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Abstract 

The coherent control and manipulation of electron spins in semiconductor quantum dot arrays represents 

a cornerstone approach for scalable spin-based quantum computing. This article presents a 

comprehensive investigation of spin dynamics in quantum dot arrays, focusing on the fundamental 

interactions that govern qubit coherence, entanglement, and operational fidelity. We examine the 

theoretical framework of exchange-coupled spins in lateral quantum dot systems, deriving the 

Heisenberg Hamiltonian formalism through both perturbative kinetic exchange theory and exact 

diagonalization approaches. Recent experimental advances in silicon, GaAs, and carbon nanotube-based 

quantum dot arrays are analyzed, with particular emphasis on coherence protection strategies, spin 

shuttling dynamics, and material engineering approaches. Data from state-of-the-art experiments 

demonstrate single-qubit gate fidelities reaching 99.97% in hopping-based control schemes and π/2 gate 

fidelity of 99.7% in GaAs triple quantum dots through optimized inter-dot orbital tuning. Coherent spin 

shuttling fidelities of 99.992% per hop have been achieved, with mobile qubit coherence times 

exceeding 30 μs through noise mitigation strategies. Theoretical analysis of spin shuttling with 

inhomogeneous g-tensors reveals that high-fidelity transfer requires tunnel couplings satisfying 2𝑡𝑐 ≳
60μeV for error rates below 10−3over 10 μm distances. Material advances include isotopically enriched 

²⁸Si with residual ²⁹Si concentration below 1 ppm—approximately 800-fold reduction in nuclear spin 

density—and GaAs-based devices demonstrating dynamical decoupling beyond 0.113 ms with optical 

π-pulse gates achieving 99.30% visibility. We conclude by evaluating the prospects for fault-tolerant 

quantum computation using quantum dot spin qubits and identify key directions for future research. 

 

Keywords: quantum dots, spin qubits, exchange interaction, coherence time, spin shuttling, quantum 

computing, semiconductor nanostructures, isotopic enrichment, g-tensor engineering 

 

1. Introduction 

The past decade has witnessed remarkable progress in the development of solid-state platforms for 

quantum information processing. Among the various physical implementations, electron spins confined 

in semiconductor quantum dots have emerged as particularly promising candidates for scalable quantum 
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computing architectures [9]. The spin-½ degree of freedom of a single electron confined in a quantum 

dot provides a natural two-level quantum system—a qubit—with inherent advantages including long 

coherence times, well-understood manipulation mechanisms, and compatibility with existing 

semiconductor fabrication technologies. 

The fundamental appeal of spin qubits stems from several intrinsic properties. Unlike charge-based 

qubits, which are highly susceptible to decoherence from fluctuating electric fields, electron spins couple 

only weakly to environmental noise, resulting in substantially longer dephasing times. Furthermore, the 

spin degree of freedom provides a perfect two-dimensional Hilbert space without "leakage" to higher-

energy states, a critical requirement for reliable quantum gate operations. Early theoretical work 

established the foundational framework for quantum computation using coupled quantum dots, 

demonstrating that the exchange interaction between neighboring spins could be controllably switched 

to implement universal quantum gates [9]. 

The evolution from single-dot demonstrations to multi-dot arrays represents a critical milestone on the 

path toward practical quantum processors. Recent experimental efforts have successfully demonstrated 

coherent control in two-dimensional arrays comprising up to ten tunnel-coupled quantum dots, with 

procedures established for deterministic filling, spin initialization, manipulation, and readout [6]. These 

advances have been accompanied by corresponding developments in material science, particularly the 

use of isotopically purified silicon (²⁸Si) to eliminate decoherence from nuclear spin fluctuations, 

yielding residual ²⁹Si concentrations below 1 ppm—approximately 800 times fewer nuclear spins than 

present in typical spin qubit devices [4-8]. 

