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There are two standard methods for controlling the group velocity of light. One makes use of the dispersive proper-
ties associated with the resonance structure of a material medium. The other makes use of structural resonances,
such as those that occur in photonic crystals. Both procedures have proved useful in a variety of situations. In this
work we contrast these two approaches, especially in terms of issues such as the kinematics of energy flow though
the system and the resulting implications for the behavior of nonlinear optical processes in these situations. Stated
differently, this paper addresses the question of when nonlinear optical processes are enhanced through use of
slow-light interactions and when they are not. © 2011 Optical Society of America
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1. INTRODUCTION

For the past 10 years or more, the optical physics community
has been fascinated by the opportunities afforded by nonlinear
optics to exercise dramatic control over the velocity with
which light pulses pass through material systems. One speaks
of light being “slow” under circumstances in which the group
velocity of light v, is much smaller than the velocity of light in
vacuum c. Even more quixotically, there are circumstances in
which the group velocity can exceed c; this occurrence is re-
ferred to as “fast light.” Most counterintuitive is the case in
which the group velocity is negative, implying that the peak
of a pulse travels in a direction opposite to that of phase velo-
city and to that of the energy flow; this circumstance is known
as “backwards light.” Since all of these phenomena share a
common origin, it is usual to refer to them collectively as “slow
light,” a convention that we follow in the present article.

It is not our intention to review the entire field of slow light
in the present article. The field has been reviewed extensively
in recent years, including the publication of review articles
[1,2], dedicated books [3,4], and special issues of scientific
journals [5,6]. Rather, we will focus on one particular aspect
of slow-light research, that of determining how properties of a
light field such as intensity, energy density, and electric field
strength become modified when the light enters a slow (or
fast) light medium. This question has the practical importance
of helping to determine how nonlinear optical processes be-
come modified when they occur within a slow-light medium.
We shall see that the nature of these modifications are very
different for slow light based on the intrinsic optical proper-
ties of a material system than for slow light based on struc-
tured optical materials, such as photonic crystals (PhCs)
and fiber Bragg gratings (FBGs).

2. MATERIAL SLOW LIGHT

By material slow light, we mean situations in which the velo-
city of light pulses can be described fully in terms of a spatially
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uniform but frequency-dependent refractive index n of a ma-
terial. Under these circumstances, we can define the group
velocity of a light pulse as

vy = c/ny, (D

where we have introduced the group index given by

dn
ng:n—l—a)%. @)

We note that, because dn/dw can be either positive or nega-
tive, the group index can be either larger or smaller than unity.
Also, if dn/dw is negative and sufficiently large, the group in-
dex can itself become negative. Because slow light depends so
crucially on the frequency dependence of the refractive index,
one expects slow light effects to be particularly strong in the
vicinity of an absorption or gain resonance of a material sys-
tem. Behavior of this sort is shown in Figs. 1 and 2. In Fig. 1,
the two top panels show an absorption resonance and a gain
resonance. The two middle panels show the frequency depen-
dence of the refractive index associated with these reso-
nances, as required by the Kramers-Kronig relations. The
two lower panels show the resulting values of the group index
as calculated from Eq. (2). One sees that either fast or slow
light can occur in either case, depending on the detuning of
the optical wave from resonance.

In many applications of slow light, it is desirable to be able
to use nonlinear optical methods to control the group velocity.
Such a possibility is shown in Fig. 2. A typical sort of nonlinear
optical response leads to the establishment of a sharp dip in
an absorption or gain feature. Simple saturation effects can
lead to such behavior, as well as more complicated effects
such as electromagnetically induced transparency (EIT)
and coherent population oscillations (CPO), which are de-
scribed in more detail below. We see from Fig. 2 that both
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Fig. 1. Origin of slow and fast light for an isolated absorption
resonance (a) and gain resonance (b).

slow and fast light can occur for a dip in either a gain or ab-
sorption feature. Moreover, the value of the group index can
be controlled in this case by means of the intensity of the op-
tical field, which governs the extent of the dip.

