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We propose how to achieve a backscattering-immune quantum system containing a cavity with defects.
We find that, by placing a nanoparticle in the evanescent field of the whispering-gallery-mode res-
onator with proper relative position and size, the impact of backscattering induced by the defect can
be almost eliminated completely. This makes it possible to realize backscattering immunity for both
quantum entanglement and classical information transmission. We also show that both the degree of
optomechanical entanglement and the transmissivity of the resonator can be manipulated by tuning the
relative position of the nanoparticle. This work provides insights into the protection and manipulation of
quantum and classical resources, which is meaningful for building noise-tolerant optomechanical quan-
tum processors, achieving ideal quantum precision measurements and backscattering-immune integrated

quantum photonic circuits.
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I. INTRODUCTION

Quantum entanglement, the “spooky” feature of quan-
tum mechanics, is one of the most intriguing and enigmatic
phenomena in physics [1-3]. It signifies the nonclassi-
cal correlations between distinct quantum systems and has
been applied in various fields, including quantum infor-
mation processing [4,5], quantum communication [6—8],
quantum precision measurements [9—11], and fundamental
research in quantum mechanics [12—-16]. Although uncer-
tainties persist regarding the precise physical meaning
of entanglement, numerous schemes have been proposed,
both theoretical and experimental, to achieve entangle-
ment in various physical systems, such as optomechanical
systems [17-30], magnonic systems [31-39], and others
[40,41].

In particular, the whispering-gallery-mode (WGM) res-
onator has been widely utilized, not only in research
on entanglement generation, but also in various studies
exploring other novel effects [42—60], owing to its distinc-
tive optical characteristics. The WGM resonator possesses
a high quality (Q) factor, naturally has two degenerate
cavity modes [clockwise (CW) mode and counterclock-
wise (CCW) mode] with the same frequency, and can also
support a mechanical breathing mode. However, backscat-
tering induced by cavity imperfections, such as surface
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roughness or material defects, is also a noteworthy char-
acteristic of the WGM resonator. This feature significantly
suppresses various phenomena in the system, including
intracavity photon number, optical transmission, optical
chaos, optomechanical entanglement, mechanical squeez-
ing, and system nonreciprocity [28-30,56—60]. Therefore,
the identification of a feasible method to eliminate the
impacts of backscattering becomes imperative. Recently,
the revival of classical effects from backscattering has
been experimentally achieved by introducing an additional
nanotip or Mie scatter into the resonator [61,62].
Motivated by these abovementioned studies, herein, we
present a general scheme to realize backscattering-immune
optomechanical entanglement in the WGM optomechani-
cal system by introducing an additional scatterer coupled
with the WGM resonator. Meanwhile, we find that the clas-
sical information flow, referring to the transmissivity of the
WGM resonator, can also be revived to the ideal case with-
out backscattering. We also show that the robustness of the
revived optomechanical entanglement against the cavity’s
dissipation and the mechanical thermal noise is enhanced
[63]. Moreover, both the degree of optomechanical entan-
glement and the transmissivity can be manipulated by
tuning the relative position of the introduced scatterer. This
work provides insights into the protection and manipula-
tion of quantum and classical resources. It is also universal
[63] and can be compatible with other existing techniques,
such as pump modulation [64—68], synthetic gauge fields
[69], and dark-mode control [70—72]. These findings may

© 2025 American Physical Society
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FIG. 1. (a) Schematic of the
optomechanical system with a
defect. Resonator with a defect is
coupled to a tapered fiber through
an evanescent field. Pump laser
enters the fiber along the blue
arrow to drive the CW mode. (b)
Schematic of the backscattering-
immune optomechanical system
with a defect and nanoparticle.
Nanoparticle is located in the
evanescent field of the resonator
with relative angle B. (c) Nor-
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have potential applications in quantum information pro-
cessing [73], quantum sensing [74], and the construction
of quantum networks [75].

