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Abstract 

Selective control of individual spin qubits is needed for scalable quantum computing based on spin states. 
Achieving high-fidelity in both single and two-qubit gates, essential components of universal quantum 
computers, necessitates highly localized control fields. These fields must be capable of addressing specific 
spin qubits while minimizing gate errors and cross-talk in adjacent qubits. Overcoming the challenge of 
generating a localized radio-frequency magnetic field, in the absence of elementary magnetic monopoles, 
we introduce a technique that combines divergent and convergent nanoscale magnetic skyrmions. This 
approach produces a precise control field that manipulates spin qubits with high fidelity. We propose the 
use of 2D skyrmions, which are 2D analogues of 3D hedgehog structures.  The latter are emergent magnetic 
monopoles, but difficult to fabricate.  The 2D skyrmions, on the other hand, can be fabricated using standard 
semiconductor foundry processes. Our comparative analysis of the density matrix evolution and gate 
fidelities in scenarios involving proximal skyrmions and nanomagnets indicates potential gate fidelities 
surpassing 99.95% for π/2-gates and 99.90% for π-gates. Notably, the skyrmion configuration generates a 
significantly lower field on neighboring spin qubits, i.e. 15 times smaller field on a neighboring qubit 
compared to nanomagnets that produces the same field at the controlled qubit, making it a more suitable 
candidate for scalable quantum control architectures by reducing disturbances in adjacent qubits. 

Introduction: 

 In recent decades, diverse paths in information processing have emerged, exploring various 
architectures and technologies. These include quantum computing, optical computing, bio-computing using 
biomolecules such as DNA and proteins, edge computing, and innovations in biological neuron-inspired 
computing, as well as advancements in traditional von-Neumann computing [1-5]. These developments are 
often driven by limitations in further miniaturizing CMOS technology and the need for increased switching 
speeds [6-9]. Additionally, the immense data flow in today's technological arena demands data processing 
that is not only high in density and speed but also energy-efficient. 

Among these, quantum computing could exponentially accelerate computational processes, 
tackling complex problems beyond the reach of classical computing. Key advancements in this field include 
the development of algorithms like Shor’s and Grover’s [9-11]. Quantum computers operate on principles 
such as superposition, allowing qubits to exist in multiple states simultaneously; entanglement, which 
interconnects qubits; and quantum interference, where probability amplitudes of quantum states can 
interfere constructively or destructively. Quantum systems find applications in cryptography, drug 



discovery, machine learning, communication, sensing, and imaging, among others [12-18]. Various qubit 
systems have been developed, including superconducting qubits [20-24], spin qubits [25], trapped ions [26], 
topological qubits [27], and NV centers in diamonds [28], aiming to meet DiVincenzo’s criteria for effective 
qubit implementation. However, challenges such as error-proneness in physical qubits due to relaxation, 
phase decoherence, thermal noise, and crosstalk during initialization, measurement, and logic gate 
implementation persist [29-30]. To date, no technology has demonstrated a high number of error-free qubits, 
a critical requirement for scalability in line with DiVincenzo’s criteria. 

Single-qubit and two-qubit gates are essential for quantum circuits in universal quantum computers 
[31-32]. Implementing gates for spin qubits involves generating a control field using microwave or RF 
sources to rotate qubits. This necessitates RF transmission lines or waveguides for signal delivery [33]. 
Scaling quantum computers is challenging due to the complexity of integrating and interconnecting a large 
number of qubits, which requires an even greater number of transmission and readout lines, especially in 
two-dimensional arrays on substrates. Control pulses in this setup decay spatially, require high current 
density, and generate joule-heating, potentially leading to qubit decoherence [34]. Spatial inhomogeneities 
and the non-locality of the field also result in reduced gate fidelity and crosstalk, posing significant barriers 
to dense qubit architectures [35]. 

To overcome inhomogeneity, an ideal approach would involve the use of magnetic monopoles for 
time-varying control field application. Unfortunately, elementary monopoles do not exist. Emergent 
monopoles such as those emerging through spin ice vertex excitations are of interest, but efficient control 
remain difficult [36-41]. In the 3D Heisenberg model, spin hedgehogs, topological point defects, display 
characteristics of emergent magnetic monopoles [42]. They serve as quantized origins and endpoints for 
gauge fields. However, we are unaware of experimental realizations of 3D hedgehogs, probably because of 
the inherent difficulty in fabricating them using semiconductor foundry processes. Inspired by their 
structural similarity to 3D hedgehog configurations, we focus on 2D skyrmions because they can be realized 
experimentally. 

