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We report the first observation of stochastic resonance in confined exciton polaritons. We evidence this
phenomena by tracking the polaritons behavior through two stochastic resonance quantifiers namely the
spectral magnification factor and the signal-to-noise ratio. The evolution of the stochastic resonance in the
function of the modulation amplitude of the periodic excitation signal is studied. Our experimental
observations are well reproduced by numerical simulations performed in the framework of the Gross-
Pitaevskii equation under stochastic perturbation.
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Noise is generally considered a harmful contribution in
usual circumstances. Stochastic resonance (SR) is an in-
triguing effect allowing one to enhance coherently the
response of a nonlinear process by the addition of a noisy
perturbation [1]. Synergetic interplay between a feeble input
periodic signal and the stochastic perturbation allows us to
amplify coherently the response of a nonlinear system. First
suggested in the 1980s to explain the ice age occurrence [2],
stochastic resonance has been demonstrated in a wide scope
of fields such as chemistry, biology, physics, and medicine
[3–5]. The first experimental demonstrationwas obtained in a
Schmitt-Trigger circuit [6]. This pioneer work stimulated
research, and observations of stochastic resonance in an
optical bistable regime have been reported in bistable laser
[7], passive optical cavity [8], and atomic systems in
electromagnetically induced transparency configurations [9].
This counterintuitive phenomena stimulated a large body of

theoretical works on classical stochastic resonance in double
well potential [10], excitable systems, and, also, in more
exotic systems as coupled processes [11]. Quantum stochastic
resonance has also been suggested theoretically [12], but up
to now, an experimental demonstration is still lacking.
Key ingredients for observing stochastic resonance are

(i) any kind of threshold, (ii) a coherent periodic signal, and
(iii) a noisy environment. Some proposals even mention the
possibility of observing stochastic resonance in a thresh-
oldless system [13]. Nowadays, stochastic resonance is not
only an appealing phenomena, but also a potential means for
several purposes such as signal and image processing [14] or
neuron transmission enhancement in neurobiology [15].
Thereby, this effect can be seen as a locking technique for
extracting and amplifying aweak signal buried in noise [16].
Exciton polaritons are quasiparticles resulting from the

strong coupling between photons and excitons embedded
in a semiconductor microcavity. Their properties, inherited
from the exciton part, give rise to nonlinear effects that can
be driven and read out through their photonic counterpart
coupled in and out of the cavity. Moreover, polaritons carry

a pseudospin that brings up spinor related nonlinear effects
[17]. Polariton fluids, by their unique properties, are a
model playground for studying both fundamental and
applied physics phenomena.
Since their first experimental observation about 20 years

ago [18], microcavity polaritons have been the matter of
important demonstrations such as Bose-Einstein condensate
(BEC) [19], superfluid effects [20–23], bistability [24],
multistability [25], andmore recently, polaritonbased devices
for signal processing [26–28]. As in other systems, noise is
usually considered to be a detrimental and unavoidable effect
in polariton systems [29]. Conversely, taking advantage of
noise to keep and control polariton properties would be a
powerful tool. Actually, this would be possible by reaching
the stochastic resonance condition in a polariton system.
The half-light half-matter nature of polaritons opens the
possibility for studying random behaviors introduced by
either their photon or exciton part raising them as a versatile
system to implement such studies.
The recent demonstration of a spin trigger based on a

polariton fluid [26] can be addressed in the context of
stochastic resonance. The ability to drive the system in a
specific spin state by the contribution of a spin noise would
be an original contribution to the domain. Progress in
molecular beam epitaxy, permits tailoring semiconductor
microcavities and energy potential landscape [30–33].
Coupled structures in semiconductor materials will allow
investigating the effect of noise in an array of coupled
polariton localized spots. Eventually, polariton fluids seem
to be a good playground for investigation of noise induced
order in spatiotemporal systems [34].
We report, here, the first demonstration of stochastic

resonance in microcavity exciton polaritons. This effect is
evidenced through accurate criteria, namely the spectral
magnification factor and the signal-to-noise ratio (SNR).
The robustness of the process is witnessed as a function of
the modulated amplitude of the weak coherent driving field.
Experimental observations are reproduced by a numerical
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study based on the Gross-Pitaevskii equation driven by a
stochastic excitation.
We demonstrate stochastic resonance in a GaAs micro-

