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Slow-light in Ring-in-ring Structure Based on
Coupled-resonator-induced Transparency”
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Abstract: A ring-in-ring structure of two rings with different diameters was designed to vyield
coupled-resonator-induced transparency. According to iterative approach, a theoretical analytic model was
established. Explicit expression of the group index at resonance was derived and discussed, and the
theoretic result agree with numerical result. The influences of the reflection coefficients on the group
index and the CRIT linewidth were fully studied. With proper choice of the parameters, the group index

could reach 10%~10*.
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0 Introduction

Since slow light was discovered in
Electromagnetically induced transparency (EIT)!Y, the
precise control of group velocity has made many
progresses>*® EIT is a phenomenon that can occur in
atomic systems as a result of the destructive interference
between excitation pathways to the upper level.
Recently, Similar effects are established in coupled
optical resonators. Smith et al.™! presented that the
coupled-resonator-induced transparency(CRIT) effect
can be established in directly coupled optical resonators
due to mode splitting and classical destructive
interference. Yanik et al.*? pointed out that the
existence of a classical analogue of the EIT in coupled
optical resonators is crucial for on-chip coherent
manipulation of light at room temperatures, including
the capabilities of stopping, storing and time reversing
an incident optical pulse. Xu et al.'®'! reported the
realization of an on chip experimental all-optical
analogue to EIT. Totsuka et al.l’®! reported the slow
light in the double ultrahigh-Q microsphere system.

In this paper, we proposed a ring-in-ring structure
to achieve CRIT, and theoretically analyzed the control
of group index of light in the ring-in-ring structure. We
will prove that the group index of light can be
controlled by the reflection coefficients r; and r,. With
proper choice of the parameters, the group index can
reach to 10°~10* orders of magnitude.
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1 Iterative approach for theoretical
analysis of the ring-in-ring structure

The ring-in-ring structure is depicted in Fig. 1. It is
constructed by a waveguide coupled with ring-in-ring
resonator. Next, we use the iterative method™® to
deduce the transmission and dispersion of the proposed
structure. For the first ring, the reflected and transmitted
electric fields are:

E, =rE, +itE (1a)

E,=itE, +rE (1b)
where ry, t; are the reflection and transmission
coefficient of the first ring. Propagation of E; around the
first ring of length L, is:

E, =ae"E, )
where ¢=£,L; and a;=exp(-aL1/2) are the phase shift
and attenuation factor in the first ring, respectively.
According to Eq.(1a), Eqg.(1b) and Eq.(2), the ratio of
the output field to the input field, i.e., the transmission
(EJ/Ey) across ring 1 can be deduced as:

. r—ae*
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Fig.1 Hlustration of ring-in-ring structure

For the second ring, the reflected and transmitted
electric fields are

E, =rE, +it,E, (4a)

E, =it,E, +1,E, (4b)
where 1y, t, are the reflection and transmission
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coefficient of the second ring. Propagation of E,, Es,
and E; around the second ring of length L, are

ES = aZei% z’:1 E7 (5)
Where ¢,=fL,, a=exp(-axL,/2) are the phase shift and
attenuation factor in the second ring, respectively.
According to Eq.(4a), Eqg.(4b) and Eq.(5), the ratio of
the output field to the input field, i.e., the transmission
(E6/E.) across the whole structure can be deduced as

B _r,—a,7e”
TZ(¢2’¢1)_1—rafe”5
27271

(6)

2 CRIT in ring-in-ring structure
The transmittance T, of the whole structure can be
got by T, = |f2|2 , the absorptance of the whole
structure can be got by A,=1-T,:
(1—|r22)(1—a22 \fl\z)

(1-ra,|z|)" +4ra, |7sin’ (W"T*“’f)

A(s.9)= (7

where ¢ (4,)=arg(7,) is the effective phase shift
of the first ring.
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Fig.2 The Absorptance for ring-in-ring structure versus the
phase shift (¢,) of first ring

For a ring-in-ring structure, assuming the radiuses
of the two rings in the ring-out-ring structure, R; and R,,
satisfy the relation of R, = 2R;. According to g=/L;, we
can be obtained the relation of ¢,=2¢. Fig. 2 shows the
absorptance A of the whole structure versus the first ring
phase shift phase shift ¢. The solid line represents the
whole absorption of the system in a ring-in-ring
structure with two rings. Dotted line represents the
absorptance A for the second ring alone. We can note
that the coupling of the first ring induce a splitting of
the large absorption of the second ring in two absorption
peaks at resonance, and then a narrow transparency
window appears between the split resonances. The split
is originates from coherent coupling between rings,
analogous to ac-Stark shift and quantum interference
that occurs in three level atomic systems.