Despite these impressive achievements, significant challenges remain in understanding and controlling 

spin dynamics in extended quantum dot arrays. As the number of coupled qubits increases, new 

phenomena emerge from the interplay of exchange interactions, spin-orbit coupling, and environmental 

noise. The coherent transfer of spin states across multiple dots—spin shuttling—has emerged as a crucial 

capability for establishing long-range entanglement and enabling fault-tolerant architectures [3-7]. 

Recent theoretical analyses have identified several decoherence mechanisms activated during shuttling, 

including charge noise-induced dephasing, spin relaxation from orbit mixing, and the effects of 

inhomogeneous Zeeman splittings and g-tensor variations between dots [3]. 

This article provides a comprehensive review of spin dynamics in quantum dot arrays, synthesizing 

theoretical frameworks with recent experimental advances. Section 2 develops the theoretical 

foundations of exchange-coupled spins, including the Heisenberg Hamiltonian formalism, perturbative 

kinetic exchange theory, and exact diagonalization approaches for multi-dot systems. Section 3 

examines coherence properties and gate fidelities, presenting experimental data from state-of-the-art 

devices including carbon nanotube-based systems. Section 4 addresses spin shuttling dynamics with 

inhomogeneous g-tensors and the challenges of mobile qubit architectures. Section 5 discusses material 

engineering approaches, particularly isotopic enrichment for coherence enhancement. Section 6 presents 

future perspectives and concludes the review. 

2. Theoretical Foundations of Spin Interactions in Quantum Dot Arrays 

2.1 Single-Electron Confinement and Qubit Definition 

A semiconductor quantum dot confining a single electron provides the physical realization of a spin 

qubit. The confinement is typically achieved through electrostatic gating of a two-dimensional electron 

gas (2DEG) at a semiconductor heterointerface, such as GaAs/AlGaAs or Si/SiGe. The resulting 

potential can be approximated by a sum of Gaussian potentials centered on each dot [9]: 

𝑉QD(𝐫) = −∑𝑉𝑖

𝑁

𝑖=1

exp⁡[⁡−
(𝑥 − 𝑥𝑖)

2 + (𝑦 − 𝑦𝑖)
2

𝑑𝑖
2 ] 

 

where 𝑉𝑖and 𝑑𝑖are the depth and characteristic width of the 𝑖-th dot, respectively. For a single dot, 

expanding this potential to second order yields a harmonic oscillator approximation with frequency Ω𝑖 =

2√𝑉𝑖/𝑑𝑖. 
The Hamiltonian for a single electron in a quantum dot under applied magnetics and electric fields can 

be written as: 
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𝐻 =
1

2𝜇
(𝐩 +

𝑞𝑒
𝑐
𝐀(𝐫))

2

+ 𝑉(𝐫) +
𝑔𝜇𝐵
ℏ

𝐁 ⋅ 𝐒 

 

where 𝜇is the effective mass, 𝑞𝑒the electron charge, 𝐀the vector potential, 𝑉(𝐫)the confining potential, 

𝑔the effective Landé factor, 𝜇𝐵the Bohr magneton, and 𝐒the spin operator. The Zeeman term splits the 

spin states by energy 𝐸𝑍 = 𝑔𝜇𝐵𝐵, establishing the qubit energy scale. 

2.2 Exchange Coupling Theory: Perturbative and Exact Approaches 

The essential two-qubit interaction in quantum dot arrays arises from the exchange coupling between 

neighboring electron spins. Two main theoretical approaches exist for calculating the exchange 

interaction strength: perturbative kinetic exchange theory in the Fermi-Hubbard model and exact 

diagonalization (full configuration interaction) methods [1]. 