cavity where polaritons are confined in mesa structures of
3 μm diameter [30]. This structure can be seen as a model
system for implementing such a study on stochastic reso-
nance. Zero dimensional (0D) polaritons display discrete
energy levels that canbeaddressed independentlyby resonant
cw laser excitation. Indeed, polariton bistability has been
observed in the polariton ground state of this 0D system [25].
Moreover, the photonic confinement is favorable for isolating
the ground polariton level from intrinsic noise perturbation.
This noise-free polariton state allows accurate control of the
key parameters of the experiment, i.e., the extrinsic applied
noise and the polariton bistability condition, which in turn,
determine the characteristic time scale of the stochastic
resonance. We also report the observation of stochastic
resonance in 2D polariton gas in the Supplemental Material
[35]. This extended study might stimulate the use of stochas-
tic resonance in 2D polariton devices [28,36,37].
The microcavity sample is introduced in a cryostat and

cooled down to 4 K. Experiments are performed at negative
exciton-cavity detuning (−5.12 meV) for which the ground
state polariton linewidth is in the order of γ ¼ 100 μeV. The
sample is excited at normal incidence (k ¼ 0) with a
continuous-wave mode Ti:sapphire laser with 2% of noise
intensity standard deviation. The polarization of the laser is
prepared in a circular state to avoid any spinor related effects
[25].Microcavity exciton polaritons display large nonlinear-
ities inherited from their excitonic counterpart that experi-
ence exciton-exciton interactions. Indeed, a spin polariton
population will be energy blue shifted proportionally to its
density. Therefore, this nonlinear systemcanbeprepared in a
bistable regime [24] bybluedetuned laser excitation respects
to the polariton resonance. The bistability condition is
fulfilled when Δ >

ffiffiffi

3
p

γ where Δ stands for the energy
detuningbetween the polaritonmode and the laser frequency
and γ is the polariton linewidth. Figure 1(c) displays the
polariton bistability for a detuning Δ ¼ 0.4 meV.
To study the stochastic resonance, we fix the excitation

laser power in the middle of the lower hysteresis state
[Fig. 1(c)]. By means of an electro-optic modulator, we
imprint on the dc component power a 500 kHz bandwidth
noise in addition to a weak periodic signal. The excitation is
fully controllable and allows us to vary the modulation
amplitude and the frequency of the signal as well as the
noise intensity standard deviation. It is then possible to
study in detail the stochastic resonance response for a wide
range of input parameters. We record, simultaneously, the
time evolution of the input excitation signal and the
transmitted light of the polariton bistability by using
20 MHz bandwidth low noise photodiodes. Time streams
are acquired through a 60 MHz oscilloscope bandwidth.
For the purpose of investigating the stochastic resonance,

we prepare the system with a polariton bistability width of
ΔB ¼ 2.27� 0.43 mW and set the power signal at 4.5 mW
in the middle of the bistable loop on the lower state

