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Abstract: We suggest a novel and general approach to the design of
photonic-crystal directional couplers operating in the slow-light regime.
We predict, based on a general symmetry analysis, that robust tunneling of
slow-light pulses is possible between antisymmetrically coupled photonic
crystal waveguides. We demonstrate, through Bloch mode frequency-
domain and finite-difference time-domain (FDTD) simulations that, for
all pulses with strongly reduced group velocities at the photonic band-gap
edge, complete switching occurs at a fixed coupling length ofjust a few unit
cells of the photonic crystal.
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1. Introduction

Waveguides created in planar photonic crystals offer many unique opportunities for manipu-
lating optical pulses that cannot be realized in conventional rib waveguides. In particular, the
speed of light can be dramatically reduced, and a series of recent experiments [1, 2, 3, 4, 5] has
demonstrated the propagation of slow light associated withthe flat regions and extrema in the
band-gap dispersion curves. The maximum dynamic tunability of the group velocity of light
is possible when the optical frequency is tuned in the vicinity of the photonic bandgap edge.
In this regime, however, the effect of frequency dispersionis strongly enhanced and special
approaches are required to perform pulse routing,e.g., the modified design of waveguide bends
that was introduced for slow light pulses [6].

In this work, we present a novel and general approach to design directional couplers in pho-
tonic crystals where dispersionless tunneling of slow light may be realized. The pulses are fully
switched between parallel waveguides at the coupling distance, the value of which remains con-
stant, of the order of only a few unit cells, even as the group velocity is varied by some orders
of magnitude. Such performance is enabled by the co-existence of two distinct modes whose
band-edge dispersion is exactly matched, realizing a fundamentally different physical regime in
comparison with those considered previously [7, 8, 9, 10, 11]. Another potential benefit of the
suggested configuration is that the nonlinear mixing of suchmodes can be strongly enhanced
according to the general features of slow-light propagation in photonic crystals [12, 13]. We an-
ticipate that the mode interaction may then offer new possibilities for the frequency conversion
processes and all-optical switching.
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Fig. 1. Characteristic types of band-edge dispersion for slow-light modes in photonic-
crystal waveguides. (a) Band-edge is reached at the symmetry pointsof the Brillouin zone
k = 0,±π/a. (b) Band-edge is reached inside the Brillouin zone fork = ±k0 6= 0,±π/a.
Open circles mark the lower band-edge, and closed circles - modes with positive slope of
dispersion curves (and, accordingly, positive group velocities) for the frequency tuned close
to the band-edge.

2. Dispersion and symmetry requirements of slow-light couplers

A remarkable property of photonic crystal waveguides is thepossibility they afford for reducing
the group velocity of optical pulses. One of the generic mechanisms for the slowing of light is
associated with the presence of photonic band-gaps. Indeed, the dispersion relation between the
optical frequency (ω) and the Bloch wavenumber (k) in the vicinity of band-edges is commonly
expressed asω ≃ ω0 +D2(k− k0)

2, whereω0 andk0 denote the values at the band-edge, and
D2 is the second-order dispersion coefficient. The group velocity Vg = dω/dk≃ ±2[D2(ω −

ω0)]
1/2 gradually reduces to zero as the frequency is tuned towards the edge of a transmission

band.
The concept of directional couplers is based on the effect ofperiodic tunneling of light be-

tween parallel waveguides which are in close proximity to one another. In the case of conven-
tional waveguides, the tunneling can be explained as the beating between co-propagating even
and odd super-modes of the coupler. Similarrequirementsshould existfor photonic-crystal
couplers, namely that:

(i) there should co-exist two modes which are co-propagating (have the same sign of the group
velocity) over a certain range of optical frequencies, and

(ii) these modes should have different symmetry.

Therefore, to realize a directional coupler for slow-lightpulses with tunable velocities, it is
necessary to satisfy both conditions for a range of frequenciesarbitrarily close to the edge of
the photonic bandgap.

In order to see how these conditions can be satisfied, we consider thegeneral symmetries of
dispersion relationsfor photonic crystal couplers. Thefirst symmetryis the periodicity of the
dispersion relations according to Bloch’s theorem [14, 15],

ω(k) = ω(k+2π/a), (1)

wherea is the period of the refractive index modulation along the waveguide direction. More-
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over,
ψ(x,z;ω,k) = ψ(x,z;ω,k+2π/a), (2)

whereψ denotes the complex envelope function for the electric or magnetic fields of a Bloch
eigenmode. This means that the dispersion pointsk,k±2π/a,k±4π/a, . . . are indistinguish-
ablesince they correspond to exactly the same distributions of electric and magnetic fields. The
second symmetryappears in case of waveguides fabricated in dielectric materials, where

