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The long coherence time of a single nitrogen vacancy (NV) center spin in diamond is a crucial advan-
tage for implementing quantum information processing. However, the realization of strong coupling between
single NV spins is challenging. Here, we propose a method to greatly enhance the interaction between two
single NV spins in diamond which are only weakly coupled to an electromechanical cavity. Owing to the
presence of a critical point for the linearized electromechanical subsystem, the coupling between a single NV
spin and the high-frequency polariton (formed by the mechanical and cavity modes) can be fully decoupled, but
the coupling between the single NV spin and the low-frequency polariton is, however, greatly enhanced. Thus,
AC Stark shift of the single NV spin can be measured. With the low-frequency polariton as a quantum bus, a
strong coupling between two single NV centers is achievable. This effective strong coupling can ensure coherent
quantum-information exchange between two spin qubits in the weakly coupled spin-cavity electromechanical

system.
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I. INTRODUCTION

A nitrogen vacancy (NV) center spin in diamond [1,2],
with long coherence time [3-5] and high tunability [2], is
a promising qubit candidate for quantum information pro-
cessing [6,7]. However, spin-spin interaction is usually too
weak to efficiently implement quantum-information exchange
[8-10]. One popular method to overcome this drawback is
the use of an ensemble containing many NV spins [11-14].
Thus, the coupling strength between NV spin ensembles can
be efficiently enhanced [15-17]. However, it is difficult for
the ensemble to implement direct single-qubit manipulation,
and the coherence time is also greatly shortened due to the
inhomogeneous broadening [18-20]. Another potential ap-
proach is to couple NV spins to the nanomechanical resonator
[21-34], but the required strong magnetic gradient remains
challenging experimentally [21,27], and the strain force is
inherently tiny for the ground states of NV spins [32,33].
Also, interacting spins with squeezed photons to enhance the
coupling are proposed [35-37], but external noises may be
introduced to the considered system. In addition, there are
important efforts to couple remote NV spins via an optical
network link [38,39] or a superconducting bus [40].
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Recently, optomechanical and electromechanical systems
have attracted much interest in testing macroscopic quan-
tum properties because of their appealing applications in
quantum information science [41-50]. Based on remarkable
progress in experiments [51-59], we can propose an exper-
imentally accessible approach to realizing strong spin-spin
coupling in a hybrid spin-cavity electromechanical system,
where the single NV spin is only weakly coupled to the
cavity mode. By applying a strong driving field to the cav-
ity, two hybrid modes arising from the linearized strong
coupling between the cavity and mechanical modes are
generated, namely, the high-frequency and low-frequency po-
laritons. Tuning the linearized electromechanical coupling
strength to a certain value (i.e., a critical point) by vary-
ing the driving field, we can have the electromechanical
subsystem reach the critical regime. When operating the
hybrid system around this critical point, the coupling be-
tween the single NV spin and the high-frequency polariton
is totally suppressed if the cavity frequency detuning from
the driving field is much larger than that of the mechani-
cal resonator. However, the coupling strength between the
NV spin and the low-frequency polariton is greatly en-
hanced, more than three orders of magnitude of the single
spin-cavity coupling. This strong coupling allows one to mea-
sure the AC Stark shift of a single NV spin. Taking the
low-frequency polariton as a quantum bus, strong spin-spin
coupling can be then induced. The results indicate that, even
for the weakly coupled spin-cavity electromechanical system,
it is promising to probe the spin-qubit states and implement
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FIG. 1. (a) Schematic diagram of the proposed hybrid system.
The single nitrogen vacancy (NV) center spin, located d distance
away from the central conductor, is weakly coupled to an electrome-
chanical cavity and driven by a microwave field via a microwave
antenna. This on-chip cavity is also driven by a strong microwave
field. (b) The level structure of the triplet ground state S =1 in
an NV center, where D is the zero-field splitting, and B is an
external magnetic field to lift the degenerate states m; = +1. The
lowest two sublevels m; = 0, —1 act as a two-level quantum system
(i.e., qubit). (c) Frequencies of the two hybrid modes, generated by
the strong coupling between the cavity and mechanical modes, vs
the electromechanical coupling strength in units of the mechanical
frequency.

polariton-mediated quantum information processing with sin-
gle spin qubits.