[Fig. 1(c)]. Then, by increasing the noise intensity standard
deviation D, we record the transmitted signal in function of
time. In Fig. 2, we display the results recorded for a
modulated signal at frequency ν0 ¼ 600 Hz and amplitude
A0 ¼ 525 μW corresponding to 0.23 ΔB. From top to
bottom, we evidence the effect of the increased noise
intensity on the time transmitted signal [Figs. 2(a)–2(d)],
and their corresponding frequency spectrum via Fourier
transform [Figs. 2(e)–2(h)]. Residual peaks in the input
signals at frequencies higher than 600 Hz are mainly due to
the nonideal Gaussian noise distribution provided by the
electrical noise generator. Figure 2(a) shows the time trans-
mitted signal when only the laser intensity fluctuationsD0 ¼
58 μW (0.02 ΔB) are present. Note that the modulation
amplitude is not sufficiently large to overcome the bistable
intensity threshold by itself. The corresponding frequency
spectrum [Fig. 2(e)] shows aweak peak amplitude, located at
600 Hz. By adding an external stochastic perturbation D ¼
275 μW (0.12 ΔB), the outcoming signal displays erratic
jumps between the two stable states due to the random nature
of the input signal [Figs. 2(b) and 2(f)]. As we can see,
the weak signal is almost buried by the noise background
[Fig. 2(f)]. Noise-induced jumps start to display periodic
hopping which tend to synchronize with the weak driving
modulation frequency. Intriguingly, for an optimal noise
intensity [Figs. 2(c) and 2(g)], the polariton bistability shows
a coherent amplification of theweak transmitted signal due to
the noise contribution D ¼ 367 μW (0.16 ΔB). The noise
contributes coherently to switching the polaritongas between
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FIG. 1 (color online). (a) Schematic of the experiment. Aweak
modulation is applied on the cw laser beam that excites,
resonantly, a polariton gas on the lower state of the hysteresis.
P, EOM, and Ph1;2 stand for the polarizer, the electro-optic
modulator, and fast photodiodes, respectively. (b) Energy dia-
gram of the experimental configuration. GS is the polariton
ground state. (c) Polariton bistability obtained for a negative
exciton-cavity detuning (−5.12 meV) and a polariton-laser de-
tuning of Δ ¼ 0.4 meV. Bistability width is measured using the
usual X-Y method [38] that directly linked input and output
signals. The bistability width value is ΔB ¼ 2.27� 0.43 mW.
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the two stable states. Notice that the spectrum displays a
combination of different harmonics. The Fourier series of a
perfect square signal is composed of odd harmonics of the
fundamental 600 Hz component. Here, the spectrum also
shows even harmonics. We attribute the appearance of those
peaks to the stochastic origin of the resonance that implies a
breathing of the output signal period. By introducing a larger
amount of noise D ¼ 408 μW (0.18 ΔB), the transmitted
signal shows, again, erratic jumps [Figs. 2(d)–2(h)]. For even
larger noise intensity, the output signal is completely buried
in the noise. The above description carries all the character-
istics of the so-called “stochastic resonance.”
To study the behavior of the polariton stochastic reso-

nance in more detail, we plot a quantifier, namely the
spectral magnification factor,

M ¼ Ioutðν0; DÞ
Ioutðν0; D0Þ

: ð1Þ

Spectral peak intensities of the transmitted signal at the
modulation frequency ν0 are extracted for different noise
intensities D. Ioutðν0; DÞ spectral peak intensities are
normalized by the transmitted signal intensity when only
laser fluctuations exist Ioutðν0; D0Þ.
We study the spectral magnification factor for a large

range of noise intensities and modulation amplitudes from
0.29 mW (0.13 ΔB) to 1.04 mW (0.46 ΔB). The spectral
magnification factor is plotted in Fig. 3(a) for five ampli-
tudes of modulation.
We clearly see a resonance behavior in the function of the

noise intensity. For a small modulation amplitude (0.13ΔB),
the resonance appears for DSR ≈ 0.2ΔB, the weak trans-
mitted signal shows a strong amplification. As the modula-
tion amplitude increases, the stochastic resonance shifts to
lower noise intensity accompanied by a decrease in the
spectral peak intensity. This behavior reflects the tendency of
the system to evolve to deterministic jumps between the two
states without the cooperative interplay between noise and

FIG. 2 (color online). Principle of the stochastic resonance.
Time streams of the input (black) and output (blue) signals: From
(a) to (d) the noise intensity is continuously boosted: 58 μW (0.02
ΔB), 275 μW (0.12ΔB), 367 μW (0.16ΔB), 408 μW (0.18ΔB).
(e) to (h) show the corresponding frequency spectrum obtained
by Fourier transforming time streams acquired for a 630 ms time
window. The resolution of the spectrum is 1.5 Hz. Other
parameters are the frequency of modulation ν ¼ 600 Hz and
the modulation amplitude of the input signal A0 ¼ 525 μW (0.23
ΔB). In (c) and (g), the weak transmitted periodic signal is
coherently amplified by the cooperation of a noise perturbation
through the polariton bistability.

