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We show that complex PT -symmetric photonic lattices can lead to a new class of self-imaging Talbot
effects. For this to occur, we find that the input field pattern has to respect specific periodicities dictated by
the symmetries of the system. While at the spontaneous PT -symmetry breaking point the image revivals
occur at Talbot lengths governed by the characteristics of the passive lattice, at the exact phase it depends
on the gain and loss parameter, thus allowing one to control the imaging process.
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Introduction.—The Talbot effect [1,2], a near-field dif-
fraction phenomenon, in which self-imaging of a periodic
structure illuminated by a quasimonochromatic coherent
light periodically replicates at certain imaging planes, is an
important phenomenon in optics. These imaging planes are
located at even integer multiples of the so-called Talbot
distance z; = 2a?/ A, where a represents the spatial period
of the pattern and A the light wavelength. The simplicity
and beauty of Talbot self-imaging have attracted the inter-
est of many researchers. Such effects nowadays find appli-
cations in fields ranging from imaging processing and
synthesis, photolithography [3], and optical testing and
metrology [4] to spectrometry and optical computing [5]
as well as in electron optics and microscopy [6]. Similar
processes are encountered in other areas of physics involv-
ing nonclassical light [7], atom optics [3,8], Bose-Einstein
condensates [9], coupled lasers [10], and waveguide arrays
[11]. However, all these achievements are limited in view
of studying the properties of the input beams and using real
gratings for imaging. Overcoming these limitations will
not only enrich the conventional self-imaging research, but
also offer new methods for imaging technologies. It is
therefore extremely desirable to investigate and propose
self-imaging architectures that incorporate gain and loss
mechanisms.

In the present Letter we study the Talbot revivals in a
new setting, namely, a class of active lattices with anti-
linear symmetries. These structures deliberately exploit
notions of (generalized) parity () and time (7" ) symmetry
[12,13] in order to achieve new classes of synthetic meta-
materials that can give rise to altogether new physical
behavior and novel functionality [14—16]. Some of these
results have been already confirmed and demonstrated in a
series of recent experimental papers [15-17]. In classical
optics, PT -symmetries can be naturally incorporated [14]
via a judicious design involving the combination of
delicately balanced amplification and absorption regions
with modulation of the index of refraction. In optics,
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PT -symmetry demands that the complex refractive index
obeys the condition n(r) = n*(—r). It can be shown that
these structures have a real propagation constant (eigene-
nergies of the paraxial effective Hamiltonian) for some
range (the so-called exact phase) of the gain and loss
coefficient. For larger values of this coefficient, the system
undergoes a spontaneous symmetry breaking, correspond-
ing to a transition from real to complex spectra (the so-
called broken phase). The phase transition point shows all
the characteristics of an exceptional point (EP) singularity.
PT -synthetic matter can exhibit several intriguing fea-
tures [14-31]. These include, among others, power oscil-
lations and nonreciprocity of light propagation [14,15,19],
nonreciprocal Bloch oscillations [20], unidirectional in-
visibility [28], and a new class of conical diffraction
[31]. In the nonlinear domain, such nonreciprocal effects
can be used to realize a new generation of optical on-chip
isolators and circulators [22]. Other results include the
realization of coherent perfect laser-absorber [23,29] and
nonlinear switching structures [24].

Here, we define conditions that guarantee the existence
of Talbot self-imaging for a class of active P -symmetric
lattices. We find that the nonorthogonality of the Floquet-
Bloch modes imposed by the non-Hermitian nature of the
dynamics together with the discreteness of the lattice
structures imposes strong constraints for the appearance
of Talbot recurrences. We show that while at the sponta-
neous P7T -symmetric point the Talbot length z; is char-
acterized by the structural characteristics of the lattice, in
the exact P77 -symmetric phase it is controlled by the gain
and loss parameter y. This allow us to have reconfigurable
Talbot lengths for the same initial pattern. Finally, we
discuss possible experimental realizations where our pre-
dictions can be observed.