We now turn our attention to a consideration of the elec-
tromagnetic energy relations appropriate to slow-light media.
It turns out that it is possible to derive Poynting’s theorem for
the case of a dispersive optical medium, that is, for a medium
with a refractive index that is frequency dependent. The de-
tails are somewhat subtle and we will not provide a derivation
here. These relations are derived in textbooks [7,8] and in
Section 2.7 of [3]. For the case of a material without appreci-
able gain or loss at the frequencies of interest, one finds that
the energy density is given by

1
U= §7mg€0|E|2 3)

and that the intensity (magnitude of the Poynting vector) is
given by

1
S = énc€0|E|2, 4)

One sees that the intuitively expected relation

S = uv, = u(c/ny) 6))
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Fig. 2. Origin of slow and fast light for a dip in a gain feature (a) and
an absorption feature (b).
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is obeyed [9]. These properties are illustrated heuristically in
Fig. 3. In the top panel we see that when a pulse enters a slow-
light medium it becomes spatially compressed by a factor
equal to the group index, and its peak energy increases by
the same factor. It is crucial to note that the pulse becomes
compressed in space but not in time. Thus, the pulse intensity
remains constant, as it must for reasons of energy conserva-
tion. The power flow of an optical wave through each trans-
verse plane cannot increase for propagation through a passive
medium. For n approximately equal to unity, which is the case
for many material slow-light media, there is no increase in
field strength within the medium even though the energy den-
sity has increased. This conclusion follows from the relation
expressed in Eq. (3). In the bottom panel of Fig. 3 we see that
when a pulse enters a fast-light medium it becomes spatially
expanded, and its peak energy density decreases.

There have been many experimental studies of slow and
fast light based on the dispersion associated with material re-
sonances. One early study was that of Chu and Wong [10],
who observed both slow and fast light effects in the propaga-
tion of ps optical pulses through a crystal of GaP:N. Another
early study was that of Wang et al. [11], who demonstrated
distortion-free fast light propagation by tuning the central fre-
quency of their pulse to the midpoint between two gain
features.

Many studies of slow-light effects have been based on the
use of EIT. This process makes use of quantum coherence to
produce a sharp dip in the absorption profile of an otherwise
opaque atomic transition [12]. The EIT process was used as
the slow-light mechanism in the celebrated demonstration
of Hau et al. of light speeds as low as 17 m/s in an ultra-cold
gas of atoms [13]. Another approach to slow light is to make
use of CPOs. This process utilizes the response of the ground-
state population to the beating between pump and probe
waves in a saturable absorbing medium. These oscillations
lead to a pronounced dip in the probe absorption spectrum
for low modulation frequencies. This process is largely im-
mune to the presence of dephasing collisions, and thus it
can lead to slow-light effects even in room-temperature, solid-
state materials. Slow light [14], fast light [15], backwards light
[16], and rotary image drag [17] based on the process of CPO
have all been observed.

Even though the electric field strength is not increased in an
EIT slow light interaction, very large optical nonlinearities are
nonetheless predicted. This point has been emphasized in a
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Fig. 3. (top) Schematic illustration of the pulse compression that oc-
curs when light enters a slow-light medium. (bottom) Pulse expansion
occurs for the case of a fast-light medium. In each case the pulse is
represented in terms of its energy density u.
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theoretical work of Harris and Hau [18] who show that effi-
cient nonlinear coupling can occur with pulse energies as
small as a few photons per atomic cross section [18]. This pre-
diction is borne out in the experimental results of Kash et al.
[19]. In the opinion of the present author, these results should
not be taken to imply that the nonlinear response is large
because the light travels slowly. Rather, it is that both slow
light and enhanced nonlinearity are a consequence of the
strong resonant coupling that occurs under conditions of EIT.

