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Optical Nonreciprocity in Rotating Diamond with
Nitrogen-Vacancy Color Centers

Hong-Bo Huang, Jun-Jie Lin, Yi-Xuan Yao, Ke-Yu Xia, Zhang-Qi Yin, and Qing Ai*

A method to realize optical nonreciprocity in rotating nano-diamond with
nitrogen-vacancy (NV) centers is theoretically proposed here. Because of the
relative motion of the NV center with respect to the propagating fields, the
frequencies of the fields are shifted due to the Doppler effect. When the
control and probe fields are incident to the NV center from the same direction,
the two-photon resonance still holds as the Doppler shifts of the two fields are
the same. Thus, due to the electromagnetically-induced transparency, the
probe light can pass through the NV center nearly without absorption.
However, when the two fields propagate in opposite directions, the probe
light cannot effectively pass through the NV center as a result of the

breakdown of two-photon resonance.

1. Introduction

Optical nonreciprocity happens when Lorentz’s reciprocity
is broken, and it leads to different transmittances when two
beams of light propagate in the opposite directions.!'! Optical
nonreciprocity plays an important role in optical devices such
as isolators and circulators,?l which have further application in
quantum networks,>*! quantum noise reduction,l’! quantum
signal processing,®’] and photon blockade.®19 Traditional
nonreciprocity is mainly realized by magneto-optical effect,!'-13]
which often requires such large size that it is difficult to be
used on chips. To overcome this shortcoming, alternative
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strategies are explored to achieve
nonreciprocity, including nonlinear
optics,[1* %1 synthetic magnetism,[1117:18]
optomechanical coupling,*-*" and non-
trivial topology.l??! Interestingly, it has
been shown that nonreciprocal transport
can also be realized by the irregular
thermal motion of atoms.[23-26]

In 1961, Fano pointed out that if
several different atomic transitions
are coupled, the total transition prob-
ability will be coherently enhanced or
cancelled due to the interference of
the amplitudes of these transitions.?’]
Inspired by this discovery, many stud-
ies on atomic coherence appeared, for
example, electromagnetically-induced
transparency (EIT).?] In EIT, adding a strong control field can
make the medium transparent for the probe light, which will be
resonantly absorbed by the atomic medium in the absence of the
control field.[?l Because it has a wide range of prospective ap-
plications, for example, nonreciprocal transmission and memory
of nonclassical fields,[3*3! EIT has been successfully realized in
many systems, such as gas-phase atoms,32}] photosynthetic en-
ergy transfer,**3% metamaterial,[*®! superconducting system,*”]
and NV center in diamond.*®)

On the other hand, nitrogen-vacancy (NV) center in di-
amond is an intriguing platform for quantum information
processing®**] and quantum sensing.l***] NV center is a pair
of point defects at adjacent sites in diamond crystal. Due to
long coherence time and easy manipulation at room tempera-
ture, it has been shown that it can be utilized for detecting mag-
netic cluster,*!] state transfer by shortcut to adiabaticity,[**"]
gyroscope,[**4] and quantum hyperbolic metamaterial.>* Re-
cently, it has been experimentally realized that nanoparticles lev-
itated in vacuum can rotate at a frequency of GHz.>'->3] Inspired
by the rapid progress on the quantum coherent devices by NV
centers, a question naturally comes to our mind: Can we make
use of a rotating diamond with NV centers for realizing opti-
cal nonreciprocity?

In this paper, we propose a non-reciprocal transmission based
on a rotating nano-diamond at a high speed. The nano-diamond
doped with NV centers is placed in an optical cavity. Two elec-
tronic ground states and one electronic excited state of the NV
center form a A-type three-level configuration and the optical
transitions between the ground states the excited state can be in-
duced by electromagnetic fields, that is, the control field and the
cavity field. We explore the transmittance of the probe light inci-
dent in different directions with respect to the control field.
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Figure 1. Schematic diagram of optical nonreciprocity in a rotating nano-diamond with the NV centers. (a) and (c) are the cases when the probe and
the control field propagate in the same/opposite direction, respectively. A high-speed rotating nano-diamond is placed in an optical cavity. After the
lights entering the cavity, they are coupled with the NV centers in the nano-diamond. b,d) Energy-level diagrams for (a,c), respectively. Due to the relative
motion between the NV centers and the lights, different Doppler shifts are induced. When the laser and the NV centers move along the same direction,

the Doppler shift is A + kv. Otherwise, the Doppler shift is A — kv.

