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Quantum conversion between microwave and optical photons is an important area of quantum

information science and technology.

Here we propose a one-step method to realize a coherent

conversion between a microwave cavity and an optical cavity utilizing a nitrogen-vacancy center en-
semble (NV ensemble). An NV ensemble considered here acts as a quantum transducer, dispersively
coupled to the microwave and optical cavities, enabling transfer of quantum state and generating
entangled states between microwave and optical cavities. With state-of-the-art technology, the nu-
merical simulation is performed to demonstrate that cat states and Fock states can be high-fidelity
transferred and a maximally entangled state can be efficiently synthesized between microwave and

optical cavities.

I. INTRODUCTION

Quantum conversion is particularly appealing and
plays an important role in quantum information science
and technology [1-3]. Microwave photons can be effec-
tively generated and manipulated, while optical photons
can be coherently transmitted by optical fibers enabling
long distance quantum communication and quantum in-
formation processing (QIP). The reversible conversion
between microwave and optical photons will connect mi-
crowave and optical domains, which makes it suitable for
the realization of large-scale quantum networks over a
long distance.

A quantum transducer is a necessary requirement for
an efficient conversion between microwave and optical
photons. In recent years, several theoretical propos-
als for a transducer have been proposed using various
physical systems, including optomechanical systems [4—
7], NV centers [8, 9], atoms [10-12], electro-optical
systems [13, 14], magnons [16], rare-earth-doped crys-
tals [17, 18], superconducting circuits [19], and solid-state
spins [20]. Recently, the coherent conversion between mi-
crowave and optical photons has been demonstrated ex-
perimentally in optomechanical systems [21, 22], electro-
optical systems [23], atoms [24], and rare-earth-doped
crystals [25].

An ensemble of NV centers has been considered as a
good quantum memory element in QIP [26]. Up to now,
a lifetime of 1 s for an NV ensemble has been experimen-
tally reported [27]. Based on NV ensembles, a number
of quantum operations such as information transfer, en-
tanglement preparation, and quantum gates have been
investigated both in theory [28-39] and experiment [40-
43]. Moreover, an NV ensemble is one of the most promis-
ing candidates for a microwave-to-optical transducer due
to the fact that it can strongly couple to both microwave
and optical cavities. So far, the strong coupling of NV

* yangcp@hznu.edu.cn

centers to superconducting [44-47] and optical [48-51]
cavities have been experimentally realized, respectively.

In this paper, we present that an ensemble of NV cen-
ters can enable the coherent conversion and especially
the transfer of quantum states as well as the generation
of entangled states between microwave and optical cav-
ities. The NV ensemble acts as a quantum transducer,
which is dispersively coupled to microwave and optical
cavities. This proposal has the following features and
advantages: (i) The coherent microwave-optical conver-
sion of photons can be implemented using a single-step
operation. (ii) Because the NV ensemble is unexcited
during the entire process, decoherence from the NV en-
semble is greatly suppressed. (iii) This proposal allows
the efficient transfer of a discrete-variable or continuous-
variable state between microwave and optical cavities.
(iv) The proposal can be applied to other physical sys-
tems such as microwave and optical cavities coupled to a
single atom or an atomic ensemble.

The structure of this paper is as follows. In Sec. II,
we introduce our hybrid system and show how to realize
a coherent coupling between microwave and optical cavi-
ties. In Sec. ITI, we show how to use the coherent coupling
Hamiltonian to transfer quantum states and create max-
imally entangled states between microwave and optical
cavities. In Sec. IV, we discuss the possible experimental
implementation of our proposal and numerically calcu-
late the operational fidelity for transferring cat states and
Fock states and generating a maximally entangled state
of the microwave and optical cavities. A brief concluding
summary is given in Sec. V.

II. MODEL AND HAMILTONIAN

Consider a hybrid system consisting of a planar mi-
crowave cavity and an optical cavity coupled to an en-
semble of NV centers [Fig. 1(a)]. The energy-level of
an NV center consists of a ground state 3A, an ex-
cited state 3E and a metastable state 'A. Both 34
and 3E are spin triplet states while the metastable 1A
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FIG. 1. (color online) (a) Schematic diagram of a hybrid setup
for a planar microwave cavity and an optical cavity being
coupled to an ensemble of NV centers. (b) Schematic diagram
of the energy level splittings of a sing NV center j. Microwave
(optical) cavity is far-off resonant with the [0); <+ [1), (|0); >
|2>]) transition of NV center j with coupling strength g7, (g?)
and detuning 67, (82), laser pulse is far-off resonant with the
[1),; <> [2); transition of NV center j with Rabi frequency (2
and detuning 6{,. Dy is the zero-field splitting between the
levels |ms = 0); and |ms = £1);. By applying a magnetic
field along the crystalline axis, the |ms = £1); further split
into |ms = +1); and |ms = _1>j. We choose a subspace
{PA,ms = 0);, |PA,ms = +1);, |°E,ms = 0);} as the three
logical states {]0);, |1);, |2);} of NV center j.

