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Abstract We investigate the optical Rabi oscillations in a dual-mode slab waveguide that
undergoes a spatial-temporal refractive index modulation. Frequency conversion is induced
during Rabi oscillations since dynamic modulation is employed. We also show that the
contrast of Rabi oscillations can be controlled by the initial phase of dynamic modulation,
which can be tuned arbitrarily from zero to unity as the phase varies. The contrast of zero
corresponds to the dynamic supermodes and unity refers to complete Rabi oscillations. It
suggests that the phase can be a new degree of freedom to control optical Rabi oscillations.
This study may find applications in optical sensors, switches and mode converters.
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1 Introduction

Rabi oscillation is a very important phenomenon in the two-level system where the atoms
exhibit periodic population oscillations under the driving electromagnetic field (Rabi
1936). The Rabi oscillations can be generalized to many other physical systems, such as
semiconductors (Schiilzgen et al. 1999), atomic and molecular physical systems (Schuh
et al. 2009; Tong et al. 2017; He et al. 2017; Yuan et al. 2017; Qin and Zhu 2017; Ma et al.
2017; Hong et al. 2018; Li et al. 2017), and Bose—Einstein condensates (Matthews et al.
1999). Recently, optical analogue of Rabi oscillations have also been demonstrated. The
optical Rabi oscillations refer to the periodic mode conversions induced by refractive index
modulation. In two-dimensional photonic crystals doped by two coupled single-mode
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cavities, the Rabi oscillations between two cavity modes are reported (Centeno and Fel-
bacq 2000). Also, the Rabi oscillations between two waveguide modes can be induced in
the dielectric waveguide with longitudinal index modulation (Kartashov et al. 2007).
Moreover, the Rabi oscillations of Floquet-Bloch modes have been realized in waveguide
arrays (Makris et al. 2008; Shandarova et al. 2009; Wang et al. 2017a, b, c; Huang et al.
2016; Zhao et al. 2017; Long et al. 2017; Ke et al. 2016; Ke et al. 2017).

In atomic systems, there exists energy transition and frequency shift accompanying the
process of Rabi oscillations. However, in the previously demonstrated optical Rabi
oscillations, no frequency shift occurs during Rabi oscillations since there only exists
spatial modulation of refractive index. To also induce frequency shift to mimic atomic
Rabi oscillations, one therefore needs to use dynamic index modulation (Yu and Fan
2009a, b; Fang et al. 2012; Lira et al. 2012; Tzuang et al. 2014; Qin et al. 2016). It also
shows that period of Rabi oscillations can be further controlled by varying the dynamic
index modulation amplitude.

Apart from controlling the Rabi period, the manipulation of Rabi oscillations contrast is
also an important issue. The contrast of Rabi oscillations has been studied in atomic
systems (Munz and Marowsky 1986; Schrader et al. 2004; Lupascu et al. 2006; Batalov
et al. 2008; Simon et al. 2011). As the frequency of pumped laser is slightly detuned from
frequency difference of two atomic levels, the contrast of Rabi oscillations will decrease
accordingly. However, the Rabi period will also be shortened. While in optical Rabi
oscillations, the control of the contrast hasn’t been studied.

In this work, we use dynamic index modulation to realize optical Rabi oscillations and
propose a new method to tune the contrast of Rabi oscillations. Without relying on the
method of frequency detuning, we utilize the phase of dynamic modulation to control the
contrast, which can be tuned arbitrarily from zero to unity. The contrast of zero corre-
sponds to the dynamic supermodes and unity indicates the complete Rabi oscillations. The
mechanisms of Rabi oscillations are analyzed from the perspective of mode interferences
through the vector superposition methods. The work may find potential applications in
optical switches and tunable mode convertors.

2 Optical Rabi oscillations in dynamic waveguide

Firstly, we investigate the concept of Rabi oscillations in dynamic waveguide. Figure 1a is
a schematic of waveguide containing a dynamic modulated region. As shown in Fig. 1b,
the waveguide supports two transverse electric (TE) polarized modes |1) and |2) at fre-
quencies ®; and ®, with wave vector k; and k,, respectively. Photonic interband transitions
between |1) and |2) are induced by applying a spatial-temporal permittivity modulation
(Yu and Fan 2009a, b),

em(x,2,1) = de - 9(x) cos(Qt + gz + ), (1)