The paper is organized as follows: In Section 2, we first intro-
duce the model of the system and we derive the expressions of
the transmittance at the steady state by the Heisenberg—Langevin
approach. In Section 3, we numerically show the transmittances
for the two cases and analyze the results by the dark-state mecha-
nism in ref. [38]. Finally, we discuss the prospect of our proposal
and summarize the main findings in Section 4.

2. Theoretical Model

We consider a rapidly-rotating nano-diamond with NV centers in
an optical cavity, as illustrated in Figure 1. The control light and
the probe light respectively interact with the optical transitions at
A = 637.2 nm of the NV center from the electronic ground state
| + 1) to the electronic excited state |A,).[*>*% The cavity mode
with resonance frequency w, is coupled to the transition |1)(=
| +1)) < |3)(= |A,)) with Rabi frequency g. Moreover, there is
a beam of probe laser injected into the cavity. A strong control
laser beam with a carrier frequency w, and Rabi frequency Q is
coupled to the transition [2)(= | — 1)) « |3).

The relative motion between a single NV center and photons
gives rise to the microscopic Doppler shift, that is, w, — Ea -7
Here, w, (@ = a,¢) is the frequency of the photons experienced
by the NV center when the latter is at rest. Ea is the wave vector
of the light in the nano-diamond and v is the velocity of the NV
center. For example, if the NV center and the light move in the
same direction, the frequency of the photon experienced by the
NV center becomes w, — k,v.
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Assuming 7 = 1, the Hamiltonian of the system takes the fol-
lowing form

3
_ T T T
H=wua'a+w,aa, + Zwlal, + Z w,dd,
I=1 r
+ Z wqb; b, + Qe g, 4 gehTigis
q

+i\/K_1“Tap + Zgrd;ra + Z(glqaﬂ + 82403,)b,
r q
+he. 1)

where w,; (I=1,2,3) is the energy of state |I), and 6, = |I){m|
is the operator of NV center, a (a') and a, (a;) are respectively
the annihilation (creation) operators of the cavity mode and the
probe field, Q. is the Rabi frequency of the control field with fre-
quency o, and wave vector %C, g is the Rabi frequency of the cavity

mode with frequency a, and wave vector k,. b, (b}) and d, (d)
are annihilation (creation) operators of the reservoirs interacting
with the NV center and the cavity mode respectively, where o,
and w, are the frequencies of the corresponding harmonic oscil-
lators. g,, g;,, and g,, correspond to the coupling strength between
the reservoirs and the cavity mode, atomic transition |1) < |3),

and |2) & |3), respectively. Strictly speaking, there should be a

factor exp (—iﬁ - 7) in the coupling constant g. However, since we
assume the radius of the nano-diamond is r, = 63.7 nm, which
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is much smaller than the wavelength of the light, this factor is
reasonably neglected.
By using the unitary transformation

U =exp{ilw,a'a + w,ala, + Z w,d'd,
r
+ z a)qb;bq + (@ — o, +k, - V)oy,
q

+ (03 — . + Ec D)oy, + 03033t} (2)

we can obtain the effective Hamiltonian in the rotating frame as

- -

Hy = Aa'a+ (A, +k, -V)oy, + (A +k - V)oy,

C
i i i
+Qoy, +ga'oy; +iy/Ka'a,

i, —k, T—aw,)t (0, —k, T—a, )t
+ Z(glqaﬂel(wp %) +g2q°'3zel(m‘ Sl )bq
q
+ Z g d ag kI 4 he, 3)
r

where A, = w, — w, represents the detuning between the cav-
ity mode and the probe laser, A, = w; — @, — @, is the detun-
ing between the probe laser and the transition |1) < |3), and
A. = w; — w, — w_ is the detuning between the control laser and
the transition |2) < |3).

Among the methods for open quantum systems,[>*>>>]
the Heisenberg-Langevin approach can faithfully repro-
duce the quantum dynamics. Especially, it can significantly-
reduce the complexity of calculation as compared to the widely
used quantum master equation®*®") and numerically-exact
hierarchical equation of motion,[®%] when the system under
investigation contains bosons and the number of operators of
interest is relatively small. In order to obtain the transmittance
of the probe light, we apply the Heisenberg—Langevin approach
to obtain

LS

a=—-i(A, + Z)a + \/K'lap —igo;; + F, “4)
613 =—[r; + i(Ap +k, - V)oy; — Q.0

+iga(o'33 - 0'11) + F, 5)

