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We present and analyze a hybrid quantum system that interfaces a Majorana-hosted semiconductor
nanowire with a single nitrogen-vacancy (N-V) center via a magnetized torsional cantilever. We show that
the torsional mode of the mechanical resonator can strongly couple to the Majorana qubit and the spin
qubit simultaneously, which allows us to interface them for quantum-state conversion through a dark-state
protocol. This work provides a promising interface between the topological qubit and the conventional
spin qubit. This interface may have interesting applications in quantum information and computation.
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I. INTRODUCTION

Majorana fermion quasiparticles (MFs) realized in con-
densed matter systems have attracted great interest in
recent years [1–5], because they provide a very intriguing
platform for quantum science and technology. The pro-
posed realizations include px + ipy superconductors [6],
edges of two-dimensional (2D) topological insulators [7],
quantum Hall states at filling factor 5/2 [8], and one-
dimensional (1D) semiconducting quantum wires with
strong spin-orbit interactions [9–13]. In these systems, the
spin-orbit coupled semiconductor wires with proximity-
induced superconductivity are of particular interest for
their simple architectures. For the 1D quantum nanowire,
the MFs are predicated to localize through the competi-
tion between the superconducting proximity effect and the
Zeeman splitting. Recently, several experiments aiming
at establishing the existence of MFs have been reported
[14–17]. Meanwhile, it has been shown that the Majorana
qubits can be controlled by integrating with the conven-
tional ones, such as the flux qubits and the spin qubits
[18–23].

Topological qubits (TPs) are one of the most promising
candidates for quantum computation due to their extreme
robustness against local fluctuations. However, the techni-
cal challenges are considerable: (i) it is well known that
braiding operations of MFs cannot generate a complete
set of universal quantum logic gates required for quantum
computation and (ii) it is still challenging to operate and
readout the quantum states of the MFs. To overcome these
problems, several types of hybrid quantum architectures
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coupling the topological qubits to the conventional ones
have been proposed. One potential route is controlling the
microscopic wave function of the superconductors, which
allows the strong coupling between a topological qubit
and a flux qubit or a mechanical oscillator [24–26]. Other
promising schemes include utilizing the Aharonov-Casher
effect [27–29] or the fractional Josephson effect [30–32].
So far, for all of these protocols, further experimental
demonstrations are needed to verify their feasibility.

For the conventional qubits, nitrogen-vacancy (N-V)
centers in diamond are more attractive due to their unique
features, such as the fast microwave manipulation, optical
preparation and detection, and long coherence time even at
room temperature [33–35]. In recent years, there has been a
considerable effort to integrate N-V centers in hybrid quan-
tum systems, allowing the preparation of fantastic quantum
states [36–41], design of quantum logic gates [42–46], and
storage or transfer of quantum information [47–52]. To fur-
ther explore the potential of hybrid quantum systems, it
is very appealing to interface topological qubits with N-V
centers coherently. Integrating the topological degrees of
freedom with the complete gate operations of N-V spins
could provide a promising multiqubit platform for quan-
tum computation. However, the energy mismatch between
these two kinds of qubits poses a major obstacle for their
coupling.

In this paper, we consider a hybrid quantum device
interfacing a topological qubit with a single N-V center
via a magnetized torsional cantilever. The topological
qubit under consideration is realized in a spin-orbit
coupled semiconductor nanowire, which is embed-
ded on top of an s-wave superconductor to form
a semiconductor-superconductor heterostructure. Here,
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the torsional cantilever is realized by an individual
single-walled nanotube (SWNT) with a nanosize mag-
net attached. This nanoscale mechanical structure enables
us to combine an isolated N-V center with the strong
spin-torsion couplings. Together with the strong topology-
torsion couplings induced by the magneto-Josephson effect
[53], the mechanical torsional mode can strongly couple to
both the Majorana qubit and the N-V center. This enables
coherent quantum-state conversion between the Majorana
qubit and the spin qubit via a dark-state protocol. Owing
to the topologically protected robustness and the universal
quantum logic gates of N-V spins, there are more potential
applications utilizing this hybrid architecture.

