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Multicolor nonreciprocal optical amplifier with spinning active optomechanics
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We propose to achieve a multicolor nonreciprocal optical amplifier, a crucial device in optical communication
and information processing, by spinning an active resonator. We show that in such a device, due to the interplay
of the Sagnac effect and the optical gain, nonreciprocal signal amplification can be realized, accompanied by
a giant enhancement of optical group delay from 0.3 ms to 35 ms in a chosen direction, which is otherwise
unattainable in a passive device. Also, coherent amplification of higher-order optical sidebands and a slow-to-fast
light switch can be achieved by tuning both the pump power and the spinning velocity. Our work provides a
unique and accessible way, well compatible with other existing techniques, to realize multicolor nonreciprocal
optical amplifiers for more flexible control of optical fields.
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I. INTRODUCTION

Nonreciprocal optical devices, featuring distinct prop-
erties of light transmission when interchanging the ports
of input and output, are indispensable for backscattering-
immune optical communications [1-3], optical cloaking [4,5],
and quantum information processing [6—13]. Recently, rapid
advances have been witnessed in achieving on-chip nonre-
ciprocal devices without any magnetic material, based on
space-time modulations [14—16], nonlinear and chiral inter-
actions [9,17-28], or non-Hermitian structures [29-32]. In a
very recent experiment, 99.6% optical isolation was achieved
by spinning a resonator at 6.6 kHz [33]. This provides a
versatile platform to explore more possibilities such as non-
reciprocal solitons or chaos [34,35], nonreciprocal sensing
[36,37], and nonreciprocal control of quantum correlations
[38—47]. In practice, multicolor nonreciprocities are indeed
of interest, making it possible to realize one-way transmis-
sions or communications at different frequencies with a single
device [48-51]. However, as far as we know, it has not yet
been revealed how to achieve multicolor nonreciprocal ampli-
fication with such a spinning device, integrated also with an
ability to enhance and switch the optical delay or advance.

In parallel, we note that active optical resonators containing
gain materials [52-60] can radically change optical features
or light-matter interactions, thus leading to different effects
in such a non-Hermitian system [61-64]—for instance, fast
light [65], inverted optical transparency [62,66,67], topolog-
ical lasing [68], parity-time symmetry breaking [61,69-72],
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and optical nonreciprocity [31,72-74]. Also, in the context
of cavity optomechanics (COM), gain-enhanced light-motion
couplings have enabled findings such as thresholdless phonon
lasing [61,69,75], surface-emitting lasing [76,77], and en-
hanced COM sensing [78]. Inspired by these works, we
propose to realize a nonreciprocal multicolor optical amplifier
by spinning an active COM resonator.

Specifically, we consider a spinning COM resonator cou-
pled to a tapered fiber and study the roles of both optical
gain and mechanical rotations in the process of optomechan-
ically induced transparency (OMIT). We show that in this
system, multicolor nonreciprocal signal amplification can be
realized by tuning the spinning velocity of the resonator, also
with well-tunable effects of the nonreciprocal group delay
or advance. In addition, nonreciprocal amplification can be
realized for higher-order optical sidebands emerging in such
an active COM system, indicating the possibility to achieve a
nonreciprocal amplifier with a single resonator.

The paper is organized as follows. In Sec. II, we introduce
our model of an active spinning COM system and quantify the
optical transmissions. Detailed discussions of the generation
and manipulation of the nonreciprocal lights, including those
for the probe signal transmission, group delay, and higher-
order sidebands, are shown in Sec. III, and a summary is given
in Sec. IV.

II. THEORETICAL MODEL

As shown in Fig. 1(a), we consider a spinning whispering-
gallery mode resonator with frequency . and the optical
intrinsic decay rate y. = w./Q (with Q being the optical
quality factor). This resonator supports a mechanical radial
breathing mode (with frequency wy, and effective mass m1) that
is coupled to the optical mode via optical-radiation-pressure

©2024 American Physical Society


https://orcid.org/0000-0002-8937-2657
https://orcid.org/0000-0002-1956-9905
https://orcid.org/0009-0007-9016-5448
https://orcid.org/0000-0002-1187-0779
https://orcid.org/0000-0001-5091-2057
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.109.023520&domain=pdf&date_stamp=2024-02-20
https://doi.org/10.1103/PhysRevA.109.023520

RU-TING SUN et al.

