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Bending light in a controllable way is desired in various applications such as beam steering,
navigating and cloaking. Different from the conventional way to bend light by refractive index
gradient, transformation optics or special beams through wavefront design such as Airy beams
and surface plasmons, we proposed a mechanism to bend light via resonant adiabatic optical
transition between Floquet-Bloch (FB) modes from different FB bands in longitudinally modulated
photonic lattices. The band structure of longitudinally modulated photonic lattices was calculated by
employing the concept of quasi-energy based on the Floquet-Bloch theory, showing the existence
of band discontinuities at specific resonant points which cannot be revealed by the coupled-mode
theory. Interestingly, different FB bands can be seamlessly connected at these resonant points
in longitudinally modulated photonic lattices driven by adiabatically varying the longitudinal

: modulation period along the propagation direction, which stimulates the adiabatic FB mode

. transition between different FB bands.

Photonic lattice has provided a versatile platform to manipulate the flow of light due to its design-
able geometric configuration therefore its band structure and optical properties, and various novel
optical effects such as diffraction management'?, lattice solitons*’, and Anderson localization®® were
reported. Recently, photonic lattices were engineered to visualize with optical waves a wide variety of
quantum mechanical effects such as Bloch oscillations'®!?, Zeno effect'*!®, Zener tunneling'®'%, and
PT-symmetry'?, to mention just a few. In addition, the introduction of longitudinal periodic modulation
along the propagation direction of the lattices, which mimicks the dynamic action of external driving
fields on quantum systems, may result in interesting optical-analogies of quantum coherent effects such
as direct and indirect optical transition®?! via spatial Rabi oscillation?? under the phase-matching con-
dition, inhibition of light tunneling”?** due to coherent destruction of tunneling®?¢ in longitudinally
modulated arrays with out-of-phase modulation between neighboring channels and subdiffractive prop-
agation of light in bi-periodic arrays of fibers” and photonic crystals?®. More quantum-optical analogies
such as coherent population transfer and dynamic localization were also demonstrated in periodically
curved waveguide arrays'®2°-31,

It is well known that the band structure of the photonic lattices is very important to understand the
optical properties of the corresponding photonic lattices. Tremendous efforts have been put to calculate
the band structures of various photonic lattices, and great progress has been made in the literature®®’. For
longitudinally modulated photonic lattices, the perturbed coupled-mode theory?**"*” may not be able to

give accurate configuration of the band structure therefore the optical properties of the lattices, especially
. when the longitudinal modulation depth is comparable to or even larger than the transverse modula-
. tion depth. In fact, Floquet-Bloch theory is widely employed to calculate the band structure of compli-
. cated photonic structures such as photonic topological insulators®*=**. In this article, we will calculate the
band structure of longitudinally modulated photonic lattices based on the concept of quasi-energy* and
Floquet-Bloch (FB) formalism, which have also been employed to explain quantum coherent effects in
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atomic or molecular systems driven by a temporally periodic field, especially by an intensive laser field,
leading to the discovery of many novel atom-field interaction phenomena that cannot be explained by
the general perturbation theory?**7-*. Band discontinuity and adiabatic optical transition between dif-
ferent FB modes are predicted at specific resonant points, which can be used to manipulate the flow of
light in photonic lattices with controllable bending light trajectory.

Results

Quasi-energy and Floquet-Bloch theory in longitudinally modulated photonic lattices. The
evolution of a light beam with a slowly varying electric field amplitude v(x, z) propagating along the z
direction of a longitudinally modulated photonic lattice can be described by*

(1)
For simplicity but without loss of generality, the refractive index distribution of the photonic lattice is set
to be n=mny+ dncos(w,x)cos(wz), which is periodic in both x and z directions with w, and w being the
transverse and longitudinal angular frequencies of the refractive index modulation of the lattice, and the
corresponding transverse and longitudinal lattice periods are D= 27/w, and T = 27/w, respectively. n, is
the background refractive index and 6n is the refractive index modulation depth. Therefore, the optical

potential in Eq. (1) can be expressed as V (x, z) = knﬂ cos (w,x) cos (wz), where k is the wave number

of light in background. Note that the longitudinal refractive index modulation depth of the lattice is the
same as that of the transverse one, therefore, it cannot be simply treated as a weak perturbation as done
in the literature?®?%?. Such a strong longitudinal periodic modulation in the refractive index of the lat-
tice, which is an optical analogy to a strong temporally periodic driving field in a quantum system?, is
expected to have dramatic effects on the band structure of the lattice and therefore the beam evolution
behaviors in the lattice. In addition, the longitudinal modulation period T is another important param-
eter that will have significant influence on the band structure of the lattice and also the dynamic propa-
gation behavior of light in the lattice, as we will show in the following.
According to the Floquet-Bloch theory, the solution of Eq. (1) is of the form

wﬂ,kx(x7 z) = eiﬂ(kX)ZeikxeSﬂ kx(x7 Z)' (2)

B

Where ((k,) is the propagation constant, which will be in the form of a series of bands (3, (k,) with band
index n=1, 2, 3... for a photonic lattice?, k, is the transverse wave vector. The FB modes ¢ 5k (x, z) are

periodic in both x and z directions, satisfying D5x (x,2) = D5 (x+ D, z) = Pk (x,z+ T) By

substituting Eq. (2) into Eq. (1), one arrives at the stationary-like Schrodinger equation®