 

 

Figure 1: SchemaƟc diagram of micromagneƟc simulaƟon setup in MuMax3. (a) Circular 60 nm skyrmions (top) 

and ellipƟcal (100 nm x 36 nm) nanomagnets (boƩom) to control spin ensemble. (b) Different cases of skyrmions 

with variable chirality and polarity and the study the magneƟc field produced in the spin ensemble area.   

 In this study, we evaluate the efficacy of magnetic skyrmions in generating control fields by 
examining their field homogeneity and the consequent gate fidelity in spin ensembles [43-52]. We envisage 
a frequency-selective design to achieve spatial selectivity, where qubits are individually addressed at their 
respective resonant frequency [53-56]. Skyrmions, as topologically protected defects in magnetic thin films, 
offer good stability at room temperature and can be manipulated with notable energy efficiency. We have 



analyzed four distinct skyrmion orientations, characterized by what we term as divergent/convergent 
chirality and up/down polarity, as illustrated in Figure 1(b). From these orientations, configurations 2 and 
3 are capable of generating a magnetic field of ample amplitude to manipulate spin ensemble qubits for 
quantum gate implementation. Spin ensemble qubits have been proposed for roles in quantum 
entanglement, as bona fide qubits, and in quantum memory and sensing applications [43-51]. Despite the 
necessity for high gate fidelities, ensemble qubits are subject to lower fidelities due to spatial 
inhomogeneities. In contrast to nanomagnets, skyrmions create a more localized magnetic field, 
advantageous for the scalable incorporation of multi-qubit systems. While the average fidelity in the 
skyrmion scenario is marginally reduced compared to the nanomagnet case, the heightened energy 
efficiency and localized control with minimal crosstalk in the skyrmion configuration offer a compelling 
compromise for practical deployment.  

Micromagnetic simulation: 

 In a previous study, we demonstrated the feasibility of high-fidelity single-qubit quantum gates 
using the magnetic field induced by nanomagnets [52]. This field exhibits sufficient homogeneity to 
facilitate π/2 and π gates in a two-level quantum system, particularly when employing a pair of spintronic 
devices to target an ensemble qubit centrally located. As depicted in Figure 1, the micromagnetic simulation 
setup includes both skyrmions and nanomagnets. We have optimized the spacing between the spintronic 
devices to achieve an induced magnetic field of nearly 1 mT at the center, which is the intended location 
for the spin ensemble—a 6x6 array comprising 36 spins. We consider four distinct scenarios of skyrmions, 
differentiated by their chirality and polarity. In each case, we simulated the magnetization dynamics 
obtained the induced magnetic fields. To simulate magnetization dynamics within the nanomagnets and 
skyrmions, we solved the Landau-Lifshitz-Gilbert (LLG) equation. These simulations were conducted with 
a uniform cell size of 1 x 1 x 1 nm3, using the micromagnetic computational framework MuMax3 [57]. 
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Here, α is the Gilbert damping coefficient, γ is the gyromagnetic ratio, 𝑚ሬሬ⃗ ൌ
ெሬሬ⃗

ெೞ
 is the normalized 

magnetization, where 𝑀ሬሬ⃗  is the magnetization and 𝑀௦ is the saturation magnetization.  

The effective magnetic field, 𝐻ሬሬ⃗ ௘௙௙ is sum of exchange field, uniaxial anisotropy field of the nanomagnets, 

and demagnetizing field: 

𝐻ሬሬ⃗ ௘௙௙ ൌ 𝐻ሬሬ⃗ ௔௡௜௦ ൅ 𝐻ሬሬ⃗ ௘௫௖௛௔௡௚௘ ൅ 𝐻ሬሬ⃗ ஽ெூ ൅ 𝐻ሬሬ⃗ ௗ௘௠௔௚ ൅ 𝐻ሬሬ⃗ ௧௛௘௥௠௔௟                               (2) 

𝐻ሬሬ⃗ ௔௡௜௦ is the effective field due to uniaxial perpendicular magnetic anisotropy (PMA) which can be 

modulated using Voltage Control of Magnetic Anisotropy (VCMA) [58-74], 𝐻 ሬሬሬሬ⃗ ௘௫௖௛௔௡௚௘ is the effective 

field due to Heisenberg exchange coupling, 𝐻ሬሬ⃗ ஽ெூ is the DMI interaction (in the case of a skyrmion), and 

𝐻ሬሬ⃗ ௗ௘௠௔௚ is the field due to the demagnetization energy (shape anisotropy).  

