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We introduce a new class of primitive building blocks for realizing quantum logic elements based
on nanoscale magnetization textures called skyrmions. In a skyrmion qubit, information is stored in
the quantum degree of helicity, and the logical states can be adjusted by electric and magnetic fields,
offering a rich operation regime with high anharmonicity. By exploring a large parameter space, we
propose two skyrmion qubit variants depending on their quantized state. We discuss appropriate
microwave pulses required to generate single-qubit gates for quantum computing, and skyrmion
multiqubit schemes for a scalable architecture with tailored couplings. Scalability, controllability
by microwave fields, operation time scales, and readout by nonvolatile techniques converge to make
the skyrmion qubit highly attractive as a logical element of a quantum processor.

Quantum computing promises to dramatically improve
computational power by harnessing the intrinsic properties of quantum mechanics. Its core is a quantum bit
(qubit) of information made from a very small particle
such as an atom, ion or electron. Proposed qubit systems
include trapped atoms, quantum dots and photons[1–3].
Among them, superconducting circuits, currently one of
the leading platforms for noisy intermediate-scale quantum computing protocols [4], are macroscopic in size but
with well-established quantum properties[5]. Nevertheless, despite tremendous progress, significant challenges
remain, in particular with respect to control and scalability [6].
Here we propose an alternative macroscopic qubit design based on magnetic skyrmions, topologically protected nanoscale magnetization textures, which have
emerged as potential information carriers for future spintronic devices[7]. We focus on frustrated magnets, in
which skyrmions and antiskyrmions have a new internal
degree of freedom associated with the rotation of helicity [8–12]. In these systems, the noncollinear spin texture induces electric polarization, allowing for electricfield modulation of the skyrmion helicity [13, 14]. Along
with magnetic field gradients [15] (MFGs) and microwave
fields[16, 17], electric fields emerge as a new, powerful
tool for a current-free control of skyrmion dynamics [18].
Skyrmions of a few lattice sites[19] inspired theoretical
studies on their quantum properties [20, 21]. Similar
to Josephson junctions[22, 23], their macroscopic quantum tunneling and energy-level quantization are indicative of quantum behavior. In sufficiently small magnets, an analogous quantum behavior in terms of macroscopic quantum tunneling of the magnetic moment has
been experimentally verified in mesoscopic magnetic systems [24–26], while the quantum depinning of a magnetic
skyrmion has been theoretically proposed [27].

We formulate a theoretical framework of skyrmion quantization and construct skyrmion qubits based on the
energy-level quantization of the helicity degree of freedom. The ability to control the energy-level spectra
with external parameters, including electric and magnetic fields, offers a rich parameter space of possible qubit
variants with high anharmonicity and tailored characteristics. We propose microwave MFGs for skyrmion
qubit manipulation and gate operation, and consider
skyrmion multiqubit schemes for a scalable architecture.
A skyrmion qubit has a moderately-high coherence time
in the microsecond regime, while nonvolatile readout
techniques can be employed for a reliable qubit state
readout. Finally, we discuss how scale-up multiqubit

FIG. 1. Skyrmion Qubit Concept. (a) A quantum state
|Ψi as an arbitrary superposition of skyrmion configurations
with distinct helicities ϕ0 . (b) Bloch sphere representation of
|Ψi = α|0i + β|1i, with |0i and |1i denoting the two lowest
energy levels of the quantum operator ϕ̂0 . (c) A bilayer of
magnetic materials as a platform for the skyrmion qubit coupling scheme. The qubit coupling is tuned by a nonmagnetic
spacer (blue), and logical states are adjusted by electric fields
(yellow plates).
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FIG. 2. The Sz -qubit properties. (a) Magnetic field h̄ and electric field Ez dependence of the transition frequency ωq , close
to the degeneracy point h̄ = 0.5. The colored surface represents the values of ωq which satisfy the requirement of high
anharmonicity. (b) Nonequidistant quantized energy levels and potential landscape. The qubit states are the ground state
|0i and first excited state |1i with level spacing ~ω01 = ωq smaller than transitions to higher states ~ω02 , ~ω12 . (c) Universal
energy level anticrossing diagram close to the degeneracy point (dashed lines). The degeneracy is lifted by an electric field
(upper panel) or increasing the magnetic field away from h̄ = 0.5 (lower panel). At the √
degeneracy point, energy eigenstates
are symmetric and antisymmetric superpositions of the skyrmion qubit states (|0i ± |1i)/ 2. (d) A magnetic skyrmion with a
circular profile stabilized in a magnetic nanodisk.

challenges can be addressed by leveraging state-of-theart skyrmion technology and show that skyrmion qubits
are suitable for quantum computing technology.
Skyrmion Field Quantization. We begin by considering the inversion-symmetric Heisenberg model with
competing interactions [10],
J1
J2 a2 2 2 H
K
(∇m)2 +
(∇ m) − 2 mz + 2 m2z , (1)
2
2
a
a
where H and K are the Zeeman and anisotropy
coupling, respectively, while J1 and J2 denote the
strength of the competing interactions and a the lattice spacing. A number of geometrically frustrated
magnets are good candidates to host complex spin
textures [8], including the triangular-lattice magnet
Gd2 PdSi3 , known to support skyrmion phases [28]. Using m = [sin Θ cos Φ, sin Θ sin Φ, cos Θ], we describe classical skyrmions by Φ(r) = −Qφ and Θ = Θ(ρ), with
ρ, φ polar coordinates. This class of solutions is characterized
R by an integer-valued topological charge Q =
(1/4π) r m · (∂x m × ∂y m), with Q = 1 (Q = −1) for
a skyrmion (antiskyrmion). The skyrmion
size√ is de√
finedpas λ ≡ 2a/Re[γ± ], with γ± = −1 ± γ̃/ 2 and
γ̃ = 1 − 4(H/J1 + 2K/J1 ). The model of Eq. (11) has
an unbroken global symmetry, Φ → Φ + ϕ0 , with ϕ0 the
collective coordinate of the skyrmion helicity. By considering a skyrmion stabilized in a nanodisk (see Fig.1), we
exclude the translational coordinate of position [21] and
focus exclusively on the dynamics of ϕ0 .
To investigate quantum effects, we utilize a method
of collective coordinate quantization. Here ϕ0 and its
conjugate momentum Sz are introduced by performing
a canonical transformation in the phase space path
integral [29, 30] (see Supplemental Material). This is
F =−

