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Abstract: We present a theoretical study of an optical
microresonator system which contains a electromag-
netically induced transparency medium within the res-
onator. We find that a time-dependent tuning of the
dispersive properties of the resonator medium results
in an enhanced transmission spectrum.

Introduction
Many interesting optical phenomena, such as elec-
tromagnetically induced transparency (EIT) and ultra-
slow light propagation have been observed in highly
dispersive media [1, 2]. Additionally, the introduction
of a highly dispersive media into an optical cavity re-
sults in dramatic narrowing of spectral features as well
as enhancing cavity lifetimes [3, 4, 5].
At the heart of EIT is a resonance condition estab-
lished by a quantum interference effect known as co-
herent population trapping [6]. Figure 1 is a schematic
of one such atomic arrangement known as theΛ
scheme which exhibits EIT. The system consists of
three atomic energy levelsa, b andc, whereb andc
are long-lived lower levels. EIT in this system is ob-
served by applying two electromagnetic fields to the
medium, a control fieldEc and a probe fieldEp. When
the control field is tuned to the resonance frequency
of theac-transition, a transparency window opens for
the probe field if the two-photon resonance condition
is fulfilled. (Throughout this work we assume that
the probe pulse is weak in comparison to the control
field.) When two-photon resonance is satisfied, the
single absorption peak in Im{ε} splits into two peaks,
dashed and solid line respectively in Figure 2(b), that
are separated symmetrically on theab-transition res-
onance frequency,ωab. The two peaks are also sep-
arated spectrally in a magnitude equal to the control
field Rabi frequency,Ωc = pacEc/~, wherepac is the
dipole moment of theac-transition. Since the absorp-
tion is near zero aroundωab, a probe field with that
frequency is not absorbed as it propagates through the
EIT medium. However, the frequency region around
the transmission window is highly dispersive as shown
by the solid line in Figure 2(a). It is this extreme
dispersion which accounts for the line-width narrow-
ing and enhanced lifetimes in a resonator cavity which
contains this type of medium. In fact, as the dispersion
increases, the line-widths increasingly narrow and the
cavity lifetimes lengthen. However, simultaneously,
the system becomes bandwidth limited as the absorp-
tion peaks move closer together. To circumvent this
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Fig. 1: Schematic of the energy levels in a three level
Λ system.

effect, one could imagine that a dynamic change inΩc

could allow an increased performance of the resonant
cavity system.

Calculation method
Recently, we described a finite-difference time-domain
(FDTD) technique capable of modelling EIT [7] and
incorporating a dynamic control field Rabi frequency
. The algorithm utilized an implementation of the
auxiliary differential equation (ADE) method [8] and
a representation of the dielectric constant which is
connected to experimental parameters, such asΩc.
Such an implementation of the FDTD method allows
EIT media and arbitrary dielectric structures to oc-
cupy the same computational domain, a task not easily
realizable in other calculations methods, such as the
Maxwell-Bloch algorithm [9].
The susceptibility of a three-level EIT medium can be
expressed as [10]

χ(∆) = −
N|pab|

2

ε0~

∆ + iγbc

(∆ + iγbc)(∆ + iγab) −Ω2
c/4
, (1)

where∆ = ω−ωab is the probe beam detuning from the
resonance frequencyωab of theab-transition,γab is the
loss due to theab-transition,Ωc is the Rabi frequency
of the control field,γbc is the decoherence rate,N is the
density of excitation centers, and thepab is the dipole
moment of theab-transition. Assumingχ � 1, we
used a pole expansion to arrive at an exact, complex
two-pole representation of the relative permittivity:

ε = εb +

M
∑

l=1

(

Al

Bl + iω

)

, M = 2, (2)

whereεb is the background dielectric constant andAl
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Fig. 2: (a) Real and (b) imaginary parts of the permit-
tivity of an EIT medium when the control field is on
(solid) or off (dashed).