PHYSICAL REVIEW A 109, 023520 (2024)

() i il (b)
= Parameter Symbol Value [79]
Optical resonance frequency W, 194 THz
. Pump power P, 10 W
s Mechanical mode frequency Wy 200 MHz
Mechanical damping rate T, 0.2 MHz
) ‘A“gﬂ A‘"f" Effective mass of mechanical mode m 2 ug
i | | } Refractive index of the resonator n 1.44
‘ Q E ] ;c | Radius of the resonator R 0.25 mm
ﬁ“ \\_ The optical quality factor Q 3x10’
Ly, A A A Total optical loss v 6.43 MHz
w Sk Coly sendads CoMcoming g n_ TR

FIG. 1. (a) Schematic diagram and frequency spectrum of an active resonator that spins along the counterclockwise direction with an
angular velocity 2. The resonator can support a mechanical mode of frequency wy, and is driven by a strong pump laser at frequency @, and a
weak probe laser at frequency w;. Therefore, we have Ay, > 0 or Ay, < 0 for the case with the driving field (including pump laser and probe
laser) on the left-hand or right-hand side. (b) Summary of experimentally accessible parameters for numerical simulations [79].

induced interaction. To explore the OMIT effect, a strong
pump laser is applied at frequency w; and a weak probe laser
at frequency wy, to drive the system, with the field amplitudes

&1 =V VexBi/ w1, &p = \/VexPs/ hiwp,

respectively, with P (P,) the input power of the pump (probe)
laser and y.x the external decay rate of resonator-fiber cou-
pling [80,81]. Hereafter, we denote the total optical loss rate
by ¥ = (v + vex)/2.

Our aim here is to study how to manipulate the OMIT
effect by combining the roles of the Sagnac effect and the
gain. We note that in experiments, the active resonator can
be fabricated by using gain materials [31,32], such as a silica
microtoroid doped with Er3t ions, which can emit photons
in the 1550-nm band when driven by a laser in the 980-nm
or 1450-nm band [31]. The effective gain of the cavity can
be achieved using the coherent perfect absorption of the two
input fields fed into the cavity [82,83] or the intracavity optical
parametric amplifier [84,85]. Also, very recently, the rotary
resonator was realized by mounting on a turbine spinning
along its axis [33]. For the resonator with radius R and angular
velocity €2, the frequency of the optical mode undergoes an
opposite Sagac-Fizeau frequency shift [86-91], i.e., w. —
e + Agg, With

R 1 rd
Asagziﬂn wc<1_____n)’ (1)

where 7 is the refractive index of the resonator and ¢ (1) is the
speed (wavelength) of light in vacuum. The dispersion term
dn/d X, describing the relativistic origin of the Sagnac effect,
is relatively small in typical materials (reaching up to ~1%)
[33,86]. Fixing the counterclockwise rotation of the resonator,
we have A,y > 0(Ag,e < 0) for the case with the driving field
(including pump laser and probe laser) input from the left-
hand (right-hand) side.

The effective Hamiltonian of the system, in a frame rotat-
ing at driving frequency wj, can be written as

2 2
ol aa Py
om Tt g e

— hga'ax + if(eia’ + epa’e ™ — H.c.), )

H =H(A| + Agg)a’a +

where A =w. — |, § =w, —w;, and g= w./R denotes
the COM coupling rate. a(a’) is the optical annihilation
(creation) operator, and x, p, 6, and py are displacement,
momentum, rotation angle, and angular momentum operators,
respectively, which satisfy the commutation relations [x, p] =
[0, pel = in [92].