achieved byR ensuring momentum is conserved, Sz = P ,
with P = r (1 − cos Θ)∂φ Φ the infinitesimal generator
of rotations satisfying {P, Φ} = −∂φ Φ. Using standard equivalence between path integral and canonical
quantization, we introduce operators ϕ̂0 and Ŝz with
[ϕ̂0 , Ŝz ] = i/S̄, and S̄ the effective spin. The classical
limit is associated with S̄  1. Eigenstates of Ŝz are
labeled by an integer charge s with Ŝz |si = s/S̄|si,
and states ϕ̂0 |ϕ0 i = ϕ0 |ϕ0 i have a circular topology
|ϕ0 i = |ϕ0 + 2πi. The relation between physical and
dimensionless parameters is summarized in Table.I. We
construct skyrmion qubits based on textures with Q = 1.
Antiskyrmion qubits follow directly from our present
analysis.
Fundamental Skyrmion Qubit Types. We now
seek to construct a skyrmion qubit based on the energylevel quantization of the helicity degree of freedom. A
promising qubit candidate needs to satisfy several criteria including scalability, ability to initialize to a simple
fiducial state, long decoherence times, a universal set of
quantum gates, and the ability to perform qubit-specific
measurements[31].
The Sz –Qubit: The ability to control the energy-level
spectra with external parameters, offers a rich parameter
space of possible qubit variants with tailored characteristics. We introduce the Sz -qubit Hamiltonian,
HSz = κ(Ŝz − h/κ)2 − Ez cos ϕ̂0 ,

(2)

which resembles the circuit Hamiltonian of a superconducting charge qubit [32]. Here κ and h denote the
anisotropy and magnetic field coupling, respectively, in
dimensionless units. The noncollinear spin texture gives
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FIG. 3. The helicity-qubit properties. a) Electric field Ez and magnetic field gradient h⊥ dependence of the transition
frequency ωq , close to the degeneracy point h̄ = 1. The colored surface represents the values of ωq which satisfy the requirement
of high anharmonicity. b) Nonequidistant quantized energy levels and double-well potential landscape. The qubit states are
the ground state |0i and first excited state |1i with level spacing ~ω01 = ωq smaller than transitions to higher states ~ω02 , ~ω12 .
The potential barrier Vm is controlled by Ez and the well difference by h⊥ . c) Universal energy level anticrossing diagram close
to the degeneracy point h̄ = 1. The degeneracy is lifted by an electric field (upper panel) or a magnetic field gradient (lower
panel). d) A magnetic skyrmion with an elliptical profile stabilized in a magnetic nanodisk. The elliptical profile is essential
for realizing the double-well potential.

rise to an electric polarization which couples to an electric field Ez applied across the nanodisk to control ϕ0 [14]
(see Fig. 1 for a schematic illustration of the setup). The
Sz -qubit is designed in the Ez  κ regime, such that
logical qubits are spin states |si, representing deviations
of the mz component from equilibrium. The solution of
the Schrödinger equation HSz Ψs (ϕ0 ) = Es Ψs (ϕ0 ), with
Ψs (ϕ0 ) = hϕ0 |si, can be calculated exactly in the form of
special functions (see Supplemental Material). In Fig. 2(b) we plot the potential landscape and the first three
levels using κ = 0.1, h = 0.47, and Ez = 0.02.
Two requirements are essential for a reliable qubit
operation; nonequidistance of the energy spectrum to
uniquely address each transition and suppressed spontaneous thermal excitations to higher energy levels kB T 
~ω12 , ~ω02 . The remarkable feature of skyrmion qubits is
that these conditions can be met by tuning the relevant
external parameters. In Fig. 2-(a) we present the range
of parameters h̄ = hS̄/κ and Ez for which a relatively
large anharmonicity is present, |ω12 − ω01 | > 20%ω01
and |ω02 − ω01 | > 20%ω01 .
For h̄ = 1/2, the two lowest spin states |0i and |1i are
degenerate, and a small Ez lifts the degeneracy creating a
tight two-level system. Truncating the full Hilbert space
to qubit subspace, the reduced Hamiltonian is
Hq =

Xc
H0
σ̂z −
σ̂x ,
2
2

(3)

p
with H0 = κ(1 − 2h̄)/S̄, Xc = Ez , and ωq = H02 + Xc2
the corresponding qubit level spacing. The universal level
repulsion diagram is shown in Fig. 2-c), with a minimum
energy splitting Ez . The Sz -qubit operation regime in
physical units is given in Table. II. We note that the

proposed qubit platform has large anharmonicity, and
the voltage bias for qubit manipulation is several orders
of magnitude smaller compared to those required for the
electric-field skyrmion creation and annihilation [18].
The Helicity–Qubit: Inspired by the superconducting
flux qubit and proposals on magnetic domain walls [33],
we seek to construct a double-well potential landscape
for the helicity ϕ0 , in order to define the qubit logical
space using the two well minima. This is achieved by
considering a material with in-plane magnetic anisotropy
of strength κx [34] and a skyrmion characterized by an elliptical profile, as the result of defect engineering [35, 36].
The Hamiltonian for this new type of helicity qubit reads
Hϕ0 = κŜz − hŜz + V (ϕ̂0 ), with the double-well potential
given by
V (ϕ0 ) = κx cos 2ϕ̂0 − Ez cos ϕ̂0 + h⊥ sin ϕ̂0 .

