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Effect of electromagnetically induced transparency

on the spectrum of defect modes

in a one-dimensional photonic crystal

V.G. Arkhipkin, S.A. Myslivets

Abstract. We studied the transmission spectrum of a one-
dimensional photonic crystal containing a defect layer in
which electromagnetically induced transparency is possible.
The analysis is performed taking into account the spatial
inhomogeneity of interacting fields in the photonic crystal. It
is found that the transmission spectrum of such a photonic
crystal depends on the spatial overlap of defect modes excited
by probe and control radiations. It is shown that electro-
magnetically induced transparency can result in a consid-
erable narrowing of the defect mode spectrum.
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parency.

1. Introduction

The study of photonic crystals and the fabrication of
devices based on them is at present a new extensively
developed direction in optics [1—4]. Photonic crystals
uniquely combine dispersion properties and localisation
of radiation, allowing the efficient control of light beams.
New possibilities appear in the so-called resonance photonic
crystals, in which their intrinsic spectral and dispersion
properties are supplemented by the properties of impurity
atoms [5, 6] and quantum wells [7, 8] embedded into them.
Such structures feature unusual linear and nonlinear
optical properties and are of interest not only from the
physical point of view but also because they can be used for
the development of optical devices, for example, micro-
transistors and switches [5], optical memory [9], etc.
Media possessing electromagnetically induced transpar-
ency (EIT) feature unique properties (see, for example,
review [10]). We will call a material in which EIT can be
observed an EIT medium. In the case of EIT, a resonantly
absorbing medium becomes transparent for a probe pulse
and strongly dispersive in the presence of an additional
strong laser field. Electromagnetically induced transparency
is related to a number of phenomena such as the group-
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velocity delay of light pulses (‘slow’ light) [11], the writing,
storage, and reading of information about light pulses
[12, 13], the effective nonlinear interactions of low-energy
laser pulses, including single-photon pulses [14], etc. These
effects were observed in atomic media and solids doped with
rare-carth ions, in N-V centres in diamond, a Bose — Einstein
condensate and semiconductor quantum wells [10]. Inte-
resting effects appear when an EIT medium is introduced
inside an optical cavity. In particular, a considerable
narrowing (approximately by two orders of magnitude)
of the transmission band of a travelling-wave cavity filled
with an EIT medium was observed compared to the
transmission band of an empty cavity [15-17].

The combination of the properties of an EIT medium
with the properties of photonic crystals opens up new
possibilities for controlling the optical properties of pho-
tonic crystals and light [18—22]. In this respect, of great
interest are photonic crystals containing micro- or nano-
defects — micro- and nanocavities. Such structures can
localise light in a volume smaller than A* (1 is the light
wavelength) [23]. As a result, low-power radiation (and even
single photons) can strongly interact with matter [18]. It was
shown in [19] that the introduction of an EIT medium as a
defect into a photonic crystal leads to the increase in the
lifetime of a defect mode (increase in the Q factor). In [20],
an optical switch based on this effect was proposed with the
switching power corresponding to a few tens of photons and
the switching time ~ 100 ps. It was assumed in these papers
that the spatial size of the EIT medium is much smaller than
the light wavelength.

Undoubtedly, of interest is the case when the size of the
region occupied by the EIT medium is comparable with the
light wavelength. In this case, it should be taken into
account that photonic-crystal modes are spatially inhomo-
geneous because EIT depends on the control-field intensity
at a given point. This circumstance motivates the further
study of the optical properties of photonic crystals com-
bined with EIT media. The aim of our paper is to study the
spectral properties of a one-dimensional photonic crystal
containing an EIT defect layer of thickness comparable with
the light wavelength. The analysis is performed taking into
account the spatial inhomogeneity of fields inside the defect
layer. Two cases are considered: (i) the frequencies of the
interacting fields are close and, therefore, defect modes
excited by the fields are well spatially overlapped; and
(i) the frequencies of the fields are well separated, so
that defect modes excited by them have different spatial
distributions.
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2. The model and its approximations

Consider a one-dimensional photonic crystal of structure of
the type (HL)¥HDH(LH) (Fig. 1). Here, H and L denote
dielectric layers with the high and low refractive indices ny
and n; and thicknesses dy and di; t=dy +dp is the
structure period; M is the number of bilayers (periods); and
D is a defect layer with the refractive index np and
thickness dp. The defect layer is filled with a medium, which
we simulate by three-level atoms (Fig. 2), assuming that
they are at rest and do not interact with each other.
Transitions between the lower ground state |0) and the
metastable |2) state are dipole forbidden. Only the |0) state
is initially populated.