2.2.1 Perturbative Kinetic Exchange in the Fermi-Hubbard Model 

In the perturbative approach, we start with the Fermi-Hubbard Hamiltonian written in the basis of 

localized single-dot ground states [1]: 

𝐻 =∑[ ∑ 𝜖𝑗
𝑗∈{L,R}

  𝑐𝑗𝜎
† 𝑐𝑗𝜎 + 𝑡𝑐(𝑐L𝜎

† 𝑐R𝜎+H. c. )]

𝜎∈{↑,↓}

+ 𝑈 ∑ 𝑐𝑗↑
†

𝑗∈{L,R}

𝑐𝑗↑𝑐𝑗↓
† 𝑐𝑗↓ 

 

where 𝜖𝑗are the single-dot ground state energies, 𝑡𝑐is the tunnel coupling strength, and 𝑈parameterizes 

the on-site Coulomb interaction. To derive the exchange interaction, we transform to the basis of singlet 

and triplet states: 

∣ 𝑆(1,1)⟩ ≡
1

√2
(𝑐L↑

† 𝑐R↓
† −𝑐L↓

† 𝑐R↑
† ) ∣ 0⟩

∣ 𝑇0(1,1)⟩ ≡
1

√2
(𝑐L↑

† 𝑐R↓
† +𝑐L↓

† 𝑐R↑
† ) ∣ 0⟩

∣ 𝑇+(1,1)⟩ ≡ 𝑐L↑
† 𝑐R↑

† ∣ 0⟩

∣ 𝑇−(1,1)⟩ ≡ 𝑐L↓
† 𝑐R↓

† ∣ 0⟩

∣ 𝑆(2,0)⟩ ≡ 𝑐L↑
† 𝑐L↓

† ∣ 0⟩

∣ 𝑆(0,2)⟩ ≡ 𝑐R↑
† 𝑐R↓

† ∣ 0⟩

 

 

Writing the Hamiltonian in this basis yields [1]: 
𝐻 = (𝑈 + Δ𝐸) ∣ 𝑆(2,0)⟩⟨𝑆(2,0) ∣ +(𝑈 − Δ𝐸) ∣ 𝑆(0,2)⟩⟨𝑆(0,2) ∣

+√2𝑡𝑐(∣ 𝑆(2,0)⟩⟨𝑆(1,1) ∣ +∣ 𝑆(0,2)⟩⟨𝑆(1,1) ∣ +H. c. )
 

 

where Δ𝐸 ≡ 𝜖L − 𝜖R. Using a Schrieffer-Wolff transformation to eliminate the tunneling terms to 

second order, we obtain the exchange interaction strength [1]: 

𝐽 =
4𝑈𝑡𝑐

2

𝑈2 − Δ𝐸2
 

 

With Ω = 2𝑡𝑐(the tunnel coupling in frequency units) and setting Δ𝐸 = 0, this reduces to the well-

known expression: 

𝐽 =
4𝑡𝑐

2

𝑈
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2.2.2 LCHO-CI Method for Multi-Dot Arrays 

For networks comprising multiple quantum dots, theoretical modeling becomes increasingly complex. 

The Linear Combination of Harmonic Orbitals with Configuration Interaction (LCHO-CI) method 

provides a powerful framework for simulating exchange interactions in gated lateral quantum dot 

networks [9]. The single-electron Hamiltonian for a triple quantum dot is: 

𝐻 = −
∂2

∂𝑥2
−

∂2

∂𝑦2
−∑𝑉𝑖

3

𝑖=1

exp⁡[⁡−
(𝑥 − 𝑥𝑖)

2 + (𝑦 − 𝑦𝑖)
2

𝑑𝑖
2 ] 

 

The method uses harmonic oscillator eigenfunctions centered on each dot as a basis: 

𝜙𝑛𝑚
𝑖 (𝑥, 𝑦) = 𝜑𝑛

𝑖 (𝑥 − 𝑥𝑖)𝜑𝑚
𝑖 (𝑦 − 𝑦𝑖) 

 

where 𝜑𝑛(𝑡) = (
1

𝜋𝑙2
)

1

4
(

𝑙

2𝑛𝑛!
)

1

2
(
𝑡

𝑙2
−

𝑑

𝑑𝑡
)
𝑛

exp⁡(⁡−
𝑡2

2𝑙2
) 