where Q = ®, — ®;, ¢ = k; — k, are the modulation frequency and wave vector,
respectively, which are chosen to satisfy the phase-matching condition, dg and
d(x) = sgn(x) denote the amplitude and transverse distribution of modulation, respectively,
and ¢ is the modulation phase which can be set at will. The electric field is expressed as
E(x,z,1) =), an(z)En(x)exp(i(wpnt — knz)] with a,(z) and E,(x) (m =1, 2) being
normalized complex amplitudes and transverse profiles, respectively (Okamoto 2006). The
state spatial evolution equation along the propagation direction is i0;|\y) = H|), where
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Fig. 1 a Schematic of dynamic silicon waveguide with width d = 0.22 pm. The black zone represents the
dynamic region with length L and permittivity €; 4+ €, (¢, = 12.25). b Band structure of dynamic
waveguide. In this essay, the angular frequencies and wavenumbers are normalized with respect to
a = 1 um. Red and blue dots denote |1) at lower frequency o; and |2) at higher frequency ,, respectively.
¢ Energy levels of dynamic waveguide. (Color figure online)

the superposition state |) = a;|1) + a|2) represents the mixed modes, H is the state
evolution matrix. By substituting the modulation function (1) and the electric field dis-
tribution into Maxwell’s equations and using rotating wave approximation (Fang et al.

2012), we obtain
_ 0 Ce
H-= < Cei(b 0 ) ) (2)

where C = gy/8 fj;: d¢ - sgn(x)E;(x)Ex(x)dx is coupling coefficient between two
modes. The amplitude transfer matrix reads

_ cos(Cz) —ie”' sin(Cz)
T= < —ie' sin(Cz) cos(Cz) ) ' 3)

Figure 1b shows the band structure of waveguide, where the red and blue dots denote
[1) and |2), respectively. Due to the symmetry of modulation function, the dynamic
modulation induces both upward photonic transition |1) — |2) and downward transition
|2) — |1), which is analogous to energy level transitions in a two-level atomic system.
Here, we regard the waveguide as a two-level system, |1) at lower frequency and |2) at
higher frequency are ground state and excited state, respectively. In atomic system, as the
laser frequency meets the energy gap between two energy levels, the Rabi oscillations are
induced (Rabi 1936). Analogously, as the dynamic modulation satisfies the phase-match
condition, the optical Rabi oscillations is realized. Moreover, a photon will carry
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modulation phase after transition. In detail, a photon obtain a phase ¢ after upwards
transition, while it obtain a phase — ¢ after downwards transition (Fig. 1c¢).

3 Manipulation of the contrast of optical Rabi oscillations

Light wave in |1) and |2) enters the dynamic waveguide with same amplitudes and the
phase difference between them is Ag,. The incident light wave is expressed as a super-
position state [\fy) = 5 (]1) + €270|2)) (Okamoto 2006). By substituting |} into (3), we
obtain the intensity of |1) and |2) after normalization,

Li(z) = % [1 —sin(¢p — Agy) - sin(2nz/L.)], (4a)
(2) = 3 [1 + sin(6 — Agy) -sin(2m/L.), (4b)

where L. = n/C is the period of Rabi oscillations. Figure 2a shows the intensity spatial
evolution of |1) and |2). When ¢ — A@q is n/2, incident mixed modes can convert to
[1) and |2) fully in the modulated zone. As ¢ — Apy, = 0, the Rabi oscillations are
retrained totally. For clarity, the contrast of optical Rabi oscillations is defined as K, where
K = (Ln,max — In.min) / (L, max + Ln, min ) » I, max and Ly, min are the maximum and minimum
intensity of mth mode (m = 1, 2) (Schrader et al. 2004; Lupascu et al. 2006; Batalov et al.
2008; Simon et al. 2011). From Eq. (4), we obtain K = |sin(¢ — Ag@g)|. As shown in
Fig. 2b, the contrast K reaches maximum when ¢ — A is tuned to be & /2, which
corresponds to complete oscillations. With the increase of phase shift on the modulation
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Fig. 2 a Intensity spatial evolution of |1) and |2) along with z direction. Red line or line with red marks
denote the intensity of |1), the blue ones represents the intensity of |2). b The contrast of Rabi oscillations
K varying with & — A@,. Red and black circles denote complete Rabi oscillations and the situation that
Rabi oscillations vanish, respectively. (Color figure online)
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phase ¢, the contrast K is decreasing gradually. At last, no oscillation occurs when
¢ — A@y = 0 or + m. Thus, the contrast of optical Rabi oscillations can be controlled by
choosing various modulation phases.

Now we focus on the situation that optical Rabi oscillation vanishes, which is associated
with dynamic supermodes of waveguide. Under a dynamic modulation with initial phase
¢, two supermodes |\, ) = \/Li (11) + €®[2)) and [y_) = % (|1) = €?|2)) can be derived
from the amplitude transfer matrix (3), where e ™" and ¢ are the corresponding eigen-
values of |\|l +> and |\_), respectively, where 0 = Cz. During propagation, the amplitudes
of two modes keep unchanged, the phase difference A@ between them remains ¢ or ¢
+ m, in other word, ¢ — Ap = 0 or m.