3. STRUCTURAL SLOW LIGHT

Qualitatively different behavior occurs for the case of struc-
tural slow light. By structural slow light, one means that
the propagation of light pulses is significantly modified by
the (typically periodic on distances scales of the order an op-
tical wavelength) spatial modulation of the optical properties
of a material system. A well-known example of such behavior
is that of PhCs [20-22]. PhCs are formed by a periodic mod-
ulation of the local dielectric constant in either one, two, or
three dimensions. By inducing defects in the periodic struc-
ture, devices such as resonators and waveguides can be
formed. A representative PhC structure is shown in Fig. 4,
and a typical dispersion diagram is shown in Fig. 5. It should
be noted that the band diagram becomes nearly horizontal
near the right-hand side of the plot, that is, near the edge
of the Brillouin zone. This situation corresponds to slow light,
because the group velocity given by dw/dk is very small

Considerable research has been conducted leading to the
design of PhC structures that are tailored to produce a strong
slow light effect [25-30]. Group indices as large as 300 (cor-
responding to a slow-down factor S =mn,/n of nearly 100)
have been observed in such structures [26], although in many
cases scattering losses resulting from fabrication errors be-
come prohibitive for group indices larger than approximately
30-100 [31,32].

Unlike the case of material slow light, there is a true in-
crease of the electric field strength within a structural
slow-light medium. This increase can lead to direct enhance-
ment of nonlinear optical interactions, as we describe in detail
below. Because for a PhC structure the dielectric properties
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Fig. 4. A representative slow-light structure in the form on a
line-defect photonic-crystal structure. Reproduced with permission
from [23].
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Fig. 5. (Color online) (a) Dispersion diagram of a typical line-defect
photonic-crystal waveguide. (b) Mode index determined from the dis-
persion diagram of part (a). (¢) Reduced group index (n, — ) for this
structure. Note that while the group index is very large, it changes
rapidly with wavelength, which is undesirable for many applications.
Much current work is aimed at developing dispersion-engineered PhC
waveguides that minimize this effect. Reproduced with permission
from [24].

are modulated on a subwavelength scale, a precise calculation
of the buildup of local electric field within the structure re-
quires detailed numerical modeling, for instance using FDTD
or plane-wave expansion methods [21]. Nonetheless, much in-
sight into the nature of the enhancement of the electric field
strength can be obtained by considering the case of a FBG,
which can be thought of as a one-dimensional PhC.

The reason why a FBG structure leads to slow light and to
enhanced nonlinear response can be understood heuristically
in terms of the diagram shown in Fig. 6. This diagram is in-
tended to show that the light bounces back and forth many
times in its passage through the structure. Also, because there
are both forward- and backward-going waves within the struc-
ture, each of which carries power, the total energy stored
within the structure is larger than the energy stored in a wave
propagating freely though a medium of the same mean refrac-
tive index. There will thus be an increase in electric field
strength within the structure, which can lead to enhanced
nonlinear optical effects.

We now turn to a more formal treatment of the FBG. We use
the notation and methodology of Winful [34-36]. We consider
a one-dimensional medium with a refractive index structure
given by n(z) = ny + n; cos(2kpz), where n; (which is as-
sumed to be much smaller than the background index ng)
is the amplitude of the index modulation. In addition, the
quantity kg is given by n/A, where A is the spatial period
of the refractive index variation that constitutes the grating.

E.(0,1)
E;(0,7)

E.(L1)

z=0 z=L

Fig. 6. Schematic illustration of the origin of slow light in a Bragg
grating structure. Reproduced with permission from [33].
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kg is thus the wavenumber of a lightwave that satisfies the
Bragg condition. The frequency of such a lightwave is given
by wp = kgc/ny and is know as the Bragg frequency. Under
the assumption of the slowly varying envelope approximation,
the forward- and backward-going waves within the structure
are coupled according to

OB  10Ep _ . . g

R ©
0Eg 10Ep . 2iAp
5 oo —ikEre , )

where k = nyn,wg/2c is the coupling strength, Ap = nyQ/c is
the wavenumber mismatch, () = @ — wp is the frequency de-
tuning from the Bragg resonance, and v is the group velocity
of the background material. These equations can be solved
analytically. The steady state solution for an incident wave
of field strength E|, is given by