II. MODEL AND HAMILTONIAN

We consider a hybrid quantum system consisting of a sin-
gle NV spin weakly coupled to an electromechanical cavity
[Fig. 1(a)], where the NV spin in diamond with a spin § = 1
triplet ground state [Fig. 1(b)] is located d distance away from
the central conductor of the coplanar-waveguide resonator.
Hereafter, we term this waveguide resonator as a (on-chip)
cavity to distinguish it from the mechanical resonator. The
Hamiltonian of the hybrid system can be written as (set-
ting h = 1) Htot = HNV +HEM + H[ +HD, where HNV =
%a)NVJZ, with the transition frequency wny = D — g.upBex
between the lowest two levels of the triplet ground state of
the NV. Here, D = 2.87 GHz is the zero-field splitting, g, = 2
is the Landé factor, up is the Bohr magneton, and By is the
external magnetic field to lift the near-degenerate states |m; =
+1). The second term Hpy = wqa'a + w,b'b — ga’a(b +
b") is the Hamiltonian of the cavity electromechanical subsys-
tem [60], where w, is the frequency of the cavity mode when
the mechanical resonator is at its equilibrium position, w,, is
the frequency of the mechanical mode, and g is the single-
photon coupling strength between the cavity and mechanical
modes. The third term H; describes the magnetic coupling
between the single NV spin and the cavity mode. Under the

rotating-wave approximation, H; = A(a'o_ + ao,.), with A =
2g.18Bo,ms(d) [40], where Bo ims(d) = polms/27d, with o
being the permeability of vacuum and I, = +/fiw,/2L,. To
estimate A, w, ~ 27 x 2 GHz and L, ~ 2 nH are chosen
[61]. For d ~50 um, A ~ 27 x 70 Hz, and d ~ 50 nm
gives A ~ 2w x 7 KHz. Obviously, the estimated spin-cavity
coupling strength is smaller than the typical decay rate
of the cavity with the gigahertz frequency and quality
factor Q ~ 3 x 10* [61,62], i.e., A <k = w,/Q ~ 1 MHz.
This indicates that the spin-cavity coupling is in the weak-
coupling regime. The last term Hp = Quat exp(—iwgt) +
Qhaexp(iowgt) — Qnvo4 exp(—iwgt) — Q20— exp(iwgt) in-
volves the driving fields acting on the cavity mode and the
NV spin. Due to the large €24, the electromechanical coupling
strength can be amplified to G = g/N > «, where N = |(a)|?
is the intracavity mean photon number. This amplification is
achieved by linearizing the Hamiltonian with a = (a) + da
and b = (b) + 8b, where (a) = —Q,/(A, —ix) and (b) =
gl{a)|?/(w, — iy,,) are the mean values of the operators a and
b in the steady state, respectively [63], with A, = w, — wg —
g((b) + (b)*) and y,, being the decay rate of the mechanical
mode. As the driving field on the cavity will indirectly cause
the NV spin to flip, an additional microwave field with fre-
quency w,; and amplitude Qv is imposed to the NV spin
via a microwave antenna [see Fig. 1(a)], so as to cancel this
flip. Then the linearized Hamiltonian of the hybrid spin-cavity
elecromechanical system is given by [63]

Hyp = %ANVUZ + Hypm + A(8a’o_ + 8aoy), (1)

where ANV = WNV — Wy, and HLEM = AaaaTéa +
wndb'8b — G(8a + 8a")(8b+ 8b") is  the  linearized
Hamiltonian of the cavity electromechanical subsystem.
In deriving Eq. (1), we assume A{a) = Qv [63], where (a) is
controlled by €, and can be determined via the input-output
theory [64] by probing the output field of the cavity. There
were proposals for measuring a weak coupling strength X
[65-67], and they were demonstrated experimentally [68,69].
With a given A, the condition A{a) = Qv can be readily
satisfied because both 2, and Qnv are precisely tunable.
Here, the effects of the driving fields are included in A, and
G, while quantum behaviors of the system are kept in the
linearized Hamiltonian in Eq. (1) via the fluctuation operators
da and 6b. In the linearized Hamiltonian Higy, there are
counterrotating terms Géadb and G8a'8bt, which are related
to the squeezing effect in the system. As shown below, when
G approaches its critical value, these counterrotating terms
play an increasingly important role [70], and polaritons of
novel properties can be formed.