In all cases, the skyrmion simulations were initialized to a ferromagnetic state (all spins pointing 
along the z-direction) and the Néel skyrmions were stabilized at a reduced PMA through VCMA. The PMA 
was optimized to form a circular skyrmion while keeping other magnetic material parameters constant. The 

effective PMA energy is expressed as 𝐾௘௙௙𝑉 ൌ ቀ𝐾௨ଵ െ
ଵ

ଶ
𝜇଴𝑀௦

ଶቁ 𝑉, where 𝐾௘௙௙ is the effective PMA energy 

density, 𝐾௨ଵ is the PMA constant (uniaxial anisotropy) and V is the volume of the nanodot. We formulate 4 



different cases with 2 skyrmions in each case assuming a 6x6 spin ensemble at the centre. The PMA is 
varied periodically at 500 MHz frequency to manipulate the magnetization of the skyrmions ሺ𝑚௫ ,𝑚௬ ,𝑚௭ሻ 
to induce a periodic stray field in the centre to control the spin ensemble. Furthermore, the distance between 
the skyrmions edges is 70 nm, which induces a ~1 mT field at the spin ensemble. 

Unlike the skyrmion case, the nanomagnet needs a bias magnetic field to orient the magnetization 
in a particular +/-x direction when the shape anisotropy drives the magnetization to the easy (either 
positive/negative x) axis of the elliptical nanomagnet with equal probability [67]. An exchange bias (𝐵௘௫) 
can be introduced locally in the ferromagnetic/anti-ferromagnetic interface. The rotation of the 
magnetization through VCMA induces a magnetic field along the x-axis in the spin ensemble, located at 
the center of the two nanomagnets.  
 
Control field induced from the skyrmions and nanomagnets: 

The magnetic field induced in the region of the spin ensemble was calculated when the skyrmions 
were stabilized in the position shown in Figure 1 (b). The induced 𝐵௫ was very low in case 1 and 4, which 
is insufficient to drive the spin ensemble to implement fast high-fidelity gates. In both cases, the divergent 
skyrmions cancels the effect of the 𝐵௫-component and produces a very small magnetic field at the center 
regardless of the polarity of the skyrmions. The amplitude varies from -0.2 mT to 0.2 mT in the ensemble 
having a positive or negative resultant magnitude in the ensemble qubit according to their relative distance 
from the skyrmions and reaches ∼0 mT at the center. Similar magnetic field characteristics are expected 
when both skyrmions are convergent. However, when one skyrmion is divergent and the other is 
convergent, a higher magnetic field amplitude is achieved since both skyrmions have field components 
adding up along the positive or negative x-axis. The field amplitude was 1 mT for both cases 2 and 3 at the 
center. The induced field was homogeneous with only 1.2 % deviation in the region of the spin ensemble. 
Note that if we had considered a single spin qubit, the field gradient would not have been an issue. But we 
consider the more general case of a spin qubit based on spin ensembles (36 non-interacting spins placed in 
a 6x6 spin array) to show that even in this more demanding case, quantum control is feasible with minimum 
disturbance of neighbouring spin qubits.  

 

Figure 2: Comparison of (a) x‐component ሺ𝑩𝒙ሻ and (b) z‐component ሺ𝑩𝒛ሻ of the skyrmion generated magneƟc field 

for 4‐cases with different chirality and polarity.  

The amplitude and polarity of the induced field along the z-axis, 𝐵௭, depends on the core-polarities of the 
skyrmions and affect the rotation frequency of the spin ensemble. In the cases where both skyrmion-cores 
are downward, there is a resultant magnetic field at the region of the spin ensemble along the negative z-
axis with an amplitude of -2 mT.  In cases 2 and 4, the skyrmions are in opposite polarity and effectively 



cancel the effects of stray fields, resulting in a lower induced field, 𝐵௭. The residual field amplitude along 
the z-axis varies from -0.05 mT to 0.05 mT depending on the respective distance of the spins to the nearest 
skyrmions.  

 The magnetization dynamics of the nanomagnets have been optimized using identical magnetic 
material parameters as those of the skyrmions to ensure a fair comparison. Both entities, the single 
nanomagnet and the skyrmion, possess equivalent volumes. The separation between the spintronic devices 
was set at 70 nm for skyrmions and 110 nm for nanomagnets. In the realm of single-domain nanomagnets 
with lateral dimensions under 100 nm [75], spin coherence is maintained as they rotate uniformly in 
response to the application of voltage-controlled magnetic anisotropy (VCMA). In contrast, skyrmions, 
with their topologically distinct magnetic configuration, exhibit spins that are arranged in a twisted, 
spiraling, and chiral fashion [76-77]. This unique arrangement results in a reduced stray field from 
skyrmions when compared to nanomagnets at similar distances. For instance, within a given skyrmion in 
Figure 1(b), the magnetic moments on opposing sides of the core are antiparallel. This configuration 
generates an opposing polarity field along the x-axis (𝐵௫), which aligns with the direction of the adjacent 
magnetic moment. 