- -

61y = —[rip — i(Ap +k, V) +i(A + k- T)]oy,
—iQ. 0,5 +igacy, + F, (6)

where k =k, + k, + k., k; (k) is the coupling rate for the in-
put (output) of the probe laser, and «, is the intrinsic damping
rate of cavity, y; is the spontaneous decay rate associated with
the electronic excited state |3), and y,, is the dephasing rate be-
tween the two ground states |1) and |2). F,, F;, and F, are the
Langevin noise operators of 4, o5, and o,,, respectively, which
arise through the interaction with the reservoir, that is,
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F, = ~i ) gd,(0)e ) )
Fy = iZ[glq(o-B - °'11)bq(o)e_i(wq_mﬁk"'i)t
q

_ngo'lzbq(O)e_i(wq_m‘+kﬁ)t] (8)

|
|

=1 Z[glqaan(O)e_i(w"_wﬁkﬂ)t
q
3, 013b,y (0)e ) (9)

Generally speaking, because the NV centers in nano-diamond
interact with a complicated bath of phonons and spins, ¥,
and y,;, show dependence on various factors, for example, the
temperature, the magnetic field, and the density of magnetic
impurities.[®®) By generalization of cluster correlation expan-
sion, we can numerically simulate the open quantum dynam-
ics of the NV center in the presence of spin bath at the low
temperature.[?7:68]

The initial state of NV center is prepared at |1) by optical
pumping.l*®! Next, we consider the steady-state solution by set-
ting (a) = 0, (64;) = 0, and (&;,) = 0. In our configuration with
g < Q, we have (0,;) ~ 1 and (03,) ~ 0. Within the mean-field
approximation, we have (F,) = (F;) = (F,) = 0. By setting A, =
A, = 0 and solving Equations (4-6), we can obtain

NS

(@), = m (10)

—ilg|’
X = - i
v A+ k) +

(11)

where y is the susceptibility of the NV center to the cavity mode,
the subscript + (—) corresponds to the co-propagation (counter-
propagation) case. Due to the mutual movement of NV center
and light, the Doppler effect cannot be ignored. In our system, the
control laser is always injected from the left side, while the probe
laser can propagate in either the same or the opposite direction.
As shown in Figure 1, we shall only consider the component of
the velocity which is parallel to the direction of light propagation
for the Doppler effect. Therefore, as shown in Figure 1la,c, assum-
ing that both the control and probe fields are of the same wave
length, we have k_- ¥ = kv for both cases, while k, - v = kv for
the co-propagation and %a - = —kv for the counter-propagation,
respectively.

According to the input-output theory,>*%°] the amplitude of
the output field of the cavity is /k,(a), (y/x;(a)_) in the co-
propagation (counter-propagation) case. Thus, the transmission
spectra for the co-propagation (counter-propagation) case T, (T_)
can be written asl®]

VKK,
.

e e (12)
A, +K/2+iy,
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Figure 2. The transmittance versus the Rabi frequency Q. of the con-
trol field for the probe light in the a) co-propagation and b) counter-
propagation cases, respectively. The green solid line refers to the case
with g = 0.1k, the red dashed line for g = k, the blue dash-dotted line
for g = 5k, and the black dotted line for g = 10x. The parameters are
v=250 m s, A, =A, =0, ky=27x0.5 MHz, k, =27 x4 MHz,
Ko =22 X6 MHz5] y, = 27 x 8.8 MHz,[*] y; = 1809.3 MHz at T,, =
30 K.[°6] Due to the heat absorbed from the laser, the temperature of com-
posite nano-particle is increased from T, = 5.5 K to T, = 30 K, where we
have used the cooling scheme proposed in ref. [57].

By the contrast of the two transmittance defined as!®]

T, -T.

== 1
T, + T (1)

n

we can evaluate the nonreciprocity of the rotating NV center.

3. Numerical Results and Analysis

We consider the nonreciprocal transport at the steady state. As
shown in Figure 2a for the co-propagation case with v = 250 m
s7!, for example, a nano-diamond rotating at 4 GHz with an NV
center located at radius 62.5 nm from the spin axis, we find a
nearly-unity transport when g > k and Q_ is large enough. This
result demonstrates that the probe light explores the dark state
for lossless transmission. In contrast, when the probe light prop-
agates in the opposite direction of the control light, there is a fall
around Q_ = 500 MHz. This fall becomes profounder when g is
increased. Due to the term 2kvin y_ of Equation (11), y_ should
achieve a maximum value at some Q.