(4)

The first two terms in Eq. (4) create a symmetric
potential, and the third term describes a depth difference between the well created by an in-plane MFG of
strength h⊥ . The solutions of the eigenvalue problem
Hϕ0 Ψn (ϕ0 ) = En Ψn (ϕ0 ) are 2π-periodic functions calculated numerically. The potential in the helicity representation is schematically shown in Fig. 3-(b) together with
the first three levels. Close to the degeneracy point at
h̄ = 1 and for h⊥ = 0, the two lowest energy functions
Ψ0,1 are symmetric and antisymmetric combinations of
the two wave p
functions localized in each well located at
ϕm = tan−1 ( 16κ2x − Ez2 /Ez ). A finite h⊥ acts as an
energy bias creating a depth well difference, such that
the ground and first-excited states are now localized in
different wells.
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TABLE I. Relation between physical and dimensionless parameters. We use J1 = 1 meV, a = 5 Å, S̄ = 10, J2 = J1 , K = 0.4J1 ,
Kx = 0.05J1 , and PE = 20 µC/cm2 . MFG stands for magnetic field gradient.
Length
Time
Frequency Temperature
Magnetic field
Electric field
Static MFG
r × 0.5 nm t × 6.6 10−13 s ω × 1519 GHz T × 11.6 K H/gµB = h × 0.86 T E = Ez × 215 V/m H⊥ /gµB = h⊥ × 1.72 T/nm

TABLE II. Skyrmion qubit operation regime and lifetime. We use α = 10−5 and T = 100 mK. EF stands for electric field and
MFG for magnetic field gradient.
Qubit type

Magnetic field

External control

ωq

T1

T2

ω12

Tc

Sz -qubit

8.9 mT

EF = 108 mV/µm

25.6 GHz

0.27 µs

0.49 µs

310 GHz

2.50 K

Helicity qubit

445 mT

EF = 296 mV/µm

14.9 GHz

0.15 µs

0.26 µs

330 GHz

2.60 K

Helicity qubit

445 mT

MFG = 1.73 mT/nm

2.1 GHz

0.43 µs

0.32 µs

330 GHz

2.55 K

At h̄ = 1, level anticrossing can be probed by applying
either an electric field Ez (see Fig. 3-(c) upper panel) or
a magnetic field gradient h⊥ (see Fig. 3-(c) lower panel).
The reduced qubit Hamiltonian under the two-level approximation has the form of Eq. (27), where H0 = E1 −E0
and Xc = ge Ez for h⊥ = 0, or Xc = gb h⊥ for Ez = 0.
Constants H0 , ge , and gb are found numerically. The
helicity-qubit operation regime in physical units is given
in Table. II, using both Ez and h⊥ as external control
parameters.
Qubit Control. A quantum coherent computation
depends on the ability to control individual quantum degrees of freedom. Here we propose microwave MFGs
for skyrmion qubit manipulation and gate operation.
MFGs give rise to additional Hamiltonian terms Hext (t) =
bf (t) cos(ωt + φext ) cos ϕ̂0 , with f (t) a dimensionless envelope function, or in terms of the qubit Hamiltonian,
q
= bx (t)σ̂x , with bx (t) = b0 f (t) cos(ωt + φext ). In the
Hext
diagonal basis, the driven Hamiltonian is written as
Hq =

ωq
σ̂z + bx (t)[cos θσ̂x + sin θσ̂z ] ,
2

(5)

with tan θ = Xc /H0 . To elucidate the role of the drive,
we transform Hq into the rotating frame,
Hrot =

∆ω
Ω
σ̂z + f (t)[cos φext σ̂x + sin φext σ̂y ] ,
2
2

(6)

where ∆ω = ωq − ω is the detuning frequency and
Ω = b0 cos θ. Single-qubit operations correspond to rotations of the qubit state by a certain angle about a particular axis. As an example, for φext = 0 and ∆ω = 0, the unii
tary operator Ux (t) = e− 2 ϑ(t)σ̂x corresponds to rotations
Rt
around the x axis by an angle ϑ(t) = −Ω 0 f (t0 )dt0 [37].
Rotations about the y axis are achieved for φext = π/2.
Qubit Coupling Scheme. A key component for realizing a scalable quantum computer is an interaction

Hamiltonian between individual qubits. As a straightforward scheme for coupling skyrmion qubits, we consider the interlayer exchange interaction in a magnetic bilayer mediated by a nonmagnetic spacer layer (see Fig. 1
for a visualization).
The interaction term is given by
R
Fint = Jint r m1 · m2 [38], or in terms of the helicities,
Hint = −Jint cos(ϕ1 − ϕ2 ). The resulting Hamiltonian in
the qubit basis contains both transverse and longitudinal
couplings,
x 1 2
z 1 2
Hint = −Jint
σ̂x σ̂x − Jint
σ̂z σ̂z .