(a)

(b)

FIG. 3 (color online). (a) Experimental and (b) numerical
spectral magnification factors for different amplitudes of
modulation A0. Numerical parameters are α1 ¼ 0.35 meV,
γ ¼ ℏ=10 ps, Δ ¼ 0.45 meV, ν0 ¼ 30 Hz. A0 ranges from 0.1
to 0.4 ΔB and the noise standard deviation varies from 0 to 0.8
ΔB. ΔB is the polariton bistability width.
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the weak signal. This effect evidences that, contrary to
intuition, the weaker the modulated signal, the better can
be the benefit of noise to magnify the signal transmission at
the resonance operation point (D ≈DSR).
The simplest approach used to model the stochastic

resonance is, indeed, based on a two states model consid-
ering the Brownian motion of a particle in a double well
potential [3]. However, this model considers two discrete
states. This reduces the dynamics only to the switching
mechanism between the two states omitting all short time
dynamics within the states. The dissipative nature of polar-
iton bistability brings an asymmetry in the hysteresis respect
to a symmetric bistability observed in a Schmitt-Trigger [6].
Therefore, we performed numerical simulations considering
a stochastic perturbation of the Gross-Pitaevskii equation
usually used to model polariton dynamics in a bistability
regime,

i
dΨ
dt

¼ −ΔΨ − i
γ

2
Ψþ α1jΨj2Ψþ F; ð2Þ

where Ψ and α1 are the polariton field and the interaction
constant, respectively. The present investigated stochastic
resonance effect in polariton bistability fulfills the well
established adiabatic approximation for which the driving
fieldmodulation frequency ν0 is orders ofmagnitude smaller
than the intrinsic frequency dynamics of the polariton gas
(γ ≈ 25 GHz) [3]. Indeed, the cw resonant excitation of the
polaritons ensures our working in the stationary regime.
Since the driving field amplitude variation is extremely slow
(μs time scale) with respect to the transient response time of
the polariton gas (ps time scale), it can be considered as a
constant in equation (2). Therefore, the polariton gas
experiences a slow variation of the driving field at the noise
correlation time scale,

Fðt0Þ ¼ E0 þ A0 cosð2πν0t0 þ ϕÞ þDðt0Þ; ð3Þ
whereE0 is the dc amplitude component, A0 the modulation
amplitude and Dðt0Þ the random perturbation term. The
modulation frequency ν0 is set to 30Hz.ΔB is the bistability
width obtained with the following set of parameters:
α1 ¼ 0.35 meV, γ ¼ ℏ=10 ps, Δ ¼ 0.45 meV with ℏ the
reduced Planck constant. The numerical correlation time of
the Gaussian noise distribution is fixed to be 20 μs. By
Fourier transformation of simulated output time streams, the
spectral magnification factor is calculated for five values of
A0 [Fig. 3(b)]. Our numerical simulations qualitatively
reproduce very well the experimental results of Fig. 3(a).
We show a good agreement in terms of the noise activation
intensities which shift to lower D when increasing the
amplitude of the modulation. Moreover, the resonance peak
and the overall shape of the spectral magnification factor are
well reproduced by our simulation. The normalization of our
results in terms of bistability width allows us to show a good
agreement with works related to stochastic resonance in
other physical systemswhere the activation noise intensity is
expected to be DSR ≈ 0.2ΔB [3].

We plot in Fig. 4. the signal-to-noise ratio defined as

SNR ¼ Ioutðν0; DÞ
Nðν; DÞ ; ð4Þ

where Nðν; DÞ is the noise background averaged between
650 and 737 Hz. The behavior of the SNR differs from the
previously plotted magnification factor. Indeed, the SNR
peak value increases with the modulation signal amplitude
[Fig. 4(a)] contrary to the decreasing behavior of the
magnification peak value observed for the activation noise
intensityDSR.However, it is important to note that both trends
are related to the same effect evoked in the paragraph above,
namely the deterministic behavior of the system for amplitude
ofmodulation close to thebistabilitywidthΔB. This behavior
is in agreement with previously reported works [39].
In addition, we plot, in Fig. 4(b), the signal-to-noise ratio

of the input and transmitted signals for a modulation
amplitude of A0 ¼ 0.23ΔB. The input signal-to-noise ratio
behavior follows an expected decrease inversely propor-
tional to increasing noise intensity Nðν; DÞ in Eq. (4). Both
SNRs show large values for very low noise contribution

(a)

(b)