Model.—We consider a one-dimensional (1D) array of
coupled optical waveguides. Each of the waveguides can
support only one mode, while light is transferred from
waveguide to waveguide through optical tunneling. The
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array consists of two types of waveguides: type (A) involv-
ing a gain material and type (B) exhibiting an equal amount
of loss. Their arrangement in space is such that they form N
coupled (A-B) dimers with intra- and interdimer couplings
k and c, respectively, such that both couplings are of
similar (but not the same) size; i.e., k ~ ¢ (for example,
see Fig. 2, where k = 1.05¢). In the tight binding descrip-
tion [32], the diffraction dynamics of the electric field
amplitude ¥, = (a,, b,)” at the n-th dimer evolves ac-
cording to the following Schrédinger-like equation:

idL(Z) = €a,(2) + kb,(2) + cb,_,(2)
dz (D
I%Z(Z) _ f*bn(Z) + kan(Z) + Can+1(Z)y

where € = €, + iy is related to the complex refractive
index [14]. Without any loss of generality, we will assume
below that €5 = 0, ¥ >0, and ¢ < k [19]. The effective
Hamiltonian that describes the system commutes
with an antilinear operator (in [19] we coined this
P,T -symmetry) that is related with the local
PT -symmetry of each individual dimer.

At this point, it is beneficial to adopt a momentum
representation  a,(z) = # 7 .dqd,(z)exp(ing) (and
similarly for b,), where the integral is taken over the
Brillouin zone —7 = g = 7. Because of the translational
invariance of the system Eq. (1), the equations of motion in
the Fourier representation break up into 2 X 2 blocks, one
for each value of momentum g,

€
H = Ed
= (s

;4 (AN _ (42,

dz \ by(2) N\ b,(2) )
with v, = k + ce™ . The two-component wave functions
for different g values are decoupled, thus allowing for a
simple theoretical description of the system. This allows
us to perform the evolution in Fourier space and then
evaluate the spatial representation by a backward trans-
formation; i.e.,

v
) @

I ,
1,0 =5 [ e @)

where ¥, (z) = (a,(z), b,(z))! is the field amplitude for the
n-th dimer in the spatial representation and ,(z) =
(a,(2), I;q(z))T the corresponding Fourier component.

Dynamics.—Substituting  the stationary  form
(a,, b,)T = exp(—i€z)(A, B)" in Eq. (2) and requesting
nontrivial solutions of the resulting stationary problem,
ie., (A, B) # 0, we obtain the band structure of this dia-
tomic P7T system [19],

£ = 4k — ¢)? + dkecos?(q/2) — ¥ (@)

For y = 0, we have two bands of width 2¢, centered at
& = *k. In this case, the two bands are separated by a
gap 8 = 2(k — ¢) and the exact P7T phase extends over a

large y regime. It follows from Eq. (4) that when y =
ypr = 6/2, the gap disappears and the two (real) levels at
the ““inner” band-edges of the two different bands (corre-
sponding to g = *) become degenerate. The corre-
sponding eigenvectors are also degenerate, resulting in an
EP singularity. For vy > ypy, the spectrum becomes par-
tially complex [19]. Below, we focus our analysis on the
domain y = ypr.

The eigenvectors associated with the Hamiltonian
Eq. (2) are biorthogonal, and therefore do not respect the
standard (Euclidian) orthonormalization condition. As a
result, the conservation of total field intensity is violated

for any y # 0. Denoting by |R(g)) = 715(1, %W)T the
q

right eigenvectors corresponding to the eigenvalue £ (g),
we have that the g-th momentum components of any initial
excitation can be written as #,(0) = ¥,_.c;|R,(g)). The
evolved g-field component is

P () = cle @ |R (q)), (5)
=+

where ¢/ = (L,(q)|,(0)) is the expansion coefficient and
(L,(gq)| the left eigenvector associated with eigenvalue
E,(g). The above expansion is valid as long as the
Hamiltonian H, in Eq. (2) does not have a defective
eigenvalue. The latter appears at the spontaneous
PT -symmetric point ypr =k — ¢ (EP) for ¢ = *7.
The corresponding evolved g-field component is then
written as

Y ymiq(2) = (c; + c22)(1, =)T + c(=i/y,0)".  (6)

Direct substitution of Egs. (5) and (6) into Eq. (3) provides
the evolution of the field in this system. A note of caution is
in order here. For the existence of Talbot revivals, a neces-
sary condition is that the initial preparation must not excite
the ¢ = * 7 defective mode. In the opposite case, the field
increases linearly with the propagation distance z [see
Eq. (6)], thus destroying the possibility of revivals of any
initial pattern.