(7)

Jint can be tuned experimentally by changing the spacer
x,z
thickness, while both Jint
allow for an independent control by tuning all three external fields h, Ez , and h⊥ . This
property is especially important in applications where
both longitudinal and transverse couplings are desired,
such as quantum annealing [37].
Noise and Decoherence. The interaction of the
skyrmion qubit with the environmental degrees of freedom is a source of noise that leads to decoherence.
They result in Ohmic damping terms for the collective coordinates ϕ0 and Sz [39], accompanied by random
fluctuating forces ξi that enter the quantum Hamiltonian as Ĥ → Ĥ + ξϕ0 ϕ̂0 + ξSz Ŝz . ξi is fully characterized by the classical ensemble averages hξi (t)i = 0
and hξi (t)ξj (t0 )i = δij Si (t − t0 ) [33], and the correlator
Si (t) is defined via the fluctuation-dissipation theorem,
Si (ω) = αi ω coth(βω/2), with αi constants proportional
to the Gilbert damping α. In terms of the reduced qubit
Hamiltonian one finds,
Hq =

ωq
σ̂z + ξx (t)γx σ̂x + ξy (t)γy σ̂y + ξz (t)γz σ̂z , (8)
2

where γi constants which depend on the qubit type and
ξx,y,z are linear combinations of ξϕ0 and ξSz .
Within the Bloch-Redfield picture of two-level system
dynamics, relaxation processes are characterized by the
longitudinal relaxation rate Γ1 = T1−1 and the dephasing
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rate Γ2 = T2−1 . The latter is a combination of effects
of the depolarization Γ1 and of the pure dephasing Γϕ ,
combined to a rate Γ2 = Γ1 /2+Γϕ , with Γ1 = γx2 Sx (ωq )+
γy2 Sy (ωq ) and Γϕ = γz2 Sz (0)[40]. The optimal regime for
realizing both long coherence and high anharmonicity is
close to the degeneracy point and for Xc  H0 . This
translates to the requirement h̄ = 0.5 and Ez  1 for the
Sz -qubit, and to h̄ = 1 and Ez , h⊥  1 for the helicity
qubit.
In Table.II we present the expected qubit lifetimes for a
modest choice of an ultralow Gilbert damping α = 10−5
and T = 100 mK. A skyrmion qubit has a moderately
high coherence time in the microsecond regime. This
is comparable to early measurements of the flux superconducting qubit and 2 orders of magnitude larger
than the Cooper pair box[32]. The number of coherent Rabi frequency oscillations within the coherence time
is ΩT1 ∝ 105 , inside the desired margins expected for
superconducting qubits [33, 41]. Several magnetic thin
films exhibit ultralow Gilbert damping of the order of
α ∼ 10−4 − 10−5 [42–44]. In the sub-Kelvin qubit operational regime, Gilbert damping is expected to be even
lower [45, 46]. Coherence times can be further improved
with the development of cleaner magnetic samples and interfaces in engineered architectures, without trading off
qubit anharmonicity and scalability.
Readout Techniques. An essential part for implementing skyrmion-based quantum-computing architectures is a reliable readout. Quantum sensing of coherent
single-magnon techniques, based on quantum dot[47] or
superconducting qubit[48] sensors, is promising for the
readout of Sz -qubit states, single magnetic excitations
from the equilibrium configuration. On the other hand,
helicity-qubit states represent two distinct skyrmion configurations with helicity values located at the two minima
of the double-well potential of Eq.(4). Experimental observation of skyrmion helicity is possible using nitrogenvacancy (NV) magnetometry[49], allowing for a detectorsingle qubit coupling control by varying the NV sensor distance from the skyrmion. Resonant elastic x-ray
scattering[50] techniques provide a direct observation of
skyrmion helicity, and when combined with ferromagnetic resonance measurements [51] can offer a promising single-qubit readout method. Finally, coupling a
skyrmion to a magnetic force microscopy resonator allows the detection of magnetic states, which appear as
resonance frequency shift signals[52].
Conclusions. We proposed a novel physical qubit
platform based on magnetic nanoskyrmions in frustrated
magnets. The skyrmion state, energy-level spectra, transition frequency and qubit lifetime are configurable and
can be engineered by adjusting external electric and magnetic fields, offering a rich operation regime with high anharmonicity. Microwave pulses were shown to generate
single-qubit gates for quantum computing, and skyrmion
multiqubit schemes were considered for a scalable archi-

tecture with tailored couplings. Whereas, nonvolatile
readout techniques can be employed for a reliable qubit
state readout, using state-of-the-art magnetic sensing
technology. We anticipate the considerable progress in
the field of skyrmionics will provide exciting new directions on the development of skyrmion qubits as promising
candidates for quantum computing technology.
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SUPPLEMENTAL MATERIAL FOR:
Skyrmion Qubits:
A New Class of Quantum Logic Elements Based on
Nanoscale Magnetization

is parametrized as Θ` = Θ(ρ) + g(ρ) cos 2φ, where g(ρ)
is dictated by the microscopic mechanism responsible for
skyrmion deformation. Here we use the phenomenological function g(ρ) = sech[(ρ − λ)/∆0 ], and the elliptical
skyrmion is depicted in Fig. 3-d).

THE MODEL

We consider a thin magnetic insulator with normalized magnetization m = [sin Θ cos Φ, sin Θ sin Φ, cos Θ],
described by the real time action
Z
Z
SNA
Φ̇(Π − 1) − NA F(Φ, Π)] , (9)
S = S̄ dt̃ dr̃[
α
where S̄ is the magnitude of the effective spin and a is the
lattice spacing. Φ̇ = ∂t̃ Φ denotes the real time derivative,
and Π = cos Θ is canonically conjugate to Φ. We consider
the inversion-symmetric classical Heisenberg model with
competing interactions, originally introduced in Ref.10
J2 a2 2 2 H
K
J1
(∇ m) − 2 · m + 2 m2z ,
F = − (∇m)2 −
2
2
a
a
(10)
where J1 , J2 , H and K are in units of [eV]. We introduce
dimensionless variables r = r̃/(`a), t = t̃/εΛ and β =
β̃εΛ , with ` and εΛ a characteristic length and energy
scale respectively. Stationary configurations of the action
(9), denoted as Φcl and Πcl , are found by minimizing the
energy functional, i.e by solving the equations δF/δΦcl =
0 = δF/δΠcl . This class of solutions are
R characterized
1
by a finite topological charge Q = 4π
drm · (∂x m ×
∂y m), and a magnetization profilepthat decays to zero at
spatially infinity. Choosing ` = J2 /J1 = 1, εΛ = J1 ,
and H = H ẑ, the action Rof Eq.
R (9) in reduced units is
written as follows S = S̄ dt dr[Φ̇(Π − 1) − F(Φ, Π)],
with
F = −(∇m)2 /2 − (∇2 m)2 /2 − hmz + κ̃m2z ,