FIG. 4 (color online). (a) Experimental signal-to-noise ratio for
different modulation intensities. Experimental parameters are the
same as in Fig. 3(a). (b) Experimental SNR of the excitation
signal (black) and corresponding transmitted signal (blue) for
A0 ¼ 0.23ΔB in the function of the noise standard deviation.
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(D < 0.1ΔB). This behavior, in the transmitted signal, is
due to the dissipative character of polariton gas. Contrary to
Schmitt-trigger switches [6], the polariton bistability does
not exhibit flat states. Actually, the output polariton
intensity varies linearly on both stable states in the function
of the pump power [Fig. 1(c)]. Moreover, the SNR of the
transmitted signal shows a revival of the transmission at the
DSR evidencing the stochastic resonance.
To conclude, we have reported observation of stochastic

resonance in microcavity polaritons under bistable condi-
tions. The experimental observations are well reproduced by
a model based on the Gross-Pitaevskii equation. The
observed behavior shows the potential of using stochastic
resonance as a means for improving the coherent processing
of a signal lost in noise. By this study, we highlight the
opportunity of using noise as a control parameter to inves-
tigate polariton related phenomena. This first report opens
appealing perspectives for the use of stochastic resonance as
a tool to drive coherent polariton fluids either for application
in all-optical processing or on fundamental aspects.

We acknowledge fruitful discussions with Professor
Michiel Wouters and Professor Iacopo Carusotto; and
Philippe Cuanillon for technical support. The present work
has been supported by the Swiss National Science
Foundation under Project No. N135003, the Quantum
Photonics National Center of Competence in Research
Project No. N115509, and by the European Research
Council under Project Polaritonics Contract No. N219120.
The POLATOM Network is also acknowledged.

*stephane.trebaol@epfl.ch
[1] R. L. Badzey and P. Mohanty, Nature (London) 437, 995

(2005).
[2] R. Benzi, A. Sutera, and A. Vulpiani, J. Phys. A 14, L453

(1981).
[3] L. Gammaitoni, P. Hänggi, P. Jung, and F. Marchesoni, Rev.

Mod. Phys. 70, 223 (1998).
[4] P. Hänggi, ChemPhysChem 3, 285 (2002).
[5] G. Giacomelli, F. Marin, and I. Rabbiosi, Phys. Rev. Lett.

82, 675 (1999).
[6] S. Fauve and F. Heslot, Phys. Lett. 97A, 5 (1983).
[7] B. McNamara, K. Wiesenfeld, and R. Roy, Phys. Rev. Lett.

60, 2626 (1988).
[8] M. Dykman, A. Velikovich, G. Golubev, D. Luchinskii, and

S. Tsuprikov, Pis’ma Zh. Eksp. Teor. Fiz. 53, 182 (1991)
[Sov. Phys. JETP 53, 193 (1991)].

[9] A. Joshi and M. Xiao, Phys. Rev. A 74, 013817 (2006).
[10] R. Bartussek, P. Hänggi, and P. Jung, Phys. Rev. E 49, 3930

(1994).
[11] T. Wellens, V. Shatokhin, and A. Buchleitner, Rep. Prog.

Phys. 67, 45 (2004).
[12] R. Löfstedt and S. N. Coppersmith, Phys. Rev. Lett. 72,

1947 (1994).
[13] S. M. Bezrukov and I. Vodyanoy, Nature (London) 385, 319

(1997).
[14] D. V. Dylov and J.W. Fleischer, Nat. Photonics 4, 323 (2010).

[15] J. K. Douglass, L. Wilkens, E. Pantazelou, and F. Moss,
Nature (London) 365, 337 (1993).

[16] K. Nishiguchi and A. Fujiwara, Appl. Phys. Lett. 101,
193108 (2012).

[17] N. Takemura, S. Trebaol, M. Wouters, M. T. Portella-Oberli,
and B. Deveaud, Nat. Phys. 10, 500 (2014).

[18] C. Weisbuch, M. Nishioka, A. Ishikawa, and Y. Arakawa,
Phys. Rev. Lett. 69, 3314 (1992).

