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Force-induced transparency and conversion between slow and fast light in optomechanics
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The optomechanics can generate fantastic effects of optics due to appropriate mechanical control. Here we
theoretically study effects of slow and fast lights in a single-sided optomechanical cavity with an external force.
The force-induced transparency of slow and fast lights and the force-dependent conversion between the slow
and fast lights result from effects of the rotating-wave approximation (RWA) and the anti-RWA, which can be
controlled by properly modifying the effective cavity frequency due to the external force. These force-induced
phenomena can be applied to control the light group velocity and to detect the force variation, which are feasible
using current laboratory techniques.
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I. INTRODUCTION

The cavity optomechanics (COM), combining mechani-
cal modes with optical modes via radiation pressure, has
attracted considerable attention recently. Extensive research
efforts have presented interesting quantum properties and
nonlinear effects by optomechanics, such as entanglement
[1–3], squeezing [4,5], normal mode splitting [6], the Kerr
effect [7], optomechanically induced transparency (OMIT)
[8–12], optical solitons [13], and chaos [14,15], which are
associated with potential applications in quantum information
processing [16,17] and precision measurements [18–20].

Among the above mentioned items, the OMIT, a kind of in-
duced transparency arising from the interference of excitation
pathways in optomechanical systems, is the research focus of
the present paper. We have noticed that the electromagnetically
induced transparency (EIT) in atoms can produce slow and fast
lights [21], which is the technique with appealing applications
in optical storage [22,23], optical telecommunication [24],
signal processing [25], and interferometry [26]. So we wonder
if the OMIT, with analogy to the EIT, could also work for
producing slow and fast lights and even beyond. In fact, there
have been publications [27–33] for slow and fast light effects
associated with the COM using similar behavior to those with
multilevel atoms. As shown below, however, we will go a
further step with the COM by presenting an experimentally
feasible proposal for a force-induced transparency with slow
and fast lights and a conversion between the slow and fast
lights.

Specifically, different from the traditional transparency
proposals [34–37], where the slow and fast lights can only
be adjusted with an external optical field, e.g., the power
and frequency of the pump field, our study shows that we
can control exactly by an external force the group velocity of
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lights with a fixed pump field. This external force employed
for the control could be Coulomb-relevant [18] or magnetic
effects [38].

Two kinds of external forces are usually employed in the
optomechanics. One is the constant force [39,40], including
electric field force [18], magnetic field force [38], elastic
force [41,42], and optical gradient force [43]; the other is the
time-harmonic-driving force [44,45], which could be achieved
with piezoelectric coupling [46] and Lorentz force [47]. In our
scheme, we choose a constant force as the external force, which
can modify the eigenfrequencies of the cavity by adjusting the
cavity length. Such an external force is similar to the one in
Ref. [40], where the force is applied to balance the effective
force from the nonlinear optical effect.

Compared with the optical manipulations on the group
velocity of lights [34–37], which are limited by the power
and frequency ranges of the laser field, the external force in
our scheme works in a larger regime. Due to the external
force, the effective eigenfrequency of the optomechanical
cavity is modified, and thus we may achieve the conversion
between slow and fast lights in this way. This conversion is
physically governed by the conditions for the rotating-wave
approximation (RWA) and the anti-RWA which are present
as anti-Stokes and Stokes processes in the optomechanics,
respectively.

As pointed out below, the slow and fast lights are originally
from the effect of the RWA and the anti-RWA of the parameters
in the system, which is a more fundamental factor than the anti-
Stokes and Stokes processes as mentioned in Refs. [32,33].
The latter is valid only for the situation of the third-order
nonlinear coupling, but the former can explain the fast and
slow light effects in various physical systems including both
the linear [34–37] and the nonlinear coupling systems [27–33].
Moreover, our proposal is more simplified and effective and
experimentally feasible using current techniques [39] since it is
only required to apply an external force on the optomechanical
resonator, much more easily adjusted than the idea with an
additional atom [32] or nanoresonator [33]. In Ref. [32], the
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FIG. 1. Schematic diagram of the system. The COM consists of
a fixed mirror and an oscillating mirror. The arrow with labels εp, ωp

is for a weak probe field and the arrow with labels εd, ωd for a
strong pump field. The output field is with the field amplitude εout.
An external force is applied on the oscillating mirror for producing
the slow and fast light effects as discussed in the text.