Hkx(xv Z) ¢ﬁ,kx(x’ Z) = ﬁ(kx) ¢ﬂ,kx(x’ Z) (3)
with
2
Hy (x,z) = i[@i + ik ] + Vix, z) + iaa—z. ()

Here the eigen propagation constant J(k,), the analogy of quasi-energy in a quantum system driven by
a temporally periodic field***, is real-valued and z-independent although the Hamiltonian H; (x, z) is
z-dependent. One notices from Eq. (2) that modes d)ﬁ k. (x,2) = ¢, ‘. (x, 2) "%, with g bemg an inte-
ger q=0, =1, £2,..., are also solutions of Eq. (1) but with shifted elgenvalue Byk,) = Blk,) — qw. Such
shifted solutions are originated from the longitudinal periodicity of the optical potential V(x, z). Therefore,
similar to the Brillouin zone due to the transverse periodicity of a photonic lattice, one can also restrict
the eigenvalue bands 3,(k,) into a unit region of a longitudinal reciprocal lattice vector w.

To solve Eq. (3), one may expand the FB modes ¢ Sk (x, z) on the basis of a set of orthogonal basis

¢ﬁ,kx (x, Z) = ch,q (kx) eiqwzqsn(ka (x)a (5)
where C, ,(k,) is the expanding coefficients, qﬁ K. (x)is the eigenstate on the nth-band of the unperturbed
Eq. (3) (1 e., V(x, z)=0) with the correspondmg eigenvalue (3 (k,), which is obviously in the form of a
plane wave with a propagation constant 37 (k) (for detailed concrete expressions of ¢ . (x)and B? (k,),

please refer to the corresponding text in Section Methods).
By substituting Eq. (5) into Eq. (3), one gets
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,Z,Mn,n’;q,q’ (kx) Cn’, q (kx) =p (kx) Cn,q (kx) (6)

where M, 0 (k) = <e"‘1/“’z¢ |Hk| ”1“’2¢ p (x)> is the matrix element of Hamiltonian H, ,

which, in the presence of an optlcal potential V (x, z) = kén - cos (w,x)cos(wz), can be expressed as
My

0 kén
Mn,n’;q.,q’(kx) = ﬁn,q (kx) nn’éqq + — 4n 1, (6q,q’+1 + 6q,q’—1)
X (6n,n’—2 + 6n,n’+2 + 6n:1,n’:2 + 6n:2,n’:1) (7)

with B,g q(ky) = B, (k,) — qu. Detailed calculation of matrix element M.,

Section Methods. It is evident that the matrix is diagonal when the refractive index modulation vanish-
ing (6n=0), corresponding to a set of orthogonal plane waves with eigenvalues 3° ¢ (ky), which form a
series of shifted bands. Interestlngly, dlfferent shifted bands indexed by (#, q) and (n q') may intersect
at specific resonant point k! where 3 n, q (kx) =35 ¥ (k )- According to the von-Neumann-Wigner
degeneracy theorem*!, by introducing a finite refractive index modulation én which results in non-zero
non-diagonal matrix elements in Eq. (7), such band crossing may be avoided when they belong to the

same symmetry group of Hamiltonian H, , leading to band discontinuity at the resonant point k°.
ym Y group k g p x

(k,) can be found in

Band structure of longitudinally modulated photonic lattices. For a longitudinally modulated

photonic lattice with an optical potential V (x, z) = kon - os (w,x) cos (wz), the non-diagonal matrix ele-
n,

ment in Eq. (7) is non-zero only when (6, + 6q)q,_10)(6m,_2+ Opmaat Opiwz+ Oy w—1) =1 is satis-
fied. This means that only interactions among the nearest and the next-nearest bands have to be
considered, which will dramatically simplify the band structure calculation. As an example while at the
same time without loss of generality, let us consider a lattice with D= 10 um, T= 1300 um, én=5x 1074,
and ny=2.3, which may be fabricated by using the proton-exchange or Ti in-diffusion techniques in
lithium niobate crystals'®#** or the light-induction technique in photosensitive materials®. The wave-
length of the incident light is set at A=0.6328 um. The band structure of the lattice can be obtained by
directly solving Eq. (6).