[19] J. Kasprzak, M. Richard, S. Kundermann, A. Baas, P.
Jeambrun, J. Keeling, F. Marchetti, M. H. Szymanska, R.
André, J. L. Staehli, V. Savona, P. B. Littlewood, B.
Deveaud, and L. S. Dang, Nature (London) 443, 409 (2006).

[20] A.Amo,J.Lefrère,S.Pigeon,C.Adrados,C.Ciuti,I.Carusotto,R.
Houdré, E.Giacobino, andA.Bramati,Nat. Phys.5, 805 (2009).

[21] G. Grosso, G. Nardin, F. Morier-Genoud, Y. Léger, and B.
Deveaud-Plédran, Phys. Rev. Lett. 107, 245301 (2011).

[22] V. Kohnle, Y. Léger, M. Wouters, M. Richard, M. T.
Portella-Oberli, and B. Deveaud-Plédran, Phys. Rev. Lett.
106, 255302 (2011).

[23] V. Kohnle, Y. Leger, M.Wouters, M. Richard,M. T. Portella-
Oberli, and B. Deveaud, Phys. Rev. B 86, 064508 (2012).

[24] A. Baas, J. P. Karr, H. Eleuch, and E. Giacobino, Phys. Rev.
A 69, 023809 (2004).

[25] T. Paraiso, M. Wouters, Y. Léger, F. Morier-Genoud, and B.
Deveaud-Plédran, Nat. Mater. 9, 655 (2010).

[26] R. Cerna, Y. Léger, T. K. Paraïso, M. Wouters, F.
Morier-Genoud, M. T. Portella-Oberli, and B. Deveaud,
Nat. Commun. 4, 2008 (2013).

[27] A. Amo, T. Liew, C. Adrados, R. Houdré, E. Giacobino, A.
Kavokin, and A. Bramati, Nat. Photonics 4, 361 (2010).

[28] T. Gao, P. S. Eldridge, T. C. H. Liew, S. I. Tsintzos, G.
Stavrinidis, G. Deligeorgis, Z. Hatzopoulos, and P. G.
Savvidis, Phys. Rev. B 85, 235102 (2012).

[29] R. Johne, N. S. Maslova, and N. A. Gippius, Solid State
Commun. 149, 496 (2009).

[30] R. I. Kaitouni, O. El Daïf, A. Baas, M. Richard, T. Paraiso, P.
Lugan, T.Guillet, F.Morier-Genoud, J. D.Ganière, J. L. Staehli,
V. Savona, and B. Deveaud, Phys. Rev. B 74, 155311 (2006).

[31] T. Jacqmin, I. Carusotto, I. Sagnes, M. Abbarchi, D. D.
Solnyshkov, G. Malpuech, E. Galopin, A. Lemaître, J.
Bloch, and A. Amo, Phys. Rev. Lett. 112, 116402 (2014).

[32] M. Galbiati, L. Ferrier, D. D. Solnyshkov, D. Tanese, E.
Wertz, A. Amo, M. Abbarchi, P. Senellart, I. Sagnes, A.
Lemaître, E. Galopin, G. Malpuech, and J. Bloch, Phys.
Rev. Lett. 108, 126403 (2012).

[33] D. Tanese, E. Gurevich, F. Baboux, T. Jacqmin, A.
Lemaître, E. Galopin, I. Sagnes, A. Amo, J. Bloch, and
E. Akkermans, Phys. Rev. Lett. 112, 146404 (2014).

[34] A. Neiman and L. Schimansky-Geier, Phys. Lett. A 197,
379 (1995).

[35] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.113.057401 for addi-
tional results on stochastic resonance in 2D polariton gas.

[36] D. Ballarini, M. De Giorgi, E. Cancellieri, R. Houdré, E.
Giacobino, R. Cingolani, A. Bramati, G. Gigli, and D.
Sanvitto, Nat. Commun. 4, 1778 (2013).

[37] C. Antón, T. C. H. Liew, J. Cuadra, M. D. Martín, P. S.
Eldridge, Z. Hatzopoulos, G. Stavrinidis, P. G. Savvidis, and
L. Viña, Phys. Rev. B 88, 245307 (2013).

[38] P. Smith and E. Turner, Appl. Phys. Lett. 30, 280 (1977).
[39] L. Gammaitoni, F. Marchesoni, E. Menichella-Saetta, and S.