slow and fast lights are adjusted by the detuning between
the optomechanical cavity and a cavity-confined atom, which
is hard to manipulate experimentally. The control of the
slow and fast lights in [33] is made by Coulomb coupling
between two nanomechanical resonators (NRs), which is also
experimentally challenging.

Furthermore, the effects in our work can be observed even
at room temperature since the noise is much less than the
mean value of the output field [48]. In particular, due to
one-to-one correspondence between the external force and
the group velocity of the light in some special regimes, our
proposal could be used to achieve precision measurements
and operations. As such, our work provides an effective way
to control the group velocity of the light in optomechanical
systems with an external force.

The rest of the paper is structured as follows. In Sec.
II, we present the Hamiltonian and the steady state of the
optomechanics. In Sec. III, we deduce the output of the probe
field and its time delay. In Sec. IV, we give some simulations
and discussions for the force-induced light transparency and
the force-dependent conversion between the slow and fast
lights under some experimentally available conditions. The
conclusion is given in the last section.

II. HAMILTONIAN AND STEADY STATES

As sketched in Fig. 1, an optomechanical cavity is driven
by a strong pump field with frequency ωd and power Pd , and
by a weak probe field with frequency ωp and power Pp. The
oscillating mirror with mass m and frequency ωm couples to
the Fabry-Perot cavity with frequency ωc via radiation pressure
force, and experiences an external force f . As mentioned
above, this force must be a constant force, such as a Coulomb
force [18] or a magnetic force with a steady electric current
[45].

In the rotating frame at frequency ωd of the pump field, the
Hamiltonian of the system is given by [18,45]

H = h̄�cc
†c +

(
p2

2m
+ 1

2
mω2

mq2

)
− χqc†c − f q

+ ih̄[(εd + εpe−iδt )c† − H.c.], (1)

with detunings �c = ωc − ωd and δ = ωp − ωd . The first term
is the free Hamiltonian for the cavity with the annihilation
(creation) operator c (c†). The second term describes the

energy for the oscillating mirror with q (p) being the position
(momentum) operator. The third term represents the radiation
pressure effect between the cavity and the oscillating mirror
with a coupling strength χ = h̄ωc

L
, where L is the cavity length.

The fourth term is associated with the external force on the
oscillating mirror. The last two terms are the interactions
between the cavity and two input fields with strengths εd =√

2κPd

h̄ωd
and εp =

√
2κPp

h̄ωp
, respectively, where κ is cavity decay

rate.
To get the mean response of the system, we employ the

Heisenberg-Langevin equations and the mean-field approxi-
mation [8]. Then the mean-value equations of our model can
be written as

〈q̇〉 = 〈p〉
m

,

〈ṗ〉 = −mω2
m〈q〉 + χ〈c†c〉 + f − γm〈p〉,

〈ċ〉 = −
[
κ + i

(
�c − χ

h̄
〈q〉

)]
〈c〉 + εd + εpe−iδt , (2)

where γm is the decay rate of the movable mirror. The steady-
state response of Eq. (2) contains many Fourier components,
where we are only interested in the linear response of the
system for the probe field.