Figure 1(a) shows a portion of the band structure 3(k,) for the case when V(x, z) =0, where the red
solid thin curve is the 1st-band with band index (n, g) = (1, 0) and the green and blue solid thin curves
are the ones indexed by (2, 0) and (3, 0), while the dashed thin curves are the corresponding shifted
bands, respectively. Note that, as a proof of principle and for clarity, other higher-order bands with band
index n> 3 are not shown here. One notes that there are crossing points A1 and A2 between the two
bands indexed by (1, 0) and (2, —1), and Bl and B2 between the two bands indexed by (2, 0) and (1, 1),
respectively, at the resonant transverse wave vector k. denoted by the vertical black dashed lines in Fig. 1.
These crossings, according to the von-Neumann-Wigner degeneracy theorem*', will be avoided when a
non-zero periodic refractive index modulation éncos(w,x)cos(wz) is introduced, therefore, leading to
band discontinuities at resonant points, as shown in Fig. 1(b). Note that the degeneracy is not lifted at
other crossing points such as C1, C2 and those at the boundary of Brillouin zone because the crossing
points belong to different symmetry groups of Hamiltonian H) and they do not interact with each
other4!, Referring to the Brillouin zone in the transverse dimension, one could also restrict the extended
FB bands into a reciprocal lattice primitive zone in the longitudinal dimension***, and the reduced band
structure for the first two bands is shown by the bold red and green curves in the shadow region in
Fig. 1(c). Here, higher-order bands with n > 3 are not shown in the reduced shadow region for clarity.
Typical FB modes with transverse wave vectors k,=0 and k'=0.447/D (at the resonant point) are
shown in Fig. 2, which can be experimentally excited by two interfering plane waves or prism coupling
method, or asymptotically implemented by simply launching a wide Gaussian beam with a well-defined
central transverse wave vector matched with that of the FB mode®, as will be confirmed numerically in
the following.

Figure 1(d) shows a portion of the reduced band structure of a lattice with a longitudinal lattice
period T'=500 um, other lattice parameters are the same as those in Fig. 1(c). Again, only band indexed
by n=1 (band 1, the red bold solid curves) and band indexed by n=3 (band 3, the blue bold solid
curves) are shown in the reduced shadow region for clarity. In this case, crossing points between bands
indexed by n=1 and 3 are found to be avoided. Physically, such band discontinuity is originated from
the introduction of periodic modulation on the refractive index in both the transverse and longitudinal
dimensions. Note that the resonant point k”, where the band discontinuity occurs, shifts when the lon-
gitudinal modulation period T changes. It can be easily confirmed that the band structure will return
back exactly to the normal one with the band discontinuity located at the boundary of the first Brillouin
zone (in this case, one calls it as band gap in general) when the longitudinal period T tends to be
infinitely large. Therefore, the band structure of waveguide arrays without longitudinal modulation is
only a special case in which the longitudinal modulation period T is infinitely large.

SCIENTIFIC REPORTS | 5:15805 | DOI: 10.1038/srep15805 3



www.nature.com/scientificreports/

r \
1 i R 1 - -
(1-n" | crossing pomts AR - -

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
kx (/D) kx (7/D)

(a) (b)

1 - |
| |
[
0 e
1 ! ——
| |
-2 el AN
-1 -0.5 0 0.5 1
kx (1/D)

(c) (d)

Figure 1. Band structures of longitudinally modulated periodic photonic lattices. (a) is the case with
V(x, z) =0, where the red, green and blue solid thin curves are the bands indexed by (n, q) = (1, 0), (2, 0)
and (3, 0), respectively, while the colored dashed curves are the corresponding shifted bands. A1 and A2, Bl
and B2, and C1 and C2 are crossing points where 3’ .k ) =35 a (ko) The vertical dashed lines indicate
the positions of the resonant transverse wave vector k0 (b) is the longitudinally extended FB band structure
and (c) is the corresponding reduced band structure of a lattice with T=1300 pm, and (d) is the reduced
band structure of a lattice with T'= 500 pum, respectively, where the red, green and blue bold solid curves are
the bands indexed by n=1, 2 and 3, respectively. The point R in (c) is the resonant point at which the
transverse velocity of FB modes in different bands is the same. The other lattice parameters are D= 10 m,
dn=>5x 1074, and n,= 2.3, which are the same for (a-d). The operating wavelength is set at 0.6328 um.

From the band structure in Fig. 1(c,d), one sees that, although there is band discontinuity in the same
band, bands with different n-index will be smoothly connected at the resonant wave vector k.. This is
because the propagation constant, i.e., the quasi-energy in quantum mechanism, of the FB modes at the
resonant point in both bands will be shifted by a same amount, as can be clearly seen in Eq. (7) where
the off-diagonal matrix elements responsible for the band shift are exactly the same. One may also note
that the field distribution of the FB modes at the resonant point, although in different bands, are the same
(see Fig. 2(c-f)). Combining the fact that the resonant transverse wave vector k. moves as the longitu-
dinal lattice period changes, this provides a novel and efficient way to stimulate adiabatic optical transi-
tion between optical modes in different FB bands, which can be used to manipulate the flow of light in
lattices, as we will discuss in the following section.

Adiabatic optical transition and bending light in longitudinally modulated photonic lat-
tices. Figure 3(a) shows a typical spectrum of propagation constant 3 as a function of longitudinal
modulation period T at a specific incident transverse wave vector k,= 0.77/D. The lattice parameters are
D=10pum, én=>5 X 1074, and n,= 2.3, respectively. One sees that the band indexed by n=1 is smoothly
connected to the band indexed by n=3 at the resonant longitudinal period T,= 428 yum. Therefore, for
a lattice with its longitudinal modulation period varying adiabatically from T=600pm to T= 300 xm
(linearly here) along the propagation z direction, when one launches a FB mode with a transverse wave
vector k,=0.77/D into the lattice at the T=600-ym port (at point a in Fig. 3(a)), it will evolve along
the upper spectral curve in Fig. 3(a) and transit adiabatically to the FB mode in band 3 at the resonant
modulation period T (at point b in Fig. 3(a)). This is an exact optical analogy to spin exchange related
to a rapid adiabatic crossing of resonance in nuclear magnetic resonance (NMR) when it is driven by a