III. STRONG COUPLING BETWEEN A SINGLE NV SPIN
AND THE LOW-FREQUENCY POLARITON

Assisted by a strong driving field, the mechanical mode
can strongly couple to the cavity mode via the linearized
electromechanical coupling strength G, yielding two hybrid
modes (i.e., polaritons) with eigenfrequencies
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FIG. 2. Coupling strength between the nitrogen vacancy (NV)
spin and the high- (low-) frequency polaritons vs the dimensionless
parameters (G, — G)/w,, and w_/A,. Here, A,/w, =1 in both
(a) and (¢), and A,/w,, = 10 in both (b) and (d).

where w, and w_ correspond to the high- and low-frequency
polaritons, respectively. These eigenfrequencies are directly
obtained by diagonalizing the linearized Hamiltonian Hy gy in
Eq. (1) (see Ref. [63] for details). With the eigenvectors of the
hybrid modes, Eq. (1) becomes

H= %ANvO'Z + a)+a1a+ +w_d a_

+ )H_(aT_o_ +a_oy)+ )\_(af_mr +a_o_)
+ni(dio_ +aro)+n_(dior +aso ), (3)

where Ay = AcosO(A, + w_)/2/A,w_ denotes the effec-
tive coupling strength between the NV spin and the low-
frequency polariton, and n+ = A sin@(A, & w)/2/ A0y is
the effective coupling strength between the NV spin and
the high-frequency polariton. The parameter 6 is defined by
tan(20) = 4G/ A0, /(A2 — w?). Both A+ and 54 can be
tuned by the driving field on the cavity. From Eq. (2), one
can see that a)%r increases with the linearized optomechanical
coupling G, but w? decreases [see Fig. 1(c)]. When G reaches

a certain value,
G=G,= %\/ Aqwp, “@

critical phenomenon occurs [71], where the frequency of
the low-frequency polariton vanishes (i.e., w_ = 0) [see the
red point in Fig. 1(c)]. Here, we consider the case with
both G — G, (i.e., w— — 0) and A,/w, > 1, where A, =~
Ao — %«/Aa/a), > A, Ny = Aoy /Ay L A, and n_ — 0.
This indicates that the coupling between the NV spin and
the high-frequency polariton can be ignored in Eq. (3). Cor-
respondingly, the coupling between the single NV spin and
the low-frequency polariton is greatly enhanced due to the
extremely small value of w_ and tunable parameter A,. Thus,
raising the photon occupation number in the cavity to have
G= g\/]V reach G., we can use the critical behavior of the ef-
fective spin-polariton system to enhance the coupling between
the spin and the low-frequency polariton.

In Fig. 2, we plot the coupling strength between the NV
spin and the high- (low-) frequency polariton vs the dimen-
sionless parameters (G, — G)/w,, and w_ /A, with A,/w,, =

1.0
oy "
=08 —e— polariton
Q
o —=— spin qubit
206 : ’
Q
S
204
©
Q
0.2
o]

0.0

0 | 2 3 4 5
Time (us)

FIG. 3. The mean occupation number of the low-frequency po-
lariton and the occupation probability of the nitrogen vacancy (NV)
spin vs the evolution time, where the polariton is initially prepared in
the ground state, and the spin qubit is in the excited state. We choose
Ay =2m x3.5MHz, y, =1KHz, and k = 1 MHz.