To obtain steady-state solutions to Eq. (2), we assume
the equation [49] 〈s〉 = s0 + s+εpe−iδt + s−ε∗

peiδt with s =
q,p,c, and these three terms s0,± are associated with the fre-
quencies ωd, ωp, 2ωd − ωp, respectively. Inserting the three
equations into Eq. (2), we obtain

q0 = χ |c0|2 + f

mω2
m

, c0 = εd

κ + i�
,

c+ =
(
δ2 − ω2

m + iγmδ
)
[κ − i(� + δ)] − 2iωmβ(

δ2 − ω2
m + iγmδ

)
[�2 + (κ − iδ)2] + 4�ωmβ

, (3)

where β = χ2|c0|2/(2mh̄ωm), and � = �c − χq0/h̄ is the
effective cavity-pump detuning, depending on the steady-state
position q0 of the mirror. Assuming that the above solutions
are based on the mean value much larger than the noise, we
consider that the effects resulting from those solutions could be
observed at room temperature, similar to the one in Ref. [48].

With the steady-state solution in Eq. (3), the steady-state
equation for the position q0 can be rewritten as

mω2
m

χ2

h̄2 q3
0 −

(
f

χ2

h̄2 + 2mω2
m

χ

h̄
�c

)
q2

0 +
[
mω2

m

(
κ2 + �2

c

)

+ 2f
χ

h̄
�c

]
q0 − [

f
(
κ2 + �2

c

) + χε2
d

] = 0, (4)

which means that the steady state for the position q0 depends
on two tunable parameters: the pump power εd and the
external force f (see Fig. 2). In other words, the effective
cavity frequency (cavity-pump detuning) ω′

c = ωc − χq0/h̄

(� = �c − χq0/h̄) can be adjusted by controlling the pump
power and the external force. It reminds us of the possibility
to realize some force-induced and/or dependent physics.
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FIG. 2. (a) The steady state for the position q0 vs the external
force f in the case of the pump field power Pd = 0.2 mW. (b) The
steady state for the position q0 as a function of the pump field power
in the case of the external force f = −4 × 10−6 N. Other parameters
used are ωd = 2πc/λ with λ = 1064 nm, �c = −10ωm, κ = 2π ×
215 kHz, m = 145 ng, ωm = 2π × 947 kHz, and γm = 2π × 141 Hz.

III. OUTPUT LIGHT AND TIME DELAY

With the application of the input-output relation [50] εout =
εin − 2κ〈c〉, we have the output field

εout = (εd − 2κc0) + (1 − 2κc+)εpe−iδt − 2κc−ε∗
peiδt . (5)

For simplicity, we assume the quadrature of the output field as

εT = 2κc+

= 2κ

[κ − i(δ − �)] + 2iωmβ(
δ2−ω2

m+iγmδ

)
− 2iωmβ

κ−i(δ+�)

, (6)

whose real and imaginary parts are associated with the ab-
sorption and dispersion, respectively [8]. Moreover, the output
field varies with both the pump strength εd and the external
force f , implying that the external force, in addition to the
pump field, can construct the light transparency [see Eq. (4)
and Fig. 2].

To follow the force-induced transparency of the probe
light, we suppose the system working in the resolved-sideband
regime due to ωm � κ . This is the condition for the normal
mode splitting in optomechanics, and the strongest radiation
coupling can be achieved when the system reaches the
first-order red (blue) sideband with δ = ωm(δ = −ωm) and
δ = �(δ = −�).

In the case of � � ωm (i.e., the RWA case), the op-
tomechanics works in the first-order red sideband. With the
application of δ2 − ω2

m � 2ωm(δ − ωm), we neglect the small
term 2iωmβ/[κ − i(δ + �)]. Thus Eq. (6) is rewritten as

εT � 2κ

[κ − i(δ − �)] + 2iωmβ

δ2 − ω2
m + iγmδ

� 2κ

[κ − i(δ − �)] + β
γm

2 − i(δ − ωm)

, (7)

which is the expression for the slow light [see Figs. 3(a) and
3(b)].