For a network of three quantum dots with one electron spin per dot, the method yields an effective 

Heisenberg spin Hamiltonian [9]: 

𝐻𝑠 = 𝐽12(𝑉𝑔)𝐒1 ⋅ 𝐒2 + 𝐽23(𝑉𝑔)𝐒2 ⋅ 𝐒3 + 𝐽13(𝑉𝑔)𝐒1 ⋅ 𝐒3 
 

The exchange constants 𝐽𝑖𝑗depend sensitively on applied gate voltages, enabling the simulation of spin 

state manipulation through electrical bias control. 

2.3 Spin-Photon Coupling in Cavity-Based Architectures 

For long-range coupling between qubits, integration with microwave cavities has emerged as a 

promising approach. The spin-photon coupling can be engineered through synthetic spin-orbit 

interactions. In carbon nanotube-based devices with ferromagnetic contacts, the Hamiltonian for the 

coupled cavity-dot system yields a spectrum with two gapped, four-level quasi-harmonic ladders arising 

from the interplay of orbital, spin, and valley degrees of freedom [2]. The Rabi frequency scales as Ω𝑅 ∝

𝐴𝑑
2/3

with drive amplitude 𝐴𝑑, indicating a quasi-harmonic spectrum characteristic of such multi-level 

systems [2]. 

 

3. Coherence Properties and Gate Fidelities 

3.1 Single-Qubit Coherence Times 

The coherence time of spin qubits determines the maximum number of quantum operations that can be 

performed before information is lost to the environment. In natural silicon, the presence of ²⁹Si nuclear 

spins (𝐼 = ½) at 4.67% abundance creates magnetic field fluctuations that limit coherence through 

hyperfine interactions. Isotopic enrichment to ²⁸Si eliminates this decoherence pathway, as ²⁸Si has zero 

nuclear spin [4-8]. 

Recent advances in ion implantation techniques have enabled the production of large-area isotopically 

enriched ²⁸Si layers suitable for hosting many spin qubits. Using ultra-high fluence ²⁸Si⁻ ion implantation 

(60 keV, 1019cm⁻²) followed by solid phase epitaxy annealing, researchers have produced ~150 nm-

thick ²⁸Si layers with residual ²⁹Si concentration below 1 ppm—the detection limit of secondary ion 

mass spectrometry [4-8]. This represents an approximately 800-fold reduction in nuclear spin density 

compared to natural silicon devices, creating an ideal "spin vacuum" environment for qubit operation. 

In GaAs-based quantum dots, where hyperfine interaction with nuclear spins is stronger, recent advances 

in lattice-matched GaAs-AlGaAs devices have demonstrated dynamical decoupling beyond 0.113(3) 

ms [10]. Using optical π-pulse gates with 99.30(5)% visibility and up to 𝑁𝜋 = 81decoupling pulses, the 

coherence time scaling follows 𝑇2 ∝ 𝑁0.75(2), manifesting ideal refocusing of strong electron-nuclear 

interactions [10]. 

For carbon nanotube-based quantum dots integrated with microwave cavities, coherence times of 

approximately 1.3 μs have been achieved—two orders of magnitude larger than previously measured in 

carbon quantum circuits and one order of magnitude larger than silicon-based quantum dots in 
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comparable cavity environments [2]. This is attributed to the nuclear spin-free environment of ¹²C-

enriched nanotubes and the suspended device geometry that reduces charge noise. 

3.2 High-Fidelity Gate Operations 

Achieving gate fidelities above the fault-tolerant threshold (>99%) is essential for scalable quantum 

computing. Recent experiments have demonstrated remarkable progress across multiple platforms. 

In GaAs triple quantum dot devices, researchers have achieved high-fidelity single-spin control by 

tuning inter-dot spin-orbit coupling and orbital energy levels. Through randomized benchmarking, they 

demonstrated a π/2 gate fidelity of 99.7% with a gate time of 4 ns—remarkable performance for GaAs 

devices where electron spin coherence is typically limited by strong hyperfine interaction with nuclear 

spins [2]. 