Ep(2) = Eyly cosh y(z - L) +i(Q/v)sinh y(z - L)]/g (8)

Ep(2) = —iEo[x sinh y(z - L)]/g €))

with y = [¥% - (Q/v)?]'/? and g = y cosh yL - i(Q/v) sinh yL.
These equations are written in terms of hyperbolic functions
because Winful’s primary interest was in barrier tunneling. In
such a case, y is a real quantity. However, Eqgs. (8) and (9)
remain valid even for larger values of () that lie outside of
the photonic bandgap, where y as defined above becomes
imaginary and the spatial dependences of Er and E'y become
oscillatory. In this case, it is useful to define a real quantity ¢ =
1y in terms of which the dispersion relation for the FBG can be
written as [37]

Q/v)? = ¢ + 2. (10)

This relation is plotted in Fig. 7 in terms of the physical quan-
tities w = wp + Q and k = kg + q. We see that a band gap
centered on the Bragg frequency wp with a frequency width
given by 2xv is created. Incident light within this range of fre-
quencies cannot propagate through the structure and experi-
ence exponential decay with a decay constant given by the
quantity y.

From the results of Egs. (8) and (9), we see that both for-
ward- and backward-going waves of comparable amplitudes

@,

kg 'k
Fig. 7. Dispersion relation of a FBG as given by Eq. (10).
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exist within the interaction region. Energy is stored in each
of these waves, and thus the energy stored within the FBG
region exceeds that of a wave of amplitude E, propagating
through a uniform medium. The stored energy can be calcu-
lated as the volume average of the time-averaged energy den-
sity u = {n’ey(|EF|* + |Eg|*) and is given by [36].

(x/y)*(tanh yL) /yL - (Q/yv)*sech? yL
1+ (Q/yv)*tanh? yL

U=U0[ ] (11)

where U, = $€gng|E|>AL and A is the cross-sectional area of
the waveguide.

In his paper [36], Winful goes on to show that the group
delay z, (roughly, the time difference between the entrance
and exit of the peak of the pulse) through the structure
can be identified with the dwell time z; (roughly the average
amount of time that light spends within the structure). These
two quantities are defined mathematically by 7, = d¢/d()
where ¢ is the phase of the transmitted, forward-going field
and by 7, = U/P; where P; = 1eynoc|Eo?A is the incident
power. Thus the normalized group delay (that is, 7,,/7), where
79 = L/v is know as the “equal time”) and the normalized
stored energy (that is, U/U,) are identical quantities. The de-
pendence of these quantities on the frequency detuning () is
shown in Fig. 8 for the case xL = 4.

There have been many studies of slow- and fast-light effects
involving FBGs. Some of these studies have been summarized
in areview article by Longhi et al. [38], which concentrates on
superluminal pulse propagation effects. Some of their results
are shown in Fig. 9. This figure shows measured values as so-
lid lines and predicted curves as dashed lines, although the
agreement is so good that the dashed lines almost cannot
be discerned. We see that, in agreement with the predictions
of Fig. 8, there is a region of slow light outside of the band gap
and a region of fast light inside the band gap. In this same pa-
per, the authors report that by carefully engineering of the
FBG structure they were able to achieve a fast-light velocity
of bc.

o5l kl=4

Stored Energy and Groupdelay
5l

0 . . ) . .
-10 -5 0 5 10
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Fig. 8. Dependence of either the normalized group delay or the nor-
malized stored energy of a FBG structure on the detuning of the in-
cident light field from the Bragg frequency wp. Reproduced with
permission from [36].
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Fig. 9. (a) Power transmission through a FBG as a function of detun-
ing from the Bragg resonance. (b) Group delay through this structure.
Reproduced with permission from [38].

We now turn to the crucial issue of how the buildup of fields
within a structural slow-light medium leads to a modification
of its linear and nonlinear optical properties. These issues are
in fact quite subtle, and we will not attempt to derive all of
these results. Instead we will quote important results and refer
the reader to the relevant literature. A particularly good sum-
mary is given in [39]. We quote results in terms of the “slow-
down factor” S, which is the ratio of the effective group index
of the structure to the mean refractive index of the structure.
The effective group index can usually be interpreted by ob-
vious analogy to the group index of material slow light given
by Eq. (1). More generally it is defined by n{™ = ¢/v{™,
where vfff) = L/z,, where 7, is the group delay defined above.