Talbot self-imaging.—We are now ready to analyze the
Talbot self-imaging recurrences in the case of the
PT -symmetric structure of Fig. 1. We recall that for
the Talbot effect to occur, the input field distribution should
be periodic [11], and thus in general ¥, (0) = ¥, 5(0),
where N represents the spatial period of the input field.
Because of this periodic boundary condition, ¢ can take
values only from the discrete set

2mar

— =012...,.N—L 7
N m )

dm =

Substituting the above constrain in Eq. (3), we get the
following expression for the evolved field at the n-th dimer:

N—1

Z C;Ime_igl(qm)lel(qm)>. (8)

I=*;m=1

TN (z) =
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FIG. 1 (color online). (a) Photonic lattice structure with intra-
dimer coupling k and interdimer coupling c. Sublattice (gain
waveguide) A is shown by the red (dark) rectangular cuboid,
while sublattice (lossy waveguide) B is shown by the green
(gray) rectangular cuboid. Each dimer is distinguished by the
index n. (b) Dispersion relations for various y-values. At y =
vpr, the gap between the two bands disappears and an excep-
tional point singularity is created.

It is therefore clear that field revivals are possible at inter-
vals z if £(q,,)zr = 27v where v is an integer. Therefore,
the ratio of any two eigenvalues &,, = £(q,,) has to be a
rational number; i.e.,

V= P + dkecos? (D) — ¥ 4

()]

\/(k — ¢)? + 4kccos? (LZ) — ? B

where a and B are relatively prime integers. At the same
time, revivals in the field intensity are ensured provided that
(Em — EL)/(Ew — E4) = a/ B, where the indices belong
to the set {0, 1, ..., N — 1} and are taken at least three at a
time. It is straightforward to show that this condition is
trivially satisfied for the same set of N-input pattern perio-
dicities as for the fields.

Next, we consider the field Talbot revivals of input
patterns with period N at the spontaneous
PT -symmetric point. To this end, we observe that the
direct substitution of y = ypy in Eq. (9) for the ratio
En/Ey leads to the simple condition cos(mm/N) = a/pB.
The latter is rewritten in terms of the Chebyshev
defined as cos(mx) = T,,(cos(x)) =
ZE@O c;m)(cos(x))m_zj , where [m] represents the integer
part of m. The Chebyshev coefficients c;.’”) are integer
numbers; of importance to our discussion is the fact that
the first one is given by cg”) = 2"~1 Given that cﬁ-m) are
integers, then cos(%?) is rational if and only if cos(}) is
rational [11]. Using the Chebyshev identity with m = N
(assuming N is an odd number), we obtain the following
polynomial in cos(¥):

polynomials,

o 0.5 1.0 1.5 2.0

Dimer Number

Inter Dimer Coupling Length

FIG. 2 (color online). Talbot intensity ‘“‘carpets’ for period-N
input patterns. Length is measured in units of interdimer
coupling ¢ = 1. The intradimer coupling is k= 1.05.
(a) Periodicity N = 1 with the binary input {1,0,1,0,...} and
v =10.05. (b) Periodicity N =3 with the binary input
{,L1,1,0,01,1,1,1,0,0,1,...} and y = ypy = 0.05.

N
2N_1<cos(%)) + e+ Cﬁ]v/z] cos(%) +1=0 (10)

where we have used the fact that Ty(cosy) =
cos(Nar/N) = —1. By applying the rational root theorem,
one can show that the roots of this polynomial in cos(7/N)
are rational only if N = 1, 3. A similar technique leads to
the fact that for even values of N, the only possibility is
N = 2 [11]. However, input patterns with N = 2 period-
icity excite the ¢ = = Fourier mode, and therefore based
on our previous discussion [see Eq. (6) above] have to be
excluded. Therefore, strictly speaking, discrete Talbot re-
vivals at the spontaneous P77 -symmetric point are pos-
sible only for a finite set of periodicities N = 1, 3, where,
for example, the N = 1 case can represent initial patterns
{1,0,1,0,...,1,0}0r{0,1,0, 1, ..., 0, 1} or the more trivial
case of a plane wave with {1, 1,1, 1,..., 1, 1}. Some repre-
sentative intensity revivals for N =1 and 3 periods are
depicted in Fig. 2.