Figure 1. Schematic structure of a one-dimensional photonic crystal with
a defect layer.

W,

0

Figure 2. Energy level diagram of a three-level atom interacting with a
weak probe (frequency ;) and a strong control (frequency w,) laser
fields.

Electromagnetically induced transparency appears due
to the interaction of a three-level atom with two laser fields:
a weak probe field with frequency w; and a strong control
field with frequency w,, as shown in Fig. 2. The refractive
index for the probe field n, = np in the presence of the
strong control field interacting with an adjacent transition
has the form [10]:

nDzl—l—l}(:l—i-F%, (1)
2 A4y + ]Gyl
where y is the macroscopic susceptibility of atoms to the
probe field; 4;p = oy — w19 — 115 dog = 01 — Wy — Wyy—
15; wyg, oy and I'jy, I'yy are the resonance frequencies
and half-widths of the corresponding transitions, respec-
tively; G, is the Rabi frequency for the control field,
F= |d10|2N/(2h£OF10); dyo is the matrix dipole moment of
the |1) — |0); transition; 7 is Planck’s constant; &, is the
dielectric constant; and N is the density of atoms. The field

distribution in the defect in the photonic crystal is
inhomogeneous, and therefore the Rabi frequency of the
control field depends on the spatial coordinate z, i.e. G, =
G,(z). For G, =0 (the control field is absent), expression
(1) describes the usual linear refractive index.

Figure 3 shows the dependences Rey (addition to the
refractive index) and Im y (absorption) for an ensemble of
atoms with Lorentzian shapes of the allowed-transition lines
on the normalised detuning of the probe field frequency
Q) = (w; — w)/ Ty for the case of the resonance control
field. One can see that the absorption spectrum for probe
radiation has a narrow dip (the transparency window)
corresponding to a decrease in the absorption of radiation
at the frequency satisfying the two-photon (Raman) reso-
nance w; — ®,; — wyy = 0. The width of the transparency
window can be much smaller the linewidth of the allowed
|0) —|1) transition. The effect can be observed if the Rabi
frequency of the control radiation inducing the Stark
(dynamic) splitting of the level |1) exceeds I'jo. The spectral
dependence of the refractive index has a steep slope in the
transparency window region, corresponding to a large
dispersion. Note that the higher the control field intensity,
the greater the depth and width of the dip. Such a behaviour
of the refractive index for the probe wave is caused by the
quantum coherence and interference of different channels of
the transition of atoms from the |0) state to the |1) state [10].
Figure 3 also shows for comparison similar dependences for
the resonance susceptibility in the absence of the control
voltage.

Consider two plane monochromatic waves E|, with
frequencies w , incident normally on a photonic crystal and
propagating along the z axis (z =0 corresponds to the
boundary of the first layer). In the stationary approxima-
tion, the wave equation describing the propagation of waves
in the photonic crystal has the form [1]

FE, | ofn’(z0)
: : E,=0 2
de CQ 1,2 ’ ( )
Imy,Rey
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Figure 3. Dependences of normalised imaginary (I, 1') and real (2, 2')
components of the EIT susceptibility (/, 2) (G, =TIy, @y — 0, =0,
I'1o/T5 = 10) and of the usual linear resonance susceptibility (', 2)
(G, = 0) on the probe-field frequency detuning.
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where ¢ is the speed of light in vacuum; # is the refractive
index equal to ny, ny or np in the corresponding layer for
the probe and control waves (dispersion of ny and ny is
neglected).

Each field in the jth layer (j corresponds to one of the
layers H, L, D) is a superposition of the forward and
backward waves representing the solution of equation (2):

Ejjo(2) = Ay, 0 €707 + By 507 10, (©)

Here, 4,5 and By »; are the amplitudes of the forward and
backward waves; qy; 5; = kyony; ki, =21/ 55 and n; is the
refractive index for the corresponding wave in the jth layer.

