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We show that nitrogen-vacancy (NV) centers in diamond interfaced with a suspended carbon nanotube
carrying a dc current can facilitate a spin-nanomechanical hybrid device. We demonstrate that strong
magnetomechanical interactions between a single NV spin and the vibrational mode of the suspended
nanotube can be engineered and dynamically tuned by external control over the system parameters. This
spin-nanomechanical setup with strong, intrinsic, and tunable magnetomechanical couplings allows for the
construction of hybrid quantum devices with NV centers and carbon-based nanostructures, as well as
phonon-mediated quantum information processing with spin qubits.
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Carbon-based structures and devices are very commonly
used in our everyday life and in state-of-the-art science and
technology. In quantum information science, nitrogen-
vacancy (NV) centers in diamond are outstanding solid
state qubits due to their long coherence times and high
controllability [1-5]. In nanomechanics, mechanical reso-
nators made out of allotropes of carbon (such as nanotubes
[6-8], diamond [9-11], and graphene [12]), are being
extensively studied for fundamental research and practical
applications [13-23].

Recently, much attention has been paid to coupling NV
spins in diamond to mechanical resonators, which can be
achieved extrinsically [24-34] or intrinsically [35-39]. In
the first case, the interaction arises from the relative motion
of the NV spin and a source of local magnetic-field
gradients [24]. In such setups, a magnetic tip mounted
on a vibrating cantilever [40] is often used to generate the
magnetic coupling between an NV spin and the mechanical
motion [24-34]. However, creating very strong, well-
controlled, local gradients remains challenging for such
setups, in particular when arrays of NV centers are placed
in close proximity to the same cantilever. Thus far, experi-
ments with the extrinsic coupling scheme have yet to reach
the strong-coupling regime [26-29]. In the second case,
the coupling of a diamond cantilever to the spin of an
embedded NV center is induced by crystal strain during
mechanical motion [35-39]. Unfortunately, the strain-
induced interaction between a single NV spin and the
cantilever quantized motion is inherently tiny [37,38],
which makes the strong strain coupling at a single quantum
level very challenging.

In this Letter, we propose that NV centers in diamond
interfaced with carbon nanotubes can facilitate a spin-
nanomechanical hybrid device. This hybrid structure takes
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advantage of the unprecedented mechanical and electrical
characteristics of carbon nanotubes, as well as the excep-
tional coherence properties of NV centers in diamond. We
demonstrate that the physics of an NV center in diamond
placed near a carbon nanotube with a dc current flowing
through it can be well mapped to cavity quantum electro-
dynamics (QED). In particular, going beyond earlier work
in this field [24-39], we show that the magnetomechanical
interaction can be engineered and dynamically tuned by
external control of the driving microwave fields and electric
current through the nanotube. The resulting coupling
strength can be roughly 3 orders of magnitude stronger
than that for cold atoms coupled to nanowires [16,17]. An
inherent advantage of our NV-nanotube hybrid system is
the intrinsic nature of the coupling. Thus, no additional
components, such as external magnetic tips, are required to
tune the coupling. Another distinct feature of this intrinsic
coupling scheme is that it is scalable to arrays of NV
centers in diamond. This spin-nanomechanical structure
with strong intrinsic magnetomechanical couplings would
open up new avenues towards the design of hybrid quantum
devices [41] with NV centers and carbon-based nano-
structures. It also allows for quantum information process-
ing with NV spin qubits [42,43], and could serve as novel
nanoscale sensors [44—48] in physical and life science.
Model.—We consider a setup as shown in Fig. 1(a),
where the magnetic field of a current-carrying nanotube is
coupled to an NV center spin embedded in a nanodiamond.
The nanotube of length L is suspended along the x axis at a
distance d from the diamond nanocrystal. When it vibrates,
d varies by the nanotube’s effective transverse displace-
ment. In the following, we assume the transverse displace-
ment to be along the y direction, and express it with the
oscillator operator a of the fundamental oscillating mode,
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FIG. 1. (a) Schematic of a single NV center in a diamond
nanocrystal located near a current-carrying nanotube. (b) Level
diagram of the driven NV center.

ie., it, = (h/2mwy)"?(a + a"), where m is the effective
mass of the nanotube, and w,, is the mechanical vibration
frequency [49]. The magnetic field Em(?) of the current-
carrying nanotube at position 7 can be calculated by the
Biot-Savart law. For a long nanotube (L > d), the magnetic

field has the form E’m(?) = uole, x 7/2x|F|?, in a reference
frame with axes as in Fig. 1. Here ¢, is the unit vector in the
x direction, and 7 is the electric current in the nanotube.