The mean response of the system to the probe signal, rather
than including quantum fluctuation, is processed by OMIT in
COM systems [80,81]. As a result, for the sake of exploring
the nonlinear dynamics of it, the equations of motion of the
system can be derived as

a=[—i(A + Agg) + k +igxla+e + spe”f’,

hg Iz
. 2 + . 0
X=—wyx+ Za a—Tpx + RS 3)
Po .
= —, = 03
mR2 Peo

where € = @ is the speed of rotation. Note that the optical
or mechanical damping terms are added phenomenologically
into the above equation. In the following, we have assumed
that for x/y = —1, k denotes the optical decay, whereas for
k/y = 1, k denotes the optical gain. Moreover, for « /y = 0,
the system becomes a lossless one with zero net gain (i.e., the
real gain we introduced equals the loss).

All the deductions are based on small signal approxima-
tion, which requires the use of strong pump light and weak
probe light, under which the probe can be regarded as the per-
turbation of the steady states [80,81]. The pump field supplies
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the steady-state solution of the dynamical variables

2
il = 8 |a5|2+R<£>, (4)
ma;

. )
iA—k 2 ®m

as =

where A = Ay + Ay, — gx; is the effective optical detuning.
Obviously, the steady-state mechanical displacement x; and
the intracavity optical amplitude as are determined by the
angular velocity €2 and the optical gain x. As a result, the
effective COM coupling rate and the breathing mode oscil-
lations of the active spinning COM system can be tuned
by adjusting the rotating speed and the gain-to-loss ratio,
which in turn leads to the modified OMIT properties of the
system. Physically, the centrifugal force caused by rotation
provides an additional drive to the mechanical vibration, caus-
ing a change in the equilibrium position of the dynamic
vibration [92].

For the scenario where the probe light for OMIT process
is generally much weaker than the pump light [93], every
operator can be expanded as a sum of its steady-state mean
value and small fluctuations around that value, that is,

X =Xxs+6x, a=as+da. ®))

After the steady-state value is eliminated, the perturbations
caused by the input probe field satisfy the following equa-
tions [80,81]:

da = (—iA 4+ «)da + iglasdx + Sadx) + Speﬂ'st’
h .

(SX = —0)1%15)6 — Fm(s.x + _g(aSSa’ + a:‘8a + SQT(SCI) (6)
m

To calculate the amplitudes of the first- and second-order
sidebands, we solve these equations by using the ansatz [81]

—it igt —2ikt 2i&t
8x = Xne ' + X5, + Xoe i + X5e it

da=Al e + A" + AL e + A (T)

where the plus and minus signs correspond to the upper and
lower sidebands [94]. By substituting Eq. (7) into Eq. (6) and
neglecting the second-order parts, the linear response of the
system can be obtained as

L o EWE) + ihg?ag]
W AL EA_E(E) — 2hA |ag >
_ A_(&)hgagsy

T A EA_E(E) — 2rA ag?

Xa) ®)

where

V(€)= m(—&> + oy, — iETy),

By combining Egs. (6)—(8), the second-order sideband ampli-
tude is given by

AL(E) = —if — Kk LA,

. C1X(21) + CzA?i)X(l)
@ A_(€)C3

, €))

where
C = —ihg|asas,
Cy = igh_(E)v(26)A_(28) — ihEQ |ag|,
C3 = v(2E)A1 (26)A_(28) — 2iAg |ag|.
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FIG. 2. Transmission rate T of the probe field as a function of the
probe detuning A, = w, — w. with or without COM coupling (i.e.,
g=0or g # 0) in the (a) passive static resonator [80,81], (b) pas-
sive spinning resonator [33,97], active static resonator (c) [62,67],
and (d) active spinning resonator, respectively. «/y, €2, and g rep-
resent the gain-to-loss ratio, rotating speed, and optomechanical
coupling rate, respectively. The parameters are selected as listed
in Fig. 1(b).