Note that Eqg.(6) can also be written as

7, =|7,|exp(igs") , where 4" is the effective phase
shift of the whole structure, it is defined as
¢ (4.¢,)=arg(7,) (8)
In figure 3 we plotted the effective phase shift ¢
as a function of the first ring phase shift phase shift ¢ in

the ring-in-ring structure. As it was the case for
absorption A, we also represented in dot line dispersion
properties of the second ring alone. The coupling
between the two rings induces a sharp positive phase
variation which leads to a positive dispersion. The
strong dispersion results in considerably slow light, for
the slow light induced by CRIT effect, the group delay

of the whole structure is 7(w)=dg,™ /do ; the
corresponding group velocity is v, = L/7 (@), where L

is the length of the first ring. Thus, the group index can
be obtained as:
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Fig.3 Effective phase shift for ring-in-ring structure versus the
phase shift (¢,) of first ring

In the ring-in-ring structure, both a good
transmission and a large delay at resonance induced the
CRIT effect, which originates from coherent coupling
between rings, analogous to the EIT effect occurs in
three level atomic systems.

As an example, we can consider the ring-in-ring
structure is fabricated on a SiO, substrate whose
refractive index is 1.5. For a 1550nm tunable light
source, the numerical group index of the ring-in-ring
structure is shown in Fig. 4, which is calculated using
Eq.(6), (8) and (9). One can see that, in the narrow
transparence window at resonance region, the group
index increases significantly at resonance where the
CRIT effect is greatest.
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Fig.4 The group index ng versus the first ring phase shift for
the ring-in-ring structure with a;=0.9999, a,=0.9, r;=0.999,
r2=0.95.

3 Analysis and discussion

As analyzed in the above, the group index ng is
hightly dependent on the parameters of the ring-in-ring
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structure. In order to fully analyze the role of the
parameters of the ring-in-ring structure in the slowdown
of light propagation in the structure, the theoretical
group index of the structure is deduced. Based on Eq. (6)
and the relation of ¢, =24 , the derivative of the

effective phase shift is

dgs" 1 dimr dRer
94, =——| Rer,—%—Imr,——2 | (10)
d ¢1 |Tz | d ¢1 d ¢1
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Fig.5 The group index nq versus the reflection coefficients r;.
and versus the reflection coefficients r,

When resonance occurs, dRez,/d¢,=0. As a
result, Eq.(10) can be simplified at resonance as follows
n,a, (1-r7)(3a, +a - 2r, —2ra’)

©[-ra) (a0 (-ra)-a,(r-a)]
(11)
The group index ng at resonance is shown in Fig. 5(a)
which describe the cases of r,=0.95, 0.75, 0.55 for
different ry, and in Fig. 5(b) which describe the cases of
r;=0.9999, 0.999, 0.99 for different r,. The dotted line
shows the numerical group index calculated using Eq.
(6) and (8), the solid line shows the theoretical group
index calculated using Eq. (11). One can see that the
theoretical result agree well with the numerical result. In
addition, ng increases with increasing r; and decreasing
r,, and ng increases significantly when r; closes to 1.
Furthermore, we can know from the figure that the
group index can reach to 10% to 10* orders of magnitude
by using proper parameters.

As well known, for atoms in EIT, larger group
index is associated with smaller EIT linewidths. The
same is true for ring-in-ring structure in CRIT. In
addition, it is well accepted that the narrower the
linewidth is, the more difficult the detection is.
Therefore, the full width at half maximum (FWHM)
linewidth of the ring-in-ring structure should be
considered. For the size of the second ring is two times
of the size of the first ring, the theoretical linewidth of
this structure is deduced. From Eq. (7), the FWHM
linewidth can be obtained as

5FWHM :|:2C(l_rl)\jzrzaz/ri:|/|:(1_rza2)n0|-1:| (12)
where L, is the length of the first ring, c is the speed of
light in vacuum. As shown in Fig. 6(a) which describe
the cases of r,=0.95, 0.75, 0.55 for different r;, and in
Fig. 6(b) which describe the cases of r;=0.999 9, 0.999,

0.99 for different r,. One can see that the FWHM
linewidth increases with r, and decreases with rq, which
is corresponding to the results of Fig. 5.
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Fig.6 The FWHM linewidth versus the reflection coefficients
ri.and ry.