temporally varying magnetic field with adiabatically increased frequency?64+4,

SCIENTIFIC REPORTS | 5:15805 | DOI: 10.1038/srep15805 4



www.nature.com/scientificreports/

n=1, k=0 n=2, ke=0
(0] (0]
E E
= 3
€
£ £
0 B B B B B B B B B -1 B B B B B B B B
-50-40-30-20-10 0 10 20 30 40 50 -50-40-30-20-10 0 10 20 30 40 50
X (um) X (Um)
(a) (b)
n=1, ke=k? n=2, ky=k?
1
0.8
3 3 06
2 2
3 S 0.4
g g o
VI O 0
025 40302010 0 10 20 30 40 50 03640302010 0 10 20 30 40 50
X (um) X (um)
(o) (d)
n=1, ke=k3 n=3, ky=k?
1 1 ' '
08 0.8
[0] (0]
B 06 S 06
g 04 £ 04
< <
0.2 0.2
%5040 30-20-10 0 10 20 30 40 50 -50-40-30-20-10 0 10 20 30 40 50
X (um) X (Hm)
(e) (f)

Figure 2. The field distribution of the FB modes with the transverse vector at k,=0 (a, b) and at the
resonant points k! = 0.447/D (c,d) and k!=0.46 7 /D (e,f), respectively. The longitudinal modulation
period T is 1300 yum for (a-d) and 500 um for (e,f), respectively, and the other lattice parameters are the
same as those in Fig. 1. The vertical dashed blue lines denote position of the refractive index peak at the
input lattice surface.

Interestingly, such adiabatic mode evolution and optical transition can be used to control the beam
propagation trajectory in the lattice because different FB modes are of different transverse propaga-
tion velocity determined by 03/0k,. Figure 3(b) shows the beam propagation trajectory of a wide input
Gaussian beam in the lattice with the same lattice parameters as those in Fig. 3(a) when the light evolves
along the upper spectral curve (a— b— c) in Fig. 3(a). Here, a wide input Gaussian beam with a waist
width being 5D is used in order to define a narrow spatial spectral content of the excitation. The central
incident transverse wave vector of the light at the T'=600-um input port is set at k,= 0.77/D. It can be
easily confirmed numerically that over 80% of the input energy of the Gaussian beam will be converted
into the target FB mode of lattice with its transverse wave vector k,= 0.77/D. One sees that, along with
the adiabatic mode evolution and optical transition, the beam trajectory bends during its propagation
in lattice. It is worth mentioning that the adiabatic optical transition is reversible and the FB modes in
band 3 can transit adiabatically to the FB modes in band 1 via the reversed spectral curve (c—b— a)
in Fig. 3(a). This means that, by alternatively repeating the adiabatic optical transition from band 1 to
band 3 and its reverse process along the propagation z direction, light can be designed to propagate in
the lattice with a snake-like trajectory, as shown in Fig. 4(a). More flexibly, different adiabatic mode evo-
lution and optical transition processes may be combined and followed one by another one, and therefore
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Figure 3. (a) Spectra of 3 as a function of longitudinal modulation period T. The FB modes in bands
indexed by n=1 and n=3 are indicated by the red and blue bold solid curves, respectively. The thin straight
lines show the spectra of 3 for corresponding lattices without longitudinal modulation. The dashed vertical
line indicates the position of resonant longitudinal period T, where adiabatic optical transition between FB
modes from different bands occurs. (b) Beam propagation trajectory of a wide Gaussian beam in lattice

with adiabatically decreasing longitudinal modulation period T. The yellow dashed line corresponds to the
resonant longitudinal modulation period T;. The red arrow indicates the incident beam at A= 0.6328 um
with a transverse wave vector k,= 0.77/D. The other lattice parameters are D= 10 um, én=>5 x 10~* and
ny= 2.3, respectively.
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Figure 4. Snake-like light propagation in longitudinally modulated photonic lattices with adiabatically
varying longitudinal modulation period T. (a) is the trace achieved by alternatively repeating the adiabatic
FB mode evolution and optical transition from band 1 to band 3 and its reverse process shown in Fig. 3(a).
(b) is the case by cascading adiabatic FB mode evolution and optical transition via a scheme band 1 — band
3 —band 1 — band 2 — band 1. The red arrow indicates the incident beam at A=0.6328 um with a
transverse wave vector k,= 0.77/D. The other lattice parameters are D=10 ym, én=>5x 10~* and ny=2.3,
respectively.

complicated light propagation trajectory could be designed in principle. Figure 4(b) shows such an exam-
ple, where a cascading adiabatic optical transition scheme (band 1 — band 3 — band 1 — band 2 — band
1) is designed, and a bending light with a designable large curvature trajectory is achieved. It is evident
that any perturbation on the lattice parameter will influence the band structure of lattice, therefore the
beam propagation trajectory. However, the practical tolerance on the deviation of lattice parameter is
indeed very complicated and dependent on the requirement of specific applications, which is evidently
deviated from the main topic of this paper and will not be discussed in detail here. Also, we suppose that
the lattice is large enough so that the boundary effect is negligible.