II. DESCRIPTION OF THE DEVICE

As shown schematically in Fig. 1, the hybrid quantum
device under consideration consists of a topological qubit
realized in a Majorana-hosted semiconductor nanowire, a
magnetized torsional cantilever, and a single N-V center.
The MFs in this architecture are realized in a spin-orbit
coupled semiconductor nanowire with proximity-induced
superconductivity. This 1D quantum nanowire could be
driven to the topological phase regime and the MF exists
as a quasiparticle at the boundary between the topologi-
cal (T) and nontopological (N) regions [9–12]. Here, we
divide the semiconductor nanowire into three sections to
form a TNT junction [11,32] and define the topologically
protected MFs as γ̂1/2/3/4.

In this setup, the magnetized torsional cantilever is real-
ized by a nanomagnet with dimensions (l, w, t) suspended
on a SWNT. Specifically, the individual SWNT works as

-

FIG. 1. Schematic of a hybrid quantum device interfacing
a Majorana qubit and a single N-V center via a magne-
tized torsional cantilever. The spin-orbit coupled semiconductor
nanowire is embedded on top of an s-wave superconductor and
is divided into three regions to form a TNT junction. The MFs
γ̂1/2/3/4 appear at the boundaries between the T and N regions.
For the torsional cantilever, the individual SWNT works as a
torsional spring for the suspended nanomagnet.

a torsional spring and mechanical support, which allows
the suspended nanomagnet to rotate along the tube (z) axis
(see Fig. 1). Without loss of generality, we assume that
the nanomagnet can only rotate along the z axis with a
small amplitude; then the Hamiltonian of the torsional can-
tilever reads Hm = 1

2 Izω
2
mθ̂

2 + L̂2/2Iz, where ωm, Iz, L̂, and
θ̂ are the torsional frequency, moment of inertia, angular
momentum, and angular displacement, respectively. Sim-
ilar to the canonical conjugate observable X̂ and P̂ of the
center of mass mode, the rotational degree of freedom can
be quantized [54] and the motion of the torsional cantilever
can be described by the annihilation and creation operators
as follows:

b̂ = 1
2

(
θ̂

θZPF
+ iL̂

LZPF

)
, b̂† = 1

2

(
θ̂

θZPF
− iL̂

LZPF

)
, (1)

where LZPF = √
�Izωm/2 and θZPF = √

�/(2Izωm) denote
the zero point fluctuations of the torsional mode.

A. MFs in 1D semiconductor nanowire

We first describe the 1D quantum nanowire hosting
MFs. As shown in Fig. 1, the semiconductor nanowire is
embedded on the top of an s-wave superconductor, and an
external magnetic field �b = b�ez along the z axis is applied.
There are two nanomagnets positioned straight above the
nanowire: one is stationary in the left region and the other
is free to vibrate in the right region. We assume that the
magnetic fields induced by the two magnets are in the
x-y plane, i.e., �B = B cos θ�ex + B sin θ�ey . We further use
the angular displacement of the torsional cantilever to
denote the relative field angle, which implies θ = θr − θl.

The single-particle effective Hamiltonian for the semi-
conductor wire reads H0 = p̂2/2m∗ − μ+ bσ̂z − α( �̂σ ×
�̂p) · ẑ [9], where m∗, μ, b, and α are the effective
mass, chemical potential, longitudinal magnetic field, and
Rashba spin-orbit coupling strength, respectively. As a
result of the proximity effect, the Cooper pairs tunneling
into the nanowire can be described by the Hamiltonian
HSC = �eiφψ̂

†
↑(x)ψ̂

†
↓(x)+ H.c., with �eiφ the proximity-

induced gap. We now introduce the Nambu spinor basis

̂T = (ψ̂↑, ψ̂↓, ψ̂†

↓, −ψ̂†
↑) and model the 1D semiconduc-

tor nanowire with a Bogoliubov–de Gennes Hamiltonian

H = �2k2

2m∗ τ̂
z + αkτ̂ zσ̂ z − μτ̂ z +�(cosφτ̂ x − sinφτ̂ y)

− bσ̂ z + B(cos θσ̂ x − sin θσ̂ y), (2)

where the Pauli matrices σ̂ i and τ̂ i represent the spin and
particle-hole sectors, respectively.

As shown in Ref. [53], this semiconductor nanowire can
be driven to the topological phase regime when�2 − b2 <

B2 − μ2 and to the nontopological phase regime when
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�2 − b2 > B2 − μ2 (considering only�2 > b2). Note that
Refs. [55,56] give similar results. In particular, the Bogoli-
ubov operators of the quantum nanowire take a general
form as γ̂k = uk↑ψ̂k↑ + uk↓ψ̂k↓ + vk↑ψ̂

†
−k↑ + vk↑ψ̂

†
−k↓. For

Majorana operators that satisfy γ̂ †
k = γ̂k, they may only

occur in the momentum inversion symmetric condition
k ≡ −k, i.e., k = 0. In the quantum nanowire, this indi-
cates a phase boundary between the T and N regions [57].