Similarly, in the case of � � −ωm (i.e., the case of the anti-
RWA), the system is governed by the first-order blue sideband,
and we have δ2 − ω2

m � −2ωm(δ + ωm),

εT � 2κ

[κ − i(δ − �)] − β
γm

2 − i(δ + ωm)

, (8)

FIG. 3. (a) The real (solid line) and imaginary (dashed line)
parts of εT as functions of δ/ωm with f1 = −4.74 × 10−6 N.
(b) The corresponding group velocity delay τ vs the normalized
frequency δ/ωm for f1 = −4.74 × 10−6 N. (c) The real (solid line)
and imaginary (dashed line) parts of εT as functions of δ/ωm for
f2 = −3.88 × 10−6 N. (d) The corresponding group delay τ vs
the normalized frequency δ/ωm for f2 = −3.88 × 10−6 N. Other
parameters are the same as in Fig. 2.

which is the solution for the fast light [see Figs. 3(c) and 3(d)].
In this situation, a very small gain can be achieved in the
absorption of the output field (Re[εT ]). This gain of the probe
light originates from the anti-RWA process with both a photon
and a phonon simultaneously created or annihilated. Due to
the large cavity decay, however, the photon-phonon creation
dominates the system evolution, which is supported by the
external field. As such, we have the gain in the absorption of
the output field.

The slow and fast light conversion in our scheme is very
different from the previously proposed transparencies using
atoms [34,35], coupled cavities [36], and atom-cavity hybrids
[37]. Compared with Eq. (7), Eq. (8) has a sign difference in the
denominator, which can be understood as a switch between the
effects of the RWA and the anti-RWA. Since the two solutions
of εT under the RWA and the anti-RWA take two fast changes
in absorption or dispersion (Re[εT ]/Im[εT ]) with the slopes
in different signs, the conversion between the slow and fast
lights can be achieved by controlling the parameters to reach
the RWA and anti-RWA regimes. This viewpoint is different
in Refs. [32,33], where the fast and slow lights are explained
as a characteristic in the anti-Stokes and Stokes processes.
Actually, the anti-Stokes and Stokes processes [32,33] own the
fast and slow lights due to the third-order nonlinear coupling
as the radiation coupling. In contrast, by the fact that Eq. (6)
is reduced to Eq. (7) under the RWA and to Eq. (8) under the
anti-RWA, we consider that the slow and fast effects originate
fundamentally from the RWA and the anti-RWA employed for
the parameters. This is a more fundamental reason than the
anti-Stokes and Stokes effects for the slow and fast lights in
general systems. For example, the slow light effect observed
in the previous publications [34–37] is due to the involvement
of only the RWA.

The transmission of the probe field, defined by the ratio of
the output and input field amplitudes at the frequency of the
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probe light [11,28], is given by

ε = 1 − 2κc+. (9)

In the regime of the narrow transparency window, there is a
rapid variation of the probe phase 
(ωp) = arg[ε] = 1

2i
ln( ε

ε∗ ).
This variation is associated with the group velocity delay as
[31,51]

τ = ∂


∂ωp

∣∣∣∣
ω̄

= Im

[
1

ε

∂ε

∂ωp

]∣∣∣∣
ω̄

= Im

[
1

ε

∂ε

∂δ

]∣∣∣∣
δ=±ωm

, (10)

where ω̄ = ωd ± ωm, and δ = ±ωm is the condition for the
two-photon resonance. τ > 0 and τ < 0 correspond to the
slow and fast light propagations, respectively.

IV. SIMULATIONS AND DISCUSSION

To demonstrate the force-induced light transparency and
the force-dependent conversion between the slow and fast
lights, we have made some simulations using the following
experimental parameters [52]: λ = 1064 nm, Pd = 0.2 mW,
L = 25 mm, κ/2π = 215 kHz, m = 145 ng, ωm/2π = 947
kHz, and γm/2π = 141 Hz. In what follows, to justify the
feasibility of our scheme, we assume a fixed pump light which
is far detuned from the cavity as �c = −10ωm.

