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Experimental Observation of Rabi Oscillations in Photonic Lattices
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We demonstrate spatial Rabi oscillations in optical waveguide arrays. Adiabatic transitions between
extended Floquet-Bloch modes associated with different bands are stimulated by periodic modulation of
the photonic lattice in the propagation direction. When the stimulating modulation also carries transverse
momentum, the transition becomes indirect, equivalent to phonon-assisted Rabi oscillations. In solid state

physics such indirect Rabi oscillations necessitate coherent phonons and hence they have never been
observed. Our experiments suggest that phonon-assisted Rabi oscillations are observable also with Bose-
Einstein condensates, as well as with other wave systems—where coherence can be maintained for at least

one period of the Rabi oscillation.
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Since the famous work of Rabi in 1936, it has been well
known that in quantum systems a periodic modulation can
stimulate a resonant transition from one energy level to
another and back [1]. A typical example is a two-level
atomic system, where an electromagnetic wave whose
frequency is tuned to the energy gap between the two states
causes periodic population exchanges accompanied by
emission and reabsorption of a photon. Rabi oscillations
are known to occur in a universal fashion in many different
physical systems, including excitonic transitions in semi-
conductors [2], spin flips in quantum dots driven by mag-
netic fields [3], Bose-Einstein condensates (BECs) [4], etc.
In all cases observed so far, however, the oscillations
involve direct transitions only; that is, either the states
possess the same momentum or, in a periodic potential,
the momentum difference is an integer quanta of lattice
momentum. In principle, the momentum difference be-
tween the two states can be supplied by another entity: a
phonon, or any other kind of wave carrying momentum,
could facilitate indirect Rabi transitions. However, the
coherence between the interacting systems must be main-
tained for a time interval of at least half a period of the Rabi
oscillation. Otherwise, adding some randomly fluctuating
phase to the modulation makes the interaction products
unable to interfere constructively; hence, the efficiency of
the transition process decays rapidly with the loss of co-
herence [5]. As such, in solid crystals (e.g., semiconduc-
tors) one cannot efficiently isolate a single phonon; hence,
it is impossible to observe such phonon-atom-photon in-
teractions leading to phonon-mediated Rabi oscillations.
For this reason, to the best of our knowledge, phonon-
assisted Rabi oscillations have never been observed.
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The hope for “indirect Rabi oscillations” is coming now
from a different arena. The concept of Rabi oscillations has
recently been extended to optical systems, where light
propagation is limited to certain modes or bands. Typical
examples where such interactions have been predicted are
multimode waveguides [6] and photonic crystals [7-10]. In
such systems, periodic modulation of the propagation
properties (absorption or refractive index) in the direction
of propagation leads to adiabatic coupling between differ-
ent modes, manifested by periodic revivals of the light
intensity patterns associated with these modes. Rabi oscil-
lations are a conceptual phenomenon, which is universal to
systems driven periodically in their evolution coordinate.
As we discuss below, a similar situation occurs also with
matter waves in optical lattices, where Rabi oscillations
can be stimulated in a fashion similar to what we study
here, in photonic lattices.

Here, we follow a recent prediction [9] and present
spatial Rabi oscillations in photonic lattices. We experi-
mentally demonstrate adiabatic transitions between ex-
tended Floquet-Bloch (FB) modes associated with
different bands, where the transitions are stimulated by
periodic modulation of the lattice. The transitions occur
only when the corresponding selection rules of momentum
and parity conservation are fulfilled. When the lattice
modulation is strictly longitudinal (i.e., in the propagation
direction, normal to the waveguide array), the transitions
are direct (band to band), corresponding to Rabi oscilla-
tions in the usual sense [1-4]. On the other hand, when the
stimulating modulation also carries transverse momentum,
the transition becomes indirect, equivalent to phonon-
assisted Rabi oscillations. Our experiments suggest that
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phonon-assisted Rabi oscillations could also be observable
in the aforementioned BECs, as well as in other wave
systems—wherever coherence can be maintained for at
least one period of oscillation.