(11)

with κ̃ = K/J1 and h = H/J1 .
Rotationally symmetric solutions of the model (11)
are described by Φ(r) = −Qφ and Θ(r) = Θ(ρ) with
boundary conditions Θcl (0) = π andR Θcl (ρ → ∞) = 0.
Upon minimization of the energy drF we obtain a
nonlinear Euler equation for the skyrmion profile Θ(r),
which generally cannot be solved analytically. In the
ρ  1 limit we find the approximate
√ solution√Θ(ρ) =
−γ+ ρ
<[c+ ep
+ c− e−γ− ρ ], with γ± = −1 ± γ̃/ 2 with
γ̃ = 1 − 4(h + 2κ̃) and c± constants. The skyrmion
size is defined as λ ≡ 1/<[γ± ]. (see Ref. 10 for more details on the model). For example for K = 0 and H = 0.86
T, the skyrmion size is λ = 10a. The rotationally symmetric skyrmion profile is depicted in Fig. 2-d).
To generate the double-well potential term, essential
for the construction of the helicity-qubit, we consider
skyrmions characterized by elliptical profiles, which can
be the result of defect engineering. The skyrmion profile

Energy and Hamiltonian Terms. We summarize
the energy terms on the classical level in physical units,
the definition of dimensionless parameters and the corresponding quantized Hamiltonian terms. The various
interactions of interest introduced in the main part of
the manuscript are
Z
H
Kx
H⊥
K
0
F = S̄ dr[ 2 m2z − 2 mz + 2 m2x + 2 ymx
a
a
a
a
B
− E · P + 2 f (t) cos(ωt + φext )xmx ] , (12)
a
with P = [êx × (m × ∂x m) + êy × (m × ∂y m)] the electric
polarization, and E = EPE aẑ the electric field. K, H,
and Kx are in units of [eV], H⊥ and B in units of [eV/m],
PE in units of [C/m2 ], E in units of V/m, and a the
lattice constant in units of [m]. Choosing a as a typical
length and J1 as a typical energy scale, we arrive at
Z
F 0 = dr[κ̃m2z − hmz + κ̃x m2x + h̃⊥ ymx
−εz ẑ · P + b̃f (t) cos(ωt + φext )xmx ] ,

(13)

given now in dimensionless units κ̃ = S̄K/J1 , κ̃x =
S̄Kx /J1 , h = S̄H/J1 , h̃⊥ = S̄H⊥ a/J1 , b̃ = S̄Ba/J1 , and
εz = S̄EPE a3 /J1 . Following the quantization procedure
described in detail below, the quantum Hamiltonian in
terms of ϕ0 and Sz reads,
H̃ = κSz2 − hmz + κx cos 2ϕ0 − Ez cos ϕ0
(14)
+ h⊥ sin ϕ0 + bf (t) cos(ωt + φext ) ,
R
R
2
where Rκ = κ̃ r (1 − cos Θ)2 /[
R r (1 − cos Θ)] 0, κx =
(κ̃x /4) r sin 2Θg(ρ) , Ez = εz r [sin 2Θ/2ρ + Θ ], h⊥ =
R
R
(h̃⊥ /4) r ρ sin Θ, and b = (b̃/4) r ρ sin Θ.
SKYRMION QUANTIZATION

To investigate the quantum effects, we employ a functional integral formulation,
in which the partition
R
R function is given by Z = DmeiS(m,ṁ) . Here S = dtL is
the action, with
Z
L = S̄ dr[A(m) · ṁ − NA F] ,
(15)
where A(m) = [1 − ẽΦ · (eΦ × m)]eΦ /(ẽΦ · m)) is
the gauge potential. We use ẽΦ = (cos Φ, sin Φ, 0)
and eΦ = (− sin Φ, cos Φ, 0), and we also note that
A · ṁ = (1 − cos Θ)Φ̇. The commutation relations are
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{mi (r), mj (r0 )} = ijk mk (r)δ(r − r0 ), where {A, B} is
the Poisson bracket satisfying
Z
δA(r) δBr0
δA(r) δB(r0 )
0
−
]
{A(r), B(r )} = dr00 [
δΦ(r00 ) δΠ(r00 ) δΠ(r00 ) δΦ(r00 )
(16)
provided that {Φ(r), Π(r0 )} = δ(r − r0 ). The model F
is characterized by an unbroken global symmetry, m →
M(ϕ0 (t))m, with