is a spin singlet state [52, 53]. The NV center has an
electronic spin triplet ground state with zero-field split-
ting Dgys/ (2m) ~ 2.878 GHz between the |m, = 0) and
|ms = £1) levels. By applying an external magnetic field
along the crystalline axis of the NV center [54, 55], an ad-
ditional Zeeman splitting between |mg = +1) sublevels
occurs, as illustrated in Fig. 1(b).

An NV center is usually treated as a spin while an en-
semble of NV centers is treated as a spin ensemble. As
shown in Fig. 1(b), microwave and optical cavity are off-
resonantly coupled to an NV ensemble. Here, we choose
the microwave cavity is coupled to the transition be-
tween the ground level |4, ms = 0); and the first ex-
cited level [*A,mg; = +1); of the spins in the ensemble,
while the optical cavity is coupled to the transition be-
tween the ground level [*A,ms = 0); and the second

excited level |3E, ms = 0); of the spins in the ensemble
(j =1,2,3,--- ,N). In addition, a laser pulse is coupled
to the |3A,m5 = +1); <> [*E, ms = 0); transition of the
spins. For simplicity, we label the ground state 24, m, =

0);, the first excited state [3A,m, = +1>< and the sec-
ond excited state |*E, ms = 0); of spin j in the ensemble
as 0);, |1);, and |2);. We introduce coupling strengths

Gm = /X721 [gh[2/N and g, = /3271, |g5[2/N to de-
note the average coupling strengths for each spin of the
ensemble, where g/, (¢7) is the coupling strength of the
microwave cavity (optical cavity) with the |0); <> |1);
(10); <> |2),) transition of the jth spin for the ensemble.
Moreover, we assume that the NV centers in the ensem-
ble are suﬁiciently far apart so that the direct spin-spin
interactions can be ignored [56]. Typically, the NV-NV
coupling strength is within a range of few kHz to tens of
kHz when the distance between NV centers is within 20
nm [57]. Recently, Ref. [58] has reported that the effect
of the direct NV-NV interactions on the dynamics of a
microwave cavity-NV ensemble (with the number of 1012
NV spins) system is negligible, and Ref. [59] has demon-
strated that the direct NV-NV interactions can be safely
ignored for an average NV-NV distance of 60 nm.

In the interaction picture, after making the rotating-
wave approximation, the Hamiltonian of the cavities and
the NV ensemble is (in units of h = 1)

ng zémt+a7_J+ 67, t)
+ Zgo(bTng efié t + bTJ+ 69 t)

+ ZQ 7_J+ u5pt +T]— —id? t) (1)

where a and a (b and b') are the annihilation and
creation operators for the microwave (optical) cavity,

Tlo = 10);(1], g —|1> (0f, 755 = 10);{2l, 75 = 12);(0l,
7'21 = [1);(2], and m5; = |2);(1] are the lowering and
ralsmg operators of the jth spin for the ensemble, 5 =
Wiy = Wm, 63 = Wiy — W,, and 87 = w), — w, are the de-
tunlngs Q1 is the Rabi frequency of the laser pulse. Here,
wig, wdy, and wi are the [0); <> [1);, [1); <> [2);, and
|0); <> |2); transition frequencies of the jth spin for the
ensemble, respectively. While wy,, w,, and w, are the
frequencies of the microwave cavity, optical cavity, and
laser pulse, respectively. Because random distributions
of spins in the diamond may lead to an inhomogeneous
broadening of spin transition for a spin ensemble, we con-
sider random shifts A, = 6), — §,,, A = §] — 5, and
AJ = 7 — 4, for the jth spin of the ensemble [9, 34, 38].
Here, 6., 6, and 0, are the average detunings.

Applying the large-detuning conditions [0,| >
{90, [AJ]} and [6,] > {Q, [A}[}, one can ignore the ef-
fect of inhomogeneous broadening for the transition fre-



quencies of the spin ensemble in the following [9, 34, 38].
Moreover, under the conditions
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the Hamiltonian (1) becomes [60, 61]
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where \,, = g‘éﬂ(% + é) and 0,y = d, — J,. Note that
the first and second lines of Eq. (3) describe Stark shifts,
the third line of Eq. (3) represents the effective coupling
between the |0); <+ |1); transition of the jth spin and

the optical cavity.