Even more impressive results have been achieved in silicon-based hopping spin architectures. By 

engineering the hopping of spins between quantum dots with site-dependent spin quantization axes, 

quantum control is achieved using discrete signals rather than high-frequency oscillating fields. The 

results demonstrate [2]: 

 Single-qubit gate fidelities: 99.97% 

 Coherent shuttling fidelities: 99.992% per hop 

 Two-qubit gate fidelity: 99.3% 

These error rates correspond to values predicted to allow for quantum error correction, representing a 

major milestone toward fault-tolerant spin-based quantum processors. 

For readout, recent advances in phosphorus-doped silicon quantum dots have demonstrated latched 

parity readout with 99.44 ± 0.05% fidelity in only 175 ns integration time at millikelvin temperatures 

[6]. Crucially, by engineering strong confinement potentials, the same devices achieve 97.87 ± 0.05% 

readout fidelity at 3.7 K in 1.5 μs—the highest temperature operation demonstrated for spin qubit 

readout [6]. 

Table 1: Comparison of Gate Fidelities and Coherence Times Across Different Quantum Dot 

Platforms 

Platform Single-Qubit 

Gate Fidelity 

Two-Qubit 

Gate Fidelity 

Coherence Time 

(T₂*) 

Readout 

Fidelity 

Reference 

Si hopping 

spins 

99.97% 99.3% >30 μs (mobile) — 2 

GaAs triple 

dot 

99.7% (π/2 gate) — ~1 μs — 2 

²⁸Si/SiGe 

static 

>99.9% >99% >400 μs — 4 

²⁸Si:P donors — — >1 s (ensemble) 99.44% (175 

ns) 

4-6 

Carbon 

nanotube 

— — 1.3 μs (cavity) — 2 

GaAs optical — — 113 μs (dyn. 

dec.) 

— 10 

3.3 Decoherence Mechanisms and Mitigation 

Understanding the sources of decoherence is essential for further improving qubit performance. In 

quantum dot spin qubits, the primary decoherence mechanisms include: 

Hyperfine interaction with nuclear spins causes magnetic noise that fluctuates on microsecond to 

millisecond timescales. This is the dominant decoherence mechanism in materials with nonzero nuclear 

spins. The interaction Hamiltonian is: 

𝐻hf =∑𝐴𝑘
𝑘

𝐈𝑘 ⋅ 𝐒 

 

where 𝐴𝑘is the hyperfine coupling constant to the k-th nucleus with spin 𝐈𝑘. Isotopic enrichment to 

eliminate magnetic nuclei effectively removes this channel, with residual ²⁹Si concentrations 4-8. 
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Charge noise couples to spins indirectly through spin-orbit interaction or exchange coupling. The 

charge noise spectral density typically follows a 1/f spectrum: 

𝑆𝜖(𝜔) =
𝐴2

𝜔𝛼
 

 

with 𝛼 ≈ 1and 𝐴depending on the specific device and material system. Recent studies have revealed 

that free-induction decay in silicon spin qubits is often limited by charge noise rather than magnetic 

noise. 

Spin-orbit coupling provides a mechanism for electrical control but also introduces relaxation 

pathways. The spin-orbit Hamiltonian can be written as: 

𝐻so = 𝛽(𝐩 × 𝐄) ⋅ 𝛔 
 

where 𝛽is the spin-orbit coupling strength, 𝐩the momentum, 𝐄the electric field, and 𝛔the Pauli matrices. 

 

4. Spin Shuttling Dynamics and Mobile Qubits 

4.1 Non-Adiabatic Spin Dynamics with Inhomogeneous g-Tensors 

Spin shuttling—the coherent transfer of electron spins across multiple quantum dots—has emerged as 

a critical capability for establishing long-range entanglement and enabling scalable architectures. Recent 

theoretical work has analyzed the non-adiabatic dynamics of spin qubits shuttling between coupled 

quantum dots with inhomogeneous Landé g-tensors [3-7]. 