Our particular experimental system follows the propo-
sition in [9], where light is propagating in a one-
dimensional waveguide array, with an additional modula-
tion superimposed. The propagation of the light electric
field E along the z direction in a lattice that is transversely
modulated along x, with additional periodic refractive-
index modulation along x and z, is described by the para-
xial wave equation:

E 1 dE

i(Z—Z + % (37 + %[An(x) + on(x, 2)JE=0. (1)
Here k is the wave number, n, is the substrate index, An(x)
is the transverse periodic modulation defining the lattice,
and 6n(x, z) describes the additional periodic modulation
stimulating the Rabi oscillation. In this sense, dn(x, z) is
equivalent to the modulation terms in quantum mechanics,
for example, the time-varying dipole moment induced by a
photon [1]. In our samples, An(x) is realized by Ti in-
diffusion in photorefractive LiNbOs, defining the wave-
guide array. The additional modulation dn(x, z) is realized
by two-beam holographic recording of an elementary
refractive-index grating. The grating vector K is aligned
at an angle ¢ relative to the z direction, i.e., tan(p) =
Ak,/AB, with Ak, and AB being the transverse and
longitudinal components of K, respectively. In this scheme,
the photorefractive properties of our sample are periodi-
cally modulated: the concentration of the photorefractive
centers (Fe?" and Fe*") is periodically modulated along x
due to the modulated Ti concentration forming the array
[11]. When illuminated with a uniform intensity, such
modulated trap densities lead to modulated photovoltaic
currents [12], which in turn generate a modulated
refractive-index change, in this case in the x direction, of
the same spatial modulation as the permanent lattice modu-
lation An(x). Using a separation ansatz, the additional
periodic modulation is described by

Sn(x, z) = dn(x)én(z)
= &nycos(Ak,x)[1 — ecos®(mx/A)]cos(ABz),
(2

where dn is the amplitude, & (with 0 = & = 1) describes
the additional transverse modulation due to the modulated
Ti concentration, and A is the lattice constant of the
waveguide array having an index modulation An(x) =
Angcos?(mx/A) (at the surface y = 0). Solving the related
linear eigenvalue problem leads to solutions of the form
E(x, z) = A;(2)U,(x) exp(iB,z), where A, is the amplitude,
U, is the normalized transverse mode profile, and S, is the
propagation constant of mode /. Here the index [/ covers
both band index and transverse Bloch momentum of the

modes. By using the related orthogonality relations of
these modes, adiabatic transitions among different FB
modes / and m can be described by a system of coupled
equations

0A 1 .
i P) b= — _MImAm exp(_l[ﬁl - IBm - AB]Z)
b4 2

X 8(ky — kypy — Aky), 3)

which are similar to equations for probability amplitudes
for a quantum system driven by a classical field. In Eq. (3),
the delta function accounts for the conservation of trans-
verse momentum, whereas the exponential function de-
scribes the longitudinal phase matching condition. Thus
only for AB = B, — B,, full power exchange between

modes [ and m can be expected. The integral M,, =

fﬁf\z/z U,(x)6n(x)U,,(x)dx accounts for the transversal

overlap of modes [ and m with the modulation &n(x).
The modulation amplitude of the distortion on scales
the magnitude of M, and is inversely proportional to the
spatial coupling length. When Sn(x) is symmetric, mode
coupling is limited to those with equal parity. However,
when &n(x) is asymmetric, as is the case for a tilted grating
(¢ # 0) superimposed on the periodic medium, modes of
different parity are coupled, too.