Talbot revivals can appear also in the exact phase
v < ypz. A simple examination of Eq. (9) indicates that
an initial periodic pattern with periodicity N = 1 [resulting
in eigenvalue index m = 0 in Eq. (7)] leads to a rational
value @/B = 1. In this case, the Talbot length z; depends

on the gain and loss parameter, as zy = 27/&) =

2m/ \/ Ypy T 4kc — y* and therefore it varies by changing

v. Such reconfigurable behavior of the Talbot length is
characteristic of the exact phase y <vyps and can be
found also for the N = 2, 3-period input patterns. For N =
2 [corresponding to eigenvalue indices m = 0, 1 in Eq. (7)]
one can show that for fixed k, ¢ and yp7 = k — ¢ such that
ypr/(k+¢)>a/B, Eq. (9) is satisfied provided that

y = \/y%,,T — dkca?/(B? — a?) (we assume that a < f3).
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Similarly, for N = 3, Talbot revivals are possible provided
that y = \/yng + ke[1 — 4(a/B)*1/[1 — (a/B)*] where

0.5 < a/B <+1—3ke/(k + c)>. In both cases, the cor-
responding Talbot length is y-dependent and is given by
the largest period z; = 27/|E; — £)| ~ 2/ &, that results
from the eigenvalues involved in the initial pattern.
Example cases of Talbot self-imaging revivals for initial
periodic patterns with period N = 1, 2, and 3 and different
v values are shown in Figs. 3(a)-3(f), respectively. We see
that for the same initial preparation, the revivals are con-
trolled by y and can occur at different Talbot lengths.

In fact, we can show that larger periods N > 3 do not
result in Talbot self-imaging revivals in the exact
PT -symmetric domain. Using Eq. (9) for |E,,|/1&| =
a/pB and enforcing the constrain that y < ypr =k — c,
one can obtain the inequality cos(%) = % , which has to be
satisfied together with equation Eq. (9) (the equality cor-
responds to the case y = ypg discussed above). At the
same time, cos(47) has m = 0, - - -, N — 1 roots. Applying
the intermediate value theorem, one finds that this inequal-
ity cannot be valid for N > 3.

Experimental implementation.—Finally, we would like
to suggest possible experimental implementations of the
PT - symmetric waveguide arrays, which will allow ob-
servation of the reconfigurable Talbot effect. The proposed
structures involve MBE-grown quantum wells (QW) that
will be patterned to form coupled waveguides. The basic
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FIG. 3 (color online). Talbot intensity carpets for period-N
input field patterns at the exact phase y < yps. Everything is
measured in units of interdimer coupling ¢ = 1, while the intra-
dimer coupling is k = 4. (a) y = 0.1, while in (b) y = 2. In both
cases, the input pattern has periodicity N = 1, and it is chosen to
be{1,0,1,0,1,0,1,0,...}; (c) y = /T1/3 and (d) ¥ = +/7. Now,
the input pattern has periodicity N = 2, and it is chosen to be
{1,1,0,0,1,1,..%; (e) y=5/+/17 and (f) y =9/+/10. The
input pattern in these cases is {1,1,1,1,0,0,1,1,1,1,0,0...}
and has periodicity N = 3. Different Talbot lengths z; are
observed between (a) and (b), (¢) and (d), and (e) and (f).

PT structural element of the array shown in Fig. 1 in-
volves two P7T -symmetric sites (dimer). Such a design is
desirable because of its simplicity. The dimensions and
index contrast can be such that each waveguide will be
single moded. For example, for AlGaAs structures, this can
be achieved by a refractive index of n, = 3.35 operated at
800 nm. Reconfigurable gain can be achieved by running
an electric current through a AlGaAs/GaAs QW p, n
junction. In such structures, one can easily reach gain
and loss values as high as 50 cm™~!. The two site channels
in every dimer will be excited at different current levels I,
and I, so as to establish the antisymmetric gain and loss
profile that is necessary to observe T optical behavior. In
practice, this will be done provided current /; >> I, so that
the corresponding regions underneath gain equal amounts
of gain and loss. More specifically, I, will be relatively
small so that the associated waveguide site will experience
material absorption. Its sole purpose will be fine tuning.
Given that /| and I, can be interchanged and adjusted, this
will allow us to dynamically control the Talbot length z; of
these P77 -symmetric structures. Of course, special con-
sideration has to be given to the effects of gain and loss on
the modal index change in these structures (because of
Kramers-Kronig relations).

Finally, we comment on the robustness of Talbot revivals
against structural imperfections. For realistic values of po-
sitional imperfections (up to 5% of the interdimer coupling),
we could confirm numerically that Talbot revivals are only
slightly distorted. Specifically, we found that revivals asso-
ciated with short Talbot lengths zy are essentially unaffected
for moderate propagation distances z, while revivals asso-
ciated with larger lengths z; are fragile due to the distortion
of the delicate balance between the mode amplitudes and
phases that eventually dominate the evolution.