cos ϕ0 − sin ϕ0 0
M =  sin ϕ0 cos ϕ0 0 .
0
0
1
Instead of the original magnetization
√ vector m, it appears convenient to introduce n = 1 − cos Θ/ sin Θ m
and the corresponding gauge vector An = ∂Φ n, such that
the Wess Zumino term of the action remains unchanged,
An ·ṅ = (1−cos Θ)Φ̇. It is also important to note that the
zero mode of the skyrmion associated with infinitesimal
rotations is equal to An0 = ∂Φ n0 , where n0 describes the
skyrmion profile. In the naive perturbation expansion
around the skyrmion, the zero mode leads to infrared divergences unless it is removed from the path integral by
imposing proper constraints.
Here we use a path integral quantization method according to which the collective coordinates are introduced
by performing a canonical transformation of the dynamical variables in the phase space path integral[29, 30].
The zero mode is removed by introducing a δ-function
constraint of the form
Z
1 = Dϕ0 (t)Jϕ0 δ(F1 ) ,
(17)
R
with F1 = drAn0 · (ñ − ñ0 ), Jϕ0 = δF1 /δϕ0 is the
Jacobian of the transformation, and we use the tilde notation for rotated vectors, B̃ = MB. The constraint ensures fluctuations of the magnetization field around the
skyrmion are orthogonal to the rotational zero mode. We
introduce an additional constraint related to the conservation of the conjugate to ϕ0 momentum,
Z
1 = DSz (t)JSz δ(F2 ) ,
(18)
R
with F2 =R(1/Λ) drAn0 · (Ãn − Ãn0 ), JSz = δF2 /δSz ,
and Λ = drAn0 · An0 a normalization constant. To
ensure that the above change of variables constitutes a
canonical transformation we introduce the following variables in the integration, n = ñ0 + γ and An = cÃn0 + ζ,
with c a constant to be specified from the momentum
P − Sz = F2 = 0 with P =
Rconservation constraint,
R
drAn · ∂ϕ0 n = dr(1 − cos Θ)∂ϕ0 Φ the total momentum. We note that it holds {P, Φ} = −∂φ Φ, confirming
that P plays the role of infinitesimal generator of rotations. After some straightforward calculation we find
R
Sz − ζ · ∂ϕ0 n
.
(19)
c= R
An0 · ∂Φ n

We confirm that the phase-space path integral retain
its
R
canonical form in terms of the new variables r,t An ·
R
R
ṅ = t [Sz ϕ˙0 + r ζ · γ̇], and also that Rthe two Jacobian
factors cancel Jϕ0 JSz = 1, with Jϕ0 = An0 · ∂Φ0 n. We
note that ζ and γ denote fluctuations around the gauge
and magnetization vectors correspondingly, and can be
associated to the fluctuations around fields Φ, Θ.
The partition function is now written in terms of the
new variables,
Z
Z = Dϕ0 DSz DζDγδ(F1 )δ(F2 )eiS(ϕ0 ,Sz ,ζ,γ) (20)
with
Z
S = S̄

[Sz ϕ˙0 + ζ · γ̇) − F(ϕ0 , Sz , ζ, γ)] .

(21)

t,r

Our current task is to analyze the energy functional
F(Π, Φ) of Eq. (10) in terms
R of the new variables ϕ0 , Sz , ζ
and γ. Since P (t) = r Π̃∂φ Φ, with Π̃ = 1 − Π, we
can
R t) = [Sz (t) −
R apply the following transformation Π̃(r,
˜cl /Λ + η(r, t), with Λ = Π˜cl ∂φ Φ, while
η(r,
t)∂
Φ]
Π
φ
r
r
η corresponds to quantum fluctuations around the classical configuration. Fluctuations around the field Φ are
denoted as Φ = Φcl [r, ϕ0 (t)] + ξ(r, t). It is easy to verify
that with the above definitions
R the Wess-Zumino
R
R term
˙
maintains its canonical form r,t Π̃Φ̇ = t Sz ϕ˙0 + r,t η ξ.
To prove this relation we used the constraint F1 of
Eq. (17), which
in terms of the new variables takes the
R
form F1 = (1 − Πcl )ξ = 0.
By implementing these changes of variables, the partition function is given as,
Z
R
Z = Dϕ0 DSz ei t [S̄Sz ϕ˙0 −H̃(ϕ0 ,Sz )] Z̃[ϕ0 , Sz ] , (22)
where H̃ = κSz2 − hSz − Ez cos Φ0 is the quantum
R
R
2
Hamiltonian
with κ = κ̃ r Π˜cl /Λ20 , Λ0 = Π˜cl , and
R
Ez = εz dr[sin 2Θcl /2ρ + Θ0cl ]. We note that we retain
leading terms in powers of 1/S̄, and up to quadratic in Sz
and η, ξ. The fluctuating part of the partition function
equals,
Z
R
†
Z̃ = DχDχ† δ(F1 )δ(F2 )ei r,t χ [G+K]χ ,
(23)
with χ = (η, ξ). Here the operator G describes the
magnon spectrum around the skyrmion, while K is responsible for the dynamical coupling of the skyrmion
with the surrounding magnons. The fluctuating part of
the partition function is written in a Gaussian form and
can be manipulated within the real-time Keldysh functional integral. The analysis will generate a dissipative
term as well as a Langevin random noise, which will play
a role in the estimation of the skyrmion qubit decoherence time. These terms are omitted from the present
analysis and are left for the future.
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Using standard equivalence between the path integral
and canonical quantization, we introduce a collective coordinate operator ϕ̂0 and its conjugate momentum Ŝz =
(−i/S̄)∂ϕ̂0 with [ϕ̂0 , Sz ] = i/S̄. If Ez = 0, the momentum operator commutes with the corresponding Hamiltonian and stationary states are labeled by a conserved
charge s constrained to be an integer with Sz |si = s/S̄|si.
The phase space associated to ϕ̂0 |ϕ0 i = ϕ0 |ϕ0 i has a circular topology |ϕ0 i = |ϕ0 + 2πi. We also note that it
holds e±iϕ̂0 |si = |s ± 1i.
BASIC QUBIT TYPES

Helicity-qubit

In this section we discuss how an elementary qubit
described by a double-well potential profile can be constructed. The helicity-qubit is a good example of how
one can engineer the qubit properties through the choice
of suitable parameters. To proceed, we consider a Rmaterial with an easy-plane anisotropy, Fx = S̄Kx /a2 r m2x ,
and a skyrmion with an elliptical profile, such as the one
depicted in Fig. 3-d). The Hamiltonian reads Hϕ0 =
κŜz2 − hŜz + V (ϕ̂0 ), with the double-well potential given
by
V (ϕ̂0 ) = κx cos 2ϕ̂0 − Ez cos ϕ̂0 + h⊥ sin ϕ̂0 .