NV centers in diamond consist of a substitutional
nitrogen atom and an adjacent vacancy, which have a
spin S =1 ground state, with zero-field splitting D =
27 x 2.87 GHz, between the |m; = +1) and |m; = 0)
states. For moderate applied magnetic fields, static and
low frequency components of magnetic fields B, cause
Zeeman shifts of states |m; = %1), while external micro-
wave fields with magnetic field B, drive Rabi oscillations
between |m; = 0) and the excited states |m; = +1), as
shown in Fig. 1(b). For convenience, we denote as the z
axis the crystalline axis of the NV center.

The interaction of a single NV center located at 7 with
the total magnetic field (external driving and from the

nanotube) can be written as fva = hDS‘? + uBgSBZS‘ZJr
ppgs(Bu(7) + By) - S with g, = 2 the Landé factor of the

NV center, g the Bohr magneton, and S the spin operator
of the NV center. We consider using a single microwave
field polarized in the x direction, Z?dr = B coswyte,,
and place the NV center in the position where the magnetic
field of the nanotube is in the z direction, ém = Bye.. The
magnetic field B, (7) felt by the NV center is modulated
by the nanotube’s vibration. Expanding the magnetic field
y» we have Hyy = hD:S’%—i—

HBYs [Bz + Bnt(d)]Sz + ﬂBgsBdr - S +/"BgsSzaantﬁy'

We define AA, = D + upg (B, + By) — hawy, hQ =
(V2/4)upgsBy, and restrict the following discussion to
symmetric detunings, A, = A_ = A. When |A| > Q, we
obtain the effective Hamiltonian [49]

B,(F) up to first order in #

. | :
Hq:hwnta'&+§hA&z+hg(&++a—_)(&'+&). (1)

Here, A = 2Q%/A, hg = ppg,(h/2mwy)"?0,B,, and we
switch to the new basis {|B)=(1/v2)(|+1)+|-1)),
D)= (1/V2)(|+ 1) - |- 1))}, with . = |B)(B| - |D)
(D|, 6, = |B)(D|, and 6_ = |D)(B|. The states |B) and
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FIG. 2. Schematic of the nanotube-NV hybrid setup. (a) A
current-carrying nanotube is suspended above a diamond sample,
in which individual optically resolvable NV centers are implanted
5-10 nm below its surface. (b) A single NV defect hosted in a
diamond nanocrystal with a size about 10 nm is positioned near
the nanotube.

|D) are often referred to bright and dark states for NV spins
[24,57]. If we choose A = w,,, then, under the rotating-
wave approximation we obtain the standard Jaynes-
Cummings (JC) Hamiltonian

. 1
e = hod'a + 5706, + hg(6,a +6-a7). (2)

However, if we choose A = —w,;, which can be controlled
by the parameters A and Q, we obtain the anti-Jaynes-
Cummings (AJC) Hamiltonian

. 1 .
Haye = hoya'a + EhAﬁz +hng(6.a" +6_a). (3)

Thus, our system mimics the standard model in cavity
QED of a single atom coupled to a single cavity mode. The
type of interactions can be designed by external control
over the driving fields. This mapping allows the powerful
toolbox of cavity QED to be transferred to these systems.

Two proposed experimental setups.—We consider two
different designs for coupling an NV spin to a current-
carrying carbon nanotube resonator. Figure 2(a) displays a
nanotube, carrying a dc current, suspended above a bulk
single crystal diamond sample. Individual, optically resolv-
able NV centers are implanted 5—10 nm below the surface
of the diamond sample [27,58]. Figure 2(b) shows another
feasible design, where a diamond nanoparticle hosting a
single NV center is closely placed near the nanotube.
Diamond nanoparticles can have a size of less than
10 nanometers, and only host one NV defect [26]. The
spin states of NV centers can be controlled and manipulated
by microwaves from external microwave antennas. A
confocal microscope can be used to excite and polarize
the NV spin, and detect photoluminescence to read out the
NV spin polarization.

Carbon nanotubes can possess current-carrying
capacities exceeding 10 uA/nm? [59-64], with lengths
which can range from tens of nanometers to tens of
micrometers. In experiments, the carbon nanotube could
be actuated and deflected electrostatically over several
nanometers with ac and dc voltages applied to the gate
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FIG. 3. Single spin-phonon coupling strength versus the dis-  FIG.4. (a) Vacuum Rabi oscillations of an NV spin coupled to a

tance between the NV center and the nanotube. The relevant
parameters here are r ~ 1.5 nm, t ~0.335 nm, and 7/ ~ 60 uA.
The inset shows the coupling strength versus the length of the
nanotube.

electrodes. Thus, the distance between the nanotube and the
NV center can be fine-tuned electrostatically. A recent
experiment [23], has reported a device with a graphene
membrane suspended some 10-50 nm above a single NV
center.