II. MODEL AND DYNAMICS

The theoretical model affected by the defect we consider
is depicted in Fig. 1(a). It consists of two counterpropa-
gating WGMs (a, and a;) with the same frequency (w.),
and a mechanical breathing mode with frequency w,,.
The resonator is coupled with a tapered fiber through the
evanescent field, and the fiber-cavity coupling rate is key.
The CW mode of the resonator is driven by the laser with
frequency w, fed into the fiber along the CW direction.
Backscattering is induced by imperfections of the cavity,
such as surface roughness or material defects, which can be
approximated as a single scatterer because the coherence
length of the circulating field is much longer than the cav-
ity round-trip length [76]. We put another scatterer in the
system to achieve the revival from backscattering, which
can be realized by placing a nanoparticle in the evanescent
field or defining a defect lithographically, and the effects
of them are the same [62,77]. Here, we take the case of
the nanoparticle as an example [Fig. 1(b)]. The interaction
Hamiltonian between two optical modes is [78—80]

Ay = hhala + hhala,, 0]

with a defect and nanoparticle. See
- text for more parameters.

where J; =€ +ne " and J, =€ + ne”P are the
backscattering rates caused by the defect and the nanopar-
ticle, respectively; 2e (2n) is the frequency splitting
induced by the defect (nanoparticle) alone; the positive
integer m is the azimuthal mode number, and we choose
the experimental parameter [77] m = 4; B is the relative
angle between the defect and the nanoparticle. The Hamil-
tonian of the system in the frame of Hy = hwd&I&,.+
hwqd) a is

A At A AT A (,()n ~ ~ A
H= hAcaIar + hAca;al + 7@71(p2 + qz) + H,
— hGo(ala, + alang + ihe(@ — a,), )

where 4, is the photon-annihilation operator of the
CW (CCW) mode; g(p) is the dimensionless mechani-
cal displacement (momentum) operator for a mechanical
breathing mode. A, = A, + Ay; Apg=w, —wg; Ay =
Re(e +7); and Gy = (w./R) x \/h/uw, denotes the
single-photon cavity optomechanical (COM) coupling
strength [81], with u and R as the mass and radius
of the resonator, respectively. € = +/2k.cain, Where ay, =
VP/hwy is the amplitude of the input field and P is
the input laser power. The defect and the nanoparti-
cle only induce the frequency splitting of the optical
modes, and the corresponding eigenfrequencies can be
obtained from the Hamiltonian describing the optical
modes and their interaction [63]: wiy = w, — il +€ +
n £ €2+ n? + 2en cos(2mp), where I' = kg + i, is the
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total optical dissipation, and « is the intrinsic decay rate
of the optical modes. The frequency splitting is A,=w; —
wy=2+/J1J>2, as shown in Figs. 1(c) and 1(d), where the
intracavity mean photon number of the CW mode reflects
the cavity excitation spectrum, and the dashed lines refer
to the eigenfrequencies versus € and . For the special case
of B=PBm=n/84+nr/4 (neZ), the eigenfrequency
splitting, A, is zero. To achieve backscattering immu-
nity, we choose the parameters that are experimentally
feasible with n ~ ¢ [62,77,82]: ¢ =T and n =T. For
other parameter choices, backscattering revival (apart from
the backscattering-immune case) also occurs and exhibits
behavior similar to that shown in Fig. 1(d). When the
dissipation and input noises are considered, the quantum
Langevin equations of the system can be obtained:

4, = (—iA. — D), — i1y + iGoa,§ + €
+ v/ 2088, + 260,

& = (—iA, — D)y — iha, + iGot
+ V20 + v 20l

q = np,

P = —wnd — ymp + Go@la. +ajay + £,  (3)

. . ~in ~in .
where y,, is the mechanical decay rate, ap; and a,,; (j =

1, r) are the optical input vacuum noise operators, and é is
the mechanical Brownian noise operator characterized by
the following correlation functions [83,84]:

<&g:ex),j (t)&i()rl(jx)J (t/)> = a(t — Z/)

Ewéwy =2 / g—;"effw@*% [coth (ZZ"T ) + 1] ,
(4)

where kg is the Boltzmann constant and 7, is the envi-
ronmental temperature. For the case where the mechanical
oscillator has a high quality factor, Q,, = w,,/ym > 1; by
using the Markovian approximation, the above correlation
function of é (¢) can be described as

EDED)) ~ YuQny + 18— 1), (5)

where n,, = [exp(hw,,/ksT.) — 1]_1 is the mean thermal
excitation phonon number.

Under the condition of strong optical driving, each oper-
ator can be expanded as a sum of its steady-state mean
value and a small quantum fluctuation: a; = «; + 8a;,
g =qs+93g,and p = p, + 8p, and the standard lineariza-
tion techniques can be applied to the quantum Langevin

equations in Eq. (3). By introducing quadrature operators

A | B . N i .
8X; = ﬁ(&l‘; +da;), 0, = E((sa;r —8a;),

~ - " N . 1 int .
X" = V260805 + v ek X' = E(‘S“}n + 8,
~: N N N i nint .
Y]l_n = \/2/(0)”(1)?]' + myg,j, y,m = E((Sa}n - (Sajl-n),