Sz -qubit

In the presence of an out-of-plane uniform magnetic
field, an easy-axis anisotropy and an out-of-plane electric
field, the Hamiltonian for the helicity degrees of freedom
reads,
HSz = κ(Ŝz − h/κ)2 − Ez cos ϕ̂0 .

(24)

We note that Eq. (24) resembles the circuit Hamiltonian of the Cooper pair box, with κ the charging energy, h/κ the offset charge, and Ez the Josephson energy. To determine the state |si and eigenenergies Es , we
solve the corresponding Schrödinger equation for states
Ψs (ϕ0 ) = hϕ0 |si,
i
κ[− ∂ϕ0 − h/κ]2 Ψs (ϕ0 ) − Ez cos ϕ0 Ψs (ϕ0 ) = Es Ψs (ϕ0 ) ,
S̄
(25)
with boundary conditions Ψs (ϕ0 ) = Ψs (ϕ0 + 2π). For
h̄ ∈ [0, 1/2], with h̄ = S̄h/κ, functions Ψs (ϕ0 ) can be
written using the Mathieu functions as


4Es 2Ez ϕ0
ih̄ϕ0
Ψs (ϕ) = e
cj Mj
,
,
,
(26)
κ
κ
2
where the index j = C(S) represents the even (odd) solutions and Es = (κ/4)MA [2(κ − h̄), −2Ez /κ].
We now focus on the Ez  κ and h̄ = 1/2 regime,
where the lowest two levels are almost degenerate and
seperated by a small energy internal controlled by the
electric field. The skyrmion qubit states |0i and |1i, with
Ŝz |si = s/S̄|si, represent deviations of the z component
of the magnetization from equilibrium. For Ez > 0,
the degeneracy is lifted and the energy eigenstates are
symmetric and antisymmetric
superpositions of skyrmion
√
qubit states,(|0i ± |1i)/ 2.
Truncating the full Hilbert space to the subspace
spanned by these two states, one can write the qubit
reduced Hamiltonian as
H0
Xc
Ĥq =
σ̂z −
σ̂x ,
(27)
2
2
with H0 = κ(1 − 2h̄)/S̄, and Xc p
= Ez while the qubit
energy levels are given by E± = ± H02 + Xc2 /2.

(28)

The elliptical deformation is parametrized as
Θcl (ρ, φ) = Θcl (ρ) + g(ρ) cos 2φ, with g(ρ) dictated
by the microscopic mechanism responsible for deforming
the skyrmion. Here
R we use g(ρ) = sech[(ρ − λ)/∆0 ], and
κx = (S̄Kx /4J1 ) sin 2Θcl f (ρ). We note that a circular
skyrmion profile with g(ρ) fails to reshape potential landscape and produce the required cos 2ϕ̂0 term. A depth
difference between the wells can be created by an in plane
magnetic field gradient of the Rform H⊥ (r) = H⊥ yx̂. We
then find h⊥ = −(S̄H⊥ /4J1 ) ρ sin Θcl . An application
of a magnetic field gradient of the form H⊥ (r) = H⊥ xŷ,
results an asymmetric
potential term of opposite sign
R
h⊥ = (H⊥ /4J1 ) ρ sin Θcl .
We seek eigenfunctions of Hϕ0 as a linear combinations
of the 2π-periodic basis functions
1 X n imϕ0
cm e
,
(29)
Ψn (Φ0 ) = √
2π m
which maintain the required 2π-periodicity in ϕ0 , and
n labels the nth eigenstate. The corresponding set of
equations for coefficients cnm reads,
κ 2
h
κx n
m − En − m)cnm +
(c
+ cnm−2 )
2 m+2
S̄ 2
S̄
h⊥ n
Ez
(c
− cnm−1 ) = 0 .
− (cnm+1 + cnm−1 ) +
2
2 m+1
(

(30)

A numerical diagonalization keeping up to |m| = 50
terms yields the eigenenergies and the corresponding coefficients cnm . In Fig. 3-b) we plot the lowest three eigenvalues together with p
the potential V (ϕ0 ), with a minimum at ϕm = tan−1 ( 16κ2x − Ez2 /Ez ). All three Ez , hy ,
and h are external parameters to adjust the energy levels.
For Ez = 0 there is a degeneracy point at h̄ = S̄h/κ = 1.
For h⊥ = 0, the two lowest energy functions Ψ0,1 are
symmetric and antisymmetric combinations of the two
wavefunctions localized in each well, while for h⊥ > 0,
they are localized in different wells.
In the limit h̄ − 1  1, we can reduce the analysis to
the two lowest levels and derive the qubit Hamiltonian,
Ĥq0 =

Xc
H0
σ̂z −
σ̂x ,
2
2

(31)
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provided that H0 = (E1 − E0 ) and Xc = ge Ez for h⊥ = 0,
or Xc = gb h⊥ for Ez = 0. Constants H0 , ge and gb are
found numerically.

QUBIT CONTROL

In this section we discuss how skyrmion qubits can
be manipulated to implement quantum algorithms, with
the techniques introduced here being applicable to both
skyrmion types. The predominant protocol is via microwave magnetic field gradients with frequencies at the
qubit transition ωq . A magnetic field gradient
couR
drB(r, t) ·
ples with the magnetization as Fext =
m(r, t), with B(r, t) = B/a2 cos(ωt + φ)f (t)xêx . Additional Hamiltonian terms appear,
R Hext (t) = b cos(ωt +
φ)f (t) cos ϕ0 , with b = (B/4J1 ) r ρ sin Θcl . In terms of
the reduced quantum Hamiltonian we find,
q
Hext
= bx (t)σ̂x ,