The exactly zero-energy Majorana modes exist only in
the ideal case where the two MFs possess an infinite dis-
tance. For a finite nanowire, the MFs gain a small energy
as a result of the weak overlap of their wave functions.
However, the wave functions are still well localized at the
boundaries and we still have γ̂ † � γ̂ in general. Therefore,
these MFs with nonzero energies can still be utilized to
encode quantum information. We now denote the lengths
of the three nanowire sections as ll/m/r; then the MFs in
the 1D semiconductor nanowire can be described by an
effective low-energy Hamiltonian

ĤTP = iElγ̂1γ̂2 + iEm(θ)γ̂2γ̂3 + iErγ̂3γ̂4, (3)

where El, Em(θ), and Er are the coupling energies between
the adjacent MFs.

B. Magneto-Josephson effect

To perform quantum-information processing with the
topological degree of freedom, different ways to manip-
ulate the MFs have been studied [58–62]. One potential
route is to utilize the fraction Josephson effect [63,64]. Dif-
ferent from the conventional Josephson effect that allows
tunneling by Cooper pairs only, the fraction Josephson
effect supports single electron tunneling [32] and possess
a 4π -periodic coupling energy [65]. Moreover, it has been
shown that the magneto-Josephson effect can be used to
realize the coherent coupling between the Majorana qubit
and the magnetized torsional cantilever [53]. In particular,
the spin current induced by the magneto-Josephson effect
serves as a mechanical torque acting on the nanomagnet,
which leads to the strong topology-torsion coupling.

For the TNT junction realized in the semiconductor
nanowire, both the superconducting phases and the mag-
netic fields have contributions to the fractional Joseph-
son effects. These contributions can be analyzed by the
magnetism-superconductivity duality: if we interchange
the magnetic terms {b, B, θ , σ̂ i} with the superconduct-
ing terms {μ,�,φ, τ̂ i}, the Hamiltonian in Eq. (2) takes
the same form [55]. In a general case, the coupling
interaction between γ̂2 and γ̂3 takes form as EM ∝
E0

M cos[(θl − θr)/2] cos[(φl − φr)/2] [57]. In our system,
we set the superconducting phases as the constants (i.e.,
φl = φm = φr); then the coupling energy Em can be tuned
by changing the relative field angle θ .

To study the magneto-Josephson effect in the TNT junc-
tion, we now map the Bogoliubov–de Gennes Hamiltonian
in Eq. (2) to the tight-binding model as follows:

Ĥ = −t
∑
i,σ

ĉ†
iσ ĉi+1σ +

∑
i,σ

(−2t + μi + biσ )ĉ
†
iσ ĉiσ

+ α
∑

i

(ĉ†
i,↑ĉi+1,↓ − ĉ†

i,↓ĉi+1,↑ + H.c.)

+
∑

i

(�eiφ ĉ†
i,↑ĉ†

i,↓ + H.c.)+
∑

i

(Beiθ ĉ†
i↑ĉi,↓ + H.c.).

(4)

For this lattice version, t = �2/(2m∗a2) is the nearest-
neighbor hopping strength, a is the lattice spacing constant,
α is the spin-orbit coupling strength, bi↑/↓ = ±b is the Zee-
man splitting, and ĉiσ (ĉ

†
iσ ) is the annihilation (creation)

operator of an electron with spin σ =↑ (↓).
We conduct numerical simulations by considering a 1D

lattice model with 500 grid sites (300, 20, and 180 sites
for the left, middle, and right regions, respectively). Here,
the energy eigenvalues of the system are denoted as ±εi,
with the corresponding eigenstates |φ±εi〉. As shown in
Figs. 2(a) and 2(b), the eigenstates |φ±ε1〉 correspond to the
excitations of γ̂1 and γ̂4, while the eigenstates |φ±ε2〉 corre-
spond to the excitations of γ̂2 and γ̂3. Theoretically, the iso-
lated MFs can be obtained by combinations of these eigen-
states in the limit ε1,2 � 0, i.e., |φγ1,4〉 = (1/

√
2)(|φε1〉 ±

|φε−1〉) and |φγ2,3〉 = (1/
√

2)(|φε2〉 ± |φε−2〉).