The amplitudes A4;;, and B);,; can be conveniently
calculated by using the method of recurrent relations
[24, 25]. For this purpose, we divide all the photonic-crystal
layers into a sufficiently large number K of sublayers such
that the field can be assumed constant within each sublayer
with the number m. By using the continuity conditions for
the electric and magnetic components of the fields at the
interface of sublyers with numbers m and m + 1, we obtain
the system of equations connecting the field amplitudes in
adjacent sublayers (hereafter, subscripts 1 and 2 are

omitted):
Am + Bm = g);j»lAnH»l + gm+le+l7 (4)
qm(Am - Bm) = qm-%—l(gi;-%l—lAm-H - gn7+le+l)7 (5)

where g, = exp (ig,t,,); m=1,2,.., K+ 1; t,, =z, 1 — Zn
are the thickness of sublayers; and the thickness of the last
sublayer is 7g,; = 0. The functions g,, take into account
variations in the phases of the waves and their decay in the
mth sublayer.

By introducing the amplitude reflection coefficients
R, =B,/A4,, we can obtain the recurrent relation from
(4) and (5), which connects the coefficients R,, and R,,,| in
the adjacent sublayers:

2
_ T + gm+1Rm+1 (6)
m — 2 .
1 + rmgmﬂ Rm+l

Hereo I'm = (CIm - qm+l)/(qm + qm+l)- By USing relation (6)7
we find all R,,, beginning from the right boundary of the

photonic crystal, taking into account the boundary con-
dition Ry, =0 , and express 4,,,, in terms of 4,, in an
arbitrary sublayer m:

1+ R,

m__ .
gm+1 +gm+1Rm+1

W)

Am+l =

By using relation (7), we determine all A4,,, beginning
from the left boundary of the photonic crystal. Then, we
calculate the amplitude of the backward wave B,, = 4,,R,,,.
The transmission (7) and reflection (R) coefficients for the
probe wave are determined by the relations

T =411 /|4w0]s R=[Biol* /|40 (3)

Here, A;y and A4, g, are the amplitudes of the probe wave
at the input and output of the photonic crystal, and By, is
the amplitude of the probe wave reflected from the input
face of the photonic crystal. The spatial distribution of the
control field is calculated for np = 1 and is assumed given
in the calculation of the transmission coefficient for the
probe wave.

3. Results and discussion

By using the expressions presented above, we calculated the
transmission and spatial distribution of the amplitudes of
the probe and control waves under different conditions. It
was assumed that the probe wave is weak (|E;| < |E,) and
does not change the population of levels. Therefore, we
calculated the transmission of the probe field under the EIT
conditions by assuming that the control field has the given
spatial distribution inside the photonic crystal, which is
established in the absence of the probe wave for the
specified parameters.

3.1 The case of close frequencies

In this case, the difference between the frequencies of the
probe and control fields is smaller than the width of the
defect mode of the photonic crystal. As the EIT medium,
we considered sodium atoms, which are often used in EIT
experiments (see, for example, [26]). The probe radiation
wavelength corresponds to the transition near the 589.6-nm
D, line of sodium, while the |0) and |2) levels are close to
each other [(w;y —w»)/2n = 1.8 GHz]. The photonic-
crystal parameters were: M =10, nydy = npdy = 1,/4,
dpnp = 41/2, ng =2.35, np, =145, 1; =589.6 nm corre-
sponds to the centre of the band gap, and a defect is located
at the photonic-crystal centre.

The solid curve in Fig. 4 shows the transmission
spectrum of the photonic crystal for the probe wave in
the absence of resonance atoms (np = 1) in the defect layer.
The spectrum represents a sharp peak at the resonance
wavelength Ap = 4, its maximum corresponding to Q; = 0.
The parameters of the photonic crystal were selected so the
spectrum of the defect mode well overlapped with the
atomic |0) —|1) and [1) —|2) transitions (for the Na
atom) and its spectral width greatly exceeded the frequency
difference of the interacting fields. The dashed curve
corresponds to the transmission spectrum of the photonic
spectrum for the probe wave in the presence of a resonance
two-level medium in the defect layer and in the absence of

Figure 4. Transmission spectra of the photonic crystal for the probe
wave in the absence of resonance atoms in the defect (np = 1) (solid
curve) and in their presence in the absence of the control field (dashed
curve) for F=5x 107 and w, — w;, = 0.
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the control laser radiation. One can see that in this case the
two peaks are observed with virtually zero transmission at
the centre between them. Such a behaviour of the defect
mode is caused by linear absorption and dispersion related
to resonance atoms in the defect layer [6—8]. This effect can
be treated as the splitting of the defect mode of the photonic
crystal. It is similar to the appearance of the normal mode of
semiconductor microcavities [8]. Note that the interaction of
interband excitations with the electromagnetic field in a
semiconductor cavity is now being extensively studied [27].
On the other hand, this effect is also identical to the vacuum
Rabi splitting of the optical cavity resonance [28].