Conclusions.—In conclusion, we have shown that a class
of PT -symmetric optical lattices support Talbot self-
imaging revivals for input patterns with periodicities
dictated by the discreteness of the lattice and the strength
of gain and loss parameters. It would be of interest to
investigate whether Talbot revivals can also occur in higher
dimensions and in the presence of nonlinearity. Our results
might be applicable to other areas such as self-imaging of
coupled lasers [10] with distributed gain and synchroniza-
tion of P77 -symmetric coupled electronic oscillators [16].

This research was supported by the Electromagnetics
Portfolio of Dr. Arje Nachman of AFOSR via Grant
Nos. FA 9550-10-1-0433, FA 9550-10-1-0561 and LRIR
09RY04COR, and by an NSF ECCS-1128571 grant.

[1] H.F. Talbot, Philos. Mag. 9, 401 (1836).

[2] L. Rayleigh, Philos. Mag. 11, 196 (1881).

[3] M.S. Chapman, C.R. Ekstrom, T.D. Hammond, J.
Schmiedmayer, B.E. Tannian, S. Wehinger and D.E.
Pritchard, Phys. Rev. A 51, R14 (1995).

033902-4


http://dx.doi.org/10.1103/PhysRevA.51.R14

PRL 109, 033902 (2012)

PHYSICAL REVIEW LETTERS

week ending
20 JULY 2012

(4]

(5]
(6]

(71

(8]
(9]

[12]

[13]

[14]

L.M. Sanchez-Brea, F.J. Torcal-Milla, and E. Bernabeu,
Opt. Commun. 278, 23 (2007).

K. Patorski, Prog. Opt. 27, 1 (1989).
J.M. Cowley, Diffraction Physics
Amsterdam, 1995).

K.-H. Luo, J. Wen, X.-H. Chen, Q. Liu, M. Xiao, and
L.-A. Wu, Phys. Rev. A 80, 043820 (2009).

J.F. Clauser and S.F. Li, Phys. Rev. A 49, R2213 (1994).
L. Deng, E. W. Hagley, J. Denschlag, J.E. Simsarian, M.
Edwards, C. W. Clark, K. Helmerson, S.L. Rolston, and
W.D. Phillips , Phys. Rev. Lett. 83, 5407 (1999).

P. Peterson, A. Gavrielides, and M.P. Sharma, Opt.
Express 8, 670 (2001).

R. Iwanow, D.A. May-Arrioja, D.N. Christodoulides,
G.I. Stegeman, Y. Min, and W. Sohler, Phys. Rev. Lett.
95, 053902 (2005).

C.M. Bender and S. Boettcher, Phys. Rev. Lett. 80, 5243
(1998); C.M. Bender, Rep. Prog. Phys. 70, 947 (2007).
C.M. Bender, S. Boettcher, and P. N. Meisinger, J. Math.
Phys. (N.Y.) 40, 2201 (1999); C.M. Bender, D. C. Brody,
and H.F. Jones, Phys. Rev. Lett. 89, 270401 (2002).

K. G. Makris, R. El-Ganainy, D.N. Christodoulides, and
Z.H. Musslimani, Phys. Rev. Lett. 100, 103904 (2008);
Z.H. Musslimani, K. G. Makris, R. El-Ganainy, and D. N.
Christodoulides, ibid. 100, 030402 (2008).

C.E. Riiter, K.G. Makris, R. El-Ganainy, D.N.
Christodoulides, M. Segev, and D. Kip, Nature Phys. 6,
192 (2010).

J. Schindler, A. Li, M. C. Zheng, F. M. Ellis, and T. Kottos,
Phys. Rev. A 84, 040101(R) (2011).

A. Guo, G.J. Salamo, D. Duchesne, R. Morandotti, M.
Volatier-Ravat, V. Aimez, G.A. Siviloglou and D.N.
Christodoulides, Phys. Rev. Lett. 103, 093902 (2009).

(North-Holland,

[18]
[19]

(20]
(21]
[22]
(23]
[24]
[25]
(26]
(27]
(28]
[29]

(30]

(31]

(32]

[33]

033902-5

T. Kottos, Nature Phys. 6, 166 (2010).

M. C. Zheng, D. N. Christodoulides, R. Fleischmann, and
T. Kottos, Phys. Rev. A 82, 010103 (2010).

S. Longhi, Phys. Rev. Lett. 103, 123601 (2009).

S. Longhi, Phys. Rev. Lett. 105, 013903 (2010).

H. Ramezani, T. Kottos, R. El-Ganainy, and D.N.
Christodoulides, Phys. Rev. A 82, 043803 (2010).

Y.D. Chong, L. Ge, and A. D. Stone, Phys. Rev. Lett. 106,
093902 (2011).