In order to investigate the underlying physical mechanism for
the nonreciprocal transport, we explore the dark-state mecha-
nism in ref. [38]. The time evolution of the wave function is writ-
ten as

Qc —iiwt g —i((u +ﬁu) )t iQ iQ
W () =——ce BB + ——e 2R (e E,) + 6| E,))

(14)
where Q = /g2 + QZ, | E;)’s are the three eigen states of the non-

Hermitian system with |E;) being the dark state and |E, ;) be-
ing the bright states, w, = 6 — iy; with § being single-photon de-
tuning, @, = A — iy;, with A being two-photon detuning. The ex-
plicit expressions of the three eigen states are given as
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) = 5-llw,0, - @)1 - gayl3) +g212) (15)
1

[E2) & 119~ 04)(@ — 3) Q2D + 52— 02)13) + 89,12)

(16)

|E) = 1 (@4 0,)(@+ @) - Q1) - g(@+ 0,)[3) +8212)}
3

(17)

with N;’s being the normalization constants.

In our proposal, when the NV center is at rest, we set two-
photon resonance for the control and probe fields, thatis, A = 0.
When the NV center rotates along with the nano-diamond, the
Doppler shifts will arise for the two fields. In the co-propagating
case, since the Doppler shifts will be the same, the two-photon
resonance still holds. When g « Q_, cf. Figure 3a,b, the probe
field is immune to absorption because the dark state dominates,
that is, Q./Q =~ 1, in the wave function, which decays at a lower
rate of (g2 /Q?)y,,. If g is increased, cf. Figure 3c,d, two factors will
enhance the absorption. On the one hand, because v, », — Q* <«
gw,, gQ., |12) and |3) play a more significant role in | E, ). It makes
the dark state more lossy, since it will decay at a larger rate as
g is increased. On the other, the two bright states will make a

greater contribution, about g/ \/EQ, to |y (t)) with a faster decay
rate (y; + k/2 + Q?y,,/Q?) /2. Therefore, we can observe a wider
region for low transmittance as we increase g in Figure 3a—d.

If we turn to the counter-propagation case, we can observe
a more interesting dependence of transmittance on v and Q..
When g < «, as shown in Figure 3e, the transmittance is almost
kept at unity for the whole parameter region. However, when
g = k in Figure 3f, there emerges a dip in the transmittance for
kv = /2Q_. Along this line, we have w,w, — Q? = 2(kv)? - Q2 =
0 and thus there is no component of |1) in | E; ). The main contri-
bution from |E,) and |E;) in |y (t)) results in the lossy transmis-
sion. As g increases, this area of exception becomes wider. Inter-
estingly, the width of the dip is almost not influenced by either
vor Q. but g. According to our numerical simulation as shown
in Figure 4, the velocity corresponding to the full width at half
maximum (FWHM) of the contrast is proportional to g.

In the above discussion, we only consider a single NV center.
However, because the absorption cross section of a single NV cen-
ter may be poor,[>8] we shall improve the light-matter interaction
by using an ensemble of NV centers, which we often encounter in
practice. Hereafter, we will consider a ball-shaped diamond with
radius r,), containing N NV centers and rotating at an angular ve-
locity @. We assume that the light’s propagating along the x-axis
and the diamond is rotating along the y-axis. In this case, we have

& = wj and the NV center is instantly located at 7 = xi + ] + k.
The linear velocity of the NV center along the direction of light’s
propagation reads

v, = (@X7) =0z (18)

Since the velocity of the NV center along the light’s direction
depends only on its coordinate along z-axis, we can convert its
distribution of velocity into the distribution of position along the
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Figure 3. The relationship between the transmittance, T, (T_) contrast, 5 the control field strength Q. and the velocity v. a— h) The top (middle) row
corresponds to the transmittance T, (T_) in the co-propagation (counter-propagation) case. i— |) The bottom row shows the contrast 5. From left to

right, each column corresponds to g/x = 0.1, 1, 5, and 10, respectively. The red lines in (g) and (k) is the minimum value located at kv = QC/\/E. All

numerical simulations are based on the same parameters as Figure 2.
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Figure 4. The velocity vpyyy for the FWHM of i versus a) g and b) g2 in
Figure 3. Obviously, Vpwiy is proportional to g2.

z-axis, by using v = wz and dv = wdz, and thus obtain

D,(v)dv = D,(wz)wdz = D,(z)dz (19)
where
1 1222 \/rrz‘—y—z—zz
D,(z) = = ndxdy
N _\/’lej 2_yi_z2
=3 2-2) (20)
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Here, we have used n = 3N/ (4xr?) as the density of NV centers
in the diamond. And we can obtain