Figure 5 shows the spatial distribution of the control
field intensity in the photonic crystal at the resonance
frequency w, = wj,. One can see that the field is localised
in the defect layer. Because of the closeness of frequencies,
the spatial distribution of the probe field at the resonance
frequency w; = w; in the presence of the control field
virtually coincides with the spatial distribution of the latter.
Due to localisation, these fields considerably exceed their
values at the input to the photonic crystal.

(I/1,)/10*

8_
11

Figure 5. Spatial distribution of the control-field intensity inside the
photonic crystal (heavy curve) and schematic refractive-index profile
(thin curve). The length z is normalised to the structure period 7 and the
intensity is normalised to the input intensity 7.

Figure 6 presents the transmission spectrum of the
photonic crystal for the probe wave under the EIT con-
ditions in the defect layer for different control-radiation
intensities. It was assumed in calculations that the control
field has the spatial distribution shown in Fig. 5. One can
see that a narrow peak is observed at the centre of the
transmission line, which is caused by the nonabsorbing
strongly dispersive resonance taking place under EIT
conditions. The spectral width of this peak is much smaller
than the width of a usual (nonresonance) defect mode. This
peak is the manifestation of the EIT effect. Two other peaks
are similar to the peaks shown by the dashed curves in
Fig. 4. The values of the Rabi frequency (Fig. 6) correspond
to the control-field intensity (at the photonic-crystal input)
of a few mW cm 2, which is comparable to intensities at
which EIT was observed in usual cells (see, for example,
[9, 26]) or even smaller. Note that, as the ratio I'jo/I'5

increases, the control-field intensity required for observing
EIT decreases. In this case, the central maximum narrows
down. The field localisation effect also allows the observa-
tion of EIT in media small oscillator strengths (for example,
in rare-ecarth ions), when high-intensity control fields are
required. The position of the central resonance can be
changed by varying the control-field frequency. Figure 7
shows the transmission spectrum of the photonic crystal for
the case when the control-radiation frequency is detuned
from the resonance. One can see that the narrow resonance
shifts and broadens.

0

-30 -20 —-10 0 10 20 Q,

Figure 6. Transmission spectra of the photonic crystal for the probe
wave under EIT conditions for G, = 2I'y, (solid curve) and 5I'}, (dashed
curve) (the values of G, correspond to the maximum control-field
intensity); I'yg/T5 = 10, F = 5 x 107%.
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Figure 7. Transmission spectra of the photonic crystal for the probe
wave under EIT conditions for w, — w;, =0 (solid curve) and 5I'j,
(dashed curve); G, = 5I', correspond to the maximum control-field
intensity.

3.2 The case of well-separated frequencies

In this case, the frequency difference of the interacting fields
exceeds the spectral width of the defect mode, and the
frequencies of the probe and control waves do not fall



Effect of electromagnetically induced transparency

161

simultaneously into the transparency window of the
photonic crystal. Therefore, it is necessary to have two
defect modes. In this case, the spatial distributions of the
fields of different defect modes will be different, which
considerably influences the effect under study. Consider a
photonic crystal with parameters M = 35, npdp = 349/4 (X
corresponds to the centre of the first forbidden zone), other
parameters having the same values as in the previous case.
Such a photonic crystal has two defect modes with spectra
located near the edges of the forbidden photonic zone. The
mode at the control-field frequency is located near the long-
wavelength edge of the zone, while at the probe-field
frequency — near the short-wavelength edge of the zone. Let
us assume that the difference of these frequencies is equal to
the frequency of the |0) — |2) transition in a hypothetical
EIT medium.

Figure 8 shows spatial distributions of the intensity of
defect modes excited by the probe and control wave in the
defect region. One can see that the maxima of the dis-
tributions do not coincide (the probe field oscillates two
times in the defect region). The calculated transmission
spectrum for the probe wave under EIT conditions is shown
in Fig. 9a, where the spectrum of the defect mode for the
probe field in the absence of the control field is also shown
for comparison. The dip at the centre corresponds to the
splitting of the defect mode excited by the probe field (as in
Fig. 4). Unlike the case of close frequencies, in this case the
transmission spectrum of the photonic crystal under EIT
conditions has a more complicated form, exhibiting a
narrow peak located on a broad ‘pedestal’, whose width
and height depend on the control-field intensity. We explain
such behaviour of the transmission spectrum by the specific
features of the spatial distribution of the interacting fields.