A. Force-induced light transparency

In the absence of the external force, the effective detuning
between the optomechanical cavity and the pump field is � ≈
−10ωm, which is far detuned from the resonator frequency
ωm. In this case, even if the pump power is set to some feasible
values, no OMIT can be observed due to the large detuning
of the pump light from the cavity field and the limitation of
the work regime for the optical manipulation. However, if
an external force f = f1 is applied on the optomechanics,
as shown in Fig. 3, the OMIT appears since the condition of
� = ωm can be satisfied. This is due to the fact that the external

FIG. 4. The real parts of εT as functions of the force f under the
condition of the RWA, where we consider six typical values of f/f1

from zero to values larger than 1.0. Other parameters are the same as
in Fig. 3.

force pushes the system into the red-sideband regime under the
RWA by increasing the effective cavity frequency. As shown
in Fig. 4, with the increase of the force, the central frequency
for transparency remains unchanged, whereas the main peak
of the output field moves from the low frequency to the higher
due to the increase of the effective cavity frequency.

In contrast, with an alternative external force f = f2

applied, the system moves into the blue-sideband regime under
the anti-RWA. The fast light due to force-induced transparency
is thus produced.

B. Force-dependent slow and fast light conversion

As discussed above, when the external force f = f1 is
applied, there is a force-induced transparency for the slow
light [see Fig. 3(b)]. In contrast, when the external force is
f = f2, the system works in the blue-sideband regime with
an effective detuning � = −ωm, and the fast light effect is
available in this situation [see Fig. 3(d)]. In this context, it
is natural to ask if there is a possibility to have a conversion
between the slow light and the fast one.

The answer to this possibility is positive, as shown below.
The physics for the control of the slow and fast lights can be
understood from Eq. (6). There are fast changes in absorption
and dispersion in very narrow spectral ranges [see Figs. 3(a)
and 3(c)], which are followed by large changes in the refractive
index due to Eq. (6) satisfying the Kramers-Kronig relations
[53]. As a result, if f = f1, the system works in the red-
sideband regime with a positive change in the refractive index,

FIG. 5. (a) The group velocity delay as a function of f/f1 with
f1 = −4.74 × 10−6 N and δ = ωm. The blue (red) line is for an
analytical (approximate) result by Eq. (6) [Eq. (7)]. (b) The group
velocity delay as a function of f/f2 with f2 = −3.88 × 10−6 N and
δ = −ωm. The blue (red) line is for an analytical (approximate) result
by Eq. (6) [Eq. (8)]. Other parameters are the same as in Fig. 3.
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yielding a low group velocity [see Fig. 3(b)]. In contrast, the
system turns to be in the blue-sideband regime once f = f2

is applied, which creates a high group velocity [see Fig. 3(d)]
due to a negative change in the refractive index.

Since the probe transmission ε depends on both the pump
power and the external force in our approach, the group
velocity delay τ can be tuned by both the power of the pump
light and the external force, which are different from previous
ideas with τ modified only by the pump power [29–32]. To
show this, we plot τ as a function of the force around the
detuning of δ = ±ωm in Fig. 5. It implies that the external force
f can be used to control the group velocity of the probe light
even with a fixed pump field, and also means the possibility to
measure the external force using this property. In particular, the
delay τ approximately linearly varies with f at the point near
f = f1 (f = f2) for which the slope is dτ/df ≈ 244(242) s/N
at � ≈ ωm (� ≈ −ωm). Within the regime with one-to-one
correspondence between the group velocity and the external
force, we may perform precise control or measurement for the
group velocity using a certain external force.

Moreover, in Fig. 5, with the increase of the external force
f for the slow (fast) light, the approximate and analytic results
intersect at the point of f = f1 (f = f2) where the system
meets exactly the condition for the red(blue)-sideband regime.
In contrast to the previous works [27–33] with the time delay
expressed by reduced analytic solutions, we fully consider
the contribution from the effects of both the RWA and the
anti-RWA in the measurement of the group velocity using
a certain external force. In this context, our work provides

a further understanding of the slow and fast lights in compari-
son with the previous treatments [27–33].