(6)

and defining the column vectors of quadrature fluctuations
and input noises as

u' = (8X,,8Y,,8X,,8Y1,84,8p), -
A - A A - A A 7
UT = (er’ )/LH’X'[IH, [n’ 0)5))

we can rewrite the linearized quantum Langevin equations
as

u(t) = Au(t) +v(), )]
where
-r A J J -G 0
-A -I' =-J J G 0
3 v
q4-\-7 g -r A -G 0 9)
-J. -J. -A -T 7 0
0 0 0 0 0 Wi
G; G, Gy G); Om  —Vm
Here, A=A.—Gogs=A+A; (A= A,— Gygy)
is the effective optical detuning, ay, = /P/hw,
= \/P/h(wc — Ay \/P/h(wc — A) (because of wy >

Gogs), G} (G}Y ) is the real (imaginary) part of the effec-
tive COM coupling rate, G; = v/2Goa; = G +iG,, Jy =
iJi —h)/2=nsin2mB, and J_ =, +)/2 =€+
n cos 2mp. The steady-state mean values of the dynamical
variables are

(A +De
oy = —F——mT—"7""——,
(A+D)2+J1 ],

—iJzS
o)== —F/—/———— 5
; 2
GA+TP+NL (g

Go
qs = —(|Ot,|2+ |O‘l|2), Ps = O:

m

and the intracavity photon numbers are \; = |e; |*.

The solution of Eq. (8) is u(t) = M®u(0) + [y d
TM(t)v(t — t), where M (f) = exp(A4t). The system is sta-
ble and tends toward its steady state when all real parts of
the eigenvalues of 4 are negative, resulting in M (oc0) =
0. The stability conditions can be derived based on the
Routh-Hurwitz criterion [63,85]. If the system is stable,
due to the linearized dynamics of quantum fluctuations
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and the zero-mean Gaussian nature of quantum noise,
the system will evolve into a Gaussian state indepen-
dent of the initial state [86], and it can be completely
described by the 6 x 6 covariance matrix, V(¢), with ele-
ments defined as Viy(¢) = (up(O)u; () + w;()ug(¢)) /2. Then
we can derive the motion equation of the covariance
matrix, V(t) = AOV(®) + V()AT(¢) + D, where the diffu-
sion matrix is D = Diag[I",I",I',T", 0, (n,, + 1/2)y]. For
the steady state, the motion equation of the covariance
matrix becomes the Lyapunov equation [87]:

AV +vA" = —D. (11)

III. BACKSCATTERING-IMMUNE
ENTANGLEMENT AND TRANSMISSION

By solving Eq. (11), we can obtain the covariance
matrix, V. Extracting the two modes of interest and rewrit-
ing itin a2 x 2 block form, we have

V= (é lcg) , (12)

and V' preserves the Gaussian nature. Then we can adopt
the logarithmic negativity, E, to quantify bipartite entan-
glement in the three-mode continuous-variable system
[88], which is defined as [89]

Ex = max[0, —In(2v7)], (13)

where v =2"1203°(V) — [2.(V)? — 4det V']1/2}1/2;
> (V) =det A+ detB—2detC. If, and only if, v—
< 1/2, the quantum bipartite entanglement exists, which
is equivalent to Simon’s necessary and sufficient entangle-
ment criterion (or the related Peres-Horodecki criterion)
for certifying the entanglement of the two-mode system
in Gaussian states [90]. In COM, the driving laser is
scattered by the mechanical mode into the Stokes and anti-
Stokes sidebands. Optomechanical correlations are gener-
ated when either of these sidebands is resonant with the
cavity, which is observed in experiments [23,24]. Here,
we only consider the optomechanical entanglement for
the case of the anti-Stokes sideband, i.e., the red-detuned
driving field.

By using the input-output relationship [91], aou=ain —
2kex0, which denotes the amplitude of the output field,
the normalized transmission rate can be obtained [56]:

2k iA +T)
(A +T)2 4+ 1),

Aout

T=

(14)

2
din ‘
Figure 2(a) shows the optomechanical entanglement, Ex/,,.,
between the CW mode and the mechanical mode for dif-
ferent cases. The yellow dashed line denotes the ideal
case without a defect, the red dotted-dashed line denotes
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FIG. 2. (a) Optomechanical entanglement, £/, versus A/ T’

for different cases. (b) Maximum values of optomechanical
entanglement, £/, versus relative angle, 8. Yellow dotted (red
dotted) line denotes the maximum optomechanical entanglement
between the CW mode and the mechanical mode without (with)
the defect. (c) Normalized transmission rate, T, versus A/ I" for
different cases. (d) Minimum normalized transmission, 7, versus
relative angle, S. (e) Effective COM coupling rate, |G,|/wy,, ver-
sus A/ T for different cases. (f) Maximum coupling rate versus
relative angle, B. Backscattering immunity emerges for the angle
B = P See text for more parameters.