ω(k) ≡ ω(−k) and ψ(x,z;ω,k) = ψ∗(x,z;ω,−k). (3)

Note that the field profiles for+k and−k are generally different due to the complex conjugation.
According to the second symmetry condition, the band-edgesat ω = ω0 always appear si-

multaneously atk = +k0 andk = −k0. However, according to the first symmetry condition, the
two modes are identical ifk0 = 0, ±π/a, . . ., i.e., when theband-edge appears at the centre or
at the edges of the Brillouin zone, as shown schematically in Fig. 1(a). In this case, for a given
frequency in the vicinity of the band-gap, there are two intersections with the dispersion curve,
where one mode has a positive, and the other a negative, groupvelocity, such thatcondition (i)
is not satisfied. A completely different situation occurs if theband-edge is inside the Brillouin
zone, i.e., k0 6= 0, ±π/a, . . ., as shown in Fig. 1(b). In this case, even as the frequency is tuned
arbitrarily close to the band-edge, there appear two pairs of dispersion branches with positive
and negative group velocities, and socondition (i) is satisfied.

Having identified the general approach for satisfying the first condition, we now consider
condition (ii). The meaning of the latter requirement is that the electric and magnetic fields
of the co-propagating modes should be different between thecoupled waveguides. Then, the
interference of these modes with particular relative phases can produce asymmetric field dis-
tributions with maxima in either of the waveguides, thus realizing the operating principle of
the directional coupler. Additionally, it is known from thetheory of conventional couplers that
complete energy transfer between the arms can be achieved when the waveguides are identi-
cal, such that the refractive index profile is symmetric,n(x,z) = n(−x,z). In this case, all the
eigenmodes are either even,ψ+(x,z) = ψ+(−x,z), or odd,ψ−(x,z) = −ψ−(−x,z), and a pair
of such modes would satisfy condition (ii). Indeed, symmetric photonic crystal couplers were
shown to perform complete light switching between the arms based on the beating between the
odd and even modes [10]. However, their operation was considered away from the band-edges.
In the case of band-edge slow light, we haveψ(x,z;ω,k0) = ψ∗(x,z;ω,−k0), and therefore
the pair of modes withk ≃ ±k0 are either both even or both odd, such that condition (ii) is
never satisfied in symmetric couplers. In contrast, we conclude thatphotonic crystal couplers
can operate for slow-light pulses at the band-edge which appears inside the Brillouin zone[as
shown in Fig. 1(b)], with the additional requirement that the dielectricphotonic structure is
asymmetricwith n(x,z) 6= n(−x,z).

A key characteristic of the coupler is the distance over which light tunnels between the arms.
In order to calculate the coupling length, we expand the dispersion around the band-edge as

ω ≃ ω0 +D2(|k|−k0)
2 +D3(|k|−k0)

3, (4)

whereD2 andD3 are the second- and third-order dispersion coefficients. Byinverting these
expressions, we obtain the asymptotic dependence of wave-numbers on frequency as

kω→ω0 ≃ sk0 +σ
[

ω −ω0

D2

]1/2

−s
D3

2(D2)2 (ω −ω0), (5)

where the valuess=±1 andσ =±1 correspond to four different modes. Their group velocities
are

Vg =
dω
dk

≃ 2σD2

[

ω −ω0

D2

]1/2

+2s
D3

D2
(ω −ω0). (6)
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Fig. 2. Examples of photonic crystal couplers (top row) and their corresponding dispersion
diagram (bottom row) with different number of rows (N) between the W1 waveguides in a
hexagonal lattice: (a)N = 1, (b)N = 2, and (c)N = 3. Solid and dashed lines correspond to
fundamental and higher-order modes. The hole radius (normalized tothe lattice constant)
is 0.3, and 0.42 — for the central row in (a) and (c). Open circles indicate the lower band-
edges, where slow-light modes are considered. Dotted lines mark the light-lines, and grey
shading in (a) marks the 2D photonic band.

We see that the group velocities of branches with positive (s = +1) and negative (s = −1)
wave-numbers asymptotically coincide in the slow-light regime whenω → ω0. The coupling
length is defined as the distance over which the phase betweenthe co-propagating modes (both
corresponding toσ = +1 or σ = −1) changes byπ. Since, after each lattice period, the phase
of the Bloch modes changes by(ka), we have

Lc ≃ πa|arg exp{i [ks=+1−ks=−1]a}|
−1 ≃ πa

∣

∣arg exp
{

i
[

2k0−D3(D2)
−2 (ω −ω0)

]

a
}∣

∣

−1
,

(7)
where arg defines the phase of a complex number within the parameter region[−π,+π]. Ac-
cording to this expression, the coupling length approachesa constant value in the slow-light
regime asω → ω0,

Lc(ω → ω0) ≃ πa|arg exp{i2k0a}|−1 . (8)

This remarkable feature can enabledispersionless tunneling of slow light, where the same tun-
neling dynamics can be preserved even under the variation ofthe speed of light by several
orders of magnitude.