andBl are complex coefficients given by

Al =
iN|pab|

2

2ε0~

{

− 1+ i(2l) (γbc − γab)
[

(γbc − γab)2 −Ω2
c

]1/2

}

, (3)

and

Bl = −iωab +
1
2

{

γbc + γab +

+ (−1)l
[

(γbc − γab)
2 −Ω2

c

]1/2
}

. (4)

The standard FDTD implementations are then per-
formed in combination with the ADE method [8] to
derive the field-update equations. In all, the update al-
gorithm involves only one extra step since a polariza-
tion current term was introduced into the equations to
link the frequency dependence ofε into the algorithm.
Thus, the performance of the FDTD calculations do
not suffer severely from the inclusion of dispersive me-
dia. For convenience, we normalize frequencies byωab

since the FDTD calculations are performed with a unit
length that is normalized by the wavelength of interest.

Microresonator structure
To study the impact of a dynamically changing EIT
medium inside of a optical resonator, we used our
EIT FDTD code to perform two-dimensional calcula-
tions on the corrugated waveguide microcavity system
shown in Figure 3. Previous studies found that the in-
troduction of a highly dispersive medium in the cav-
ity of this system had the effect of increasing theQ-
factor while decreasing the transmission line-width of

Fig. 3: Geometry of the microcavity waveguide sys-
tem used for calculating the effect of a dynamically
changing EIT medium inside of a optical resonator.
The shaded region indicates the area that contained the
EIT medium.

the waveguide [5]. However in those calculations, the
EIT region was under a static Rabi frequency configu-
ration, e.g. the permittivity of the EIT did not change
as a function of time.
As shown in Figure 3, a silicon waveguide was defined
in an air background in the center of the computational
domain. A periodic arrangement of three air holes, lat-
tice spacinga and radius 0.35a, were positioned on
each side of an EIT region in the waveguide to form
a resonator cavity. The holes act as partially transmit-
ting Bragg mirrors, and the cavity was 1.4a in width.
The source pulse was TE-polarized (E-field within the
plane of the paper) and propagated from left to right
starting from the black vertical line on the far left of
the waveguide. Detectors were located at the verti-
cal lines on either side of the microcavity as indicated.
Only the material in the cavity of the waveguide was an
EIT medium, as indicated by the darker color in Fig-
ure 3, with a permittivity given by Equation (2). The
computational domain is terminated on all sides by a
perfectly-matched-layer absorbing boundary condition
to avoid reflections from the domain boundaries. The
EIT material was designed such that theab-transition
frequency coincided with the resonance frequency of
the cavity.
At the beginning of the calculation, the control field
Rabi frequencyΩc/ωab was set to 0.1612. The permit-
tivity of the EIT in this state is given by the solid line
in Figure 2. Then, after the resonance of the cavity was
allowed to establish,Ωc/ωab was linearly decreased to
0.0 (the ‘off’ state which is given by the dashed line in
Figure 2) over the period of 1000 time steps. The Rabi
frequency was left in the off state for the remainder of
the calculation.

Results
Figure 4 shows the power spectrum of the input pulse
(dashed line) and of the resonator cavity (solid line) af-
ter the control field is turned off. As shown, the power
increased almost an order of magnitude due to the dy-
namic tuning ofΩc. The total power in the cavity was
calculated from the data collected by the two detectors
and was found to be slightly less than that of the input
pulse. Thus, the increase of power at theωab is not
in violation of the conservation of energy. Physically,
one can understand this as a squeezing of the energy
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Fig. 4: Power spectrum of the input pulse (dashed) and
of the cavity (solid) after the control field was turned
off.

of the cavity resonance into the single frequency of the
ab-transition by the dynamic change in the steep dis-
persion of the EIT. Since we have assumed a zero deco-
herence rate, the dominating limitation of this system
is the radiation of the cavity to the surroundings above
and below the cavity region.

Conclusion
We modelled a microcavity resonator system which
possesses a dynamic, highly dispersive medium (such
as an EIT medium) inside of the resonator cavity. We
showed that the dynamic tuning of such a microres-
onator cavity shows a response where the power of the
cavity mode is channelled into a single frequency, in-
creasing the power output and the lifetime of the cavity
dramatically.
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