Here, we show the physical mechanism behind the dynamic supermodes by using polar
coordinate system. In Fig. 3a—f, the vectors represented by arrows correspond to the modes
in waveguide. The length and angle of a vector denote the amplitude and phase of the
corresponding mode, respectively. Figure 3a—c show the evolution of supermode ’\Il +>,
where Agp = ¢. Amplitudes of incident |1) and |2) are same and the phase difference
between them is ¢, which is shown in Fig. 3a, where red and blue solid arrows denote
[1) and |2), respectively. After a distance z, a part of photons initially in |1} is converted to
photons in |2) and acquire a phase —mt /2 + ¢, the corresponding amplitude and phase of
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Fig. 3 a—c Evolution of supermode |lﬂ +> along with z direction in polar coordinate system. d—f Evolution

of supermode |_) along with z direction in polar coordinate system. Red and blue arrows represent
|1) and |2), respectively. g, h Simulated electric field distribution of [\, ) or [y_). (Color figure online)
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converted |2) are Asin® and — /2 + ¢, respectively. The photonic transition is repre-
sented by the vector decomposition in polar coordinate system. Similarly, for photons
initially in |2), some of them translate into photons in |1) and acquire a phase — /2 — ¢,
the corresponding amplitude and phase of the converted |1) are Asin® and —7/2,
respectively. The other photons remain unchanged because of experiencing no transition.
Now, the interferences both between two |1) modes and between two |2) modes happen.
As shown in Fig. 3b, the interference is denoted by the vector superposition, red and blue
dashed arrows denote superposed |1) and |2), respectively. The two initial vectors are
rotating clockwise in the polar coordinate system while |\|J +> is propagating in waveguide,
and the rotation angle —0 is proportionate to the propagation distance z. Amplitudes of two
modes and the phase difference between them remain unchanged, but two modes get the
same phase —0. Figure 3d—f shows the evolution of eigenstate |\y_). The initial phase
difference between two modes is ¢ + m. |1) and |2) obtain the same phase 0 after
propagating over a distance z.

To verify above theoretical analysis, we numerically simulate the field distribution in
waveguide by using COMSOL Multiphysics which is based on the finite element method
(FEM). Here, the modulation amplitude is chosen as 6e = 0.5 and the period of Rabi
oscillations L. is 20 um. The frequencies of |1) and |2) are ®; = 0.6468(2nc/a) and
», = 0.8879(2nc/a), respectively, the modulation frequency is Q = 0.2411(2nc/a). The
wavenumbers of |[1) and |2) are set as k; = 1.8234(2n/a) and k, = 1.3493(2n/a),
respectively, the wavenumber of dynamic modulation is chosen as ¢ = 0.4741(2n/a). As
shown in Fig. 3g and h, there exists no mode conversion in the modulated region, which
agrees well with the above theoretical analysis.

Thus, the dynamic supermodes are realized as the phase condition ¢ — Ap = 0 or m is
satisfied and the amplitudes of two modes are same. To meet above conditions, we could
tune the modulation phase ¢ which is determined by the modulator, instead of changing
the phase difference A (therefore A remain the incident one A@g). Now the contrast of
Rabi oscillations becomes 0 and the dynamic waveguide is transparent to the incident
mixed modes because of the achievement of supermode.

The mode conversion cancellation induced under specific modulation will make sense
in both physics and applications. From the physical perspective, the mode conversion
cancellation indicates that Rabi oscillations vanish and the waveguide thus supports two
dynamic supermodes. The dynamic supermode here is an optical analogue of the super-
position state in a two-level atomic system. Thus we can use the dynamic supermode to
simulate the physics of atomic systems with optical settings, such as quantum computing
and quantum information processing (Lanyon et al. 2008; O’brien 2007). From the
application point of view, the contrast of Rabi oscillations can be arbitrarily tuned from
zero to unity in dynamic modulated waveguide compared to unmodulated one. So it can
find applications in optical switches with arbitrary power splitting ratio. And the mode
conversion cancellation is only a specific case for the arbitrary power splitting.