(32)

where bx (t) = b0 cos(ωt + φ)f (t) and b0 =
b<(h1| cos ϕ0 |0i + h0| cos ϕ0 |1i)/2. Here |0i and |1i denote the lowest two qubit states.
The eigenvectors of the unperturbed qubit Hamiltonian Hq of Eq. (27) are
θ
θ
|Ψ− i = cos |0i + sin |1i
2
2
θ
θ
|Ψ+ i = sin |0i − cos |1i ,
2
2

ωq
σ̂z + bx (t)[cos θσ̂x + sin θσ̂z ] .
2

(33)

(34)

We note that close to the degeneracy point Xc  H0
(so called ”sweet spot”), it holds sin θ  cos θ. To elucidate the role of the drive, we transform Hq into the
rotating frame at a frequency ω,
Hrot =

Ωf (t)
∆ω
σ̂z +
[cos φσ̂x + sin φσ̂y ] ,
2
2

(35)

with ∆ω = ωq − ω the detuning frequency and Ω =
b0 cos θ. When f (t) = 1, the eigenvectors of the rotated
Hamiltonian are of the form
θ̃
θ̃
|Ψ̃− i = cos |Ψ− i + sin |Ψ+ i
2
2
θ̃
θ̃
|Ψ̃+ i = sin |Ψ− i − cos |Ψ+ i ,
2
2

RELAXATION MECHANISMS

The scope of this section is to calculate the relaxation
and decoherence rates, which as we demonstrate, are directly proportional to the spectral densities of the random noises acting on the qubit. To include classical
noise sources we consider the magnetization dynamics
encoded in the Landau-Lifshitz-Gilbert equation (LLG),
ṁ = γFeff × m + αm × ṁ, where Feff = −δF/δm, and α
is the Gilbert damping constant. Starting from the LLG
equation, it is possible to derive the equation of motion
for the collective coordinates ζ = ϕ0 , Sz [39],
Gij ζ̇j + Fi − αi ζ̇i = 0 ,

with tan θ = Xc /H
p0 , while the corresponding eigenvalues are E± = ± H02 + Xc2 /2 and energy splitting
ωq = (E+ − E− ). In the |Ψ± i basis, the driven qubit
Hamiltonian takes the form
Hq =

from the state |Ψ̃− i, the probability to find the system
2
2
2
at the state
√ |Ψ̃+ i is given by P (t) = Ω /Ω̃ sin (Ω̃t/2),
2
2
with Ω̃ = ∆ω + Ω the Rabi frequency. Single-qubit
operations correspond to rotations of the qubit state by
a certain angle about a particular axis, as the result of a
unitary operator applied to the target qubit. As an example, for in-phase pulses φext = 0, and resonant driving
on the qubit energy splitting, ∆ω = 0, the unitary operi
ator Ux (t) = e− 2 ϑ(t)σ̂x corresponds to rotations around
Rt
the x-axis by an angle ϑ(t) = −Ω 0 f (t0 )dt0 [37]. Outof-phase pulses φext = π/2 correspond to rotations of the
qubit state about the y axis.

(36)

where tan θ̃ =
√ Ω/∆ω. The corresponding energy levels
are Ẽ± = ± ∆ω 2 + Ω2 /2. If at initial time we start

(37)

where Gij = 1 = −Gji is the gyrotropic tensor,
Fi = ∂F/∂ζi is the generalized force,
and αi is the
R
damping tensor given by αi = αS̄ R ∂m/∂ζi · ∂m/∂ζi .
In particular
we find, αϕ0 = S̄αR r sin Θ and αSz =
R
S̄α r (1 − cos Θ)2 /Λ20 , with Λ0 = r (1 − cos Θ). Thus,
the motion of both the helicity ϕ0 and the conjugate
momentum Sz is governed by Ohmic dissipation terms
with corresponding dissipation constants αϕ0 and αSz
respectively. They are accompanied by random fluctuating forces, which enter the quantum Hamiltonian
as Ĥ → Ĥ + ξϕ0 ϕ0 + ξSz Ŝz , with ξi fully characterized by the classical ensemble averages hξi (t)i = 0 and
hξi (t)ξj (t0 )i = δij Si (t − t0 ). The dissipative kernel αi and
the correlator Si (t − t0 ) are related via the fluctuationdissipation theorem,
Si (ω) = αi ω coth(

βω
),
2

(38)

R
with Si (t) = dω/2πe−iωt Si (ω).
We now seek the reduced form the fluctuating fields
enter the qubit Hamiltonian, a procedure that is identical for both skyrmion qubit categories. In the subspace
spanned by states |0i and |1i we find
Hq =

Xc
H0
σ̂z −
σ̂x + ξζ (t)γζ,i σ̂i ,
2
2

(39)
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with i = x, y, z and ζ = ϕ0 , Sz . Constants γζ,i are γζ,x =
<[h1|ζ̂|0i + h0|ζ̂|1i]/2, γζ,y = =[h1|ζ̂|0i − h0|ζ̂|1i]/2, and
γζ,z = <[h1|ζ̂|1i − h0|ζ̂|0i]/2.
Typically, the dynamics of two-level systems are expressed in terms of two rates: the longitudinal relaxation
rate Γ1 = T1−1 and the dephasing rate Γ2 = T2−1 . The
latter is a combination of effects of the depolarization
Γ1 and of the pure dephasing Γϕ , combined to a rate

Γ2 = Γ1 /2 + Γϕ . According to the Bloch-Redfield theory
it holds,
Γ1 = [αϕ0 (γϕ⊥0 )2 + αSz (γS⊥z )2 ]ωq coth(
k

Γϕ = [αϕ0 (γϕk 0 )2 + αSz (γSz )2 ]2/β ,

βωq
)
2
(40)
k

provided that γζ⊥ = cos θγζ,x + γζ,y + cos θγζ,z and γζ =
cos θγζ,z + sin θγζ,x . An estimate of T1 and T2 in physical
units is given in Table II of the main manuscript.