To evaluate the single spin-phonon coupling strength g,
we use the magnetic field generated by an infinite long
tube, as given by the Biot-Savart law. In this case, it reads

g— HpJskol ()
2m\2hmwyd®

This magnetomechanical coupling strength depends on the
dimensions of the nanotube and the distance d, as well as
the current / flowing through the nanotube. Thus, it can be
easily tuned by control of the system parameters.

We consider a carbon nanotube of length L ~2 um,
radius » ~ 1.5 nm, and wall thickness 7 ~ 0.335 nm, sus-
pended at a distance d ~ 30 nm from the NV center [49].
The tube carries a dc current / ~ 60 pA, and vibrates at a
frequency w,./27 ~2 MHz, with effective mass m ~ 7 x
10721 kg [49]. With the above given parameters, one can
obtain g/2z ~ 10 kHz. By changing the distance d and the
dimensions of the nanotube, as well as the current / flowing
through the nanotube, the coupling strength g can be further
adjusted (see Fig. 3). For a much closer distance d ~ 10 nm,
the magnetomechanical coupling strength can even reach
g/2x ~ 100 kHz. This coupling strength is comparable to
that of a single NV spin coupled to a vibrating cantilever
with a strong local magnet [24,25] or a superconducting
circuit [65-70], and is about a factor of 1000 larger than the
coupling achieved with cold atoms [16,17].

Dephasing and dissipation.—In realistic situations, we
need to consider spin dephasing and mechanical dissipa-
tion. The full dynamics of our system that takes these
incoherent processes into account is described by the
master equation

dp(t) _ i
dt  h
+ nuymDlat]p + (ny + DyaDlalp,  (5)

[Flyc. p] + 7, D[6.]p

nanotube mechanical resonator without dissipations. The initial
state of the NV spin is |B). (b) Same as (a) but with dissipations
for the spin and the mechanical resonator. The relevant param-
eters here are chosen as ny, ~ 100, y,, ~ 1073g, and y, ~ 0.1g.

with D[o]p = 0p o™ =100 p—1poTo for a given operator
0. The strong coupling regime can be reached if the
coherent coupling strength g exceeds both the electronic
spin decay rate y; and the intrinsic damping rate of the
mechanical mode y,,, i.e., g > {ys, npyYm}, with ng =
(e"n/ksT — 1)1 the thermal phonon number at the envi-
ronment temperature 7. For a mechanical resonator with
frequency w,, and quality factor Q, the mechanical damping
rate is y,, = ,,/ Q. The recent fabrication of carbon nano-
tube resonators can possess quality factors exceeding 10°
[8]. Together with the oscillator frequency w,, /27 ~ 2 MHz
[49], this value of Q implies an oscillator damping rate
Ym/27 ~ 20 Hz, and would translate into phonon mean free
path /. ~ QL ~ 10 cm [49]. Assuming an environmental
temperature 7 ~ 10 mK in a dilution refrigerator, the ther-
mal phonon number is about ny, ~ 100. Therefore, we obtain
g > ngYm- When it comes to the NV center, the dephasing
time 7', can be increased to several milliseconds in ultrapure
diamond [71], leading to a dephasing rate y,/2z ~ 1 kHz.
We can ignore single spin relaxation, as 7'; can be several
minutes at low temperatures. Therefore, the strong-coupling
regime can be reached in this setup, i.e., g > {ys, nn¥m }-

The strong-coupling regime described by the
Hamiltonian (2) enables coherent quantum state transfer
between the spin and the resonator. Moreover, in combina-
tion with optical pumping and detection techniques for spin
qubits, this would provide the basic ingredients for detecting
and manipulating quantum states of the nanotube resonator.

In Fig. 4, we show the numerical simulations of quantum
dynamics of the coupled system through solving the master
equation (5). As the initial state, we take the product state
of the NV spin and the mechanical resonator with the
occupation number n,, = 0.2, e.g., as a result of sideband
cooling [72,73]. In the time domain, vacuum Rabi oscil-
lations are direct evidence of the coherent energy exchange
between the spin qubit and the resonator phonon mode. We
obtain numerical results for the time evolution of the mean
phonon number and the probability for the NV center being
in the excited state. We find that vacuum Rabi oscillations
can occur for these parameters. In such a process, the spin
state can be transferred from the N'V center to the nanotube
resonator, and vice versa.
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Elementary quantum information.—The magnetome-
chanical interaction allows us to use the nanotube vibration
mode as a quantum bus to perform more complex tasks.
Controlled spin-spin couplings could be realized for two
distant NV centers separated by micrometer distances.
Based on these effective interactions, we now explore
the possibility of implementing quantum information
processing with spin qubits.