Under the conditions of the weak excitations and the
large N, we can map the spin operators to the bosonic
operators by using the Holstein- Primakoﬁ transforma-

N .

tion [62, 63]: > 7, =~ VN, Z 7'10 ~ V/Ncf, and
j=1

N

S 77 = 2cfe — N, where the operators ¢ and ¢ be-

haves as bosonic operators and the spin ensemble be-
haves as a bosonic mode. Thus, one has [c,c/] ~ 1 and

N N }
Zl 0);(0/ = X= 5(I; =) = N - cle.
iz

j=1

When each spin is in the ground state, the first term in
the first bracket of the first line and all terms in the sec-
ond line of Eq. (3) can be eliminated. Therefore, Eq. (3)
can be further rewritten as

N 2 2
%bTb + g—ZbTbcTC
— G (bfece™ort 4 pefeidort)

+ Gy (aTcefi‘s’"t + acTei‘;mt), (4)
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where G qu (% + %) and Gg =

Applying the large-detuning conditions |d,,| > G and
|0m] > {G2, |AZ |}, the Hamiltonian (4) becomes [60, 61]

H, = Hy+ H; (5)

with
G? Ng? G2
Hy=——2a"a - 0 b'b,
T ( 2 5op>
H;, =\ [aTbe Gop=0m)t 4 ptge=i0or— m)t] ) (6)
where A = %(t + i) and we have used [c,cl] = 1

and cfc|0). = 0. The Hamiltonian Hy describes Stark
shifts, where the degree of freedom for the spin ensem-
ble has been omitted because the spin ensemble is in the
ground state [0).. The Hamiltonian H; shows the ef-
fective coupling between the microwave cavity and the
optical cavity with the effective coupling strength A.

In a new interaction picture with respect to the Hamil-
tonian Hg, one obtains

H, = eiHotH‘e—iHot

—0m)tath + hoe| . (7)

We have set

04 TL T2 (5, — b)), (8)

the Hamiltonian (7) thus becomes
= Ma'b+b'a). (9)

The Hamiltonian (9) is the well-known Jaynes-Cummings
Hamiltonian, which describes the coherent conversion be-
tween a microwave-cavity mode and an optical-cavity
mode. In the next section, we first show how to use
the effective Hamiltonian (9) to transfer quantum states
between the microwave and optical cavities, and then dis-
cuss how to use the effective Hamiltonian (9) to create a
maximally entangled state of the microwave and optical
cavities.

IIT. QUANTUM STATE TRANSFER AND
ENTANGLEMENT BETWEEN MICROWAVE
AND OPTICAL CAVITIES

Now we show that the effective Hamiltonian (9) can be
used to transfer quantum states between the microwave
and optical cavities. From Eq. (9), the Heisenberg equa-
tions for the operators a' and b' are

at = iNb,
bt =iXal. (10)
The solution of Eq. (10) is given by
al(t) = cos (\t) a® + isin (\t) b,
b (t) = cos (\t) b + isin (\t) al. (11)

According to Eq. (11), one has a'(t) = ib" and bf(¢) = ia'
for t = £7/(2)). Here, the sign “4 7 or “—" depends



on the detuning dop (9p,) > 0 0r dop (61m) < 0.

We suppose that the microwave cavity is initially in

o0
> ¢n|n)q, while the
n=0
optical cavity is initially in an arbitrary pure state

o0 aT
()0 = 3 dmlm)s. Here, n)q = &2 o)
=0

(bf |0> . With the effective Hamiltonian (9) and after

the evolutlon time ¢ = 7/(2|\|), the state |¥)|p)p of the
cavity-system evolves into [64]

an arbitrary pure state |¢), =

and |m), =

”“WH@
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n=0m= 0
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= Zez2mdm|m Ze 2e,|n)p
WHW (12)

where we have used al0), = 0, b[0), = 0, (i)™ = e'z™
and ()" = €'3", and we have dropped the phase shifts
e'z™ and €2™, which can be corrected by the local ro-
tations. Eq. (12) shows that the states of the microwave
and the optical cavities are exchanged with each other.
Here, the |¢)) and |p) states can be discrete-variable
states (e.g., single photon state) or continuous-variable
states (e.g., cat state). Microwave photons can be effec-
tively generated and manipulated, while optical photons
can be coherently transmitted by optical fibers. Thus,
according to Eq. (12), one can transfer an arbitrary state
of a microwave cavity to an optical cavity, and then trans-
fer it into a network via optical fibers, which is useful in
quantum communication and QIP performed in a large-
scale quantum network over a long distance.