Linear optical properties, such as attenuation and phase ac-
cumulation, tend to scale linearly with the slow-down factor S,
reflecting the fact that the dominant influence of structuring a
material is to increase the effective path length that light un-
dergoes in passing through the material. Nonetheless, it has
been pointed out [31] that for large values of S (typically va-
lues larger than about 30-50) there is a contribution to the
attenuation that scales quadratically with S. This contribution
arises from multiple scattering within the waveguide. Current
work has emphasized means of engineering PhC waveguides
to minimize these sources of loss [23]. We also note that care-
ful experimental studies performed by Thevenaz and cowor-
kers have confirmed that linear absorption scales with the
group index for structural but not material slow light [40,41].

We next consider how the nonlinear optical process of the
intensity-dependent phase accumulation (sometimes referred
to as self-phase modulation) depends on the slow-down factor
S. Here the dominant dependence is S2, reflecting the fact that
the light intensity is increased by one factor of .S, while the
effective pathlength is increased by another factor of S. But
the details are much more subtle. The theory of this effect
was developed by Bhat and Sipe [42] and is summarized in
a recent review [39]. One finds that the nonlinear coefficient
is given by [37]

-2
r= (3 'ZS )Sz}’os (12)

where y is the nonlinear coefficient of the unstructured back-
ground material, which is proportional to the standard n,
coefficient. Here the prefactor results from the nonuniform
field distribution within each unit cell of the FBG structure.
Clearly, the prefactor reduced to unity for S = 1 and takes
on the value 3/2 for very large values of S. These predictions
have been largely confirmed in a series of recent experiments
[43-45].
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Still different scaling laws are predicted for four-wave mix-
ing processes. Here theory predicts [46] that the power effi-
ciency should scale as S% and recent experiments have
verified this dependence [47,48]. At first sight, it might seem
surprising that the intensity-dependent phase accumulation
scales as S? whereas four-wave mixing scales as S*, when
both are in fact y® processes. The reason for the different
dependence is that one usually quotes the induced phase shift
for the first case but the generated power in the second.
Squaring the field amplitude necessarily entails squaring the
functional dependence on S.

Higher-order nonlinear optical effects enhanced by struc-
tural slow-light have also been observed. For example,
Corcoran et al. [49] have observed green light emission at
the third-harmonic frequency through slow-light enhanced
third-harmonic generation in silicon photonic-crystal wave-
guides pumped by a 1550 nm laser source.

4. COMPARISON OF THE TWO CASES
AND SUMMARY

In this article we have taken a close look at some of the simi-
larities and some of the differences between using material
resonances and structural resonances as a means to induce
extreme values of the group velocity. In broad terms, one finds
that there is extremely interesting physics contained in each
approach. Also, both approaches offer good opportunities for
the development of applications. In general terms, material
slow light offers better opportunity to control the group velo-
city of light in real time, whereas structural slow light offers a
more robust platform for developing applications.

Even at the level of simple kinematics, there are significant
differences between the two approaches. For material slow
light, the energy density u, intensity S, and group velocity
v, obey the intuitively pleasing relation [Eq. (5)] S = uv, is
obeyed. We stress that there is no such analogous relation
for the case of structural slow light. The reason is that the en-
ergy density has contributions from both forward- and
backward-going streams of radiation. However, the net flow
of energy is constrained by energy conservation to be equal to
that of the incident light field.

A consequence of this sort of behavior is that there is no
enhancement of the electric field strength within a material
slow light material, whereas there is an increase for the case
of structural slow light. As a result, nonlinear optical pro-
cesses are inherently enhanced through use of a structural
slow light material, but not for a material slow light material.
The (real) enhancements of nonlinear effects for the case of
material slow light presumably result from the fact that both
nonlinear response and dispersion of the refractive index are
enhanced by working close to resonance.