3. Design of slow-light couplers

We now illustrate how the general requirements formulated in Sec. 2 can be satisfied with a
practical coupler design. As an example, we consider two-dimensional photonic crystals created
by a hexagonal array of holes in Si (dielectric constantε = 11.68), with a hole radius of 0.3 of
the lattice constant. A W1 waveguide is created when a single row of holes is absent. Due to
the hexagonal lattice geometry, the coupler symmetry critically depends on the number of rows
(N) between the two W1 waveguides. WhenN is odd, the coupler is symmetric with respect to
reflection about a central line between the waveguides (x →−x), see the examples forN = 1
andN = 3 in Figs. 2(a) and (c). WhenN is even, then the coupler becomes anti-symmetric, as
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it maps onto itself only when a reflection is performed simultaneously along two axes (x→−x
andz→−z), see the example forN = 2 in Fig. 2(b).

We calculate the modal dispersion for the two-dimensional photonic-crystal couplers by
computing eigenmodes of Maxwell’s equations using the freely available MIT Photonic Bands
(MPB) software package [16]. The dispersion of the TE modes (magnetic field polarized in
y-axis) was computed in the frequency range of the two-dimensional photonic band gap. The
dispersion curves, corresponding to the coupling between the fundamental modes of individual
waveguides, are presented in Fig. 2, bottom row.

According to the general analysis, symmetric couplers, such as those shown in Fig. 2(a) and
Fig. 2(c), cannot be used to switch band-edge slow light pulses. It is useful to consider in more
detail the reasons for such limitations. First, we analyze the coupler withN = 1, where we
increase the size of the central row of holes (to 0.42 of the lattice constant) in order to move
the band-edge above the 2D photonic band (shown with grey shading in Fig. 2(a), bottom).
We see that the coupler withN = 1 has the lower band-edge atk = ±π/a, which means that
there exists only one forward-propagating mode in the slow-light regime. Additionally, such a
mode should be either symmetric or antisymmetric, corresponding to equal energy distribution
between the arms. Indeed, the finite-difference time-domain (FDTD) simulations presented in
Fig. 3 show that the pulse coupled to a single waveguide at theinput, spreads equally between
the two waveguides as it propagates along the structure, andthat periodic tunneling between
the waveguides does not occur. Note that the input of the second waveguide is closed by three
holes to avoid direct coupling to it from the source, and absorbing layers are introduced close
to the the output boundary. Although some degree of pulse splitting is visible in simulations,
probably due to complicated excitation dynamics, this doesnot affect the symmetry between
the waveguides.

In order to satisfy the first requirement formulated in Sec. 2and move the band-edges inside
the Brillouin zone, we optimize the design of theN = 3 coupler by changing the size of the
central row of holes (to 0.42 of the lattice constant), as shown in Fig. 2(c). As a result, there
now coexist two forward-propagating slow-light modes close to the band-edge. The FDTD sim-
ulations show that, indeed, there appears to be a periodic beating between the modes along the
coupler, see Fig. 4. An interesting feature is that the positions of minima and maxima along
the waveguides remain the same at all time steps as the pulse gradually propagates through
the structure. This is a key signature of Bloch-wave interference, in contrast to the partial pulse
splitting effect for theN = 1 coupler where the field minima move along the waveguide together
with the optical pulse. For theN = 3 coupler, however, the oscillations are still synchronous
in both waveguides and the energy is again equally distributed between the coupler arms be-
cause two co-propagating Bloch modes have the same symmetry, confirming the conclusions
of Sec. 2.

4. Antisymmetric coupler for slow-light

Since the dispersion of the antisymmetric coupler shown in Fig. 2(b) has a band-edge inside
the Brillouin zone, it remains for us to check condition (ii)for mode symmetry, formulated in
Sec. 2. We have performed high-precision calculations in the regime of slow light, i.e. near the
cut-off frequencies of defect modes, by using a Bloch mode scattering matrix approach [17, 18].

