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We performed optical pulse propagation experiments in a system in which two ultrahigh-Q silica
microspheres of different diameters were coupled in tandem to a fiber taper to yield coupled-resonatorinduced transparency. Nearly Gaussian-shaped optical pulses propagated with a large positive delay of
8.5 ns through a transparent frequency window, without significant attenuation, amplification, or pulse
deformation, demonstrating classical analogy of the extremely slow light obtained with electromagnetically induced transparency.
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Quantum coherence in atoms has led to several interesting and unexpected outcomes. In electromagnetically induced transparency (EIT), destructive quantum interference introduced by a strong coupling laser cancels the
absorption from the ground state to coherent superposing
upper states [1]. The observation of nonabsorbing resonance through atomic coherence has led to novel concepts,
such as lasing without inversion [2,3]. Since the EIT linewidth can be made extremely narrow, the resultant steep
linear dispersion has been used to reduce the velocity of
light [4]. This technique has been developed for coherent
optical information storage and to freeze light [5,6]. Light
storage for times greater than a second has been experimentally demonstrated in solid state system [7].
From the perspective of dispersion engineering or
quantum-information storage, dielectric nanostructures appear to be an alternative promising system [8–14]. Since
the EIT spectrum results from the interference effect of
resonant pathways, similar effects are expected in classical
systems. Recently, theoretical analyses and experiments in
coupled microsphere resonators have revealed that coherent effects in the system are remarkably similar to those of
EIT in atoms [15–17]. Moreover, a new theoretical mechanism for stopping light as a classical analogy to EIT has
been proposed using a waveguide side coupled to optical
resonators [18,19]. The storage time of the sphere system
may be limited by the Q factors of spheres; this value can
be extremely high for microspheres; i.e., Q  1010 has
been experimentally observed and over Q  1021 is predicted [20,21]. Here, we performed optical pulse propagation experiments with a system involving coupledresonator-induced transparency, consisting of two microspheres of different diameters, and demonstrated the classical analogy of extremely slow light in EIT.
Figure 1 is a schematic illustration of the waist region of
a coupled resonator consisting of two microspheres (S1 and
S2 ) and a fiber taper. S1 and S2 , with diameters of 39 and
73 m, respectively, were fabricated from a standard telecommunication optical fiber. The fiber was etched and
fused into microsphere form using a CO2 laser. A fiber
0031-9007=07=98(21)=213904(4)

taper with a typical diameter in the waist region of 0:5 m
was fabricated from the same telecommunication optical
fiber [22]. The two microspheres were attached to translation stages controlled with 3-axis piezoactuators. First,
we adjusted the position of sphere S1 relative to the fiber,
so that this sphere was coupled to the fiber taper under the
undercoupling condition [23]. Then, the position of sphere
S2 was adjusted with respect to S1 so that a specific
whispering gallery mode (WGM) in S2 was coupled to
the resonance mode in S1 . The resonance frequencies of
the two spheres, S1 and S2 , respectively, were adjusted
carefully using temperature control. We used the second
harmonics of a single-mode ring-cavity Nd3 : YAG
(yttrium aluminum garnet) laser with a linewidth of
1 kHz at 532 nm. The laser frequency was tuned via
thermal control of the cavity length. The mode hop-free
scanning range exceeded 10 GHz. Optical pulses were
generated using an electro-optic modulator with a repetition rate of 100 kHz. Nearly Gaussian-shaped transformlimited pulses with a pulse width of 51 ns were prepared.
The average power of the incident laser was 100 nW. The
transmitted pulse profile was observed using a streak camera with a time resolution of 10 ps.

FIG. 1. Schematic illustration of the double microsphere system coupled to a fiber taper. S1 and S2 are the first and second
spheres, respectively.
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To examine the optical characteristics of the double
sphere-fiber system, we first examined the transmission
spectra. The left column in Fig. 2 shows the transmission
spectra as a function of the laser frequency detuning for
different gap distances. Figure 2(a) shows the transmission
spectrum for the naked first sphere (S1 ) and fiber system in
which the separation gap between spheres was sufficiently
large so that the effect of the second sphere (S2 ) could be
neglected. A broad transmission dip appeared when the
laser frequency was tuned to resonance frequency S1 of
the WGM in S1 . The full width at half maximum of the
original transmission dip was S1  150 MHz, and the
minimum transmissivity was Tmin  0:08. When the gap
distance decreased and S2 was coupled to S1 , S2 modulated
the loss and phase of S1 , and a narrow transparent window
appeared at S2 in the broad absorption band due to S1 .
This peak arose due to destructive interference between the
two optical pathways, and we consider this peak as a
coupled-resonator-induced transparency: one path passed