the case of the cavity with a defect for ¢ = I', and the
blue solid line denotes the case of placing an appro-
priate nanoparticle (the backscattering rate induced by
it is also I') at an angle of 8 = Bi,. For the defective
cavity, some photons are scattered from the CW mode
to the CCW mode by the defect; this causes a reduc-
tion in the degree of optomechanical entanglement, £ .
By placing an appropriate nanoparticle in the evanescent
field of the resonator with relative angle B8 = By, the
degree of optomechanical entanglement, £, revives to
the level of the ideal case without a defect, which means
that backscattering immunity is achieved. The underlying
physics of the revival from backscattering can be under-
stood through destructive interference. The nanoparticle
placed in the evanescent field of the WGM resonator will
coherently scatter additional light from the pumped opti-
cal mode (CW mode) into the counterpropagating mode
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FIG. 3. (a) Optomechanical entanglement, Ex/,, versus rela-
tive angle, B, and A/ T". (b) Optomechanical entanglement, Exs ,,
versus relative angle, 8, and €/ I" for optimal detuning in (a)
satisfying A/ T" = 0.85. (c) Optomechanical entanglement, E Nods
versus relative angle, 8, and A/T. (d) Optomechanical entan-
glement, E s, versus relative angle, 8, and €/T" for the same
detuning in (b). (¢) Normalized transmission rate, 7, versus rel-
ative angle, B, and A/T. (f) Normalized transmission rate, 7,
versus relative angle, 8, and €/ I" for optimal detuning in (e)
satisfying A/ T" = 0. Other parameters are the same as those in
Fig. 2(a).

(CCW mode) to interfere with the backscattering light in
CCW mode. Therefore, by adjusting the relative position
and size of the nanoparticle properly, the defect-induced
and scatterer-induced backpropagating fields can achieve
perfect destructive interference, thus leading to the sys-
tem’s immunity to backscattering. In order to show the
influence of the relative angle, 8, on E,r,, we plot the
maximum values of optomechanical entanglement, En/ ),
between the CW(CCW) mode and the mechanical mode
versus the relative angle, 8, in Fig. 2(b), which shows, as
B varies, Ej, oscillates between the maximal entangle-
ment in the ideal case and the one in the case with a defect.
This means, for 8 # P, the revival of Exr, also exists
(blue region), but backscattering immunity only emerges
at an angle of 8 = Bi. We plot the transmission rate, 7,
versus A/ T in Fig. 2(c) for the three cases, similarly to

0 EETTT0.16
0 BT 0.25

0.8 . . 0.8

FIG. 4. (a) Maximum optomechanical entanglement, Exs,,
versus relative angle, 8, and n/¢. (b) Minimum normalized trans-
mission rate, T, versus relative angle, 8, and n/e. Black dashed
lines denote the case with a defect and without a nanoparticle.
Other parameters are the same as those in Fig. 2(a).

Fig. 2(a), which shows that the transmission-rate curve for
the defective cavity can also be restored to be the same as
that in the ideal case, besides a frequency shift by placing
a nanoparticle at an angle of 8 = Biy,. Figure 2(d) exhibits
the influence of B on the dip of the transmission-rate
curve. To better understand the revival, we plot the effec-
tive COM coupling rate, |G,|, versus A/I" for the same
three cases in Fig. 2(e), and the maximum coupling rate,
|G|, and the backscattering rate, |.J;(2)|, versus relative
angle, B, in Fig. 2(f). Comparing Fig. 2(e) with Figs. 2(a)
and 2(c), one can see that the revival of the entanglement
and transmission rate is attributed to the revival of the
effective COM coupling rate. From Fig. 2(f), the decrease
of the backscattering rate, |Ji(2)|, causes the increase of
|G,| and the decrease of |G;|. For the case of 8 = B,
the CW mode is decoupled from the CCW mode, that
is, the effect of backscattering is eliminated, which means
the system revives to the ideal system without a defect
(except the frequency shift caused by scatterers). More
importantly, this point is a “sweet spot.” Specifically, based
on the first and second derivatives of Ji«) (JJ12)(B)| =
—(2men sinmp)/y/€* + n? + 2encos(X2mPB)), N2
B = —(4m2er)[ cos(2mpB)(e?+ n*+2encos(2mpP))+€n
sin®(2mp)]/ (> + n* + 2en cos(2mp))*/?)), we find that,
regardless of other parameter values, when S = By,
V12 (B)| =0 and |J12)(8)| > 0, i.e., the backscatter-
ing rate reaches its minimum value. Furthermore, under
the condition 1 < 2e, backscattering suppression occurs
(which we prove later). The parameters we choose are
experimentally feasible to ensure the stability of the sys-
tem [92,93]: . = 10ng, R = 1.1 x 103 m, 7, = 200 mK,
W, = 63 x 10° Hz, Vm = 10wy, w. = 1.22 x 10" Hz,
ko = 0.3w,,, kKex=Kgo, and P = 30 mW.