Due to the uniformity of the magnetic moments in nanomagnets, the field they induce is 
significantly higher than that of the skyrmions, despite both having the same volume. Thus, the inter-device 
distance for nanomagnets is substantially greater than that for skyrmions to produce an approximate 1 mT 
field at the spin ensemble location. Detailed simulation parameters for the micromagnetic study are 
enumerated in Table I. 
 
 
Table I. Parameter optimization and comparison: Nanomagnets and skyrmion 

Parameter  Skyrmion  Nanomagnet 

SaturaƟon magneƟzaƟon, 𝑀௦  1.0 x 106 A/m  1.0 x 106 A/m 

Exchange sƟffness, 𝐴௘௫  15 x 10‐12 J/m  15 x 10‐12 J/m 

Perpendicular magneƟc anisotropy, 𝑘𝑢1  5 x 105 Jmିଷ  1 x 105 Jmିଷ 

Gilbert damping constant, 𝛼  0.01  0.01 

Thickness, 𝑡  1 nm  1 nm 

Easy axis diameter, 𝐷ୣୟୱ୷  60 nm  100 nm 

Hard axis diameter, 𝐷୦ୟ୰ୢ  60 nm  36 nm 

Volume, 𝑉  900𝜋 nmଷ  900𝜋 nmଷ 

Distance  70 nm  110 nm 

 

 

Scalability of control field for quantum control of qubits: 

 Advancing scalable quantum information processing necessitates densely packed atomic spins 
within semiconductor devices [78-80]. To scale spin qubit-based quantum computers, precise control over 



individual spins (or ensemble of spins) is crucial, ensuring that adjacent spins remain unaffected. Control 
of nuclear and electron spins is traditionally achieved through nuclear magnetic resonance (NMR) and 
electron spin resonance (EPR). This involves polarizing spins in a static magnetic field and using 
microwave frequency control pulses corresponding to their Larmor frequencies for spin state manipulation. 
However, implementing high-fidelity gates requires localized control fields to individually address qubits 
and prevent crosstalk, which can compromise gate fidelity by inadvertently affecting neighboring qubits 
[78]. Localizing oscillating control fields to target specific qubits presents challenges, including the 
wavelength of the RF/microwave field and the complexity of the control circuitry [81]. 

Recent advancements have shown that electrical control over nuclear spin is possible by employing 
an electric field from a nanometer-scale electrode tip, allowing access to the spin of single atoms [82-84]. 
Nuclear electrical resonance (NER) thus introduces the potential for electrically driven qubits. 
Nevertheless, the high power needed at the antenna may generate thermal noise, leading to decoherence. 
Magnetic resonance control and detection of spin ensembles is an extensive topic of research across various 
fields such as chemistry, medicine, biology, material science, and geophysics. Yet, generating a local 
oscillating magnetic field tailored for quantum computing applications remains a significant hurdle. 

 

 
Figure 3:  Induced magneƟc field along the area in the case of (a) skyrmion case2 and (b) nanomagnet. Each square 

box (bold solid line) represents a 6x6 spin ensemble assumed to be placed periodically 200 nm apart along horizontal‐

axis and 110 nm along the verƟcal axis.  

 To assess the spatial locality of the magnetic fields produced by skyrmions and nanomagnets, we 
performed numerical calculations of the field amplitude across a two-dimensional plane, assuming the 
placement of spin ensembles in periodic positions. We considered a 6x6 qubit array with spin ensembles 
spaced 200 nm apart on the x-axis and 110 nm on the y-axis. The spatial magnetic field's amplitude and the 
comparison between skyrmion and nanomagnet-induced fields are presented in Figures 3(a,b). For 
skyrmions, the average normalized amplitude of the induced field at the targeted qubit site is approximately 
1.0 mT. The average induced field at the nearest neighboring qubit is 0.0332 mT along the x-axis and 0.0372 
mT along the y-axis. In contrast, with nanomagnets, the average amplitude of the magnetic field at the 
nearest neighbors, particularly in the x-direction, is significantly higher, even though the target spin 
ensemble experiences a similar magnetic field amplitude of ~1.0 mT. The average induced field at the 
nearest neighboring qubit on the x-axis is 0.507 mT, which is about 15 times greater than that induced by 
the skyrmion. Consequently, neighboring spin ensembles must be placed at much greater distances from 



the target qubit in the nanomagnet scenario to experience an equivalent magnetic field as in the skyrmion 
case. This suggests that a skyrmion-based system could potentially accommodate a denser array of qubits 
or spin ensembles within the same area compared to a nanomagnet-based system. Therefore, the skyrmion-
generated control field emerges as a more viable option for scalable quantum control architectures, offering 
reduced crosstalk among qubits. 