(a) (b)

(c) (d)

FIG. 2. (a) Edge modes |φ±ε1 |2 of the lattice model, corre-
sponding to MFs γ̂1 and γ̂4. (b) Edge modes |φ±ε2 |2 of the lattice
model, corresponding to MFs γ̂2 and γ̂3. (c) Hybridization energy
Em(θ) as a function of the relative field angle θ . (d) The spin
current Jm induced by the magneto-Josephson effects.
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Induced by the overlap of the edge states, the cou-
pling energy between MFs decays exponentially with the
separation [66]. According to Ref. [53], we now esti-
mate the coupling energy Em(θ) through the lowest-order
perturbation theory and obtain

Em(θ) ≈ |〈φ0
γ2

e−iθl/2σ̂z |H |eiθr/2σ̂zφ0
γ3

〉|√
〈φ0
γ2

|φ0
γ2

〉〈φ0
γ3

|φ0
γ3

〉
. (5)

Then, we observe a 4π -periodic dependence between Em
and θ , as shown in Fig. 2(c). We also calculate the
spin current passing through the middle region as Jm =
(e/�)(∂Em(θ)/∂θ) [67], and the result is shown in Fig.
2(d). The relevant parameters are based on InSb quantum
wires, i.e., m∗ = 0.015 me, α = 0.2 eVÅ, a = 10 nm,� =
0.5 meV, and gμB = 1.5 meV/T. Other parameters include
B = 200 mT, b = 200 mT, andμ = 0 meV for the topolog-
ical regions and B = 0, b = 200 mT, and μ = −0.6 meV
for the nontopological region. Note that these parameters
could be further optimized.

C. Topology-torsion couplings

We now discuss the coherent coupling between the
Majorana qubit and the torsional motion. Firstly, we com-
bine the MFs to construct two conventional Dirac fermions
and obtain f̂l = (γ̂1 + iγ̂2)/2 and f̂r = (γ̂3 + iγ̂4)/2. Then,
the two quantum states of the Dirac fermions, corre-
sponding to the number of electrons on either side of the
Josephson junction, can function as a physical topological
qubit. These two states are denoted as n̂x = f̂ †

x f̂x = 0 or
1 (x = l, r), with parity P̂x = (−1)f̂

†
x f̂x = ±1. As braiding

operations cannot change the total parity P̂ = P̂lP̂r of the
system, four MFs are usually needed to define a logical
topological qubit [24,30]. We now define the topologi-
cal qubit in the odd parity subspace and obtain |φTP〉 =
c1|0〉l|1〉r + c2|1〉l|0〉r. For this topological qubit, we also
have [32]

iγ̂1γ̂2 → −σ̂ z
TP, iγ̂2γ̂3 → −σ̂ x

TP, iγ̂3γ̂4 → σ̂ z
TP. (6)

In this setup, it is the θ dependence of the hybridiza-
tion energy Em(θ) that leads to the strong topology-torsion
coupling [53]. In particular, by expanding Em(θ) in Eq.
(3) around θ0 to the first order, we arrive at Em(θ) =
Em(θ0)+ [∂Em(θ)/∂θ ]θZPF(b̂† + b̂). In what follows, we
consider the case in which Em(θ0) � 0 [see Fig. 2(c)]; then
the Hamiltonian of the topology-torsion dynamics has the
form

Ĥtor-TP = �ωmb̂†b̂ + �ωTPσ̂
z
TP − �g(b̂† + b̂)σ̂ x

TP, (7)

whereωTP = (Er − El)/�, and g = (1/�)[∂Em(θ)/∂θ ]θZPF
is the topology-torsion coupling strength. By tuning the

hybridization energy El and Er, we can steer the topology-
torsion coupling to the near-resonance condition ωTP �
ωm. Under the rotation-wave approximation, the topology-
torsion dynamics can be described by

Ĥtor-TP = �ωmb̂†b̂ + �ωTPσ̂
z
TP − �g(b̂†σ̂−

TP + b̂σ̂+
TP). (8)

D. Spin-torsion couplings

We now take into consideration the couplings between
the mechanical torsional mode and the single N-V cen-
ter. Before proceeding, we note that coherent interactions
between N-V centers and several types of mechanical
resonators have been studied [68,69]. These mechani-
cal resonators include clamped cantilevers [70], optically
trapped nanodiamond crystals [71–73], suspended carbon
nanotubes [74], etc. In this setup, the single N-V cen-
ter is positioned straight above the magnetized torsional
cantilever, as shown in Fig. 3(a). When the nanomag-
net rotates, the projection of the magnetic field along the
spin component is changed, resulting in a magnetic cou-
pling between the torsional mode and the N-V center. The
strong magnetic coupling can be achieved by exquisite
preparation of the dressed spin states.