Using the standard input-output relation [95] aoy = ain —
/Vexa, the transmission rate of the probe light [62] and the
efficiency of the second-order upper sideband [67] will be
obtained as

a 2 % 2
in &p
Ve
n=|a% . (10)
&p

In our numerical simulations, the experimentally accessi-
ble parameters are chosen, as shown in Fig. 1(b). According to
a very related experiment [33], a spherical cavity with a radius
of 1.1 mm can steadily revolve around its axis at a speed
of 6.6 kHz. Theoretically, if the driving power is certain, the
maximum speed is inversely proportional to the square of the
radius; this means that the smaller the cavity, the greater the
speed [96]. Taking these factors into account, we use a rotary
speed of no more than 40 kHz.

III. RESULTS AND DISCUSSION

A. The transmission rate of the probe field

Figure 2 shows that there are obvious differences in trans-
mission spectra with or without optomechanical coupling
(i.e., g=0 or g#0). For a passive stationary resonator
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[see Fig. 2(a)], when g = 0, the transmission spectra has a
minimum at the resonance point, which is different from the
standard OMIT with a transparency window where g 5 0
[80,81]. When the passive resonator rotates [see Fig. 2(b)],
for g = 0, there is only a frequency shift of the absorption
spectra due to the Sagnac effect, which has been demonstrated
in a recent experiment [33], and for g # 0, a Fano-like OMIT
spectrum appears [97]. For an active stationary resonator
[see Fig. 2(c)], when g = 0, the transmission spectra has a
maximum at the resonance point, which is different from
the inverted-OMIT with a transmission dip and two sideband
peaks in the case of g # 0 [62,67]. In particular, for g £ 0, a
Fano-like inverted-OMIT profile occurs in the case of an ac-
tive spinning resonator [see Fig. 2(d)], accompanied by highly
asymmetric amplification due to the interplay of the Sagnac
effect and the optical gain. Therefore, we explore nonrecip-
rocal amplification with an active spinning optomechanical
resonator.

For comparison, we first consider the case of a static res-
onator. Figure 3(a) shows the transmission rate 7 of the probe
field versus detuning A, for different values of the gain-to-
loss ratio «/y. In the standard COM system (i.e., a passive
static COM resonator), a standard single transparency window
emerges around the resonance point [81] [see the green dashed
curve in Fig. 3(a)]. This is also consistent with the description
in Refs. [62,67], where when the amount of gain provided to
the resonator supersedes its loss, and the resonator becomes
an active resonator, an inverted-OMIT profile appears for the
probe field [see the red solid curve in Fig. 3(a)], which can
be viewed as an analog of the optical inverted electromagnet-
ically induced transparency (EIT) [66]. In addition, we have
also confirmed that in a spinning COM system without any
gain, the nonreciprocal transmission of light can be achieved,
which is reminiscent of the result discussed in Ref. [97].
Figure 3(b) shows the transmission rate 7 of the probe field
versus optical probe detuning A, for different input directions
in the passive spinning resonator. For a fixed rotary direction,
the probe light coming from the left or the right can be blocked
or transmitted due to the rotation-induced Sagnac frequency
shift, leading to the emergence of nonreciprocal light propa-
gation [97].

Inspired by these preceding works, we now study how
to achieve a nonreciprocal optical amplifier with an active
spinning optomechanical resonator. In Figs. 3(c)-3(e), we
depict the effect of rotation on the signal transmission rate
in an active COM system. It is worth noting that, in the
presence of rotation, a wider OMIT linewidth can be obtained
by increasing the spinning speed, resulting in a Fano-like
inverted-OMIT transparency spectrum [see Fig. 3(c)]. In par-
ticular, the amplification of the nonreciprocal signal is easily
obtained by tuning the directions of the input probe field, and
the nonreciprocal isolation can be as high as 6 dB by selecting
the appropriate speed and detuning [see Fig. 3(d)], which is
caused by the interplay of the Sagnac effect and the optical
gain. This essential physics can be understood as follows:
as shown in Refs. [62,67], increasing the gain can turn a
conventional OMIT profile into an inverted-OMIT profile.
Meanwhile, the rotation of the resonator increases the ampli-
tude of the steady-state mechanical displacement explosively.
For example, when choosing €2 = 40 kHz, x; can be increased

