) Source
Exchange energy J 0.01-1.0 GHz [8]
T2* 5-15ns [2]
T2 (echo) 1-10 ps [3]
Photon entanglement fidelity >97% [6]
FSS (strain-tuned) <l peV [6]

6.2 Discussion

This study presents a comprehensive theoretical framework for understanding and optimizing quantum coherence and
entanglement in spin qubits realized via GaAs quantum dots. Key takeaways include:
e Exchange interaction enables deterministic entanglement using nanosecond-scale control [8].
e Hyperfine-induced dephasing can be mitigated via dynamical decoupling, nuclear polarization, and isotopic engineering
[1], [3].

e Photon-mediated entanglement achieves fidelities >97% with minimized FSS through strain tuning [6].
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GaAs quantum dots offer strengths conducive to scalable quantum information processing:
e  Photonic interface compatibility for quantum networking [6], [10].
e Ultrafast gate operation using voltage-tuned exchange coupling [2], [8].
e  Strain-engineered QDs with tunable properties ideal for mass-fabrication.

Some of the key challenges in this field are:
e  Qubit Uniformity and Yield: Addressed via site-controlled growth and post-growth tuning [22].
e Integration with On-Chip Photonics: GaAs enables easier integration with photonic components compared to Si [23].
e Quantum Error Correction Readiness: Requires high fidelity and long coherence, motivating continued work on noise
suppression and strain control [24].

Analytical models, decoherence simulations, and fidelity predictions together offer a toolkit for GaAs-based quantum design. Future
theoretical directions include:

e  Quantum process tomography simulations.

e  Machine learning for pulse optimization.

e Hybrid quantum systems using spin-optomechanical coupling.

6.3 Conclusion

This theoretical investigation explored the quantum coherence and entanglement mechanisms of spin qubits based on GaAs
quantum dots, focusing on their viability for scalable solid-state quantum information processing. The primary outcomes and
contributions include:
e A detailed Hamiltonian formulation of two-electron spin systems incorporating exchange interaction and decoherence
terms.
e  Analytical modeling of coherence decay under hyperfine noise, with extended coherence times achieved through echo and
decoupling protocols.
o Demonstration of high-fidelity entanglement generation through both exchange-based gates and photon-pair emission from
biexciton cascades in GaAs QDs.
e  Parameter validation and constraints derived from recent experimental studies, affirming the feasibility of deterministic
entanglement in GaAs platforms with fidelity exceeding 97%.

These results establish a theoretical foundation to support the design of high-coherence, high-fidelity spin qubit systems compatible
with photonic quantum networks and distributed quantum computing.

Looking ahead, several research avenues offer exciting potential for both theoretical refinement and practical implementation:

e Integration with Quantum Photonic Circuits: GaAs-based spin qubits embedded in photonic structures (e.g., waveguides,
cavities) may enable on-chip spin-photon interfaces, essential for quantum repeaters and entanglement distribution.

e Fault-Tolerant Qubit Architectures: Combining high-fidelity entanglement with error correction codes (e.g., surface codes)
will require theoretical models that capture realistic noise and cross-talk effects in multi-qubit GaAs arrays.

e Machine Learning for Qubit Control: Emerging techniques in quantum optimal control and machine learning can be used
to tailor gate pulses and mitigate decoherence dynamically, further improving coherence and gate fidelity.

e Hybrid Quantum Platforms: Coupling GaAs spin qubits with mechanical, superconducting, or atomic systems may lead to
hybrid devices offering new functionalities in quantum sensing, metrology, and computation.

In conclusion, the GaAs quantum dot system—supported by robust theoretical modeling and ongoing experimental advances—
remains a promising solid-state platform for implementing entanglement-enabled quantum technologies.
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