A N-V center in diamond consists of a substitutional
nitrogen atom replacing a carbon atom and an adjacent
vacancy. The electronic ground states of a single N-V cen-
ter are spin triplet states denoted as |ms = 0, ±1〉 and the
zero-field splitting Dgs between the degenerate sublevels
|ms = ±1〉 and |ms = 0〉 is 2π × 2.87 GHz. For moderate
applied magnetic fields, the static magnetic field �Bz = Bz�ez
causes Zeeman splitting of the states |ms = ±1〉, while the
external microwave field �Bdr = B0 cosω0t�ex polarized in
the x direction drives the states |ms = 0〉 and |ms = ±1〉,
as shown in Fig. 3(b). For convenience, we denote as the z
axis the crystalline axis of the N-V center.

(a) (b) (c)

centerN-V

FIG. 3. Schematic design and level diagram of a single
N-V center coupled to a magnetized torsional cantilever. (a) The
N-V center is located straight above the magnetized torsional
cantilever. The projection of the magnetic field along the spin
component is changed if the torsional cantilever rotates, leading
to the strong spin-torsion coupling. (b) Simplified energy levels
of the N-V center in the electronic ground state |3A2〉. (c) Dressed
spin states in the presence of external driving magnetic fields.
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The magnetic field �Bmg(θ) induced by the suspended
nanomagnet depends on the angular displacement θ . We
assume that the N-V center is placed in the position where
�Bmg(θ) is along the x axis, i.e., �Bmg(θ) = Bmg cos θ · �ex +
Bmg sin θ · �ez, and θ � 0. Then, the interaction of the N-V
center with the total magnetic fields (external driving and
from the nanomagnet) can be described by

ĤN-V = �DgsŜ2
z + geμB{[�Bmg(θ)+ �Bdr] · �̂S + BzŜz}, (9)

where ge = 2 is the N-V Landé factor,μB = 14 MHz mT−1

is the Bohr magneton, and �̂S = (Ŝx, Ŝx, Ŝz) is the spin
operator of the N-V center. The motion of the tor-
sional cantilever attached with the nanomagnet produces
an angular and time-dependent magnetic field �Bint(θ) ∼
∂θ �Bmg(θ)θ̂ cosωmt, which result in a spin-torsion coupling

interaction Ĥint = geμB �Bint(θ) · �̂S � �λ(b̂† + b̂)Ŝz cosωmt,
where the coupling constant λ = geμBBmgθZPF/� is pro-
portional to the magnetic field Bmg and the zero-point
angular extension θZPF. In the rotating frame at the fre-
quency ωm, we can acquire the Hamiltonian to describe
the spin-torsion dynamics as follows:

Ĥtor-N-V = �ωmb̂†b̂ + ĤN-V + �λ(b̂† + b̂)Ŝz. (10)

Note that the far-off resonant interactions between the N-V
spin and the static and low-frequency components of mag-
netic fields along the x axis can be ignored. In the basis
defined by the eigenstates of Ŝz, i.e., {|ms〉, ms = 0, ±1},
with Ŝz|ms〉 = ms|ms〉, we have

ĤN-V =
∑
ms

[�Dgsm2
s + geμB(Bz + Bmg sin θ)ms]|ms〉〈ms|

+
∑

msms′
geμBB0 cosω0t〈ms|Ŝx|m′

s〉|ms〉〈m′
s|, (11)

where Ŝx = (�/
√

2)(|0〉〈+1| + |0〉〈−1| + H.c.). In the
rotating frame at the driving frequency ω0 and under the
rotating-wave approximation, we get

ĤN-V = ��+| + 1〉〈+1| + ��−| + 1〉〈+1|+
��(| − 1〉〈0| + | + 1〉〈0| + H.c.), (12)

where ��± = �Dgs ± geμB(Bz ± Bmg sin θ)− �ω0 and
�� = (

√
2/4)geμBB0.