The effective Hamiltonian (9) can also be used to gen-
erate entangled states of the the microwave and optical
cavities. At the evolution time ¢ = 7/(4|\]), the initial
state [1)4]0)p of the microwave and optical cavities turns
into

1
7§mmn

which shows that a maximally entangled state between
the optical and microwave cavities is created.

—i]0)a[1)s), (13)

IV. POSSIBLE EXPERIMENTAL
IMPLEMENTATION

After taking into account the dissipation and the de-
phasing of the cavities and the NV ensemble, the dy-
namics of the lossy system is governed by the Markovian
master equation

dp

dt
where p is the density matrix of the whole system, H. is
given by Eq. (4), D [0] = (20pO0T =0+ Op—pOT0)/2 is
the dissipator. In addition, k., ks, and k. are the decay
rates of the microwave cavity, the optical cavity, and the
NV ensemble, respectively.

The operation efficiency can be evaluated by fidelity
F =/ (¥id| p|tia), where |¢hiq) is the ideal target state.
For an experimental implementation, we consider the
NV ensemble is initially in the vacuum state |0).. The
cavity-system initially state |t)q|©)p is (i) [teat)a]0)p and
(ii) |n)a|0)p for the state transfer, and (iii) |1)4|0), for the
generation of the entangled state. Accordingly, the ideal
target state is given by (i) |O> [teat)p and (ii) [0)q|n)p for
the state transfer, and (iii) —= 7 (|1>a|0>b—i|0>a|1>b) for the

generation of the entangled state. Here, |n) and [teqt) =
N.(Ja)+|—a)) with N, = %[1+exp(—2a2)]_1/2 are the
Fock state and the cat state of the microwave cavity or
optical cavity, respectively. Up to now, Fock states [65]
or cat states [66] of a microwave cavity have been gener-
ated in experiments. Moreover, cat-state qubits can be
used in quantum error correction [67], quantum compu-
tation [68], and continuous-variable quantum communi-
cation [69], etc.

By solving the master equation (14), the fidelity of
the state transfer can be calculated for (i) |[tcat)al0)n
and (ii) |n)q|0)p, respectively. We choose NV ensemble-
microwave cavity and NV ensemble-optical cavity cou-
pling constants v Ng,,/2r = 11 MHz and /Ng,/27 =
300 MHz with the number of NV centers N ~ 102 [44-
47], respectively. The values of v/Ng,, and vNg,
here are available in experiments because the coupling
strength 3 — 65 MHz between an NV ensemble and a su-
perconducting coplanar waveguide resonator [44-47] and
the coupling strength 0.3 — 1 GHz between an NV en-
semble and an optical cavity [48-51] have been reported
in experiments. We assume the inhomogeneous broaden-
ing of the transition frequencies for AJ /27 = 500 MHz,
AJ/2m = 1 GHz [70] and AJ, /2m = 10 MHz [34],
which can be achieved with experimentally observed val-
ues of AJ/2m = 0.45 — 20 GHz [71-73] and AJ, /27 =
6 — 12 MHz [58, 74, 75]. In addition, we set o = 1,
Q/2m = 110 MHz (attainable in experiments [76, 77]),
Kyt =15k71, Hb_l =2k and k! =K~

Figure 2 shows the fidelity F versus d,/(v/Ng,) and
0,/ for the transfer of cat state |tcat)q, Which is plot-
ted by setting k! = 1 us. The lifetimes of the cavities
and the NV ensemble are r; ! = 15 us, m;l =2 us, and

= —i[H,, p] + kaD[a] + kpD[b] + k.D[c], (14)
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FIG. 2. (color online) Fidelity F versus 6,/(v/Ngo) and 8,/9,
which is plotted by choosing k™' =1 ps.

k1 =1 ps, respectively. Here we consider a rather con-

servative case for the lifetime of the NV ensemble [78].
For an NV ensemble, the decoherence time~ 1 s [27] by
using dynamical decoupling techniques and longer than
300 ws [82] have been experimentally reported. For op-
tical and microwave cavities, the lifetimes of 0.1-2.5 ms
for optical cavities [79, 80] and 0.3 ms for microwave
cavities [81] have been experimentally demonstrated.
From Fig. 2, one can see that a high fidelity~ 99.0%
is achievable for 6,/(v/Ng,) = 10 and §,/Q = 25. For
60/(V'Ngo) = 10 and §,/Q = 25, one has detunings
do/2m = 3.0 GHz and 6,/2m = 2.75 GHz. According to
dm = 0o — 0, One can obtain J,, /27 = 0.25 GHz. More-
over, one has 67 /2r = 3.25 GHz, 6] /2r = 4.0 GHz, and
87, /21 = 0.26 GHz. With the above given parameters,
we obtain the effective coupling strength A/2m ~ 0.51
MHz between the microwave and optical cavities. Thus,
the operational time is estimated as 0.5 ps. In Fig. 3 and
Fig. 4, we set §,/(vV/Ng,) = 10 and 6,/Q = 25.