S2 and the other path bypassed S2 . As the gap distance
decreased, the induced transmission peak at S2 increased
from Tind  0:08 to 0.87, as seen in Fig. 2(a)–2(f), while
the frequency width of the transparent window became
wider. As the gap distance further decreased, the transmission spectrum split into two separate dips.
We performed pulse propagation experiments and examined the frequency dependence of the propagation delay
though the induced transparency window. Figure 3(c)
shows the normalized transmitted temporal profile observed at three detuning frequencies denoted as A, B, and
C in Fig. 3(a) for a specific gap distance. Time zero was
taken at the position of the transmitted pulse peak under the
far detuning condition   240 MHz. At the center of

FIG. 2. (a)–(f) The transmission spectra in the double spherefiber system as a function of the laser frequency detuning for
different separation gap distances. The separation gap decreases
from the top to the bottom figures. The solid circles are the
experimental observations and the solid curves are the theoretical calculations based on Eq. (2). The frequency origin
  0 is taken at the resonance frequency of the first
sphere, 1 . The parameters used are x1  0:999 820 and y1 
0:999 899, (b) y2  0:999 999 999, (c) y2  0:999 999 997 4,
(d) y2  0:999 999 992, (e) y2  0:999 999 986, and (f) y2 
0:999 999 965, while x2  0:999 975  0:000 010. (g)–(l) The
theoretical calculation of the transmission phase shift as a
function of the frequency detuning. The parameters used in
(g)–(l) are same as those in (a) –(f), respectively.

FIG. 3. (a) The transmission spectrum as a function of the laser
frequency detuning at a specific gap distance. The solid circles
are the experimental observations and the solid curve is the theoretical calculation, where the parameters are x1  0:999 820
and y1  0:999 899, x2  0:999 975, y2  0:999 999 986, and
12  13 MHz. (b) The pulse propagation delay time through
the double sphere-fiber system as a function of the frequency
detuning. The solid circles are the experimental observations and
the solid curve is the theoretical calculation based on Eq. (2).
The parameters used are the same as for (a). (c) Transmitted
pulse profiles through the double sphere-fiber system. The solid,
dashed, and dotted curves are the pulse profiles at three laser
detuning frequencies denoted as A, B, and C in Fig. 3(a), where
  240, 13, and 41 MHz, respectively.
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the induced transparency window, the pulse profile was
delayed 6.2 ns, where 78% of the input pulse is transmitted.
Therefore, the pulses in this region are propagated through
the system with a large positive delay without significant
attenuation, amplification, or pulse deformation, demonstrating the classical analogy of extremely slow light in
EIT. Figure 3(b) summarizes the propagation delay time as
a function of the frequency detuning. The delay time was
positive at the center of the transparent window and negative on both sides of the frequency window.
To further investigate slow light in this system, we
measured the propagation delay time in the induced transparency window for different gap distances. Figure 4 summarizes our experimental observations of the propagation
delay time as a function of coupling parameter y2 determined from the transmission spectra, as described below.
When the gap distance was sufficiently large and the effect
of S2 could be neglected, we observed a negative delay
time of 6:0 ns, i.e., fast light relevant to the undercoupling condition of S1 . As the gap distance decreased, the
delay time increased. We observed a maximum positive
delay time of 8.5 ns at a transmission of Tind  0:47.
Figure 4 also plots the width of the induced transparency
window ind , which is defined as the frequency difference
between the two minima in the transmission spectrum and
the transmissivity at the center of the induced transparency
Tind . When the gap distance decreased further, the propagation delay time again decreased as the frequency width
increased.
The stationary input-output characteristics can be analyzed using directional coupling theory [24]. The electrical
fields in the fiber at the input and output are denoted A0 and
A, respectively, and the incoming and outgoing electric
fields at the coupling points within the first sphere are
denoted B, B0 , B1 , and B2 , and those in the second sphere
are C and C0 , respectively, as is shown in Fig. 1. Directional coupling theory gives

FIG. 4. The open circles, solid diamonds, and solid squares are
the experimentally observed propagation delay time (left scale),
frequency width of the induced transparency window ind
(inner right scale), and transmission peak of the transparency
window Tind (outer right scale), respectively. The solid, dashed,
and dotted curves are the theoretical calculations, where x1 
0:999 820, y1  0:999 899, and x2  0:999 975.

A  1  1 1=2 A0 cos1   iB0 sin1 ;
B  1  1 1=2 iA0 sin1   B0 cos1 ;
B2  1  2 1=2 B1 cos2   iC0 sin2 ;

(1)

C  1  2 1=2 iB1 sin2   C0 cos2 ;
where 1 and 2 are the insertion losses and 1 and 2
are the coupling strengths between the sphere and the
fiber, and between the two spheres, respectively. The
electrical fields are given as B1  B exp1 L1 =4 
i’1 =2, B  B2 exp1 L1 =4  i’1 =2, and C0 
C exp2 L2 =2  i’2 , where 1 and 2 are the losses
within S1 and S2 , respectively; L1 and L2 are the round-trip
path lengths of the modes; ’1   2n1 L1 =c, ’2  
2n2 L2 =c are the phase shifts for a circulation within the
sphere orbits; n1  n2  1:458 are the effective refractive
indexes; c is the velocity of light in the vacuum. The output
light electric field A normalized by the incident light
electric field A0  is given as