(a) Static resonator
(£2=0,[62, 67])

(b) Passive spinning resonator
(k/y=-1,Q=40kHz, [97])

1

8 40 6
/\ 4 ’\\\\ 4
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04 05 1 220 <10 0 10
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FIG. 3. (a) Inverted OMIT [62,67]: Transmission rate 7 of the
probe field as a function of the detuning A, for different values of
the gain-to-loss ratio «/y in a static resonator. (b) Nonreciprocal
transmission [97]: T vs A, for different input directions in a pas-
sive spinning resonator. Arrows represent input on the left-hand or
right-hand side, and green bands correspond to regions with strong
nonreciprocity. Inset: Schematic diagram of a passive resonator spins
along the counterclockwise direction. The probe light coming from
the left or the right can be blocked (the green fork) or transmitted
(the red arrow), leading to nonreciprocal light propagation. (c)—(e)
Nonreciprocal amplification: T vs A, for different input directions
in an active spinning resonator. (f) Isolation ratio I vs A, and the
rotating speed €2 in the active resonator. The parameters are selected
as listed in Fig. 1(b).

from 80 fm to 10 pm, thus leading to a strong enhancement of
the effective COM coupling rate G = gx; [97]. Hence, when
2 and A, are kept fixed, a nonreciprocal optical amplifier can
be realized due to the interplay between the Sagnac effect and
gain materials. Moreover, the multicolor nonreciprocal light
amplification is observed by tuning the directions of the input
driving field [see Figs. 3(c)-3(e)].

Depending on the direction of the input driving field, the
transmittance of the probe field exhibits a highly asymmetric
feature because the optical frequency shift caused by rotation
is related to the driving direction [97]. In order to better
understand and visualize the effect, we define the isolation
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ratio as [37]
1 =101 L (11
= 10log,,—.
glOT_>

Fixing the counterclockwise rotation of the resonator, 7_,
(T~) denotes the driving field input from the left-hand (right-
hand) side. Figure 3(f) shows that the isolation ratio I depends
on the optical detuning A, for different values of the rotary
speed €2 to give a comprehensive view.

The maximum value of isolation / increases with a higher
rotary speed in the active resonator. This implies that, by trans-
forming A, and €2, the gain of light with direction dependence
can be controlled to achieve a unique nonreciprocal feature. It
is obvious that the nonreciprocal amplification effect will be
further enhanced, if we can continue to increase the speed of
the active cavity.

B. Optical group delay

Accompanied with the OMIT, slowing or advancing of
light can also be observed [62,80,81]. Specifically, the group
delay of the probe light is given by

d t
| _ dagy)

= —=PF 12
i |, (12)

=W®m

To see this, we plot the group delay of the probe light t
as a function of the driving power P, for different values of
gain-to-loss ratio « /y in Fig. 4.

We find that the dispersion of the spinning active resonator
can be severely affected by the interplay of the Sagnac effect
and the optical gain [62,67,97], resulting in the rotary speed
and the driving direction becoming the two control knobs to
regulate the group delay. For a passive spinning resonator, we
have confirmed that OMIT leads only to the slowing of the
transmitted light [97]. In contrast, in a static active resonator
(i.e., k/y = 1 and 2 = 0), one can tune the system to switch
from slow to fast light, or vice versa, by tuning the driving
power P [62,67]. Moreover, the group delay t can also be
significantly enhanced by about 40 times for their maximum
values in comparison with the passive static resonator [62,67].
In particular, by spinning the active resonator (i.e., k/y = 1
and 2 # 0), nonreciprocal group delay or advance can be
realized [see Fig. 4(b)]. More importantly, in an active spin-
ning resonator, the group delay t can be further significantly
enhanced for the case with the driving field input from the
right-hand side [see Figs. 4(b) and 4(d)]. For example, the
maximum value of the group delay 7 is about 35 ms for
Q =3 kHz, i.e., about 111 times enhancement compared to
that for Q2 = 0.