In the following, we consider the symmetric detun-
ing condition �+ = �− = � for simplicity (e.g., Bz →
0). We now define the bright spin state |b〉 = (| + 1〉 +
| − 1〉)/√2 and the dark spin state |d〉 = (| + 1〉 − | −
1〉)/√2. Then we find that the Hamiltonian (12) cou-
ples the state |0〉 to the bright state |b〉, while the dark
state |d〉 remains decoupled. The resulting eigenstates

of ĤN-V are, therefore, given by |d〉 and two dressed
states |g〉 = cos(α)|0〉 − sin(α)|b〉 and |e〉 = sin(α)|0〉 +
cos(α)|b〉, with tan(2α) = 2

√
2�/�. The correspond-

ing eigenfrequencies are given by ωd = �, ωe/g = (�±√
�2 + 8�2)/2, as illustrated in Fig. 3(c).
In the dressed-state basis {|g〉, |d〉, |e〉}, the Hamiltonian

in Eq. (10) can be rewritten as

Ĥtor-N-V = �ωmb̂†b̂ + �ωeg|e〉〈e| + �ωdg|d〉〈d|
+ �(λg|g〉〈d| + λe|d〉〈e| + H.c.)(b̂† + b̂),

(13)

where λg = −λ sin(α) and λe = λ cos(α). We further
adjust the values of B0 to drive the system to the resonance
condition ωed � ωm � ωdg and then the far-off-resonance
state |g〉 can be neglected. Under the rotating-wave
approximation, the spin-torsion dynamics can be described
by the Jaynes-Cummings (JC) interaction Hamiltonian

Ĥtor-N-V = �ωmb̂†b̂ + �ωN-Vσ̂
z
N-V + �λe(b̂†σ̂−

N-V + b̂σ̂+
N-V),

(14)

where σ̂−
N-V = |d〉〈e|, σ̂+

N-V = |e〉〈d|, σ̂ z
N-V = |e〉〈e| − |d〉〈d|

and ωN-V = ωe − ωd.

III. EXPERIMENTAL PARAMETERS

According to the Hamiltonian (8) and (14), the whole
system can be described by

Ĥsys = �ωTPσ̂
z
TP + �ωmb̂†b̂ + �ωN-Vσ̂

z
N-V

− �g(t)b̂†σ̂−
TP + �λe(t)b̂†σ̂−

N-V + H.c. (15)

The first three terms describe the free Hamiltonian of the
system, while the last four terms describe two JC interac-
tions: one between the torsional mode and the topological
qubit and the other between the torsional mode and the sin-
gle N-V center. As the torsional cantilever couples to the
Majorana qubit and the N-V center simultaneously, it is
possible to work as a quantum interface for quantum-state
conversion.

Let us discuss the dynamics of the system in a realistic
situation. For this setup, the relaxation (�1) and dephasing
(�2) of the Majorana qubit, the decay of the mechanical
resonator (γm), and also the dephasing of the N-V center
(γs) should be taken into consideration. As a result, the full
dynamics of this system can be described by the following
master equation:

dρ̂(t)
dt

= − i
�

[Ĥsys, ρ̂] + γsD(σ̂ z
N-V)

+ �1D(σ̂−
TP)+ �2D(σ̂+

TPσ̂
−
TP)

+ (nth + 1)γmD(b̂)+ nthγmD(b̂†), (16)
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where nth = (e�ωm/kBT − 1)−1 is the thermal phonon num-
ber at the environment temperature T and D(ô) = ôρ̂ô† −
1
2 ô†ôρ̂ − 1

2 ρ̂ô†ô for a given operator ô.
We now consider the experimental feasibility of our

scheme and the appropriate parameters to achieve strong
couplings. This manuscript employs the magnetized tor-
sional cantilever to interface the Majorana qubit and
the conventional spin qubit. As an alternative, one
may also use the edge states of topological insula-
tors or the planar Josephson junctions [75] to realize
the Majorana qubit, which requires weaker magnetic
fields. For the magnetized torsional cantilever, the nano-
magnet suspended on the single-walled nanotube has
a size of 80 × 40 × 20 nm3 and a moment of iner-
tia of I ∼ 4.8 × 10−33 kg m2 with respect to the tube
axis [76]. Then the torsional cantilever has a resonance
frequency ωm = [ 1

2π ][(K/I)1/2] ∼ 2π × 4 MHz, and an
angle of zero-point fluctuations θZPF = (�2/KI)1/4 ∼ 3 ×
10−5, with K ∼ 3 × 10−18 Nm per radian the torsional
spring constant of the tube axis. As shown in Fig. 2(c),
the topology-torsion coupling energy is about Em(θ �
0) ∼ 42 μ eV, which implies a coupling constant g ∼
2π × 200 kHz. Moreover, the spin-torsion coupling can
be modified by the distance between the torsional can-
tilever and the N-V center. For a distance h ∼ 80
nm, one can obtain Bmg ∼ 80 mT [77] and λe ∼ 2π ×
200 kHz.