Figure 1(a) presents the calculated band structure (ef-
fective refractive indices n.; of FB modes versus Bloch
momentum k,) for TE polarization, within the Brillouin
zone. The parameters are related to our LiNbO; waveguide
array where the ferroelectric ¢ axis is parallel to the trans-
verse direction x. This sample has a grating period of A =
8 pum and a substrate index n, = 2.242 (wavelength A =
514.5 nm) and its first three bands arise from guided modes
(i.e., each waveguide has three guided modes; hence, the
effective index n ¢ of FB modes from these bands is larger
then the substrate index n,). Possible band-to-band tran-
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FIG. 1. Band structure and calculated overlap integrals.

(a) Band structure of our waveguide lattice where the first three
bands arise from guided modes. The arrows indicate both direct
transitions (K3, coupling bands 1 and 3 at k£, = 0) and indirect
transitions (K,, coupling bands 1 and 2 via a tilted grating with
Ak, = 7/A). (b) Spatial overlap integral M,,, of possible direct
FB mode transitions as a function of Bloch momentum.
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sitions among different FB modes include both direct (for
example, K3) and indirect (for example, K{,) transitions.
For the case of direct transitions (nontilted grating, Ak, =
kg — ko, = 0), Fig. 1(b) shows the calculated overlap
integral M, as a function of Bloch momentum k,. Here
we have taken the additional modulation amplitude to be
dny = 3.5 X 1074, aligned under ¢ = 0, and the parame-
ter € is set to € = 1. Interband transitions are most effec-
tive between the first and third band in the whole Brillouin
zone. Lower conversion efficiencies are obtained for other
band combinations (1-2 and 2-3), which both reduce to
zero in the center and at the edge of the Brillouin zone
(because at these positions parity conservation is not
fulfilled).

Figure 2 depicts numerical examples of spatial Rabi
oscillations, for both direct (coupling bands 1 and 3 at k, =
0) and indirect transitions (coupling band 1, k, = 0, and
band 2, k, = 77/ A). The parameters used for the lattice and
the periodic modulations are related to the experimental
values obtained in our LiNbO; sample. In Fig. 2(a) direct
transitions among band 1 and 3 (having the same parity)
with a spatial coupling length (inverse Rabi frequency) of

a)
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propagation length [mm]

channel

FIG. 2 (color online). Simulations displaying periodic transi-
tions between FB modes. (a) Direct transition between bands 1
and 3 in the center of the Brillouin zone at k, = 0. The
simulation parameters are for a lattice with A = 8 um, a ratio
8ny/Any = 0.3 between the modulation stimulating the transi-
tion and the modulation defining the lattice, ¢ = 1, and Ak, =
k¢ — ke = 0. (b) Indirect transition using a tilted modulation,
leading to coupling of band 2 that is excited with Bloch mo-
mentum k, = 7/A with modes in band 1 at the center of the
Brillouin zone k, = 0. Here the parameters are dny/An, = 0.1,
e=1, and Ak, =k, — k», = 7/A for the same lattice as
in (a).

about 0.85 mm are observed. Remarkably, complete cou-
pling, i.e., full energy transfer to the other mode, is ob-
tained on a length scale that is equal to only ~20A , where
A, is the grating period of the periodic modulation along z,
with AB = 27T/AZ = 27T(I’leff‘1 - neff“g)/)\. For the ex-
ample of an indirect transition in Fig. 2(b) coupling bands 1
and 2, the spatial Rabi frequency is slightly smaller (i.e.,
larger coupling length), which is mainly attributed to the
chosen set of parameters (i.e., smaller ratio 8ny/An) and
the smaller overlap of the two interacting modes with the
induced modulation.

Experimentally, our waveguide array consists of 250
parallel channels, fabricated in an Fe-doped LiNbO; sub-
strate using Ti in-diffusion [13]. The effective periodic
index modulation of the lattice is described by An(x) =
0.0023cos*(7rx/A), with A = 8 um. Iron, which exists as
Fe?" (electron donators) and Fe' (electron traps) in
LiNbOs;, increases the impurity level and thus increases
the photorefractive effect. The additional modulation
stimulating the transition is induced by means of a holo-
graphic grating of grating vector K, recorded with green
light of an Ar* laser (A = 514.5 nm) using a two-beam
interference setup. The grating vector can be aligned to be
either parallel or tilted under an angle ¢ relative to the z
axis. The experimental range of accessible nonlinear index
changes 6ny, in relation to the (linear) periodic modulation
Any of the lattice, is typically 8ny/Any = 0.1-0.3.