We consider two separated NV centers coupled to the
same vibration mode of the nanotube in the dispersive
regime |A — wy| > ¢. This will lead to an effective long
range spin-spin interaction via the exchange of virtual
phonons [49], H,_, = Al (6162 + 6162), with the cou-
pling strength A = g%/|A — @y |. The coherence length of
the phonon mediated NV spin coupling is about /. ~ QL
[49], which can be much larger than the distance between
two NV spins separated by a distance on the order of the
nanotube’s length. If we choose |A — wy|/27 ~ 1 MHz,
and ¢g/2x ~ 100 kHz, then we can obtain the spin-spin
coupling strength A./27 ~ 10 kHz. This strong spin-spin
interaction allows for the implementation of a SWAP gate
and quantum states transfer between two NV centers.

In the following, we encode the jth logical qubit in the
two spin states of the jth NV center, i.e., |0); = |0); and
|1)q = |D);. Such qubit encoding has proven to be more
robust against low-frequency magnetic-field noise [57].
Our main task is to realize a SWAP gate and quantum
information transfer between two qubits. To implement this
protocol, we need a microwave to drive the transition
between the qubit state |0); and the bright state |B); in
each qubit with Rabi frequency Q; and frequency detuning
0;. The dynamics of the entire system is described by
H = Y;h6)|B) (Bl + 3,[hQ;1B) (0] + Hee] + H,_,.
The spin-spin interaction can be diagonalized with the
states |+), = 1/V2[|B),|D), + |D),|B),]. 1t is easy to
show that in the subspace defined by {|0,1), =(0)}|1)2,
[+)4 [=) 4 11,0), = [1)}]0)7}, the system Hamiltonian has
the form [49]

= 16, |+) g (+] = BO_| =) gy (=] + B [+) 1 (0. 1]
+ th|_>qq<O’ 1| + hQ2|+>qq<1’0|
— hy|-),,(1.0] + Hec., (6)

with 8, = Ay + (8 +8)/2, - = dety — (61 + 62)/2,
QJ- = Qj/\/i,j =1, 2. Thus, we can find that if the two
qubits are initially prepared in the state [0)}]1)2 or [1);]0)Z,
then the dynamics of the system will be confined in the
subspace governed by the Hamiltonian (6). In Fig. 5 we
present detailed numerical simulations for the dynamics of
the coupled system. It can be found that at the moment
Ty = 7/ Aegr» the system evolves from the state [0)}]1)7 to
the state |1)}|0)Z via the intermediate states |+), through
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FIG. 5. (a) Time evolution of the probabilities for the first NV

center being in the states |1), |0), and |53). (b) Same as in (a) but
for the second NV center. In both cases, the initial state is
chosen as [1);|0)?. (c) and (d): Time evolution of the probabilities
for the two NV spins in the states [0)}]0)Z, and [1)}]1)7,
respectively. The relevant parameters here are Q; = Q, = 2.
and (S] = 52 =0.

microwave driving, and vice versa. The state |1)}[1)2
remains unchanged during this process, while the system
will be brought from the state |0),]0)? to the state |5),]0)7
or [0)}]B),, and back again at the moment T, Therefore,
in the language of quantum information theory, this
operation corresponds to a SWAP gate. This gate can be
exploited to realize quantum state transfer between two NV
spins, i.e., (a\0>}] +ﬂ|1>}])|1>f] — |1>}I(a|0)2 +ﬂ|1)§).

The gate fidelity is limited by the following factors:
(1) spin decoherence induced by phonon excitations with an
effective decay rate I' = ny,y,,6° /| A — wy|?; (ii) single spin
dephasing due to low-frequency noise with a dephasing rate
7s» Which is assumed to be Markovian for simplicity.
Recent work has shown that by coupling a single NV spin
to another two-level system and encoding quantum infor-
mation in the dark states |0) and | D), the coherent time T’
can be prolonged [57]. For isotopically purified diamond,
we can safely choose 7, ~ 1 ms. Taking these factors
together, we find the gate fidelity can be estimated as F ~
(1 =T =Ty /T,) > 0.95 for the given parameters,
with an operating time T, ~ 50 us.

Conclusions.—We have proposed a spin-nanomechan-
ical hybrid device where a single NV center spin in
diamond is coupled to the vibrational mode of a suspended
current-carrying carbon nanotube. It makes the strong spin-
mechanical coupling at a single quantum level feasible, and
allows fast mechanical control of spin qubits and efficient
phonon cooling by an NV center. Such a device can find
applications in phonon-mediated quantum information
processing with NV spin qubits, and could serve as novel
nanoscale sensors for detecting tiny pressure, temperature,
electric, and magnetic-field changes.
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