1, 10. When G — G, or w_ — 0, the coupling between the
NV spin and the low-frequency polariton can be extremely
strong [see Figs. 2(a) and 2(c)]. With increasing A,, AL can
be further enhanced [see Figs. 2(b) and 2(d)]. In principle,
w_ can be very close to zero, and the detuning A, can be
sufficiently large. These can yield A in the strong-coupling
regime (i.e., A+ > «) to allow coherent quantum-information
exchange between the single NV spin and the low-frequency
polariton. In this regime, rotating-wave approximation is still
valid, and the counterrotating term related to A_ in Eq. (3)
can be safely ignored. Thus, around the critical point G = G,
and when A, > w,,, the Hamiltonian in Eq. (1) reduces to the
Janes-Cumming model,

Hic =3Awvo. +w_d a_+i(a o_+ao.). (5

when considering the interaction between the single NV spin
and the low-frequency polariton. To estimate A, we choose
A, =10%v_, then A,/A = 0.5 x 10%, which indicates that
A+ can be approximately enhanced three orders of magnitude
of X in our hybrid system. Specifically, with A = 27 x 7 KHz,
as estimated above for d = 50 nm, A, ~ 27 x 3.5 MHz,
larger than the decay rate of the gigahertz cavity with quality
factor ~10*. This implies that the coupling between the single
NV spin and the low-frequency polariton is in the strong-
coupling regime. Theoretically, the value of A, can be even
larger due to the extremely small w_.

When decoherence is considered, the dynamics of the
above low-frequency polariton-spin system can be governed
by a master equation

Z—f = —i[Hyc, pl +«Dla-1p + y1Dlo_1p + vy Dlo:lp,

(6)
where D[olp = opo” — 1(o'op + po'o) for a given operator
o, and y| (yy) is the transversal (longitudinal) relaxation rate
of the NV spin. Experimentally, y; >> y; [72], so the longi-
tudinal relaxation rate can be ignored. To solve Eq. (6), we
choose y; = 1 KHz and k = 1 MHz, for example. By individ-
ually tuning the driving fields acting on the cavity and the NV
spin, we can have Any = w_ in Eq. (5). In Fig. 3, we show
the time evolutions of the mean occupation number (aiaq
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of the low-frequency polariton and the occupation probability
of the NV spin qubit. Initially, the low-frequency polariton is
prepared in the ground state, and the NV spin is in the excited
state |[my = —1) = |1). It can be seen that Rabi oscillations
between the low-frequency polariton and the NV spin occur
owing to the strong coupling, despite the decoherence in the
hybrid system.

IV. EFFECTIVE STRONG COUPLING BETWEEN TWO NV
SPINS AND THE AC STARK SHIFT

We consider two separated NV center spins coupled to
the low- fre(%uency polariton mode with coupling strengths
)»(l) and A( We can use this low-frequency polariton as a
quantum mterface to achieve an effective strong spin-spin
coupling in the dispersive regime, i.e., {; = Al / 16| < 1,
where §; = Ag{, —w_,i=1,2, are the frequency detunings
of the two NV spins from w_. With the Frohlich-Nakajima
transformation [73,74], the effective spin-spin Hamiltonian
can be obtained as [63]

2
1.
Hett = Z EAE}}JZ(’) + get[0 0P + 0V P], ()
i=1

where Ag’f)f = Ag)\, + Aﬂf){,-(l + 2Ny)) are the effective transi-
tion frequencies of the two NV spins, which depend on the