V. CONCLUSION

In summary, we have studied and explained the slow and
fast light effects in a single-sided optomechanical cavity under
an external force. The two special characters of the optome-
chanical cavity, i.e., the force-induced light transparency and
conversion related to the slow and fast lights, can be fully
controlled by the effective cavity frequency modified by the
external force. In particular, we pointed out that the effect of the
RWA and the anti-RWA on the parameters is the fundamental
reason to generate the slow and fast lights. Since our proposal
is feasible using current laboratory techniques, we believe
that our scheme provides a way to produce tunable fast and
slow lights, which helps inspire more potential applications
for optomechanics.
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[34] K.-J. Boller, A. Imamoğlu, and S. E. Harris, Phys. Rev. Lett. 66,

2593 (1991).
[35] M. Fleischhauer, A. Imamoglu, and J. P. Marangos, Rev. Mod.

Phys. 77, 633 (2005).
[36] G. Li, X. Jiang, S. Hua, Y. Qin, and M. Xiao, Appl. Phys. Lett.

109, 261106 (2016).
[37] M. Mücke, E. Figueroa, J. Bochmann, C. Hahn, K. Murr, S.

Ritter, C. J. Villasboas, and G. Rempe, Nature (London) 465,
755 (2010).

[38] S. Forstner, S. Prams, J. Knittel, E. D. van Ooijen, J. D. Swaim,
G. I. Harris, A. Szorkovszky, W. P. Bowen, and H. Rubinsztein-
Dunlop, Phys. Rev. Lett. 108, 120801 (2012).

[39] E. Gavartin, P. Verlot, and T. J. Kippenberg, Nat. Nanotech. 7,
509 (2012).

[40] X.-Y. Lü, Y. Wu, J. R. Johansson, H. Jing, J. Zhang, and F. Nori,
Phys. Rev. Lett. 114, 093602 (2015).

[41] H. Fu, T.-H. Mao, Y. Li, J. Ding, J. Li, and G.-Y. Cao, Appl.
Phys. Lett. 105, 014108 (2014).

[42] H. Fu, Z.-C. Gong, T.-H. Mao, C. P. Sun, S. Yi, Y. Li, and G.-Y.
Cao, Phys. Rev. A 94, 043855 (2016).

[43] D. V. Thourhout and J. Roels, Nat. Photon. 4, 211
(2010).

[44] W. Z. Jia, L. F. Wei, Y. Li, and Y.-x. Liu, Phys. Rev. A 91,
043843 (2015).

[45] J. Ma, C. You, L.-G. Si, H. Xiong, J. Li, X. Yang, and Y. Wu,
Sci. Rep. 5, 11278 (2015).

[46] J. Bochmann, A. Vainsencher, D. D. Awschalom, and A. N.
Cleland, Nat. Phys. 9, 712 (2013).

[47] F. Xue, Y. D. Wang, C. P. Sun, H. Okamoto, H. Yamaguchi, and
K. Semba, New J. Phys. 9, 35 (2007).

[48] M. Karuza, C. Biancofiore, M. Bawaj, C. Molinelli, M. Galassi,
R. Natali, P. Tombesi, G. Di Giuseppe, and D. Vitali, Phys. Rev.
A 88, 013804 (2013).

[49] R. W. Boyd, Quantum Optics (Academic Press, Amsterdam,
2008).

[50] D. F. Walls and G. J. Milburn, Quantum Optics (Springer-Verlag,
Berlin, 1994).

[51] K. H. Gu, X. B. Yan, Y. Zhang, C. B. Fu, Y. M. Liu, X. Wang,
and J. H. Wu, Opt. Commun. 338, 569 (2015).

[52] S. Gröblacher, K. Hammerer, M. R. Vanner, and M. Aspelmeyer,
Nature (London) 460, 724 (2009).

[53] H. Shahoei and J. Yao, Opt. Express 20, 14009
(2012).