C. Nonlinear second-order sideband

We note that nonlinear OMIT effects, usually exhibiting
as weak signals of higher-order optical sidebands, can arise
due to nonlinear COM interactions [98—101]. The possibil-
ity of amplifying these weak signals has been explored in
very recent works [67,93,102—105], with a static active cav-
ity or coupled resonators [67], a nonlinear Kerr resonator
[102], a parity-time symmetric system consisting of a passive
nonlinear cavity coupled to an active linear cavity [103], a

9 t(a) Passive resonator (K/y =l-1)
T T mmm=====]
3 =0 _--==
= _-
3t P
-z ——Q=3kHz
//
0 0 I05 Oll 0.15
' P (W) '
0.4 , . . 40
= (b) Active resonator (x/y=1)
02} 120
\éi 0 Lo \“ e - 0
C I
0.2 - J. Q=0 20
04 . p— .Q =3 kHz . 40
1 1.5 2 40
(d)
34.7 ms
0
34.9 ms
-40
0.9 1 1.1 1.2 2.068 2.07
P (W) P (W)

FIG. 4. Group delay 7 of the probe light as a function of the
pump power P, for different input directions in (a) a passive COM
resonator or (b)—(d) an active COM resonator. Arrows correspond
to input on the left-hand or right-hand side. Here, 2 = 3 kHz for
the spinning resonator, and 2 = 0 for the nonspinning resonator. As
marked by the black circle and arrow, both the gray dotted curve and
blue dashed curve correspond to the left axis, and the red solid curve
corresponds to the right axis. For the other parameter values, see the
table in Fig. 1(b).

mechanically pumped COM system [104], and a magnome-
chanical system [93]. Also, nonreciprocal enhancement of
such sidebands can also be achieved by considering a spinning
passive resonator [106,107] or a nonlinear optomagnonic sys-
tem [108]. Here, we show that well-controllable nonreciprocal
amplifications of nonlinear OMIT effects can be realized in
our present system.

To verify the role of optical gain and mechanical rotation
in enhancing the second-order sideband in our system, we plot
Figs. 5(a)-5(c) to demonstrate that the efficiency n varies with
the optical detuning A,. For a passive static resonator (2 =0
and «/y = —1), the second-order sideband is subdued when
the OMIT emerges [98], which results in a local minimum
between the two sideband peaks around A, = 0 [see the green
dashed curve in Fig. 5(a)]. As we know from Ref. [67], in
an active static resonator, the double-peak spectrum still ex-
ists and 5 is enhanced by the gain [see the red solid curve
in Fig. 5(a)]. However, in a spinning COM system without
any gain, the nonreciprocal enhancement of the second-order
sideband can be achieved, which is reminiscent of the re-
sult discussed in Ref. [107]. As shown in Fig. 5(b), when
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(a) Static resonator
©Q=0,[ ]

(b) Passive spinning resonator
(kly=-1,2=40kHz,[ ' ])

(c) Active spinning resonator
(kly=1, Q2 =40kHz)

n=4.7%"

n=32%

A, (MHz)

A, (MHz)

A, (MHz)

/

FIG. 5. (a) The efficiency n of the second-order sideband as a function of the optical detuning A, for different values of the gain-to-loss
ratio k /y in the static resonator [67]. n vs A, for different input directions in (b) the passive resonator [107] or (c) the active resonator. Arrows
correspond to input on the left or right side. The parameters are selected as listed in Fig. 1(b).

driving the system from the right-hand side, the left peak is
completely suppressed and the right peak is only marginally
enhanced compared to driving the system from the left-
hand side. This result means that, by rotating the resonator,
nonreciprocal enhancement of the second-order sideband
can be achieved in a passive resonator due to the Sagnac
effect [107].