 

Figure 4: Induced magneƟc field (𝐵௫ ,𝐵௬ ,𝐵௭) by (a) skyrmion case 2 and (b) skyrmion case 3 (c) nanomagnet 

in spin ensemble in Ɵme domain.  

 In both scenarios involving skyrmions and nanomagnets, the application of a sinusoidal voltage to 
induce VCMA results in the generation of a periodic magnetic field. This field, primarily sinusoidal but 
with higher harmonics due to the nonlinear response of the magnetization to an electric field, is oriented 
along the x-axis. It interacts with the spins in the mesoscopic qubit [47-56] comprised of the spin ensemble, 
inducing Larmor precession when the frequency of the field matches the resonance condition. We note that 
a qubit comprising a single spin would be ideal but read out of a single spin state is considerably harder. 
Therefore, we consider a mesoscopic qubit consisting of an ensemble of non-interacting (36 spins placed 
in a 6x6 spin array) for ease of measurement. However, this places a strict constraint on spatial field 
gradients which can cause dephasing in the ensemble.  

The resonance is determined by the effective magnetic bias field in the z-direction, which in turn is linked 
to the spin's gyromagnetic ratio within the context of a global bias magnetic field. Figure 4 illustrates the 
microwave fields induced by this process. In the frequency domain, the control fields are characterized by 



higher harmonic frequencies, with the 500 MHz component being dominant when a 500 MHz VCMA is 
applied in both skyrmion and nanomagnet cases. These induced fields undergo higher harmonic oscillation 
during the 900 transitions between in-plane and out-of-plane magnetization. This behavior is attributed to 
the lower damping constant (α), as described by the LLG equation." 

 

Time evolution of density matrices 

In quantum mechanics, the evolution of a quantum state, |𝜓⟩ is governed by the Schrödinger equation, 

𝑖
𝜕|𝜓⟩

𝜕𝑡
ൌ 𝐻|𝜓⟩ 

where 𝐻 is the Hamiltonian operator. The equation of motion of the spin density matrix is the Liouville-
Von Neumann equation which is derived from the definition of the statistical operator 𝜌ሺ𝑡ሻ and the time-
dependent Schrodinger equation, 

𝑖ħ
𝜕
𝜕𝑡
𝜌ሺ𝑡ሻ ൌ෍൫𝐻ሺ𝑡ሻ𝜌 െ 𝜌𝐻ሺ𝑡ሻ൯

௜

ൌ ሾ𝐻,𝜌ሿ 

𝜕𝜌ሺ𝑡ሻ

𝜕𝑡
ൌ െ

𝑖
ħ
ሾ𝐻,𝜌ሿ 

The solution to the Liouville-Von Neumann equation is 𝜌ሺ𝑡ሻ ൌ 𝑈𝜌ሺ𝑡଴ሻ𝑈ற, which can be described by 
applying a unitary propagator or time shift operator 𝑈ሺ𝑡, 𝑡଴ሻ, 

𝑈ሺ𝑡, 𝑡଴ሻ ൌ 𝑒ି
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This operator expression allows us to relate the density matrix at a later time 𝑡 to the density matrix at some 
earlier time 𝑡଴, 

𝜌ሺ𝑡ሻ ൌ 𝑈ሺ𝑡, 𝑡଴ሻ𝜌ሺ𝑡଴ሻ𝑈றሺ𝑡, 𝑡଴ሻ 
For simplicity, we study the spin dynamics of a two-level quantum system. Spin dynamics in magnetic 
resonance experiments are governed by the time-dependent component of the Hamiltonian which consists 
of the induced (internal) and generated (external) microwave fields and applied static field in a closed 
quantum system. In this case, the Hamiltonian of the spin ensemble is determined by the static field (𝐵଴) 
and induced field of nanomagnets or skyrmions.  