033832-6

https://doi.org/10.1103/PhysRevA.92.023846
https://doi.org/10.1103/PhysRevA.92.023846
https://doi.org/10.1103/PhysRevA.92.023846
https://doi.org/10.1103/PhysRevA.92.023846
http://arxiv.org/abs/arXiv:1503.01951
https://doi.org/10.1103/PhysRevLett.66.2593
https://doi.org/10.1103/PhysRevLett.66.2593
https://doi.org/10.1103/PhysRevLett.66.2593
https://doi.org/10.1103/PhysRevLett.66.2593
https://doi.org/10.1103/RevModPhys.77.633
https://doi.org/10.1103/RevModPhys.77.633
https://doi.org/10.1103/RevModPhys.77.633
https://doi.org/10.1103/RevModPhys.77.633
https://doi.org/10.1063/1.4973194
https://doi.org/10.1063/1.4973194
https://doi.org/10.1063/1.4973194
https://doi.org/10.1063/1.4973194
https://doi.org/10.1038/nature09093
https://doi.org/10.1038/nature09093
https://doi.org/10.1038/nature09093
https://doi.org/10.1038/nature09093
https://doi.org/10.1103/PhysRevLett.108.120801
https://doi.org/10.1103/PhysRevLett.108.120801
https://doi.org/10.1103/PhysRevLett.108.120801
https://doi.org/10.1103/PhysRevLett.108.120801
https://doi.org/10.1038/nnano.2012.97
https://doi.org/10.1038/nnano.2012.97
https://doi.org/10.1038/nnano.2012.97
https://doi.org/10.1038/nnano.2012.97
https://doi.org/10.1103/PhysRevLett.114.093602
https://doi.org/10.1103/PhysRevLett.114.093602
https://doi.org/10.1103/PhysRevLett.114.093602
https://doi.org/10.1103/PhysRevLett.114.093602
https://doi.org/10.1063/1.4889804
https://doi.org/10.1063/1.4889804
https://doi.org/10.1063/1.4889804
https://doi.org/10.1063/1.4889804
https://doi.org/10.1103/PhysRevA.94.043855
https://doi.org/10.1103/PhysRevA.94.043855
https://doi.org/10.1103/PhysRevA.94.043855
https://doi.org/10.1103/PhysRevA.94.043855
https://doi.org/10.1038/nphoton.2010.72
https://doi.org/10.1038/nphoton.2010.72
https://doi.org/10.1038/nphoton.2010.72
https://doi.org/10.1038/nphoton.2010.72
https://doi.org/10.1103/PhysRevA.91.043843
https://doi.org/10.1103/PhysRevA.91.043843
https://doi.org/10.1103/PhysRevA.91.043843
https://doi.org/10.1103/PhysRevA.91.043843
https://doi.org/10.1038/srep11278
https://doi.org/10.1038/srep11278
https://doi.org/10.1038/srep11278
https://doi.org/10.1038/srep11278
https://doi.org/10.1038/nphys2748
https://doi.org/10.1038/nphys2748
https://doi.org/10.1038/nphys2748
https://doi.org/10.1038/nphys2748
https://doi.org/10.1088/1367-2630/9/2/035
https://doi.org/10.1088/1367-2630/9/2/035
https://doi.org/10.1088/1367-2630/9/2/035
https://doi.org/10.1088/1367-2630/9/2/035
https://doi.org/10.1103/PhysRevA.88.013804
https://doi.org/10.1103/PhysRevA.88.013804
https://doi.org/10.1103/PhysRevA.88.013804
https://doi.org/10.1103/PhysRevA.88.013804
https://doi.org/10.1016/j.optcom.2014.11.036
https://doi.org/10.1016/j.optcom.2014.11.036
https://doi.org/10.1016/j.optcom.2014.11.036
https://doi.org/10.1016/j.optcom.2014.11.036
https://doi.org/10.1038/nature08171
https://doi.org/10.1038/nature08171
https://doi.org/10.1038/nature08171
https://doi.org/10.1038/nature08171
https://doi.org/10.1364/OE.20.014009
https://doi.org/10.1364/OE.20.014009
https://doi.org/10.1364/OE.20.014009
https://doi.org/10.1364/OE.20.014009