4 Conclusions

In this letter, we theoretically analyzed highly
dispersive ring-in-ring structure with CRIT property,
and demonstrated that the slow light in CRIT is
analogous to slow light in EIT. From the theoretical
calculation, the group index of the whole structure is
tunable due to the variety of reflection coefficients r;
and r,. Furthermore, we confirm that group index can
reach to 10%~10* orders of magnitude with proper
choice of the parameters.

References

[1] BOLLER K J, IMAMOGLU A,
electromagnetically induced transparency [J]. Phys Rev Lett,
66: 2593-2596.

[2] FIELD J E, HAHN K H AND HARRIS S E. Observation of
electromagnetically induced transparency in collisionally broadened
lead vapor [J]. Phys Rev Lett, 1991, 67: 3062-3065.

[3]1 HAULV,HARRIS S E, DUTTON Z, et al. Light speed reduction to
17 metres per second in an ultracold atomic gas [J]. Nature 1999, 397:
594-598

[4] TURUKHIN A V, SUDARSHANAM V S, SHAHRIAR M S.
Observation of ultraslow and stored light pulses in a solid [J]. Phys
Rev Lett, 2002, 88: 023602.

[5] PODIVILOV E, STURMAN B, SHUMELYUK A, et al. Light Pulse
Slowing Down up to 0.025cm/s by Photorefractive Two-Wave
Coupling[J]. Phys Rev Lett, 2003, 91: 083902.

[6] BIGELOW M S, LEPESHKIN N N, BOYD R W. Observation of
ultraslow light propagation in a ruby crystal at room temperature[J].
Phys Rev Lett,2003, 90: 113903.

[71 BIGELOW M S, LEPESHKIN N N, BOYD R W. Superluminal and
Slow Light Propagation in a Room-Temperature Solid[J]. Science,
2003, 301: 200-202.

[81 WANG H, ZHANG Y, WANG N, et al. Observation of superluminal
propagation at negative group velocity in Cg solution[J]. Appl Phys
L, 2007, 90: 1.

[91 YARIV A, XU Y, LEE R K, et al. Coupled-resonator optical
waveguide: a proposal and analysis[J]. Opt Lett, 1999, 24: 711-713.

[10] HEEBNER J E, BOYD R W. Slow light, induced dispersion,
enhanced nonlinearity, and optical solitons in a resonator-array
waveguide [J].Phys Rev E, 2002, 65: 036619.

HARRIS S E. Observation of
1991,



36 o F F W

37

[11] SMITH D D, CHANG H, FULLER K A, et al
Coupled-resonator-induced transparency [J]. Phys Rev A,2004, 69:
063804.

[12] YANIK M F, FAN S. Stopping light all optically [J]. Phys Rev Lett,
2004, 92: 083901.

[13] XU Q, SANDHU S, POVINELLI M L., et al. Experimental
realization of an on-chip all-optical analogue to electromagnetically
induced transparency [J]. Phys Rev Lett,2006, 96: 123901.

[14] XU Q, SHAKYA J, LIPSON M. Direct measurement of tunable

[15] optical delays on chip analogue to electromagnetically induced
transparency [J]. Opt Express,2006, 14: 6463.

[16] TOTSUKA K, KOBAYASHI N, TOMITA M. Slow light in
coupled-resonator-induced transparency [J]. Phys Rev Lett, 2007, 98:
213904.

[17] SMITH D D, CHANG H, FULLER K A. Whispering-gallery mode
splitting in coupled microresonators [J]. J Opt Soc Am B, 2003, 20:
1967-1974.

TG TS TRZ B AN B9 B R S5 A R B O s 18

IH TR, B8, TeF,

w oM, £ mmasl,

FHA

(1 My/RETR2E JEHFIFERT, B/REE 150080 )
(2 M/RETLRY: EA54E, WB/REE 150080 )
K H H#H: 2008-12-20

 OE: RS TIRTIREM P ARSI IR G AN KA S T R T T IHRE LT AR
AR AN, B R G BB RFAFMSF. BT # T AH R TR EFCRITA R 9 Fh. i

BB SEG S, B ET HA10°~10"

KEEIR: SLidfs; Bok; MEMIREN; AITHE

optics. Currently she

WANG Nan was born in 1980. Her research interests include quantum optics and nonlinear
is devoting to the slow light in optical
Coupled-Resonator-Induced Transparency (CRIT) effect.

resonators based on