mean occupation number Ny = (aa_) of the low-frequency

polariton, and g.s = %[Aﬂi){z + Af)g“]] is the effective spin-
spin coupling strength induced by the low-frequency polari-
ton. This coupling can allow coherent quantum-information
exchange between the two separated NV spins when they
are in the strong-coupling regime. For convenience and with-
out loss of generality, we assume A(]) Af) =iy =21 X
3.5 MHz for d = 50 nm and §; = §, = 27 x 35 MHz, which
leads to gef = 27 x 350 KHz ~2.2 MHz. This value is com-
parable with the decay rate of the gigahertz microwave cavity
with quality factor Q = 10*. In fact, a microwave cavity with
higher quality factor (e.g., @ = 10%) can be fabricated exper-
imentally [75]. Therefore, it is reasonable to conclude that
the effective spin-spin coupling can reach the strong-coupling
regime. To obtain this strong coupling, we assume d = 50 nm.
With current nanofabrication technology, it has been achieved
by placing an NV spin within ~30 nm inside an on-chip cavity
of length ~1 cm [76]. Therefore, our proposal is experimen-
tally feasible. Owing to the larger size of the cavity compared
with a single NV spin, it allows one to place multiple spins in
a cavity for a scalable network.

Furthermore, we show that the weakly coupled spin-cavity
electromechanical system allows one to probe the AC Stark
shift of the spin energy level induced by a single excitation
of the low-frequency polariton, i.e., Ny = (aT_a_) =1. To
obtain this, we consider that the spin is dispersively coupled
to the low-frequency polariton, where ¢ = A /|8] < 1, with
8 = Anv — w—. Under this condition, the Frohlich-Nakajima
transformation can be used to diagonalize the Hamiltonian in
Eq. (5) to

Hac = 5(Anv + A48 +2048d a Yo, + w_a'a_, (8)

where ¢ = Ay/|8| is the zero-point energy of the low-
frequency polariton. Obviously, the frequency of the NV spin
is shifted by both the zero-point energy A,¢ and the low-
frequency polariton-dependent Stark shift 24, ¢N;. At the
single polariton excitation Ny = 1, the Stark shift is 2A,¢.
To estimate this Stark shift, we choose A, = 27 x 3.5 MHz,
8 = 2m x 35 MHz, and « = 1 MHz. These parameters ensure
that the dispersive condition is valid and gives rise to 24 ¢ ~
2m x 0.7 MHz. As shown above, the value of A can be much
larger with increasing A,/w_, so the Stark shift induced by
a single polariton excitation is observable. Comparing with
strong-coupling cases [77,78], our proposal greatly reduces
experimental difficulties. It provides a promising way to re-
alize coherent quantum-information exchange between two
separated NV spins and can be used to probe the AC Stark
shift of the single NV spin in the weakly coupled spin-cavity
electromechanical systems.

With the effective Hamiltonian in E(?2 (7), the two-qubit
iSWAP gate can be realized at Agf) ~ . In the interaction
picture, the Hamiltonian in Eq. (7) becomes

Hl = geff[aa)a@ +oW0g <2)] )

The corresponding time evolution operator reads
Ut) = exp (— iHigt). (10)
The final state of the two-spin system described by Eq. (9) is
W) = U(D)|Wo), Y

where |Wy) is the initial state of the two-spin system. Specifi-
cally,
[Wo) = |g1)82) = ¥,
[Wo) = [g1)]e2) — ¥,

) = 1g1)1g2),
)=
— isin(gesrt)|er)|g
)=
e

cos(geirt)|g1)]e2)
2)s

[Wo) = ler)|g2) = |W;) = cos(gesit)ler)]g2)
— isin(gesr?)|g1)]e2),
[Wo) = ler)lex) — [W;) = er)]er). (12)

When gt = /2, Eq. (12) reduces to

lg1)1g2) — 1g1)182),

)
lg1)le2) — —iler)|ga),
le1)lg2) — —ilg1)lea),
ler)|ex) — ler)lea), (13)

which is just the iISWAP gate.

For a realistic gate, the dissipations in the on-chip cavity,
mechanical resonator, and two spins should be included. Near
the critical point (i.e., G - G.), w_- — 0. Hence, the anni-
hilation operator of the low-frequency polariton [63] reduces

to
1 [A, o .
- —[cose 24 (sa— 84"y — sinb /w—((Sb—(SbT)].
2 w_ w_

(14)
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FIG. 4. The fidelity of the iISWAP gate vs the evolution time without and with (a) the decay rate of the cavity at zero (n = 0) and nonzero
(ni.h = 0.01, i.e.,, T ~ 20 mK) temperatures, (b) the decay rate of the mechanical resonator at zero (n}}j = 0) and nonzero (n;ll1 =260, i.e.,
T ~ 20 mK) temperatures, and (c) the transversal relaxation rate. Here, we choose the parameters w_ = 100 Hz, A, = 10°0w_, w,, = 10°w_,
Ar=21 x TKHz, A =AY = I/A Jo_, A, = AR, =8 = 101, and g = [112/8.