Discussion
Bending the light propagation trajectory in a designable way is desired in many practical applications
such as beam steering and switching, beam navigation and even cloaking, and it may be achieved by
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designing the refractive index gradient along the light propagation trajectory?” or through transforma-
tion optics*** or by employing special beams with special wavefront structure such as Airy beams*-%2
or Airy plasmons®3. Note that the effective average refractive index of our longitudinally modulated
photonic lattice is a constant n,, and the mechanism to bend the light propagation trajectory in our case
relies on the adiabatic optical mode evolution and optical transition of FB modes among different FB
bands, which is completely different from those through refractive index gradient or wavefront design
mentioned above.

One may note that curved beam trajectory can also be observed in other transversely or longitudi-
nally modulated lattices, for example, through Bloch oscillation in waveguide arrays with equally spaced
increasing propagation constant in the transverse dimension'®!* and Rabi oscillation in waveguide arrays
with weak homogeneous modulation in the longitudinal dimension*>?!. However, the mechanisms lead-
ing to curved beam trajectories in Bloch oscillation and Rabi oscillation are totally different from that
in our case. Bloch oscillations, which manifests themselves as transverse oscillations of the propagating
light beam, is due to the excitation and beating of FB modes with equally spaced propagation constants'?.
For Rabi oscillation, the beam oscillates between two different FB modes from different bands, either
directly or indirectly, depending on the momentum compensation of the transverse wave vector®. In our
case, the longitudinal period of the photonic lattices changes linearly and adiabatically along the prop-
agation direction, and the beam evolves continuously and adiabatically during its propagation, which
experiences many FB modes in sequence in one band and then transits adiabatically into the FB modes
in other band at the resonant point and evolves continuously and adiabatically again in the second band.
Note that these phenomena are optical analogies of different quantum effects, i.e., Bloch oscillation, Rabi
oscillation, and adiabatic electron spin exchange in NMR driven by a temporally varying magnetic field
with adiabatically increased or decreased frequency, respectively. The mechanism in our case is also
different from that based on the periodic longitudinal modulation on the coupling coeflicient between
neighboring waveguides through curved waveguide arrays®.

We would emphasize that the adiabatic optical transition shown in Fig. 3 is different from that
achieved through Rabi oscillation reported in refs 20,21. Although both of them are driven by the lon-
gitudinal periodic modulation along the propagation z direction, the period of longitudinal modulation
varies linearly and adiabatically along the propagation z direction in our case while it is kept to be the
same in the Rabi oscillation case. In addition, two specific FB modes in different bands with different
field distribution are involved in the Rabi oscillation, and the band structure of the lattice is invariant
along the propagation dimension. While for our case, adiabatic mode transition occurs across the res-
onance point via band structure evolution and the two FB modes at the resonant point in two bands
are of the same field distribution, as shown in Fig. 2(c-f). Note that the adiabatic optical transition is
achieved by adiabatically scanning the longitudinal modulation period and the two involved FB modes
are of the same field distribution, therefore it is always perfect with a 100%-conversion efficiency in our
case. In contrast, the optical transition via Rabi oscillation is based on the parametric mixing between
the FB modes from different bands, and the conversion efficiency may be relatively low, depending on
the interacting bands**?!,

The resonant transition point is specially interesting (see the point R marked in Fig. 1(c)). Such res-
onant transition points have been extensively studied in quantum system driven by a temporally periodic
field, many novel effects such as driven quantum tunneling and coherent destruction of tunneling have
been observed?**%4!, For the longitudinally modulated photonic lattices here, besides the adiabatic opti-
cal transition between FB modes in different bands, one can also achieve effective negative refraction
near this special resonant transition point because of the smooth connection between different FB bands
at the resonant point. From the reduced band structure shown in Fig. 1(c), one sees that the FB modes
of band 1 and band 2 in Fig. 1(c) with a resonant transverse wavevector k. propagate in the same direc-
tion in the longitudinally modulated photonic lattice, leading to an effective negative refraction phenom-
enon, as shown in Fig. 5. The seemly fringe pattern along the beam propagation path in the modulated
lattice is a discrete characteristic of the lattice, which occurs in all transversely modulated lattices>*4.
Note that the observed negative refraction effect is determined by the band structure of the longitudinally
modulated lattice, therefore, it occurs when the transverse wave vector k, of the exciting beam is matched,
no matter the longitudinal modulation at the interface is switched on smoothly or abruptly. It can be
numerically confirmed that a slight deviation of the incidence beam from the resonant point within
Ak, < 0.17/D is acceptable for the observation of negative refraction. This is very different from that in
a photonic lattice without longitudinal modulation, where the excited two FB modes in two different
bands will propagate in different directions"4.