The time-dependent Schrödinger equation for a shuttling spin qubit is: 

𝑖ℏ
∂

∂𝑡
∣ 𝜓(𝑡)⟩ = 𝐻(𝑡) ∣ 𝜓(𝑡)⟩ 

 

with the Hamiltonian: 

𝐻(𝑡) =
𝜇𝐵
2
𝐁 ⋅ 𝐠(𝑥(𝑡)) ⋅ 𝛔 

 

where 𝐠(𝑥(𝑡))is the position-dependent g-tensor along the shuttling path, and 𝛔are the Pauli matrices. 

For a double quantum dot system with detuning 𝜖(𝑡)varied linearly in time: 𝜖(𝑡) = 𝜖0 + 𝑣𝑡, where 𝑣is 

the ramp rate. The condition for high-fidelity adiabatic transfer is 3: 

2𝜋𝑡𝑐
2

ℏ𝑣
≫ 1 

 

where 𝑡𝑐is the tunnel coupling. More quantitatively, to achieve error rates below 10−3over a 10 μm 

array of ~100 quantum dots, tunnel couplings must satisfy[ 3]: 

2𝑡𝑐 ≳ 60 𝜇eV 
 

4.2 Spin Deviation and Gate Implementation 

The change in spin orientation during shuttling depends on the difference in quantization axes between 

dots. For a transfer between dots with quantization axes differing by angle 𝜃, the spin deviation after a 

single shuttling event is [3]: 

Δ⟨𝐒⟩ = sin⁡2 (
𝜃

2
) sin⁡2 (

𝜙

2
) 

 

where 𝜙is the accumulated phase difference. For multiple rounds of bidirectional shuttling, the effect 

can be captured by an operator matrix 3-7: 

𝑈shuttle = (
cos⁡(𝜒/2) −𝑖𝑒𝑖𝜉sin⁡(𝜒/2)

−𝑖𝑒−𝑖𝜉sin⁡(𝜒/2) cos⁡(𝜒/2)
) 
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where 𝜒and 𝜉are parameters determined by the shuttling trajectory and g-tensor inhomogeneity. By 

tuning the idling times between shuttling events, single-qubit Pauli-X, Pauli-Y, and generalized 

Hadamard gates can be realized [3-7]. 

4.3 Experimental Demonstration of Coherent Shuttling 

Mobile spin qubit architectures promise flexible connectivity for quantum error correction. Recent work 

has demonstrated that systematic noise mitigation strategies can extend the coherence time of mobile 

qubits by nearly an order of magnitude, reaching over 30 μs during periodic shuttling [2]. 

The key strategies enabling this coherence protection include: 

1. Micromagnet design optimization to create smooth, uniform magnetic field gradients along the 

shuttling path, minimizing g-tensor variations between dots 

2. Motional narrowing—rapid motion averaging out slowly fluctuating noise fields 

3. Dressed-state driving protocols creating qubit states protected against certain noise channels 

Experimental data from ²⁸Si/SiGe quantum dot devices demonstrates coherent shuttling with fidelity of 

99.992% per hop, corresponding to error rates compatible with fault-tolerant architectures 2. 

Table 2: Spin Shuttling Performance Metrics 

Parameter Value Condition Reference 

Fidelity per hop 99.992% Optimized micromagnets 2 

Mobile qubit T₂* >30 μs During periodic shuttling 2 

Required tunnel coupling >60 μeV For  3 

Spin deviation angle sin⁡2(𝜃/2) Depends on g-tensor mismatch 3 

 

5. Material Engineering for Enhanced Coherence 

5.1 Isotopic Enrichment of Silicon 

The most significant materials advance for spin qubits has been the development of isotopically purified 

²⁸Si with residual ²⁹Si concentrations below 1 ppm 4-8. This "silicon spin vacuum" eliminates the 

dominant magnetic noise source in natural silicon, where 4.67% ²⁹Si nuclei create fluctuating 

Overhauser fields that limit coherence. 