Although this paper was written as a review article, an im-
portant conclusion is that not all of the subtleties of slow and
fast light are currently understood. There are still enormously
interesting questions to be addressed both at the conceptual
level and especially in terms of developing applications of
slow light.

ACKNOWLEDGMENTS

The author gratefully acknowledges valuable discussions of
the content of this paper with A. Badolato, B. J. Eggleton,
D. J. Gauthier, S. Hughes, C. Husko, T. F. Krauss, K. Kuiper,



R. Boyd

P. Narum, Z. Shi, J. E. Sipe, J. E. Vornehm, Jr., H. G. Winful,
and more generally all of the members of my research groups
in Rochester and in Ottawa. This work was supported by the
Canada Excellence Research Chairs Program and by the US
Defense Threat Reduction Agency—Joint Science and Tech-
nology Office for Chemical and Biological Defense (grant
HDTRA1-10-1-0025).

REFERENCES AND NOTES

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

R. W. Boyd, and D. J. Gauthier, Slow and Fast Light, Progress in
Optics (Elsevier, 2002), pp. 497-530.

R. W. Boyd, and D. J. Gauthier, “Controlling the velocity of light
pulses,” Science 326, 1074-1077 (2009).

P. W. Milonni, Fast Light, Slow Light, and Left-Handed Light
(Institute of Physics Publishing, 2005).

J. B,, Khurgin, and R. S. Tucker, eds., Slow Light: Science and
Applications (CRC, 2008).

R., Boyd, O. Hess, C. Denz, and E. Palpalakis, eds., “Slow lights,”
J. Opt. 12, 100301 (2010).

R. W, Boyd, L. Hau, H. Wang, G. Eisenstein, S. Noda, and J.
Moerk, eds., Feature Issue of JOSA B on “ Slow Light and Its
Applications,” J. Opt. Soc. Am. B 25, SL1 (2008).

L. D. Landau, and E. M. Lifshitz, Electrodynamics of Continuous
Media (Pergamon, 1960).

H. A. Haus, Waves and Fields in Optoelectronics (Prentice Hall,
1984). See especially Section 11.3.

Especially intriguing are the consequences of Eq. (5) for circum-
stances under which the group velocity v, becomes negative,
implying a negative value of the Poynting vector magnitude
S. In such circumstances, it is considered more useful to de-
scribe the situation in terms of an energy velocity rather than
a group velocity. Details can be found in [3]. A negative value
of the energy velocity would imply the flow of energy back to-
ward the source. Some authors have argued that negative values
of the energy velocity are physically meaningful [50], whereas
others do not [3]. At present, there seems to be no complete un-
derstanding of this issue.

S. Chu, and S. Wong, “Linear pulse propagation in an absorbing
medium,” Phys. Rev. Lett. 48, 738-741 (1982).

L. J. Wang, A. Kuzmich, and A. Dogariu, “Gain-assisted super-
luminal light propagation,” Nature 406, 277-279 (2000).

S. E. Harris, J. E. Field, and A. Imamoglu, “Nonlinear optical pro-
cesses using electromagnetically induced transparency,” Phys.
Rev. Lett. 64, 1107-1110 (1990).

L. V. Hau, S. E. Harris, Z. Dutton, and C. Behroozi, “Light speed
reduction to 17 metres per second in an ultracold atomic gas,”
Nature 397, 594-598 (1999).

M. S. Bigelow, N. N. Lepeshkin, and R. W. Boyd, “Observation of
ultra-slow light propagation in a ruby crystal at room tempera-
ture,” Phys. Rev. Lett. 90, 113903 (2003).

M. S. Bigelow, N. N. Lepeshkin, and R. W. Boyd, “Superluminal
and slow light propagation in a room-temperature solid,”
Science 301, 200-202 (2003).

G. M. Gehring, A. Schweinsberg, C. Barsi, N. Kostinski, and R. W.
Boyd, “Observation of backward pulse propagation through a
medium with a negative group velocity,” Science 312, 895-
897 (2006).