In conclusion, based on the concept of quasi-energy and the Floquet-Bloch theory, we have suc-
ceeded in getting the accurate band structures of longitudinally modulated photonic lattices in which the
perturbation approximation of the coupled-mode theory may not be applicable. Band discontinuity is
observed due to the avoiding crossing effect at the resonant transverse wave vectors, where, on the other
hand, different FB bands happened to be smoothly connected in the reduced band diagram, leading to
interesting effects such as negative refraction at these resonant points. More interestingly, by adiabatically
varying the longitudinal modulation period along the propagation direction, adiabatic optical transition
between FB modes from different bands can be achieved with a perfect conversion efficiency, which can
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Figure 5. Effective negative refraction at the resonant transition point kg at the entrance surface
(indicated by the white horizontal line) for a light beam incident from the homogeneous media with a
refractive index n, to the longitudinally modulated photonic lattice with T=1300 pem. The incident
wavelength is set at 0.6328 um, and the lattice parameters are the same as those in Fig. 1(c).

be used to bend the light propagation trajectory in the lattices, and designable snake-like beam propa-
gation is achieved. This may have potential applications in beam steering, navigating and even cloaking.

Methods

Orthogonal basis e""#¢)°, (x). The state ¢°  (x)in Eq. (5) is the eigenstate of the unperturbed Eq.
(3) (i.e., V(x, z)=0) with the corresponding eigxenvalue ﬂ,? (k,). In order to compare with the band
structure of lattices without longitudinal refractive index modulation, we employ the conventional band
index scheme with positive index number (n=1, 2, 3,...) in the reduced band-gap diagram for photonic
lattices*®®!, and the eigenstate is in the form

¢0 ( ) 1 i(n—l)ﬂ'x
x) =——e D
ks <D (8)
(‘kxl +(n—D1)7r)2
with 80 (k,) = — — when n=1, 3, 5... is an odd integer, and
1 ATX
¢’ (x) = —e D

=5 ©)

with 3° (k) = — M when n=2, 4, 6... is an even integer.

Let (x, z|k s n, q) = eiqwz¢n0k (x). It is evident that the orthogonal basis satisfies®

T2, D/2
(kyn', gk n, q) = L j: dze’(qfq)wzfi dx¢n(),’jkx (x) qﬁn‘?kx () = 8,00y

T J-1)2 D/2 (10)

Calculation of Matrix Element M,
be expressed as

wiqq+ Ihe matrix element M, . of the Hamiltonian H, can
0’4, 50 .

Mn,n’;q,q' = (kx; n', ql‘Hkx(xv Z) |kx; n, q) (11)

By taking the orthonormality of the eigenstate |k,; n, g) into consideration and with an optical potential

Vix,z) = knﬂ cos (w,x) cos (wz), one arrives at
0

Mg = (ﬁno (kx) = qu)b,,,0qy

T/2 o . D/2
kon 1 dze "1 cos(wz)e'qwzf x5 (x)cos(wex)dL, (x).
ng T J-1)2 -p)2 n' ik nk,

(12)

Here
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Lot dze 1'% cos(wz) e = 1(6 +6 )
T Jo1)2 “ T Vet T T

and

D/2 1
L/LD/Z dx(ﬁno/ka (x) cos (wxx) (bn(ka (X) = 5 (5n,n’—2 + 6n,n’+2 + 6n:1,n’:2 + 6n:2,n’:1)'

Therefore, one can get the matrix element

kén
Mn,n’;q,q’ = ﬂr?,q (kx) 6n,n’6q,q’ + 4_110 (6q,q’+1 + 6q,q’—1) (6n,n’—2 + 6n,n’+2 + 6n:1,n’:2 + 6n:2,n’:1)

with ﬁno,q (kx) = ﬁno (kx) - qw-

BPM. The beam propagation trajectories in the lattices shown in Figs 3(b),4 and 5 are simulated by
employing the beam propagation method (BPM).

References

1.
2.

3.

10.
. Lenz, G., Talanina, I. & Martijn de Sterke, C. Bloch oscillations in an array of curved optical waveguides. Phys. Rev. Lett. 85,

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.
34.

35.

Eisenberg, H. S., Silberberg, Y., Morandotti, R. & Aitchison, J. S. Diffraction management. Phys. Rev. Lett. 85, 18631866 (2000).
Christodoulides, D. N., Lederer, E. & Silberberg, Y. Discretizing light behaviour in linear and nonlinear waveguide lattices. Nature
424, 817-823 (2003).

Christodoulides, D. N. & Joseph, R. I. Discrete self-focusing in nonlinear arrays of coupled waveguides. Opt. Lett. 13, 794-796
(1988).

. Fleischer, J. W, Segev, M., Efremidis, N. K. & Christodoulides, D. N. Observation of two-dimensional discrete solitons in

optically induced nonlinear photonic lattices. Nature 422, 147-150 (2003).

. Martin, H., Eugenieva, E. D., Chen, Z. & Christodoulides, D. N. Discrete solitons and soliton-induced dislocations in partially

coherent photonic lattices. Phys. Rev. Lett. 92, 123902 (2004).

. Garanovich, I. L., Longhi, S., Sukhorukov, A. A. & Kivshar, Y. S. Light propagation and localization in modulated photonic

lattices and waveguides. Phys. Rep. 518, 1-79 (2012).

. Lederer, F et al. Discrete solitons in optics. Phys. Rep. 463, 1-126 (2008).
. Schwartz, T,, Bartal, G., Fishman, S. & Segev, M. Transport and Anderson localization in disordered two-dimensional photonic

lattices. Nature 446, 52-55 (2007).

. Lahini, Y. et al. Anderson localization and nonlinearity in one-dimensional disordered photonic lattices. Phys. Rev. Lett. 100,

013906 (2008).
Peschel, U., Pertsch, T. & Lederer, F. Optical bloch oscillations in waveguide arrays. Opt. Lett. 23, 1701-1703 (1998).