After recording the modulation causing the transition,
we excite pure FB modes in the modulated waveguide
arrays by means of a prism-coupler setup [14]. We use
low light intensities (power well below 100 nW per chan-
nel); hence, the coupling between bands is strictly a linear
effect, arising from the additional modulation. We monitor
the light intensity distribution on the lattice output, which
is imaged onto a CCD camera. The propagation lengths
within the array can be varied by changing the distance Az
between the in-coupling (prism) position and the sample
output face. Here the spatial resolution is limited to
#0.2 mm, which is mainly due to the final width (along
) of the coupling point at the prism base—waveguide array
interface.

For the case of direct Rabi transitions, the experimental
results in Fig. 3(a) show the intensity structure at the lattice
output, for five different propagation distances Az, for
excitation either at band 1 (left-hand panel) or at band 3
(right-hand panel) with the prism coupler. An almost com-
plete conversion of the power carried by modes is observed
at a (full) coupling length of about 1.67 mm. In another
experiment, we recorded tilted gratings K, [see Fig. 1(a),
where the transverse part Ak, = /A acts as a “coherent
phonon”’] and observed periodic coupling between band 2
excited at k, = 77/A and band 1 at k, = 0. The corre-
sponding output intensity patterns after different propaga-
tion lengths are shown on the right-hand side of Fig. 3(b).
Here the experimentally obtained spatial Rabi frequency is
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FIG. 3 (color online). Interband transitions induced in periodi-
cally distorted photonic lattices. (a) Direct Rabi transition of FB
modes between bands 1 and 3. Shown are photographs of the
output intensity of the FB modes, after different propagation
distances Az, when a pure mode either in band 1 (left-hand
panel) or in band 3 (right-hand panel) is excited with the prism
coupler. (b) Indirect Rabi transitions of FB modes between
bands 1 and 2.

slightly larger when compared with the situation in
Fig. 3(a), which may be attributed to a more effective
charge transport along the ferroelectric ¢ axis in this situ-
ation when compared to a nontilted grating. In contrast to
the symmetric behavior observed for direct transitions,
here the ““diagonal” transition (i.e., coupling band 1 at
k, = m/A with band 2 at k, = 0) is suppressed due to
the phase mismatch A3 between the respective propaga-
tion constants; thus, the intensity of the output facet in
Fig. 3(b) (right-hand panel, showing modes of the excited
band 1) remains unchanged.

In conclusion, we have reported the first experimental
observation of (spatial) Rabi oscillations occurring in an
optical photonic lattice, including both direct and indirect
transitions. Most intriguing are the indirect Rabi transi-
tions, which necessitate a coherent contribution of trans-
verse momentum, that is, a phonon, which in atomic
systems must be phase correlated with both the optical
field and the atoms. Naturally, in solid state such experi-
ments with indirect Rabi transitions are possible only at
extremely low temperatures, and as such, they have never
been observed before. In BECs, however, it is possible to
use Bogoliubov oscillations to generate sound waves that
would remain phase correlated (coherent) with the BEC
[15,16]. Hence, our experiments here show the way to
observe indirect Rabi oscillations with cold atoms, where
both the lattice and the additional periodic modulation are

induced by interfering light waves, and the atoms transfer
coherently between bands, with the momentum mismatch
supplied by coherent phonons within the BEC. Finally,
another very interesting challenge that is yet to be explored
is adding nonlinearity to the system, and to observe Rabi
oscillations of solitons [9].
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