We now take the decoherence processes of the system
into consideration. In practical situations, the relaxation
and dephasing rates of a Majorana qubit are strongly

N-V

FIG. 4. Rabi oscillations of the hybrid tripartite system inter-
facing a topological qubit (TP) and a single N-V center (N-V) via
a magnetized torsional cantilever (Tor). The topological qubit
is initially in state |1〉, while the torsional mode is initially in
the ground state and the N-V center in the state |d〉. We con-
sider the system in a realistic case, with the coupling parameters
g = λg = g0 ∼ 2π × 200 kHz and the decay parameters �1 =
�2 = 0.05g0, γm = 0.0002g0, nth = 104, and γs = 0.1g0.

dependent on the concrete realization. Here, we take �1 �
�2 ∼ 2π × 10 kHz [58,78]. When it comes to the mechan-
ical damping, the recent fabrication of carbon nanotube
resonators can possess quality factors exceeding 105. For a
torsional cantilever with ωm ∼ 2π × 4 MHz, the mechani-
cal damping rate is about γm = ωm/Q ∼ 2π × 40 Hz, and
the thermal phonon occupation number is about nth ∼ 104
at the temperature of T ∼ 20 mK. As for the N-V cen-
ter, the dephasing time T2 as long as several milliseconds
can be reached in ultrapure diamond [79]. Here, we take
γs ∼ 2π × 2 kHz. Finally, with these realistic parameters,
we perform numerical simulations for the quantum dynam-
ics of the system by solving the master equation, Eq. (16).
As shown in Fig. 4, the coherent interactions can dominate
the decoherence processes in this hybrid quantum device,
which enables the system to enter the strong coupling
regime.

IV. DARK-STATE CONVERSION

In the previous sections, it is shown that the magnetized
torsional cantilever can be employed as an intermediary to
link the topological qubit and the single N-V center. Uti-
lizing this quantum interface, one of the applications is to
transfer the quantum state from the topological qubit to
the spin qubit. The efficiency of the transformation relies
on the specific protocol for quantum-state conversion. To
transfer the quantum state in this setup, we show that both
the direct-transfer scheme and the dark-state protocol are
available.

As shown in Eq. (15), this hybrid tripartite system can
be modeled by a beam-splitter Hamiltonian composed of
two JC interactions. Therefore, we can use the JC inter-
actions for quantum-state conversion. In particular, this
direct-transfer scheme usually includes two steps. Step 1
is to turn on the topology-torsion couplings g for a time
t1 = π/2g (while λe = 0), to transfer the quantum state
from the Majorana qubit to the torsional mode. Step 2
is to turn off g and turn on the spin-torsion couplings λe
for a time t2 = π/2λe (while g = 0), to map the quantum
state from the torsional mode to the spin qubit. Note that
this direct-transfer scheme has been studied in an optome-
chanical system [80]. In our setup, the topology-torsion
couplings g can be controlled by the electrostatic gates
[58], while the spin-torsion couplings λe can be controlled
by the external driving fields.

As the direct-transfer scheme may suffer from deco-
herence of the mechanical mode, here we propose to
realize the coherent quantum state conversion via a dark-
state protocol [81–83]. This dark-state protocol is par-
ticularly robust against mechanical dissipations, as it is
decoupled from the vibrational mode. We proceed by
assuming that ωm � ωTP � ωN-V. To describe quasipar-
ticles formed by combinations of spin and Majorana
excitations, we now introduce two polariton operators
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ĉbr = sin(β)σ̂−
TP + cos(β)σ̂−

N-V, and ĉdk = − cos(β)σ̂−
TP +

sin(β)σ̂−
N-V, with tan(β) = −g/λe. Then, one can verify

that the Hamiltonian (15) can take a compact form,

Ĥsys = �ω̃+ĉ†
+ĉ+ + �ω̃−ĉ†

−ĉ− + �ω̃dkĉ†
dkĉdk, (17)

where ĉ± = (1/
√

2)(ĉbr ± b̂) describes polarons formed
by combinations of polariton and phonon excitations. The
corresponding frequencies of the polarons are ω̃d = ωm,
ω̃± = ωm ± √

λ2
e + g2. We refer to ĉdk as the mechani-

cally dark polariton operator, as it involves the spin and
Majorana operations only, decoupled from the torsional
mode.