963-966 (1999).

Pertsch, T., Dannberg, P, Elflein, W., Brauer, A. & Lederer, E. Optical bloch oscillations in temperature tuned waveguide arrays.
Phys. Rev. Lett. 83, 4752-4755 (1999).

Morandotti, R., Peschel, U.,, Aitchison, J. S., Eisenberg, H. S. & Silberberg, Y. Experimental observation of linear and nonlinear
optical bloch oscillations. Phys. Rev. Lett. 83, 4756-4759 (1999).

Longhi, S. Nonexponential decay via tunneling in tight-binding lattices and the optical zeno effect. Phys. Rev. Lett. 97, 110402
(2006).

Biagioni, P. et al. Experimental demonstration of the optical zeno effect by scanning tunneling optical microscopy. Opt. Express
16, 3762-3767 (2008).

Trompeter, H. et al. Visual observation of zener tunneling. Phys. Rev. Lett. 96, 023901 (2006).

Longhi, S. Optical bloch oscillations and zener tunneling with nonclassical light. Phys. Rev. Lett. 101, 193902 (2008).

Longhi, S. Quantum-optical analogies using photonic structures. Laser & Photon. Rev. 3, 243-261 (2009).

Riiter, C. E. et al. Observation of parity-time symmetry in optics. Nature Phys. 6, 192-195 (2010).

Shandarova, K. et al. Experimental Observation of Rabi Oscillations in Photonic Lattices. Phys. Rev. Lett. 102, 123905 (2009).
Makris, K. G., Christodoulides, D. N., Peleg, O., Segev, M. & Kip, D. Optical transitions and Rabi oscillations in waveguide arrays.
Opt. Express 16, 10309-10314 (2008).

Rabi, I. I. On the process of space quantization. Phys. Rev. 49, 324-328 (1936).

Szameit, A. et al. Inhibition of Light Tunneling in Waveguide Arrays. Phys. Rev. Lett. 102, 153901 (2009).

Lobanov, V. E., Vysloukh, V. A. & Kartashov, Y. V. Inhibition of light tunneling for multichannel excitations in longitudinally
modulated waveguide arrays. Phys. Rev. A 81, 023803 (2010).

Grossmann, E, Dittrich, T, Jung, P. & Héanggi, P. Coherent destruction of tunneling. Phys. Rev. Lett. 67, 516-519 (1991).
Grifoni, M. & Hanggi, P. Driven quantum tunneling. Phys. Rep. 304, 229-354 (1998).

Staliunas, K. & Masoller, C. Subdiffractive light in bi-periodic arrays of modulated fibers. Opt. Express 14, 10669-10677 (2006).
Staliunas, K. & Herrero, R. Nondiffractive propagation of light in photonic crystals. Phys. Rev. E. 73, 016601 (2006).

Longhi, S. Self-imaging and modulational instability in an array of periodically curved waveguides. Opt. Lett. 30, 2137-2139
(2005).

Longhi, S. Multiband diffraction and refraction control in binary arrays of periodically curved waveguides. Opt. Lett. 31,
1857-1859 (2006).

Longhi, S. et al. Observation of Dynamic Localization in Periodically Curved Waveguide Arrays. Phys. Rev. Lett. 96, 243901
(2006).

Kitagawa, T. et al. Observation of topologically protected bound states in photonic quantum walks. Nature Commun. 3, 882
(2012).

Rechtsman, M. C. et al. Photonic Floquet topological insulators. Nature 496, 196-200 (2013).

El-Ganainy, R., Miri, M. A. & Christodoulides, D. Enhanced optical Anderson localization effects in modulated Bloch lattices.
Europhys. Lett. 99, 64004 (2012).

Plotnik, Y. et al. Observation of unconventional edge states in ‘photonic graphene. Nature Mater. 13, 57-62 (2014).

SCIENTIFIC REPORTS | 5:15805 | DOI: 10.1038/srep15805 9



www.nature.com/scientificreports/

36. Sambe, H. Steady states and quasienergies of a quantum-mechanical system in an oscillating field. Phys. Rev. A 7, 2203-2213
(1973).

37. Diener, R. & Niu, Q. AC and DC fields in optical lattices: quasienergy band structure. J. Opt. B 2, 618-627 (2000).

38. Hsu, H. & Reichl, L. E. Floquet-Bloch states, quasienergy bands, and high-order harmonic generation for single-walled carbon
nanotubes under intense laser fields. Phys. Rev. B 74, 115406 (2006).

39. Chu, S.-I. & Telnov, D. A. Beyond the floquet theorem: generalized floquet formalisms and quasienergy methods for atomic and
molecular multiphoton processes in intense laser fields. Phys. Rep. 390, 1-131 (2004).

40. Mandelik, D., Eisenberg, H. S., Silberberg, Y., Morandotti, R. & Aitchison, J. S. Band-gap structure of waveguide arrays and
excitation of floquet-bloch solitons. Phys. Rev. Lett. 90, 053902 (2003).