The behaviour of the photonic-crystal transmission
under EIT conditions can be explained qualitatively by
using analogy between a one-dimensional photonic crystal
with a defect and a Fabry—Perot resonator of length d equal
to the thickness of the defect layer in the photonic crystal
and filled with a EIT medium. In the case of identical

1/1,)/10*

1.0

0.5
n

Figure 8. Spatial distributions of the probe (dashed curve) and control
(heavy curve) waves and the schematic refractive-index profile (thin
curve).
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Figure 9. Transmission spectra of the photonic crystal for the probe
wave under EIT conditions (a) and dependences of the effective
refractive index on the frequency detuning of the probe wave (b) for
G, = 25Ty (heavy curves), 15I'}, (dashed curves), 5I'j, (dot-and-dash
curves) and G, = 0 (thin curve); w; — w, =0, '/ = 10.

mirrors, the transmission coefficient of the resonator
T=1/I, (I, is the light intensity at the input to the
Fabry—Perot resonator, I; is the transmitted light intensity)
is determined by the Airy formula [29]

T
T= T a2
|1 - Rm exp(lé)‘

where 7,, and R,, are the transmission and reflection
coefficients of mirrors (7, + R, = 1) and ¢ is the round-
trip transit phase shift. Note that 7, and R, are dependent
in the general case on the light wavelength. Because the
fields in the resonator are inhomogeneous, by using the
method of the field expansion in the resonator modes
applied in the theory of lasers [30], we can easily show that
the phase shift 9, taking EIT into account, is determined by
the expression (in the case of normal incidence)

drd 4rdn
0= (14 Jor) = ——.
7 (1 + Zerr) 7

©)

(10)

Here

d
eft = %[J. Uy (2)x(2)dz;
0

U,(z) is a normalised resonator mode excited by the probe
field and y(z) is the EIT susceptibility from (1). The
parameter y.,; can be treated as the effective EIT
susceptibility calculated with the weight factor U,(z).

It follows from (9) and (10) that all the features of the
behaviour of the transmission coefficient for the probe field
are determined by the effective susceptibility y.; or the
effective refractive index n.y. Figure 9b presents the depend-
ences of Imngy on the probe-field frequency for different
control-radiation intensities, which explain the behaviour of
transmission.

One can see that the shape of the effective absorption
line Im n.4 is quite unusual, and the line amplitude decreases
and its width increases with increasing the control-field
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intensity. This can be explained by considering the spectral
distribution of Imn(z) inside the defect layer presented in
Fig. 10. In the regions where the control field is zero, the line
of the transition interacting with the probe field splits. The
splitting value depends on the control-field strength at the
given point. Splitting disappears in the region where the field
amplitude vanishes and achieves maximum at the defect
centre (see Fig. 8). The dependence Im n(z) at the resonance
frequency (2, = 0) has two narrow peaks at z/t = 35.7 and
37.8, and absorption integrated over the defect length is
minimal, which is manifested as a narrow peak in the
transmission spectrum. As the detuning is increased up to
Q, ~ 2 (see Fig. 10), four peaks appear in the dependence
Imn(z) and the integrated absorption increases, weakly
changing in this spectral region. As the detuning is further
increased, two peaks remain in the dependence Imn(z),
resulting in the stepwise decrease in the integrated absorp-
tion and appearance of additional resonances in the
transmission spectrum. When detunings exceed the line
splitting in the field, the transmission spectrum remains
almost the same as in the absence of the control field (shown
by the thin solid curve in Fig. 9a).

Q 6

Figure 10. Spectral distribution of Imn(z) inside the defect layer for
G, = 5T .

4. Conclusions

We have studied theoretically the transmission spectrum of
a one-dimensional photonic crystal containing a defect EIT-
medium layer of thickness comparable with the light
wavelength. Calculations performed taking into account
the spatial distributions of the control and probe fields
show that EIT can considerably reduce the spectral width
of the defect mode of the photonic crystal for probe
radiation. In this case, the control-radiation intensity is
comparable with the radiation intensity in the case of a
usual cell, in which EIT is observed, or lower than it. The
position of the transmission maximum of the photonic
crystal with the defect layer can be changed by varying the
control-field frequency. The shape of the transmission
spectrum depends on the spatial distributions of the probe

and control fields in the photonic crystal and is determined
by the spatially-integrated refractive index of the defect
layer. The field localisation allows the observation of EIT in
media with low oscillator strengths, when high-intensity
control fields are required. The narrow resonance in the
transmission spectrum can be used to reduce the group
velocity of the probe pulse.
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