S. Franke-Arnold, G. Gibson, R. W. Boyd, and M. J. Padgett,
“Rotary photon drag enhanced by a slow light medium,” Science
333, 656-67 (2011).

S. E. Harris, and L. V. Hau, “Nonlinear optics at low light levels,”
Phys. Rev. Lett. 82, 4611-4614 (1999).

M. M. Kash, V. A. Sautenkov, A. S. Zibrov, L. Hollberg, G. R.
Welch, M. D. Lukin, Y. Rostovtsev, E. S. Fry, and M. O. Scully,
“Ultraslow group velocity and enhanced nonlinear optical ef-
fects in a coherently driven hot atomic gas,” Phys. Rev. Lett.
82, 5229-5232 (1999).

E. Yablonovitch, “Inhibited spontaneous emission in solid-state
physics and electronics,” Phys. Rev. Lett. 58, 2059-2062 (1987).
J. D. Joannopoulos, S. G. Johnson, J. N. Winn, and R. D. Meade,
Photonic Crystals: Molding the Flow of Light, 2nd ed.
(Princeton University, 2008).

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3b.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Vol. 28, No. 12 / December 2011 / J. Opt. Soc. Am. B A43

T. F. Krauss, R. De La Rue, and S. Brand, “Two-dimensional
photonic-bandgap structures operating at near-infrared wave-
lengths,” Nature 383, 699-702 (1996).

L. O’Faolain, S. A. Schulz, D. M. Beggs, T. P. White, M.
Spasenovic, L. Kuipers, F. Morichetti, A. Melloni, S. Mazoyer,
J. P. Hugonin, P. Lalanne, and T. F. Krauss, “Loss engineered
slow light waveguides,” Opt. Express 18, 27627-27638 (2010).
Z. Shi, “Fundamentals and applications of slow light,” PhD Dis-
sertation (University of Rochester, 2010).

M. Notomi, K. Yamada, A. Shinya, J. Takahashi, C. Takahashi,
and I. Yokohama, “Extremely large group-velocity dispersion
of line-defect waveguides in photonic crystal slabs,” Phys.
Rev. Lett. 87, 253902 (2001).

Y. Vlasov, M. O'Boyle, H. F. Harmann, and S. J. McNab, “Active
control of slow light on a chip with photonic crystal wave-
guides,” Nature 438, 65-69 (2005).

T. Baba, “Slow light in photonic crystals,” Nature Photonics 2,
465473 (2008).

M. L. Povinelli, S. Johnson, and J. D. Joannopoulos, “Slow-light,
band-edge waveguides for tunable time delays,” Opt. Express
13, 7145-7159 (2005).

H. Gersen, T. Karle, R. J. P. Engelen, W. Bogaerts, J. P. Korterik,
N. F. van Hulst, T. F. Krauss, and L. Kuipers, “Real-space obser-
vation of ultraslow light in photonic crystal waveguides,” Phys.
Rev. Lett. 94, 073903 (2005).

S. A. Schulz, L. O’'Faolain, D. M. Beggs, T. P. White, A. Melloni,
and T. F. Krauss, “Dispersion engineered slow light in photonic
crystals: a comparison,” J. Opt. 12, 104004 (2010).

S. Hughes, L. Ramunno, J. F. Young, and J. E. Sipe, “Extrinsic
optical scattering loss in photonic crystal waveguides: role of
fabrication disorder and photon group velocity,” Phys. Rev. Lett.
94, 033903 (2005).

L. O’Faolain, T. P. White, D. O’Brien, X. Yuan, M. D. Settle, and T.
F. Krauss, “Dependence of extrinsic loss on group velocity in
photonic crystal waveguides,” Opt. Express 15, 13129-13138
(2007).

H. G. Winful, “Energy storage in superluminal barrier tunneling:
origin of the “Hartman effect”,” Opt. Express 10, 1491-1496
(2002).