The excitation of ĉdk means that the system remains in
the mechanically dark state. Utilizing the adiabatic evolu-
tion of the dark state, we can transfer the quantum state
from the topological qubit to the single N-V center. In par-
ticular, in the limit β = 0, we get ĉdk = −σ̂−

TP, while in
the limit β = π/2, we get ĉdk = σ̂−

N-V. This result implies
that if we adiabatically rotate the mixing angle β from zero
to π/2, the mechanically dark polariton ĉdk would evolve
from −σ̂−

TP to σ̂−
N-V. At the same time, the quantum state of

the topological qubit could be transferred to the spin qubit
except for a phase factor e−iπ .

Similar to the well-known stimulated Raman adiabatic
passage, the dark-state protocol can be implemented by
an adiabatic passage approach. To transfer the quantum
state from the topological qubit to the N-V center, we ini-
tially make λe(t) larger than g(t), but keep g(t) finite. Then,
we modulate the coupling parameters carefully so that the
dark polariton operator evolves adiabatically from −σ̂−

TP
at the beginning to σ̂−

N-V at the end. Meanwhile, the quan-
tum state of the topological qubit will be transferred to the
N-V center as the system evolves. To satisfy the adiabatic
conditions, one needs to modulate the coupling strengths
slowly to ensure that the system adiabatically follows the
dark polaritons.

We perform numerical simulations for the dark-state
protocol by solving the master equation, Eq. (16), with the
Hamiltonian in Eq. (15), where the coupling parameters
g(t) = g0e−(t−π)2/30, λe(t) = 1.5g0e−t2/6, and g0 ∼ 2π ×
200 kHz as discussed in Sec. III. To test the robustness
of the protocol, we consider two kinds of initial states for
the topological qubit: a Fock state |1〉 as displayed in Figs.
5(a) and 5(b), and a superposition state 1√

2
|0〉 + 1√

2
|1〉, as

displayed in Figs. 5(c) and 5(d). For the ideal case without
decoherence, high fidelities 0.96 and 0.99 can be reached,
as shown in Figs. 5(a) and 5(c). We find that, as the sys-
tem evolves, the quantum states of the topological qubit
are slowly transferred to the N-V center spin in the conver-
sion process. Then, when it turns to the realistic case, high
fidelities 0.83 and 0.93 can be reached, as shown in Figs.
5(b) and 5(d). Therefore, this dark-state protocol works
very well in practical conditions.

(a) (b)

(c) (d)

N-V N-V

N-V N-V

FIG. 5. Fidelity (F) and occupations (TP, Tor, N-V) as a func-
tion of time in the dark-state protocol, with the coupling param-
eters g(t) = g0e−(t−π)2/30 and λe(t) = 1.5g0e−t2/6. Two kinds of
initial states are under consideration: (i) a Fock state |1〉 in (a),(b)
and (ii) a superposition state 1/

√
2|0〉 + 1/

√
2|1〉 in (c),(d). The

decoherence parameters for (a),(c) are chosen as �1 = �2 =
γm = γs = 0 and for (b),(d) �1 = �2 = 0.05g0, γm = 0.0002g0,
nth = 104, and γs = 0.1g0.

V. CONCLUSIONS

In summary, we present a hybrid quantum device inter-
facing a topological qubit and a single N-V center via
a high-Q magnetized torsional cantilever. We show that
the mechanical torsional mode can strongly couple to
the Majorana qubit and the single N-V center simulta-
neously and then we interface them for quantum-state
conversion. In particular, the topology-torsion couplings
are induced by the spin currents passing through the TNT
junction, while the spin-torsion couplings can be real-
ized by the exquisite preparation of dressed spin states
and using a suspended nanomagnet. We also find that,
under resonance conditions, one eigenstate of the system
is the mechanically dark state, which provides a dark-
state protocol for quantum-state conversion with very high
fidelities. As the mechanical mode remains unpopulated
during the conversion process, this dark-state scheme is
extremely robust against mechanical damping. This hybrid
quantum architecture integrated with the topological qubits
and N-V spins provides a potential platform for quantum-
information processing.
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Parts of the simulations are coded in Python using the Qutip
library [84].
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