The Hamiltonian is: 

𝐻ሺ𝑡ሻ ൌ െ𝜇.𝐵்ሬሬሬሬሬ⃗ ሺ𝑡ሻ ൌ െ𝛾𝑆.𝐵்ሬሬሬሬሬ⃗  ሺ𝑡ሻ ൌ െ𝛾௘𝑆. ቀ𝐵଴ ൅ 𝐵ሬ⃗ ௖௧௥௟ሺ𝑡ሻቁ 

where 𝜇 is the magnetic moment of the spin and 𝐵்ሬሬሬሬሬ⃗ ሺ𝑡ሻ is the total magnetic field in the closed system which 

consists of the static field, 𝐵଴ and perturbing field, 𝐵ሬ⃗ ௖௧௥௟ሺ𝑡ሻ. The magnetic moment, 𝜇 ൌ 𝛾௘𝑆 is proportional 

to its spin angular momentum 𝑆. The gyromagnetic ratio, 𝛾 is calculated as: 𝛾௘ ൌ
௘௚೐
ଶ௠೐

, where electron g-

factor, 𝑔௘ ൌ2.00232.   

For the depiction of spin dynamics, the electron spin is initialized along the x, y, and z-axes and projected 
along the x, z, and y-axes after its rotation, respectively. The unitary operator is calculated each time-step 
followed by Hamiltonian consisting the continuous application of low amplitude RF source induced from 



the nanomagnets and skyrmions. The spins in the ensemble qubit precess around the effective magnetic 
field with Larmor frequency which is described by the density matrix (𝜌). Figure 5 shows the average 
observed signal (𝜌௫ ,𝜌௬ ,𝜌௭) for skyrmion and nanomagnet cases at 500 MHz frequency. We observe x-

rotations related to the time-dependent component of 𝐵ሬ⃗ ௖௧௥௟ along x-axis. To excite the electron spin to 
produce Rabi oscillation, the drive frequency has to be equal the Larmor frequency. In Figure 5(a), the 
skyrmion case 2 has a dip indicating an incomplete Rabi oscillation which can lead to lower gate fidelities, 
but not in the nanomagnet case and skyrmion case 3. This is due to the highly inhomogeneous and opposite 
polarity 𝐵௭ field (Figure 2) in ensemble qubit, which affects the rotating field correction at each spin.  

 

Figure 5: EvoluƟon of 36 spins in the lab frame with the induced field at 500 MHz drive with (a) skyrmion 

case2, (b) skyrmion case3, and (c) nanomagnet. 

Gate fidelities 

Current NISQ quantum systems are prone to decoherence, environmental interference, crosstalk 
including the measurement errors, noise control circuitry, fabrication defects which lead to lower gate 
fidelities. Gate fidelity is the capacity of the qubits to maintain their quantum states or execution of correct 
logics, which also indicates the reliability in computation and critical for algorithm design and applications. 
The gate fidelity is calculated from:  
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As discussed earlier, if we had considered a single spin qubit, the field gradient would not have been an 
issue. However, we consider the more demanding case of a mesoscopic qubit consisting of a spin ensemble 
with a finite volume. Hence, the fidelity will degrade due to the spatial variation of the control field. The 
effect of the inhomogeneities is estimated by calculating the fidelities over space as a function of the 



position followed by averaging over the spin ensemble. Note that for a qubit consisting of a single spin, the 
fidelity will be better than for the ensemble qubit.  

The X/2 gate refers to a rotation of a qubit around x-axis by an angle equal to half of the Bloch sphere’s 
rotation for an X gate (Pauli-X gate). This is also known as the 𝜋/2 pulse or Hadamard gate when applied 
to a computational basis state and can be achieved by stopping the drive when 𝜌௬ rotates to z, or 𝜌௭ rotates 

to y. The Pauli-X gate refers to a 𝜋 rotation around the x-axis of the Bloch sphere, which flips the state |0⟩ 
and |1⟩, while leaving the superposition states on the equator unaffected.  

The X/2 and X-gate durations and fidelities are given in Table II. Although, the gate duration is 
smaller, the gate fidelities for skyrmion case 2 are much lower compared to the nanomagnet case due its 
significant spatial inhomogeneities in 𝐵௭ field. But skyrmion case 3 features much higher gate fidelities 
than both the nanomagnet and skyrmion case 2, and comparable gate duration for both X/2 and X gates. 
While single spin fidelities (𝜋/2 avg – 99.99 and 𝜋 avg- 99.95) are much higher than the ensemble average 
(𝜋/2 avg – 99.99 and 𝜋 avg- 99.82), the ensemble gives the benefit of measurement and further error 
correction scheme. To be compatible with the NISQ era, the gate fidelities can be further improved by 
applying composite pulses such as the Knill pulse, or dynamic decoupling schemes.  