Recent work has demonstrated the production of large-area (6 mm × 6 mm) isotopically enriched ²⁸Si 

suitable for hosting many spin qubits 4. Using ultra-high fluence ²⁸Si⁻ ion implantation of natural silicon 

substrates followed by solid phase epitaxy annealing, researchers have produced ~150 nm-thick 

enriched layers with ²⁹Si depleted to 7 ppm (limited by measurement noise floor). Improved 

computational modeling based on fitting extensive experimental data predicts that actual ²⁹Si and ³⁰Si 

depletion in these samples is below 1 ppm 8. 

The enrichment process has also been extended to produce ²⁸Si-on-insulator (SOI) substrates, though 

implantation conditions are more stringent for SOI to minimize threading dislocations during solid phase 

epitaxy annealing. After annealing at 620°C for 10 minutes, no open volume defects are observed in the 

enriched layers [8]. 

5.2 Carbon Nanotube-Based Systems 

Carbon nanotubes offer an alternative material platform with intrinsic advantages: they can be grown 

with pure ¹²C, providing a nuclear spin-free environment, and they can be suspended to reduce charge 

noise from substrate interactions 2. Recent demonstrations in suspended carbon nanotube double 

quantum dots with ferromagnetic contacts embedded in microwave cavities have achieved coherence 

times of 1.3 μs—two orders of magnitude longer than previous carbon-based quantum circuits [2]. 

The device architecture features: 

 Cavity resonance frequency 𝑓𝑐 = 6.975GHz with quality factor 𝑄 = 4853 

 Rabi frequency Ω𝑅/(2𝜋) = 2.51MHz 

 Rabi decay time 𝑇Rabi = 0.59 ± 0.05μs 

 Operation at 300 mK with zero external magnetic field [2] 

http://www.ijnrd.org/
https://journals.aps.org/prb/abstract/10.1103/2yvw-xdy3
https://journals.aps.org/prb/abstract/10.1103/2yvw-xdy3
https://www.nature.com/articles/s41467-025-60952-6
https://www.nature.com/articles/s41467-025-60952-6
https://www.nature.com/articles/s41467-025-60952-6
https://www.nature.com/articles/s41467-025-60952-6
https://journals.aps.org/prb/abstract/10.1103/2yvw-xdy3
https://journals.aps.org/prb/abstract/10.1103/2yvw-xdy3
https://archive.aps.org/smt/2025/mar-n01/9/
https://archive.aps.org/smt/2025/mar-n01/9/
https://archive.aps.org/smt/2025/mar-n01/9/
https://journals.aps.org/prmaterials/abstract/10.1103/787r-9jps
https://journals.aps.org/prmaterials/abstract/10.1103/787r-9jps
https://www.nature.com/articles/s41467-025-60952-6
https://www.nature.com/articles/s41467-025-60952-6
https://www.nature.com/articles/s41467-025-60952-6


© 2025 IJNRD | Volume 10, Issue 5 May 2025 | ISSN: 2456-4184 | IJNRD.ORG 

 

IJNRD2505580 International Journal of Novel Research and Development (www.ijnrd.org)  
 

f632 

5.3 GaAs-AlGaAs Lattice-Matched Structures 

For optically active quantum dots, lattice-matched GaAs-AlGaAs devices have demonstrated dramatic 

improvements in coherence. Using up to 𝑁𝜋 = 81dynamical decoupling pulses, coherence times beyond 

0.113(3) ms have been achieved with scaling 𝑇2 ∝ 𝑁0.75(2)10. This scaling manifests ideal refocusing 

of strong electron-nuclear interactions, free of extrinsic noise, holding promise for lifetime-limited spin 

coherence in such devices. 