Figure 3 displays the fidelity F versus the photon num-
ber n for the transfer of the Fock state |n),, which is plot-
ted by choosing (i) k= = 1 us, (i) k=1 = 1.5 us, and (iii)
k' = 2 us. Figure 3 shows that forn = 1,2, 3,4, 5,6, the
fidelities are approximately (i) 98.41%, 96.83%, 95.28%,
93.76%, 92.27%, and 90.82% for k=1 = 1 us, (ii)
98.77%, 97.55%, 96.35%, 95.16%, 94.00%, and 92.86% for
k~1 = 1.5 pus, and (iii) 98.95%, 97.91%, 96.88%, 95.87%,
94.87%, and 93.90% for k! = 2 us, respectively. These
results indicate high fidelities can be obtained for the
Fock state transfer with n < 6. To obtain a high trans-
fer fidelity in the case of large n, our protocol requires a
longer lifetime x~! in the numerical simulation.

We now numerically calculate the fidelity for gener-
ation of a maximally entangled state between the mi-
crowave and optical cavities. Figure 4 shows the fi-
delity F versus t/T for generation of the entangled state

by choosing k' = 1 us, 1.5 us, 2 ps. Here, t is

1.00
t
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FIG. 3. (color online) Fidelity F versus the photon number n,
which is plotted by choosing (i) k™" = 1 us, (ii) k™ = 1.5 s,
and (iii) k7' = 2 ps.
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FIG. 4. (color online) Fidelity F versus t/T', which is plotted
by choosing k! =1 us, 1.5 ps, 2 ps.

the state evolution time and T is the entire operation
time required for the entangled state preparation. For
60/(V'Ngo) = 10 and §,/Q = 25, one can obtain the
optimal operation time T ~ 0.25 ps. Figure 4 displays
the optimal fidelities are approximately 99.49%, 99.58%,
99.63% for k' =1 us, 1.5 pus, 2us, respectively. More-
over, Fig. 4 shows that for ¢/T € [0.6,1.4], the fidelities
are respectively greater than 94.55%, 94.60%, 94.62% for
k™1 =1 ps, 1.5 ps, 2 ps. Thus, the entangled state can
be high fidelity generated for small operation time errors.

The simulations above indicate that the high-fidelity
transfer of quantum states or the high fidelity generation
of a maximally entangled state of the microwave and op-
tical cavities is feasible with present-day experimental
technology.

We should mention that the inhomogeneous broaden-
ing of an NV ensemble may limit the long spin-dephasing
time (73) and the spin-coherence time (7T3). However,
Ty and T5 can be enhanced by suppressing impurities
and defects [82], depleting the *C isotope [83], or us-



ing spin-echo techniques [47]. The long spin-coherence
time Ty (T%2) can be made to be on the order of 0.47 —
1.5 ms (0.1 — 2.4 ms) by the state-of-the-art technol-
ogy [47, 83, 84]. Alternatively, our proposal can be
applied to other emitters with a small inhomogeneous
broadening but potentially shorter spin coherence, such
as silicon vacancy (SiV) centers in diamond [85-87], SiV
in silicon carbide [88, 89], and divacancy in silicon car-
bide [90, 91].

V. CONCLUSION

We have proposed a method to implementing a coher-
ent conversion between microwave and the optical cavi-
ties via an ensemble of NV centers. Due to the NV en-
semble dispersively interacting with the microwave cavity
and the optical cavity, the effect of cavity decay and the
NV ensemble decoherence are greatly suppressed. Be-
cause the protocol requires only a single step of opera-
tion and employs a three-level of NV ensemble, the op-
eration is simplified and the experimental difficulty is re-
duced. Our scheme can be used to transfer a discrete-

variable or continuous-variable quantum state between
microwave and optical cavities. In addition, our method
can also be used to create a maximally entangled state
of the microwave and optical cavities. Numerical simula-
tion shows that a cat state or a Fock state can be high-
fidelity transferred and a maximally entangled state can
be high-fidelity generated between the microwave and op-
tical cavities. This work provides a new way for realizing
the coherent conversion between microwave and optical
cavities, and it may find some applications in quantum
information processing.
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