Table II: Fidelity with skyrmions and nanomagnet generated control field  

 Nanomagnet Skyrmion case 2 Skyrmion case 3 

𝜋/2 max (%) 99.961 99.918 99.999 
𝜋/2 avg (%) 99.948 99.286 99.985 

𝑇గ/ଶ (ns) 32.016 30.044 32.034 
𝜋 max (%) 99.904 99.965 99.945 

𝜋 avg (%) 99.889 97.158 99.820 
𝑇గ (ns) 62.008 58.026 64.026 

 

One of the reasons spin qubits are promising candidates for large-scale quantum computation is 
because electron spins in silicon can be operated at temperatures well above the ~mK range. Recently, 
single-qubit control above 1 K with silicon quantum dots and two-qubit logic in a quantum circuit was 
demonstrated at 1.1 K, which shows that quantum coherence phenomena of spin qubits in the range of 
T=0.45-1.25 K are well suited for the implementation of spin qubit gates [86-87]. To study the effect of 
thermal fluctuations on the magnetization dynamics of the nanomagnet controlling such spin qubits, we 
performed micromagnetic simulations at 1K and compared the results to magnetization dynamics at 0 K. 
The qualitative deviation of the magnetization and hence the control magnetic field due to the thermal 
fluctuation at 1K was found to be negligible.  



 

Figure 6: EvoluƟon of spins  in the  lab frame with the  induced field at 500 MHz drive with (a) skyrmion 

case2, (b) nanomagnet subjected to thermal noise. 

Furthermore, the 
గ

ଶ
 and 𝜋 gate fidelities for the nanomagnet case are not impacted by the thermal noise at 1 

K. While in the skyrmion case the average 
గ

ଶ
-gate fidelity is the same, the average 𝜋-gate fidelity is slightly 

lower (97.11) than the 0 K fidelity (97.15).  

Conclusion  

 The combination of divergent and convergent magnetic skyrmions generates a high magnetic field 
at the center of the skyrmion pair that is independent of their polarities. The unique topological arrangement 
of spins within a skyrmion results in a reduced stray field at nearby points compared to that induced by 
nanomagnets. Consequently, the magnetic field produced by skyrmions is much more localized, a beneficial 
attribute for RF control fields in systems with multiple qubits separated by short distances. Additionally, 
our results indicate that maximum gate fidelities surpass 99.95% for π/2-gates and 99.90% for π-gates for 
both skyrmion and nanomagnet configurations controlling qubits comprising spin ensembles. Fidelities will 
be better for single spin qubits In conclusion, skyrmions have demonstrated the capability to generate a 
homogeneous control field that can precisely address spin ensembles with high fidelity. The localized 
control field achieved in this study is precise enough to manipulate individual qubits without interfering 
with neighboring ones, a critical requirement for the controlled-X gates that are essential for constructing a 
scalable quantum computer. 
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Supplementary  
Micromagnetic simulation: 

The effective field due to the Heisenberg exchange interaction is computed as follows: 

𝐻ሬሬ⃗ ௘௫௖௛௔௡௚௘ ൌ
ଶ஺೐ೣ
ఓబெೞ

∑ ሺ௠ೖሬሬሬሬሬሬ⃗ ି௠೎ሬሬሬሬሬሬ⃗ ሻ

∆೔
మ௜                                                      (1) 

Where 𝑘 represents the six nearest neighboring cells of the central cell, 𝑚௖ሬሬሬሬሬ⃗  is the magnetization of the 

central cell, 𝑚ሬሬ⃗ ௞ is the magnetization of 𝑘௧௛ neighboring cell, ∆௞ is the cell size in the direction of neighbor 
𝑘.  

The effective field due to the perpendicular magnetic anisotropy, 𝐻ሬሬ⃗ ௔௡௜௦ is given as: 

 𝐻ሬሬ⃗ ௔௡௜௦ ൌ
ଶ௄ೠభ
ఓబெೞ

ሺ𝑧.𝑚ሬሬ⃗ ሻ𝑧.                                                     (2) 

Here, the first order uniaxial anisotropy constant is 𝐾௨ଵ, the magnetic permeability of free space is 𝜇଴, and 
𝑧 is the unit vector corresponding to the anisotropy direction.  