Characteristic mode profiles calculated close to the band-edge are shown in Figs. 5(a,b). We
note that the refractive index profile of the antisymmetric coupler is invariant under the coordi-
nate transformation (x→−x), (z→ z+a/2), and therefore the intensity profiles of individual
Bloch-waves also possess the same symmetry. Additionally,the intensity patterns of forward-
propagating slow-light modes with positive and negative phase velocities practically coincide.
However, the modal phase structures have distinct symmetries. As a result, the beating of these
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Fig. 3. Simulations of pulse propagation through the symmetric coupler shown in Fig. 2(a),
top. The central frequency of the pulse (ω = 0.21238) is tuned close to the gap-edge, indi-
cated by the open circle in 2(a), bottom. (a,b) Snapshots of the magnetic field intensity at
different time steps, as indicated by labels. Animation shows the full temporal dynamics.
(c) Field intensities along the centres of two coupled waveguides, at the time frame corre-
sponding to plot (a). The lattice constant is 400nm, the input pulse durationis 500fs, and
the corresponding normalized pulse bandwidth∆ω = 0.002. The estimated pulse velocity
is Vg ≃ c/115.
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Fig. 4. Simulations of pulse propagation through the symmetric coupler shown in Fig. 2(c),
top. The central frequency of the pulse (ω = 0.2197) is tuned close to the gap-edge, indi-
cated by the open circle in 2(c), bottom. The estimated pulse velocity isVg ≃ c/60. Param-
eter values and the notation are as given in Fig. 3.
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edge (in logarithmic scale) shown for modes with positive (solid line) and negative (dashed
line) wavenumbers, and (b) the corresponding dependence of the coupling length on fre-
quency detuning.
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Fig. 7. Simulations of pulse propagation through the antisymmetric coupler shown in
Fig. 2(b), top. (a-d) Snapshots of the magnetic field intensity at different time-steps as
indicated by the labels. Animations show the full temporal dynamics. (e) Field intensities
along the centres of two coupled waveguides, corresponding to figure (a). The central wave-
length of the pulse spectrum is (a,b,e) tuned close to the band-edge and (c,d) tuned further
away from the band-edge as indicated by labels. The lattice constant is 400nm, the input
pulse duration is 500fs, and the corresponding normalized pulse bandwidth ∆ω = 0.002.
The estimated pulse velocity is (a,b,e)Vg ≃ c/96 and (c,d)Vg ≃ c/71.
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modes realizes almost complete light switching between thewaveguides, see Fig. 5(c). We
emphasize that such efficient switching is achieved withoutthe need for any special structure
optimization, due to the specific symmetries of the eigenmodes profiles.

We now analyze the dependence of the coupling length and the group velocity on the fre-
quency detuning from the band-edge. In agreement with the general analysis presented above
in Sec. 2, the coupling length approaches a constant value asthe detuning is decreased, and the
group velocity varies by several orders of magnitude. At thesame time, the group velocities of
the two modes become closely matched. This indicates that the coupler dynamics can also be
observed for pulses tuned close to the band-edge, since the coupling length will be the same for
all constituent spectral components.

We perform finite-difference time-domain (FDTD) simulations to investigate pulse propaga-
tion through the antisymmetric coupler, and confirm the predicted effect of dispersionless tun-
neling for slow-light pulses. The simulations at the band-edges may be especially sensitive to
discretization methods, and we have additionally validated our results through the comparison
of band-gap spectra with frequency-domain calculations. Examples presented in Fig. 7 show
that the pulse periodically couples between the waveguideswith the same coupling length for
different detunings from the band-edge, and accordingly different propagation velocities. We
determine the group velocity based on the distance traveledby the pulse as it propagates along
the coupled waveguides, using the method introduced in Ref.[3], and which generated good
agreement with experimental measurements. In the first example shown in Figs. 7(a) and (b),
the central wavelength is tuned close to the band-edge, and we find thatVg ≃ c/96, wherec is
the speed of light in vacuum. When the pulse spectrum is tuned slightly further away from the
band-edge [Fig. 7(c) and Fig. 7(d)], the group velocity is increased toVg ≃ c/71. According to
the dependencies of field intensities along the centres of two coupled waveguides presented in
Fig. 7(e), the switching contrast exceeds a factor of 50. Despite the dependence of the group
velocity on the wavelength detuning, and the associated effect of dispersion [19], these results
confirm that the slowlight pulse, as a whole, can be switched between the waveguides. Whereas
the losses may increase in the regime of slow-light propagation [20, 21], it was recently re-
ported that the latest fabrication methods enable the creation of high-quality photonic-crystal
waveguides operating with relatively low loss for group velocities reduced to at least c/20 and
possibly even smaller values [22]. Since such velocities can be achieved in our case by choos-
ing the detuning from the band-edge, we expect that the coupler operation may be observed in
the low-loss regime.

5. Conclusions

We have presented a novel and general approach to the design of photonic crystal couplers
for slow light pulses. Extensive numerical simulations confirm that, in structures satisfying
certain symmetry constraints, the pulses can be switched fully between parallel waveguides
with coupling lengths of just a few unit cells, despite the effect of group velocity dispersion. We
expect that our findings on slow light dynamics in antisymmetric photonic crystal couplers may
enable further advances in active manipulation of slow light in integrated photonic structures.
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