More interestingly, for an active device, the second-order
sideband can be further enhanced dramatically compared to
the passive device. For example, when driving the system
from the right-hand side, the efficiency 7 is about 32% for
k/y = 1 [see the red solid curve in Fig. 5(c)], i.e., about seven
times enhancement compared to that for x /y = —1. The rea-
son for the phenomenon is that the interplay of the Sagnac
effect and the gain results in the left peak of the second-order
sideband being completely suppressed while the right peak is
considerably enhanced.

D. Experimental feasibility

In our work, the effects of backscattering, rotation on the
stable coupling of fiber with the cavity, the Kerr nonlinear
effect, and the thermal nonlinear effect are not considered for
the following reasons:

(1) Backscattering: For the quality factor Q = 3 x 107, the
recent experiment on spinning resonator already confirmed
that the backscattering is negligible [33]. In addition, even
in the presence of strong backscattering, we have shown in
our previous works that in a nonreciprocal device as in our
system, backscattering effect can be directionally suppressed
in a specific direction, thus even benefiting the appearance of
nonreciprocal effects [38,39].

(2) The self-adjustment mechanism: According to recent
experiments [33], for such a device with high-speed rotating
single cavity coupling a fiber, the aerodynamic process plays
a key role in stabilizing resonator-waveguide coupling—a
rapidly rotating resonator can drag air into the area between
the taper and the cavity, thus forming the air border layer.
Because of the air pressure on the surface of the taper facing
the resonator, it flies above the cavity at a height that can reach
several nanometers. If some disturbance causes the taper to
rise above the stable equilibrium height, it will float back to

its original position. Through this self-adjustment process, a
stable coupling between the resonator and the fiber taper is
maintained [33]. Other factors, such as intermolecular forces,
lubricant compressibility, tapered-fiber stiffness, and the wrap
angle of the fiber, may affect the resonator-fiber coupling.
However, these factors have been proven to be negligible in
the experiment [33]. Therefore, we believe that the fiber can
be stably coupled to the high-speed rotating single cavity.

(3) The Kerr nonlinear effect and the thermal nonlinear
effect: Indeed, these nonlinearities can lead to frequency shifts
in the OMIT spectrum, but as shown in a recent experiment,
such shifts can be compensated for by changing the optical
detuning of the driving laser [109]. The thermal effects can
be further weakened by, e.g., cooling the device in a low-
temperature environment [81] or coupling with an auxiliary
high-Q cavity [110]. The interesting possibility of achieving
nonreciprocal amplification in our present system even with-
out any compensation (via, e.g., choosing different detuning
regimes) will be explored in detail in our future works.

IV. CONCLUSIONS

Nonreciprocal effects of rotation have been extensively
studied, such as nonreciprocal light transmission by ro-
tating a pure optical resonator [33], nonreciprocal trans-
mission [97], and nonreciprocal enhancement of second-
order sideband [107] based on COM systems, but none
of these works involves gain. Similarly, researchers have
also paid attention to the phenomena such as inverted
OMIIT, second-order sideband amplification, and the corre-
sponding slow light effects caused by the gain in COM
systems [62,67].

In our work, we have theoretically studied how to achieve
a multicolor nonreciprocal optical amplifier by spinning
an active COM resonator. We find that in such an active
spinning COM system, the optical Sagnac effect and the
optical gain strongly impact the optical properties, includ-
ing the signal transmission and its higher-order sidebands.
As a result, nonreciprocal signal amplification can be real-
ized, accompanied by a giant enhancement of the optical
group delay from 0.3 ms to 35 ms in a chosen direction,
which is useful for optical storage. Moreover, nonrecip-
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rocal enhancement of the second-order sideband can be
further enhanced supernormally compared to the passive
spinning resonator. These features of nonreciprocal opti-
cal amplification and giant enhancement of the optical
group delay provide more flexible ways in practical appli-
cations ranging from multicolor optical communications to
optical storage. Our work can also be extended to study
enhancement of sensing—for instance, nanoparticle sensing
[36,111], the gyroscope [112], and nonreciprocal topological
photonics [113].
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