1 1% 3 2 9

D, =~-D,(L)= —— - 21

0= S D2) = sl =) @1)

On account of NV centers with different linear velocities, we
replace Equation (11) by

£= [ NpoD e 22)

wr,

The numerical simulations are correspondingly shown in Fig-
ure 5. It can be seen that there still exists the non-reciprocal
transmission although the integration is performed in the range
(—wr,, wr,). That is because the two-photon resonance, as re-
quired by the EIT, still holds as along the probe light and
control light propagate in the same direction no matter the
velocity is positive or not. In this case, the term (k, — kv will
cancel in the denominator of y,, cf. Equation (11). As a result, it
leads to the sharp contrast between T, and T_ and thus the non-
reciprocal transmission. In other words, the appearance of EIT
phenomenon does not depend on the sign of the Doppler shift,
but whether the Doppler shifts of the two beams are the same
or not. We can see that the non-reciprocal transmission occurs

only when o reaches above kor, = \/EQC. The area of the non-

reciprocity grows as \/ﬁg becomes larger and larger as compared
to k.
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0.1, 1, 5, and 10. The red lines correspond to ker, = Qc/\/z, above which the non-reciprocal transmission starts to appear.

In order to effectively observe the non-reciprocity, we need
to separate the coherently-scattered light from the incoherently-
scattered light by phonon sideband. According to ref. [58], the
wavelength of the incoherently-scattered light is above 650 nm,
while that of the coherently-scattered light remains unchanged,
that is, 637 nm. Therefore, by setting the resonant frequency of
the cavity at 637 nm, we can effectively separate these two scat-
tered lights because the cavity plays the role as a narrow-band
filter in ref. [58].

In practice, optically-trapped nano-diamonds with NV centers
might absorb the energy of laser beams in an optical tweezer.
The high-vacuum environment, which is employed to increase
the speed of the rotating nano-diamond, might make the dissi-
pation of the absorbed heat more difficult. However, in order to
overcome this problem, we employ a nano-diamond coated with
a less-absorptive silica shell optically-trapped in the azimuthally-
polarized Gaussian beam and the linearly-polarized Laguerre—
Gaussian beam LG,;.’’! Because the cross-section intensity dis-
tribution of the doughnut beam has a dark region at the beam
center, the heat absorption will be significantly suppressed when
the dark region of the beam coincides with the diamond core. In
Figure 6, by using the numerical-simulation approach in ref. [57],
we show the temperature of the composite particle due to the
heating by the laser beams. When the temperature of the high-
vacuum environment is T, = 5.5 K, the temperature of the com-
posite particle will be kept lower than T, = 30 K as long as the
power of the incident laser is smaller than 400 mW, which is
much larger than P, = 100 mW for trapping a nano-particle
with R = 1 pm.P”]

4, Conclusion and Discussion

In this paper, we explore the nonreciprocal transport in rotating
nano-diamond induced by the EIT and the Doppler shift. We ob-
tain the results at the steady state by the Heisenberg-Langevin
approach. It is shown that the probe light makes use of the dark
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Figure 6. The temperature of the composite particle versus the power of
the laser beam P due to heat absorption. The temperature of the high-
vacuum environment is T, = 5.5 K, and the radius of the nano-particle
is R=1 pum. We employ a nano-diamond coated with a less-absorptive
silica shell optically-trapped in the azimuthally-polarized Gaussian beam
and the linearly-polarized Laguerre-Gaussian beam LG;.[%7]

state and its transmission is generally not affected by the lossy
intermediate state when it is incident in the same direction of
the control light. However, the transmittance is significantly de-

pressed around kv =Q_/ /2 due to the breakdown of the two-
photon resonance when the probe and control lights are in the op-
posite direction. Thus, we propose realizing optical nonreciproc-
ity by using rotating nano-diamond with NV centers. We also dis-
cover that the velocity of the FWHM of the transmission contrast
is proportional to g2.

Previously, it was experimentally shown that the energies of
the electronic ground states of NV centers in diamond will be
shifted due to the rotation as a result of Barnett effect.”*73] How-
ever, since the energies of the electronic excited states will be cor-
respondingly shifted by the same amount, the energy spectra in
Figure 1 will not be modified by the rotation. Thus, the above
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proposed nonreciprocal transmission in rotating nano-diamond
with NV centers still holds.
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