By substituting Eq. (14) into Eq. (7), the quantum dynamics
of the considered system can be given by

d
d_’; = — i[Heir, p] + & (n + 1)D[Salp

+ knD[8a’1p + yu(ny + 1)D[8b]p
+ Yuny DI8b 1p + yL Dlo_]p, (15)

where M is given by Eq. (7) and nlf =
[exp(liwaim)/KpT ) — 117! is the thermal photon (phonon)
occupation in the cavity (mechanical) mode.

Figure 4 shows the numerical simulation for the fidelity of
the iISWAP gate obtained using the effective Hamiltonian in
Eq. (7) without and with dissipations in the cavity, mechanical
resonators, and NV spins. Here, we choose w_ = 100 Hz,
Ay =1000_, @, = 10°0_, A =27 x 7 KHz, AV =2} =
INBAJoZ, AGy = Ay = 8 = 104, and ger = [1T7/.
These choices of the parameters ensure the harnessed approx-
imation is valid. As the initial state, we prepare one spin qubit
in its ground state, another spin qubit in the excited state,
and both the cavity and the mechanical resonator are in the
thermal state. In Fig. 4(a), we plot the iISWAP-gate fidelity
vs the evolution time for different cavity decay rates (i.e.,
x =0, 1 MHz) at zero (nzh = () and nonzero (nflh =0.01,1i.e.,
T ~ 20 mK) temperatures, respectively. Compared with the
results at zero temperature, it can be seen that the fidelity of
the iSWAP gate is hardly affected by the decay rate of the
cavity at 7 ~ 20 mK. This temperature is close to the temper-
atures often used for experiments on the on-chip cavity (e.g.,
the coplanar waveguide resonator). In Fig. 4(b), we plot the
iISWAP-gate fidelity vs the evolution time for different decay
rates of the mechanical resonator (i.e., y,, = 0, 10 Hz) at zero
(n" = 0) and nonzero (n = 260, i.e., T ~ 20 mK) temper-
atures. It is shown that the iISWAP-gate fidelity is strongly
robust against the dissipation in the mechanical resonator.
Also, we plot the iISWAP-gate fidelity vs the evolution time
by considering the transversal relaxation of the NV spins.

For simplicity, we assume the two NV spins have the same
transversal relaxation, i.e., ¥, = 1 KHz. Since y; < geff, the
gate fidelity is almost not affected by it. In short, Fig. 4 shows
that the iISWAP-gate fidelity is robust against the dissipations
in the cavity, mechanical resonator and spins. This is due to
the fact that the polariton formed by the cavity and mechan-
ical modes is dispersively coupled to the spins, and a strong
coupling between the two separate spins can be induced in
comparison with the decay rates of the cavity and spins.

V. CONCLUSIONS

We have proposed a method to realize a strong tunable
spin-spin coupling in a hybrid quantum system consisting
of NV spins weakly coupled to an elecromechanical cavity.
By taking advantage of the critical behavior of the linearized
electromechanical system, the high-frequency polariton can
be decoupled from the NV spin, but the coupling between
the low-frequency polariton and the NV spin can be greatly
enhanced. With experimentally accessible parameters, this
coupling can reach the strong-coupling regime. Thus, the AC
Stark shift of the single NV spin induced by the single excita-
tion of the low-frequency polariton can be resolved, and the
polariton-mediated quantum-information exchange between
spins can be realized. Our proposal can provide a feasible way
to probe spin-qubit states and implement polariton-mediated
quantum information processing with single spin qubits in the
weakly coupled spin-cavity electromechanical systems.
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