To exhibit the parameter regions for the revival and
backscattering immunity clearly, we plot Exr,, Exy, and
T versus the relative angle, 8, and A/ I in Figs. 3(a), 3(c),
and 3(e), respectively, where the white dotted lines denote
the backscattering-immune angle, 8 = Br,. We can see the
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FIG. 5. (a),(b) Backscattering-immune optomechanical entan-
glement, Exr,; and (c),(d) backscattering-immune normalized
transmission, 7, versus A / I with multiple defects. (a),(c) Defect
number N = 2; (b),(d) N = 3. Here, Zj € =2I', B = Rp,,and
other parameters are the same as those in Fig. 2(a).

degree of optomechanical entanglement and the transmis-
sion rate are changed by tuning the relative angle of the
nanoparticle, which not only means we can manipulate the
entanglement and transmission by tuning the position of
the nanoparticle, but also the scheme has the potential to
be used for nanoparticle sensing. We also plot the revival
for different backscattering strengths, €, in Figs. 3(b), 3(d),
and 3(f), which show that backscattering immunity still
emerges at 8 = P, for large values of €. However, the
angle region for the revival decreases as € increases, which
means, for strong backscattering, backscattering immunity
requires the position of the nanoparticle to be sufficiently
precise. We have chosen n = € in the above analysis. In
Figs. 4(a) and 4(b), we show the revival of Exr, and T
from backscattering versus different relative angles, 8, and
different n; this reflects the revival’s tolerance for the posi-
tion and size of the nanoparticle. The black dashed lines
denote the degree in the case with a defect and without a
nanoparticle; therefore, the region under the black dashed
line denote the region with revival from backscattering.
The big revival region means the scheme is robust against
the size of the nanoparticle and the manipulation accuracy
of the nanoparticle.

The scheme can also be generalized to the case of
multiple defects. By placing an appropriate nanoparticle,
backscattering immunity can be achieved. For this case,
the backscattering rate is Ji) = ), €;eT2" 4 ne™"P.
The terms originating from defects can be directly written
as a single scatterer: ), €;e¥2"% = ¢'e¥2"F where ¢’ =

| >, €e™ | and 2mp’ = arg(}; €. By adjusting
the nanoparticle to n =€’ and B = B’ + B, the back-
propagating fields achieve perfect destructive interference,
leading to backscattering immunity. Figure 5 illustrates
the revival from backscattering for different numbers,
N, of defects; the backscattering-immune entanglement
[Figs. 5(a) and 5(b)] and transmission [Figs. 5(c) and
5(d)] emerge, as we analyzed above. Here, we maintain
>_; €& = 2T and choose random parameters to ensure the
universality of the results: the relative angles of scatterers
are f; = Rg and ¢; = R, where R denotes a randomly
generated real number and its subscript corresponds to
the specific parameter. Furthermore, we demonstrate that
the optomechanical entanglement, £/, can survive even
when it is fully destroyed by thermal noise and dissipa-
tion in the device with a defect, and some other effects
in the system also exhibit similar revival behavior against
backscattering [63,94].

IV. CONCLUSION

We have shown how to achieve backscattering immu-
nity in a defective whispering-gallery cavity device by
placing a nanoparticle in the evanescent field of the res-
onator, and we demonstrated that the revival of Ej,
and T from backscattering was robust against the posi-
tion and size of the nanoparticle. Furthermore, one can
control the optomechanical entanglement and transmis-
sion by tuning the relative position of the nanoparticle.
We also generalized the scheme for the case of multiple
defects in the cavity. This work provides a new way to
protect and manipulate the quantum and classical source
effectively in the quantum system containing an imper-
fect whispering-gallery-mode cavity, which may be widely
applied in the field of quantum technology, such as in quan-
tum processors, quantum sensing, and quantum precision
measurements.
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