
22 | OPN Optics & Photonics News

PHOTONIC SYSTEMS

www.osa-opn.org

’0909

10

0

–10

Photon Correlations in 
Waveguide Lattices
Yaron Bromberg, Yoav Lahini, Roberto Morandotti 
and Yaron Silberberg

W aveguide lattices are photonic 
devices made of closely packed, 

evanescently coupled waveguides. Light 
propagating in these devices exhibits an 
interesting analogy to the quantum-
mechanical evolution of electrons in lat-
tices of quantum wells. Such structures 
were used to study optical analogues of 
many quantum mechanical eff ects, from 
Bloch oscillations to Anderson localiza-
tion.1,2 However, the analogues were al-
ways related to the classical wave nature 
of light and not its quantum properties. 

We recently explored the possibility of 
manipulating non-classical states of light 
using waveguide lattices.3 For example, 
consider a single photon propagating in 
a lattice made of identical and equally 
spaced waveguides. If the photon is 
injected into one of the waveguides, it 
will spread across the lattice by coupling 
from one waveguide to its neighbors in a 
pattern characterized by two strong “bal-
listic” lobes. � is propagation, however, is 
identical to that of a classical beam in the 
same structure. To reveal the quantum 
nature of the light propagating in the 
waveguides, we studied the correlations 
between two photons in the lattice. 

We therefore considered two identi-
cal photons injected into two adjacent 
waveguides labeled “0” and “1.” � e 
quantum features of the light at the 
output of the lattice are revealed by the 
probability of detecting the two photons 
at the outputs of waveguides q and r. 
Since the photons are identical, there are 
two indistinguishable paths that lead to 
the same fi nal state: Either the photon 
from waveguide 0 propagates to wave-
guide q and the photon from waveguide 
1 to waveguide r, or vice versa—from 
waveguide 0 to waveguide r and from 
waveguide 1 to waveguide q. � ese paths 
are complex and involve hopping of 
the photons among many waveguides; 
nevertheless, they interfere. Our calcula-

tions show that the net result of this in-
terference is that the photons will always 
propagate together to the same side of 
the distribution and will never separate 
to opposite sides. � is eff ect is related to 
the well-known photon bunching on a 
beam splitter.4 We have also shown that 
diff erent initial conditions exhibit other 
kinds of non-classical correlations, such 
as bunching with diff erent spatial sym-
metries and even anti-bunching.3 

Some special features of such a quantum 
mechanical interference can be captured 
using classical intensity-correlation mea-
surements with phase-averaged coherent 
states. � e quantum mechanical prob-
ability of detecting one photon at wave-
guide q and its twin at r is related to the 
classical intensity-correlation between the 
two waveguides <IqIr>.5 We observed the 
intensity correlations between waveguides 

(a) The waveguide lattice. The red arrow represents the input beam. (b) Calculated probability 
distribution of a single photon injected into the central waveguide of a periodic lattice as a 
function of propagation distance. The photon couples coherently from each waveguide to 
its neighbors, and the probability distribution concentrates at two outer lobes. (c) Probability 
of detecting one photon at the output of waveguide q and its twin at the output of waveguide 
r, when the photons are coupled to two adjacent waveguides in a periodic lattice. The photons 
exhibit bunching and will emerge from the same side of the lattice. (d) Measured classical 
intensity correlations between waveguides q and r. 
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in a periodic lattice and found that the 
measured correlation map closely follows 
the predicted quantum probabilities, yet 
with a reduced visibility.3 

Our results indicate that waveguide 
lattices can serve as an excellent play-
ground for quantum optics, enabling 
sophisticated quantum manipulations 
in a robust, decoherence-free, integrated 
environment. 
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Optical Shockley-Like Surface States 
in Photonic Superlattices
Ivan Hromada, Natalia Malkova, Xiaosheng Wang, 
Garnett Bryant and Zhigang Chen

E lectronic Tamm and Shockley sur-
face states have intrigued scientists 

since they were fi rst predicted,1 although 
their direct observation remained elusive 
for decades because of the intrinsic de-
fects and the complicated nature of real 
surfaces in condensed matter physics. 
In optics, surface states typically cannot 
exist at the interface between two linear 
homogeneous dielectrics, whereas under 
nonlinear conditions, their observation 
was hampered by the requirement of 
high threshold power. 

Recently, nonlinear surface states 
(surface solitons) have been demonstrat-
ed in experiments with fabricated or op-
tically induced photonic structures.2,3 A 
key feature of previously observed optical 
surface states is that they rely on surface 
perturbation and exist only above a cer-
tain threshold; thus, they have the same 
physical origin as Tamm states in crystals. 
Very recently, surface states that do not 
belong to the same family of Tamm or 
Shockley states have been demonstrated 
in fs-laser-writing defect-free but curved 
waveguide arrays.4 Here we optically 
induce a photonic superlattice interface 
to demonstrate linear optical Shockley 
states.5 � e superlattice is a binary wave-
guide array with alternating strong and 
weak coupling, and its bandgap structure 
can be easily modifi ed. 

We used two ordinarily polarized 
partially coherent beams, each passing 
through an amplitude mask, to generate 
two 1D periodic intensity patterns of 
20 m and 40 m spacing. Appropri-
ate superimposition of the two intensity 
patterns in a biased photorefractive 
nonlinear crystal induced an index 
superlattice. � e strongly coupled wave-
guides were separated by a high index 
layer called strong bonds (SBs), while 
the weakly coupled waveguides were 
divided by a low index layer called weak 
bonds (WBs). 

Our challenge was to maintain an 
interface between the superlattice and 
the homogeneous regime of the crystal 
with desired surface termination. When 
the superlattice was terminated at the 
SB, linear localization of the probe 
beam at the surface was observed with-
out any surface perturbation. � e in-
tensity diminished in the even-number 
waveguides and the phase reversed be-
tween odd-number waveguides. � ese 
unique intensity and phase profi les are 
the characteristic signature of Shockley 
surface states,5 in agreement with our 
theoretical analysis. 

In contrast, when the superlattice 
was terminated at the WB, the probe 
beam coupled strongly into the adjacent 
waveguide and did not confi ne itself to 
the surface. In addition, by introduc-
ing surface defects (linear scheme) or 
changing the optical power of the probe 
beam (nonlinear scheme), we observed a 

(a) Simpli� ed structure of superlattice in our theoretical model; surface termination bond is 
located in the right end, n is the refractive index, and d is the lattice period. (b,c) Transverse 
patterns of experimental lattices with an interface between homogeneous medium and 
superlattice terminated at a strong (b) or weak (c) bond. (d) Probe beam aiming at the inter-
face. (e,f) Output intensity (e) and phase (f) measurement of Shockley surface state when 
the probe beam excites the surface waveguide in (b). (g) Normalized � eld pro� les of Shock-
ley surface states obtained for a nine-waveguide superlattice with coupled mode theory.

clear transition from linear Tamm-like, 
to linear Shockley-like, and to nonlinear 
Tamm-like surface states under diff erent 
surface conditions.5 
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