41. Von Neumann, J. & Wigner, E. No crossing rule. Z. Phys. 30, 467-470 (1929).

42. Kip, D. Photorefractive waveguides in oxide crystals: fabrication, properties, and applications. Appl. Phys. B 67, 131-150 (1998).

43. Chen, F et al. Discrete diffraction and spatial gap solitons in photovoltaic LINbO; waveguide arrays. Opt. Express 13, 4314-4324
(2005).

44. Fainshtein, A. G., Manakov, N. L. & Rapoport, L. P. Some general properties of quasi-energetic spectra of quantum systems in
classical monochromatic fields. J. Phys. B 11, 2561-2577 (1978).

45. Sukhorukov, A. A. & Kivshar, Y. Generation and stability of discrete gap solitons. Opt. Lett. 28, 2345-2347 (2003).

46. Abragam, A. & Hebel, L. C. The principles of nuclear magnetism. Am. J. Phys. 29, 860-861 (1961).

47. Born, M. & Wolf, E. Principles of optics: electromagnetic theory of propagation, interference and diffraction of light (Cambridge
University Press, 1999).

48. Leonhardt, U. & Philbin, T. G. Transformation optics and the geometry of light. Prog. Opt. 53, 69-152 (2009).

49. Pendry, J. B,, Aubry, A., Smith, D. R. & Maier, S. A. Transformation optics and subwavelength control of light. Science 337,
549-552 (2012).

50. Berry, M. V. & Balazs, N. L. Nonspreading wave packets. Am. J. Phys. 47, 264-267 (1979).

51. Siviloglou, G. A. & Christodoulides, D. N. Accelerating finite energy airy beams. Opt. Lett. 32, 979-981 (2007).

52. Siviloglou, G. A., Broky, J., Dogariu, A. & Christodoulides, D. N. Observation of accelerating airy beams. Phys. Rev. Lett. 99,
213901 (2007).

53. Barnes, W. L., Dereux, A. & Ebbesen, T. W. Surface plasmon subwavelength optics. Nature 424, 824-830 (2003).

54. Salandrino, A. & Christodoulides, D. N. Airy plasmon: a nondiffracting surface wave. Opt. Lett. 35, 2082-2084 (2010).

55. Siviloglou, G., Broky, J., Dogariu, A. & Christodoulides, D. Observation of accelerating airy beams. Phys. Rev. Lett. 99, 213901
(2007).

56. Minovich, A. et al. Generation and near-field imaging of airy surface plasmons. Phys. Rev. Lett. 107, 116802 (2011).

57. Zhang, P. et al. Plasmonic airy beams with dynamically controlled trajectories. Opt. Lett. 36, 3191-3193 (2011).

58. Liu, W,, Neshev, D. N., Shadrivov, I. V., Miroshnichenko, A. E. & Kivshar, Y. S. Plasmonic airy beam manipulation in linear
optical potentials. Opt. Lett. 36, 1164-1166 (2011).

59. Longhi, S. Controlling the path of discretized light in waveguide lattices. Phys. Rev. A 83, 015803 (2011).

60. Pertsch, T., Zentgraf, T., Peschel, U, Brauer, A. & Lederer, F. Anomalous refraction and diffraction in discrete optical systems.
Phys. Rev. Lett. 88, 093901 (2002).

61. Joannopoulos, J. D., Johnson, S. G., Winn, J. N. & Meade, R. D. Photonic crystals: molding the flow of light (Princeton University
Press, 2011).

Acknowledgements

This project is supported by the National Key Basic Research Program of China (Grant No. 2013CB328702),
the National Natural Science Foundation of China (Grant Nos. 11174153 and 61475077) and the 111
project (Grant No. B07013).

Author Contributions

G.Z. conceived the idea for this project. B.H. performed the numerical simulations and prepared all
figures, L.X. and Y.D. contributed partially to the numerical simulation, J.X. analyzed the negative
refraction effect. G.Z. supervised the project. B.H. and G.Z. wrote the main manuscript text. All authors
contributed to the manuscript preparation and revision.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Han, B. et al. Bending light via adiabatic optical transition in longitudinally
modulated photonic lattices. Sci. Rep. 5, 15805; doi: 10.1038/srep15805 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

Tam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:15805 | DOI: 10.1038/srep15805 10


http://creativecommons.org/licenses/by/4.0/

	Bending light via adiabatic optical transition in longitudinally modulated photonic lattices
	Introduction
	Results
	Quasi-energy and Floquet-Bloch theory in longitudinally modulated photonic lattices
	Band structure of longitudinally modulated photonic lattices
	Adiabatic optical transition and bending light in longitudinally modulated photonic lattices

	Discussion
	Methods
	Orthogonal basis
	Calculation of Matrix Element Mn,n′;q,q′
	BPM

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Bending light via adiabatic optical transition in longitudinally modulated photonic lattices
            
         
          
             
                srep ,  (2015). doi:10.1038/srep15805
            
         
          
             
                Bin Han
                Lei Xu
                Yiling Dou
                Jingjun Xu
                Guoquan Zhang
            
         
          doi:10.1038/srep15805
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep15805
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep15805
            
         
      
       
          
          
          
             
                doi:10.1038/srep15805
            
         
          
             
                srep ,  (2015). doi:10.1038/srep15805
            
         
          
          
      
       
       
          True
      
   