A. A. Sukhorukov, Z. Xu, and Y. S. Kivshar, Phys. Rev. A
82, 043818 (2010).

Y.D. Chong, L. Ge, H. Cao, and A.D. Stone, Phys. Rev.
Lett. 105, 053901 (2010).

A. Mostafazadeh, Phys. Rev. Lett. 102, 220402 (2009).
H. Schomerus, Phys. Rev. Lett. 104, 233601 (2010).

Z. Lin, H. Ramezani, T. Eichelkraut, T. Kottos, H. Cao,
and D.N. Christodoulides, Phys. Rev. Lett. 106, 213901
(2011).

S. Longhi, Phys. Rev. A 82,031801 (2010); Y. D. Chong, L.
Ge, and A. D. Stone, Phys. Rev. Lett. 106, 093902 (2011).
O. Bendix, R. Fleischmann, T. Kottos, and B. Shapiro,
Phys. Rev. Lett. 103, 030402 (2009); C. T. West, T. Kottos,
and T. Prosen, ibid. 104, 054102 (2010).

H. Ramezani, T. Kottos, V. Kovanis, and D.N.
Christodoulides, Phys. Rev. A 85, 013818 (2012).

This approximation holds if the waveguides that the array
is made of are single mode, exhibit a strong confinement,
and a weak overlap with the modes of the adjacent guides,
thus entailing only nearest neighbor interactions (for ex-
ample, see discussion in [33]).

F. Lederer, G.I. Stegeman, D.N. Christodoulides, G.
Assanto, M. Segev, Y. Silberberge, Phys. Rep. 463, 1
(2008).


http://dx.doi.org/10.1016/j.optcom.2007.05.040
http://dx.doi.org/10.1016/S0079-6638(08)70084-2
http://dx.doi.org/10.1103/PhysRevA.80.043820
http://dx.doi.org/10.1103/PhysRevA.49.R2213
http://dx.doi.org/10.1103/PhysRevLett.83.5407
http://dx.doi.org/10.1364/OE.8.000670
http://dx.doi.org/10.1364/OE.8.000670
http://dx.doi.org/10.1103/PhysRevLett.95.053902
http://dx.doi.org/10.1103/PhysRevLett.95.053902
http://dx.doi.org/10.1103/PhysRevLett.80.5243
http://dx.doi.org/10.1103/PhysRevLett.80.5243
http://dx.doi.org/10.1088/0034-4885/70/6/R03
http://dx.doi.org/10.1063/1.532860
http://dx.doi.org/10.1063/1.532860
http://dx.doi.org/10.1103/PhysRevLett.89.270401
http://dx.doi.org/10.1103/PhysRevLett.100.103904
http://dx.doi.org/10.1103/PhysRevLett.100.030402
http://dx.doi.org/10.1038/nphys1515
http://dx.doi.org/10.1038/nphys1515
http://dx.doi.org/10.1103/PhysRevA.84.040101
http://dx.doi.org/10.1103/PhysRevLett.103.093902
http://dx.doi.org/10.1038/nphys1612
http://dx.doi.org/10.1103/PhysRevA.82.010103
http://dx.doi.org/10.1103/PhysRevLett.103.123601
http://dx.doi.org/10.1103/PhysRevLett.105.013903
http://dx.doi.org/10.1103/PhysRevA.82.043803
http://dx.doi.org/10.1103/PhysRevLett.106.093902
http://dx.doi.org/10.1103/PhysRevLett.106.093902
http://dx.doi.org/10.1103/PhysRevA.82.043818
http://dx.doi.org/10.1103/PhysRevA.82.043818
http://dx.doi.org/10.1103/PhysRevLett.105.053901
http://dx.doi.org/10.1103/PhysRevLett.105.053901
http://dx.doi.org/10.1103/PhysRevLett.102.220402
http://dx.doi.org/10.1103/PhysRevLett.104.233601
http://dx.doi.org/10.1103/PhysRevLett.106.213901
http://dx.doi.org/10.1103/PhysRevLett.106.213901
http://dx.doi.org/10.1103/PhysRevA.82.031801
http://dx.doi.org/10.1103/PhysRevLett.106.093902
http://dx.doi.org/10.1103/PhysRevLett.103.030402
http://dx.doi.org/10.1103/PhysRevLett.104.054102
http://dx.doi.org/10.1103/PhysRevA.85.013818
http://dx.doi.org/10.1016/j.physrep.2008.04.004
http://dx.doi.org/10.1016/j.physrep.2008.04.004