H. G. Winful, “Pulse compression in optical fiber filters,” Appl.
Phys. Lett. 46, 527-529 (1985).

H. G. Winful, “Delay time and the Hartman effect in quantum
tunneling,” Phys. Rev. Lett. 91, 260401 (2003).

H. G. Winful, “The meaning of group delay in barrier tunnelling:
are-examination of superluminal group velocities,” New J. Phys.
8, 101 (2006).

C. M. de Sterke, and J. E. Sipe, “Coupled modes and the non-
linear Schrodinger equation,” Phys. Rev. A 42, 550-555 (1990).
S. Longhi, M. Marana, M. Belmonte, and P. Laporta, “Superlum-
inal pulse propagation in linear and nonlinear photonic grating
structures,” IEEE J. Sel. Top. Quantum Electron. 9, 4-16 (2003).
C. Monat, M. de Sterke, and B. J. Eggleton, “Slow light enhanced
nonlinear optics in periodic structures,” J. Opt. 12, 104003
(2010).

S. Chin, I. Dicaire, J. Beugnot, S. Foaleng-Mafang, M. Gonzalez-
Herraez, and L. Thvenaz, “Material slow light does not enhance
Beer-Lambert absorption,” in Slow and Fast Light, OSA Tech-
nical Digest (CD) (Optical Society of America, 2009),
paper SMA3.

L. Dicaire, S. Chin, and L. Thvenaz, “Structural slow light can
enhance Beer-Lambert absorption,” in Slow and Fast Light,
OSA Technical Digest (CD) (Optical Society of America,
2011), paper SLWC2.

N. A. R. Bhat, and J. E. Sipe, “Optical pulse propagation in non-
linear photonic crystals,” Phys. Rev. E 64, 056604 (2001).

P. Colman, C. Husko, S. Combrie, I. Sagnes, C. W. Wong, and
A. De Rossi, “Temporal solitons and pulse compression in
photonic crystal waveguides,” Nat. Photon. 4, 862-868 (2010).
C. Husko, S. Combri, Q. V. Tran, F. Raineri, C. W. Wong, and
A. De Rossi, “Non-trivial scaling of self-phase modulation and
three-photon absorption in III-V photonic crystal waveguides,”
Opt. Express 17, 22442-22451 (2009).

C. Monat, M. Ebnali-Heidari, C. Grillet, B. Corcoran,
B. J. Eggleton, T. P. White, L. O’Faolain, J. Li, and T. F. Krauss,
“Four-wave mixing in slow light engineered silicon photonic
crystal waveguides,” Opt. Express 18, 22915-22927 (2010).



Ad4

46.

47.

48.

J. Opt. Soc. Am. B / Vol. 28, No. 12 / December 2011

M. Santagiustina, C. G. Someda, G. Vadala, S. Combri, and A.
De Rossi, “Theory of slow light enhanced four-wave mixing
in photonic crystal waveguides,” Opt. Express 18, 21024-
21028 (2010).

J. Li, L. O'Faolain, I. H. Rey, and T. F. Krauss, “Four-wave mixing
in photonic crystal waveguides: slow light enhancement and lim-
itations,” Opt. Express 19, 4458-4463 (2011).

C. Monat, M. Ebnali-Heidari, C. Grillet, B. Corcoran, B. J.
Eggleton, T. P. White, L. O’Faolain, J. Li, and T. F. Krauss,

49.

50.

R. Boyd

“Four-wave mixing in slow light engineered silicon photonic
crystal waveguides,” Opt. Express 18, 22915-22927 (2010).

B. Corcoran, C. Monat, C. Grillet, D. J. Moss, B. J. Eggleton,
T. P. White, L. O'Faolain, and T. F. Krauss, “Green light emission
in silicon through slow-light enhanced third-harmonic genera-
tion,” Nat. Photon. 3, 206-210 (2009).

E. A. Bolda, J. C. Garrison, and R. Y. Chiao, “Optical pulse pro-
pagation at negative group velocities due to a nearby gain line,”
Phys. Rev. A 49, 2938-2947 (1994).