After that, we impose a phase shift /2 on modulation phase to make ¢ — A@y become
n/2 while supermode ’\|J +> is in process. After propagating over a quarter of Rabi oscil-
lation period, half photons initially in |1) (|2)) convert to photons in |2) (|1)). After
photonic transitions, the amplitudes of two waves in |1) and two waves in |2) are same. For
simplification, we only show the phase changes in Fig. 4a. Converted photons in |2)
acquire a phase ¢ — m/2, and the phase becomes 0. Converted photons in |1) get a
phase — ¢ — m/2, and the phase is — m. The phase of other photons remain unchanged.
The phase difference Ag, between two waves in |2) is 0, thus constructive interference
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Fig. 4 a, b Evolution of mode phase when ¢ — A¢, is n/2 or — m/2. Red and blue dots represent
[1) and |2), respectively. ¢, d Simulated electric field distribution when ¢ — Ao is w2 or — 72,
respectively. (Color figure online)

happens. The phase difference A¢; between two |1) modes is m, thus destructive inter-
ference happens and the eventual intensity of |1) becomes 0. Finally, the supermode HJ +>
converts to |2) completely. The contrast of Rabi oscillations turns from 0 to maximum, in
other word, complete Rabi oscillations are realized. For supermode [{_), ¢ — Apg
becomes 3m/2 after experiencing the same phase shift n/2. Here, we only pay attention to
one period of ¢ and the range is — 7w to 7, thus we replace 3n/2 by — w/2, actually they
have same physical effect on the contrast of Rabi oscillations. As shown in Fig. 4b,
supermode |\y_) convert to |1) at first and complete Rabi oscillations are also realized.

Figure 4c and d show the simulated electric field distribution when ¢ — Ay is n/2 and
— m/2, respectively. For supermode ‘\l/ +>, mode profile becomes antisymmetric after going
through about L./4. It means that eigenstate !\l/ +> converts to |2) completely. For super-
mode |\y_), mode profile becomes symmetric. [{_) converts to |1) completely. Therefore,
by a phase shift n/2 on the modulation phase, supermodes are broken and complete Rabi
oscillations are induced. If the phase shift is — n/2, after about L /4, the consequences are
contrary to the above case.

We consider the most general situation in which amplitudes of two incident modes and
the phase difference between them are arbitrary, and it is represented as
[W;) = Ay|1) + €2 A, |2), where A, A, are initial amplitudes of |1) and |2), respectively,
and A% +A% = 1. By substituting |\;) into (3), we obtain the normalized intensity of
[1) and |2) along propagation direction,

Li(z) = A% cos®(Cz) + A% sin’(Cz) — A1Ay sinsin(¢p — Agy)(2Cz), (5a)

I(z) = A7 sin*(Cz) + A3 cos*(Cz) + A 1Az sin(¢p — Agy) sin(2Cz), (5b)
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The contrast of Rabi oscillations K reaches minimum [A? —A3| when ¢ = Agy,
especially the oscillation vanishes when A; = A,. Based on this, the phase difference A
between two modes could be measured. By changing the modulation phase gradually, the
modulation is identical to A until the contrast reaches minimum. As for applications, we
could detect the phase shift caused by some perturbations on a sample through the mea-
surement of the changed contrast K. This may have potential applications in the field of
optical sensors.

As for experimental proposal, the optical Rabi oscillations could be achieved by both
electric modulation and optical modulation. The optical modes for Rabi oscillations are
chosen in the optical spectrum, and the index modulation should compensate both the
frequency and vector differences between the two modes. Usually, the frequency differ-
ence is ~ 10 GHz order of magnitude, which can be implemented by using electro-optical
modulation with radiofrequency (RF) signal. Specifically, the dynamic index modulation
can be realized by applying the RF voltage through p—n junction diodes on the silicon
waveguide (Lira et al. 2012; Tzuang et al. 2014). The modulation wave vector can be
introduced by using p—n junction diode arrays with different initial phases. The initial
phase of the RF signal in each diode can be continuously tuned by using RF phase shifter.

Due to the limitation of modulation frequency for electro-optic modulation (usually not
higher than 40 GHz), the optical pump needs to be employed for higher frequency index
modulation. The waveguide is made of light-sensitive material and the dynamic index
modulation can be realized through the effect of photoinduced refractive index change.
The spatial distribution of index modulation can be controlled by varying the intensity
distribution of the illuminated pumped light. The initial phase of the index modulation can
be continuously tuned by controlling the arrival time of the pumped light.

4 Conclusion

In summary, we have investigated optical Rabi oscillations in dynamic waveguide. The
dual-mode waveguide is regarded as a two-level system and Rabi oscillations are induced
by a spatial-temporal refractive index modulation. Due to the introduction of temporal
modulation, the frequency shift is realized during mode conversions. The contrast of
optical oscillations is studied in this work. We can manipulate the contrast by tuning the
initial phase of modulation. Especially, the Dynamic supermodes and complete optical
Rabi oscillations are realized. And we analyze the above two cases by using the polar
coordinate system and vector superposition. This study may find applications in the optical
sensors, switches, mode convertors.
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