Santucci, Phys. Rev. Lett. 62, 349 (1989).

PRL 113, 057401 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

1 AUGUST 2014

057401-5

http://dx.doi.org/10.1038/nature04124
http://dx.doi.org/10.1038/nature04124
http://dx.doi.org/10.1088/0305-4470/14/11/006
http://dx.doi.org/10.1088/0305-4470/14/11/006
http://dx.doi.org/10.1103/RevModPhys.70.223
http://dx.doi.org/10.1103/RevModPhys.70.223
http://dx.doi.org/10.1002/1439-7641(20020315)3:3%3C285::AID-CPHC285%3E3.0.CO;2-A
http://dx.doi.org/10.1103/PhysRevLett.82.675
http://dx.doi.org/10.1103/PhysRevLett.82.675
http://dx.doi.org/10.1016/0375-9601(83)90086-5
http://dx.doi.org/10.1103/PhysRevLett.60.2626
http://dx.doi.org/10.1103/PhysRevLett.60.2626
http://dx.doi.org/10.1103/PhysRevA.74.013817
http://dx.doi.org/10.1103/PhysRevE.49.3930
http://dx.doi.org/10.1103/PhysRevE.49.3930
http://dx.doi.org/10.1088/0034-4885/67/1/R02
http://dx.doi.org/10.1088/0034-4885/67/1/R02
http://dx.doi.org/10.1103/PhysRevLett.72.1947
http://dx.doi.org/10.1103/PhysRevLett.72.1947
http://dx.doi.org/10.1038/385319a0
http://dx.doi.org/10.1038/385319a0
http://dx.doi.org/10.1038/nphoton.2010.31
http://dx.doi.org/10.1038/365337a0
http://dx.doi.org/10.1063/1.4766946
http://dx.doi.org/10.1063/1.4766946
http://dx.doi.org/10.1038/nphys2999
http://dx.doi.org/10.1103/PhysRevLett.69.3314
http://dx.doi.org/10.1038/nature05131
http://dx.doi.org/10.1038/nphys1364
http://dx.doi.org/10.1103/PhysRevLett.107.245301
http://dx.doi.org/10.1103/PhysRevLett.106.255302
http://dx.doi.org/10.1103/PhysRevLett.106.255302
http://dx.doi.org/10.1103/PhysRevB.86.064508
http://dx.doi.org/10.1103/PhysRevA.69.023809
http://dx.doi.org/10.1103/PhysRevA.69.023809
http://dx.doi.org/10.1038/nmat2787
http://dx.doi.org/10.1038/ncomms3008
http://dx.doi.org/10.1038/nphoton.2010.79
http://dx.doi.org/10.1103/PhysRevB.85.235102
http://dx.doi.org/10.1016/j.ssc.2008.12.032
http://dx.doi.org/10.1016/j.ssc.2008.12.032
http://dx.doi.org/10.1103/PhysRevB.74.155311
http://dx.doi.org/10.1103/PhysRevLett.112.116402
http://dx.doi.org/10.1103/PhysRevLett.108.126403
http://dx.doi.org/10.1103/PhysRevLett.108.126403
http://dx.doi.org/10.1103/PhysRevLett.112.146404
http://dx.doi.org/10.1016/0375-9601(94)01008-I
http://dx.doi.org/10.1016/0375-9601(94)01008-I
http://link.aps.org/supplemental/10.1103/PhysRevLett.113.057401
http://link.aps.org/supplemental/10.1103/PhysRevLett.113.057401
http://link.aps.org/supplemental/10.1103/PhysRevLett.113.057401
http://link.aps.org/supplemental/10.1103/PhysRevLett.113.057401
http://link.aps.org/supplemental/10.1103/PhysRevLett.113.057401
http://link.aps.org/supplemental/10.1103/PhysRevLett.113.057401
http://link.aps.org/supplemental/10.1103/PhysRevLett.113.057401
http://dx.doi.org/10.1038/ncomms2734
http://dx.doi.org/10.1103/PhysRevB.88.245307
http://dx.doi.org/10.1063/1.89367
http://dx.doi.org/10.1103/PhysRevLett.62.349