A
1=2 y1  x1 RS2  expi’1 
 1  1 
1  x1 y1 RS2  expi’1 
A0 
p
 T expi;
(2)
where
RS2   1  2

1=2


y2  x2 expi’2 
;
1  x2 y2 expi’2 



x1  1  1 1=2 exp1 L1 =2 and x2  1  2 1=2
exp2 L2 =2 are loss parameters, and y1  cos1 
and y2  cos2  are coupling parameters, for S1 and S2 ,
respectively. T and  are the transmissivity and
phase shift of the transmission light. The transmission
spectrum and phase as a function of  depend sensitively
on the coupling strength between the spheres and the
losses. The typical trajectory of the transmitted field A
in a complex plane of  has a double-helical structure. The
phase development as a function of laser frequency can be
classified into three categories using real values zi 
Re Ai , for i  1, 2, and 3 at which the trajectory of
the transmitted field on the complex plane crosses the real
axis (Im Ai   0). First, for the condition 0 < z1 
z3 < z2 that appears typically when the S1 is undercoupled
to the fiber, S2 modulates the loss and phase of the original
S1 transmission, and a transparent window appears within
the frequency region that is otherwise opaque. Under this
regime, the frequency width of the induced transparency
p
window is on the order of  c 21  y2 =n1 L1 , and
the induced transmission peak increases as the coupling
strength is increased and y2 is decreased, in good accordance with Fig. 2(b)–2(f). When the coupling strength
increases further as x2 > y2 , the transmission spectrum
splits into two separate dips. This situation corresponds
to a case of EIT where the Rabi frequency of the control
laser field is larger than the excited state lifetime broadened
linewidth. The solid curves in the left column of Figs. 2 and
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3(a) show the calculated transmission spectra as a function
of the frequency detuning. The parameters are given in the
caption. We used the frequency difference between the two
resonances, 12  S2  S1 , as a fitting parameter. Note
that these calculations based on Eq. (2) corroborate the
experimental observations well. We also calculated the
transmission phase shift in the right column of Fig. 2 using
the obtained loss and coupling parameters. For the frequency region of the induced transparency, the phase slope
@=2@ is positive and very steep linear normal dispersions appear. In this region, the pulses can propagate
through the system with large positive delays without
significant attenuation, amplification, or pulse deformation
as experimentally demonstrated in Fig. 3(c). When the
coupling strength increases, the slope of the phase at S2
initially becomes steep in accordance with the increase of
the height of the induced transmission peak. As the coupling strength increases further, and the width of the induced transparency window increases, the slope becomes
gentle, in good accordance with Fig. 4. Fast light relevant
to the anomalous dispersions in an undercoupled single
microsphere-fiber taper system is also expected at both the
lower and higher frequency sides of the transparent window. The solid curves in Figs. 3(b) and 4 are the calculated
propagation delay time, where the concept of net group
delay is applied and the spectral averaged @=2@ is
calculated [25]. We can see that directional coupling theory
provides a quantitative explanation for the measured
propagation delay times. In the present system, the minimum value of the bandwidth for the slow light  is
limited by the Q factor of the second sphere, while the
maximum value is limited by the available maximum
coupling strength. On the basis of a previous experiment
[22], stronger coupling can also be viable when the two
spheres are contacted closely, and we can expect much
broader bandwidth over  100 GHz.
Note that two other categories of transmission spectra
appear depending on the coupling and loss parameters that
can be physically be viable. When z1  z3 < z2 < 0, that
appears when the S1 is overcoupled to the fiber (x1 > y1 ),
and S2 is weakly coupled to S1 [x1 RS2 0 > y1 ], the transmission spectrum shows induced absorption. In contrast to
the induced transmission, the slope of the transmission
phase becomes negative and fast light is expected.
Finally, the third category is when z1  z3 < 0 < z2 , that
appears when the S1 is overcoupled to the fiber (x1 > y1 ),
and S2 is strongly coupled to S1 [x1 RS2 0 < y1 ], and the
phase slope is positive over the resonance region.
In summary, we performed optical pulse propagation
experiments and observed slow light using a system of
coupled-resonator-induced transparency, which demonstrated the classical analogy of extremely slow light in
EIT. Group index engineering in various photonic media
and the realization of special resonance structures are
challenging problems. The coupled-resonator-induced
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transparency as well as EIT system may prove to be
important because the propagation velocity can be controlled through the coupling strength. The reconfiguration
rate in the present system may be limited by the bandwidth
of the piezo-acutuator, which may, however, be improved
using electro-optical effect or nonlinear optical effect.
Together with ultrahigh-Q factors, this coupled microsphere system holds great promise for photonic applications and quantum-information technology.
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