 

6. Future Perspectives and Conclusion 

6.1 Scaling Challenges and Opportunities 

The remarkable progress in spin qubit performance over the past decade has positioned quantum dot 

arrays as leading candidates for scalable quantum computing. However, several challenges must be 

addressed to realize fault-tolerant processors with thousands of qubits. 

Uniformity of tunnel couplings across large arrays remains a critical challenge. Exchange coupling 

𝐽 ≈ 4𝑡𝑐
2/𝑈depends exponentially on tunnel barrier heights, which are sensitive to fabrication variations. 

Active tuning of barrier gates can compensate static variations, but this adds complexity and may 

introduce new noise sources. 

Charge noise mitigation at the level required for high-fidelity two-qubit gates continues to be an area 

of active research. Understanding the microscopic origins of 1/f charge noise and developing materials 

with reduced defect densities are essential directions. 

Integration with classical control electronics becomes increasingly challenging as qubit numbers 

grow. Hopping-based control schemes offer a promising path forward by replacing continuous 

microwave drives with discrete digital signals. 

Long-range interconnect beyond nearest-neighbor coupling requires either high-fidelity shuttling over 

extended distances or intermediate quantum repeaters. The demonstration of coherent shuttling with 

99.992% fidelity per hop suggests that moving spins across ~100-dot arrays with acceptable error may 

be feasible with optimized tunnel couplings satisfying 2𝑡𝑐 ≳ 60μeV [3]. 

6.2 Emerging Directions 

Several emerging directions promise to further advance the field: 

Machine learning for qubit control has already demonstrated utility in characterizing and mitigating 

low-frequency noise with minimal measurement overhead. As system sizes grow, automated tuning and 

error suppression will become essential. 

Dressed-state and decoherence-free subspace encoding offer pathways to protect quantum 

information during both stationary operation and motion. The demonstration of coherence protection 

during shuttling through motional narrowing points toward practical implementations. 

Hybrid architectures combining spin qubits with superconducting resonators or photonic links could 

enable long-distance entanglement distribution beyond the range of direct shuttling. Carbon nanotube-

based devices in cavities represent an important step in this direction [2]. 

High-temperature operation using strongly confined donor quantum dots has demonstrated readout 

fidelities of 97.87% at 3.7 K 6, opening possibilities for integrating classical control electronics 

alongside quantum processors and significantly reducing cryogenic cooling demands. 

6.3 Conclusion 

Spin dynamics in quantum dot arrays have been investigated extensively over the past two decades, 

yielding deep understanding of exchange interactions, coherence mechanisms, and control strategies. 

Recent experimental advances have achieved gate fidelities exceeding 99.9%, coherent shuttling with 

99.992% fidelity per hop, and mobile qubit coherence times exceeding 30 μs through noise mitigation 

strategies. Material engineering, particularly isotopic enrichment of silicon to ²⁸Si with  

Theoretical analysis of exchange interactions through both perturbative kinetic exchange theory and 

exact diagonalization methods provides a solid foundation for understanding and controlling two-qubit 
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gates. The Fermi-Hubbard model yields the expression 𝐽 = 4𝑈𝑡𝑐
2/(𝑈2 − Δ𝐸2)for the exchange 

coupling, while LCHO-CI methods enable simulation of multi-dot networks with voltage-tunable 

exchange constants [1-9]. 

For spin shuttling with inhomogeneous g-tensors, non-adiabatic dynamics analysis reveals that high-

fidelity transfer requires tunnel couplings satisfying 2𝑡𝑐 ≳ 60μeV for error rates below 10−3over 10 

μm distances 3-7. Combined with hopping-based control schemes that eliminate microwave crosstalk 

and enable statistical characterization, these advances position semiconductor quantum dot arrays as one 

of the most promising platforms for scalable quantum computing. Continued progress in materials, 

fabrication, and control will determine whether spin qubits can realize their full potential as the building 

blocks of a fault-tolerant quantum processor. 
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