The temperature effect is calculated by,  

𝐻ሬሬ⃗ ௧௛௘௥௠௔௟ ൌ 𝜂ሺ𝑠𝑡𝑒𝑝ሻඨ
2𝛼𝑘஻𝑇
𝑀௦𝛾Δ𝑉Δ𝑡

 

Where T is the temperature (K), Δ𝑉 is the cell volume, 𝑘஻ is the Boltzmann constant, Δ𝑡 is time step and 
𝜂ሺ𝑠𝑡𝑒𝑝ሻ is a random vector sampled from a standard normal distribution which is uncorrelated for each of 
the three cartesian coordinates and change value every time step.  

The cell sizes chosen were 1 nm3, so that all dimensions are well within the limit of ferromagnetic exchange 

length calculated by, ඥ2𝐴௘௫ 𝜇଴𝑀௦
ଶ⁄  = 4.86 nm, where the exchange stiffness, 𝐴௘௫ ൌ 15x10ିଵଶ Jmିଵ, 

saturation magnetization, 𝑀௦ ൌ 1x10଺ Amିଵ, and permeability of free space, 𝜇଴ ൌ 4𝜋𝑥10ି଻ H/m. 

While PMA is created from the interaction between the ferromagnet’s hybridized 𝑑௫௭ and oxygen’s 𝑝௭ 
orbital at a ferromagnet/oxide interface [1], by the application of voltage pulse, the interface electron density 
as well as perpendicular anisotropy can be changed [2]. This phenomenon is called VCMA [3-5].  

The nanomagnets that induce magnetic field in the spin ensemble are elliptical in shape with easy axis, 
𝐷௘௔௦௬=36 nm, hard axis, 𝐷௛௔௥ௗ=100 nm and the volume is calculated by, 𝜋𝐷௘௔௦௬𝐷௛௔௥ௗℎ ൌ 900𝜋 nmଷ, 

which is the same volume as the skyrmion 𝜋𝑟ଶℎ ൌ 900𝜋 nmଷ. 
The nanomagnets and the mesoscopic qubit are assumed to be in an external magnetic field along 

the direction of z-axis. The magnetization is initialized to out-of-plane direction due to PMA and global 
magnetic field (𝐵଴). To alter the magnetizations of the two identical nanomagnets, VCMA is applied 
through the variation of PMA.  
 



 

Figure 1: Induced magneƟc fiend (𝑩𝒙,𝑩𝒛) by nanomagnets.  

Electron spin evolution: 

The Hamiltonian has a time-independent and a time-dependent part:  

𝐻ሺ𝑡ሻ ൌ  𝐻଴ ൅ 𝐻ଵሺ𝑡ሻ 

𝐻ሺ𝑡ሻ ൌ  െሺ𝜔௫௦௧ ൅ 𝜔௫௩௔௥ሺ𝑡ሻሻ𝑆௫  ෢ െ ሺ𝜔௬௦௧ ൅ 𝜔௬௩௔௥ሺ𝑡ሻሻ𝑆௬ ෢ െ ሺ𝜔௭௦௧ ൅ 𝜔௭௩௔௥ሺ𝑡ሻሻ𝑆௭ ෢  

We assume a static field along the 𝑧-direction, 

𝐻ሺ𝑡ሻ ൌ  െ𝜔௫௩௔௥ሺ𝑡ሻ𝑆௫  ෢ െ𝜔௬௩௔௥ሺ𝑡ሻ𝑆௬ ෢ െ ሺ𝜔଴ ൅ 𝜔௭௩௔௥ሺ𝑡ሻሻ𝑆௭ ෢  

Here, 𝜔଴ ൌ 𝛾𝐵଴𝑧̂ is the angular velocity or Larmor frequency of electron spins when subjected to the 
external static field 𝐵଴. 

The density matrix represents the linear form of Hilbert space of pure quantum states that represents 
a statistical ensemble of quantum states in a Bloch region. The density matrix can be written as the convex 
sum of pure state density matrices: 

𝜌ሺ𝑡ሻ ൌ  ෍𝑝௜|𝜓௜⟩⟨𝜓௜|
௜

 

Here, 𝑝௜ is the relative weight of the quantum state |𝜓⟩.   

The Hamiltonian and density matrix operators can be written in the rotating frame of reference as: 

𝐻ሺ𝑡ሻ ൌ 𝑒௜ఠೝௌ೥௧𝐻ሺ𝑡ሻ𝑒ି௜ఠೝௌ೥௧ 

𝜌ሺ𝑡ሻ ൌ 𝑒௜ఠೝௌ೥௧𝜌ሺ𝑡ሻ𝑒ି௜ఠೝௌ೥௧ 

 


