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Physical systems with discrete energy levels are ubiquitous in nature and are fundamental building
blocks of quantum technology. Realizing controllable artificial atom- and molecule-like systems for
light would allow for coherent and dynamic control of the frequency, amplitude and phase of photons.
In this work, we demonstrate a photonic molecule with two distinct energy-levels and control it by
external microwave excitation. We show signature two-level dynamics including microwave induced
photonic Autler-Townes splitting, Stark shift, Rabi oscillation and Ramsey interference. Leveraging
the coherent control of optical energy, we show on-demand photon storage and retrieval in optical
microresonators by reconfiguring the photonic molecule into a bright-dark mode pair. These results
of dynamic control of light in a programmable and scalable electro-optic platform open doors to
applications in microwave photonic signal processing, quantum photonics in the frequency domain,
optical computing concepts and simulations of complex physical systems.

Photonic analogues of condensed matter systems have
resulted in important discoveries like photonic crystals
[1], parity-time symmetric systems [2] and topological
photonic systems [3, 4], and have led to breakthrough
technologies including quantum ground state cooling of
nanomechanical systems [5], new classes of sensors [6, 7]
and one-way lasers [8].A photonic analogue of a two-level
system could allow full-control over the energy and phase
of photons using the concept of two-level systems control
in atomic or molecular systems, where the state of the
electron can be controlled and functionalized by external
electromagnetic fields. Such a photonic system would
enable the investigation of complex physical phenomena
[1, 2, 4, 8, 9] and unique functionalities, including ondemand photon storage and retrieval, coherent optical
frequency shift and optical quantum information processing at room temperature [9–11]. However, the fundamental building block, a coherent photonic two-level system
that can be programmed and dynamically controlled, is
still missing. While realizing a photonic device with discrete energy levels is straightforward, for example using
modes of an optical resonator, controlling such a system
dynamically is challenging as it requires mixing of optical
frequencies via strong nonlinear processes. As a result,
coherent coupling between discrete photon energy modes
have only been studied using all optical methods [12–14],
which require high optical pump powers and have limited
design parameter space, configurability and scalability.
Electro-optic methods [15–21] are ideally suited for
controlling photonic two-level systems since they have
fast response, can be programmed and allow for large
scale integration.To realize a fully unitary photonic two-

level system with coherent electro-optic control, the photon lifetime of each energy state needs to be much longer
than the time required to drive the system from one state
to the other. On the one hand, Large optical systems
with optical amplifiers [22] can emulate a classical twolevel system but the quantum coherence of the optical
photons is destroyed in the process. On the other hand,
conventional integrated photonic platforms have not been
able to meet the requirements of long photon lifetime and
fast modulation simultaneously. For example, fast phase
modulators [9, 23] can generate new optical frequencies
but they do not support distinct and long-lived optical
modes. On the other hand, ultra-high Q on-chip resonators have traditionally been realized in passive materials, such as silicon dioxide (SiO2 ) [24, 25] and silicon nitride (Si3 N4 ) [26, 27], which can only be controlled
electrically using slow thermal effect. Electrically active
photonic platforms based on silicon [16], III-V materials [12, 20], plasmonics [17], graphene [19], and polymers
[28] allow for fast electro-optic modulation at gigahertz
frequencies, but suffer from dramatically reduced photon
lifetimes compared to passive platforms.
In this work, we overcome the existing performance
trade-off paradigm and realize a programmable photonic
two-level system that can be dynamically controlled using gigahertz microwave signals (Fig. 1a). Specifically,
we create a microwave addressable photonic molecule using a pair of 80-µm radius integrated lithium niobate
(LN) microring resonators patterned in close proximity to
each other (Fig. 1b). The low optical loss [29] and the efficient co-integration microwave electrodes [30, 31] allow
us to simultaneously achieve large electrical bandwidth
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FIG. 1. Microwave-controlled photonic molecule. (a) The photonic two-level system is realized by a pair of identical
coupled optical microring resonators (ω1 = ω2 ). The coupling forms a photonic molecule with two distinct energy levels, a
symmetric (S) and an antisymmetric (AS) mode that are spatially π out of phase. Microwave field can interact coherently with
the photonic two-level system through the strong Pockels effect enabled by second order nonlinear (χ(2) ) of lithium niobate. (b)
False-coloured scanning electron microscope (SEM) image of the coupled microring resonators fabricated on thin-film lithium
niobate. To maximize the effective microwave-photonic interaction strength, gold microwave electrodes are patterned to achieve
differential driving that induces a phase delay on one ring and phase advance on the other one. (c) Measured transmission
spectrum of the photonic two-level system. The two optical modes are separated by 2µ = 2π × 7 GHz with linewidths of
γ = 2π × 96 MHz, which corresponds to a loaded (intrinsic) optical quality factor of 1.9 × 106 (2.3 × 106 ). (d) DC Stark effect
can be achieved by applying a DC electric field to the two-level system. The DC field blue-shifts one ring and red-shifts the
other one. The resulting transmission spectra show an anti-crossing curve due to the optical coupling between the two rings.
From the asymptote of the anti-crossing, a microwave-optical coupling efficiency of g = 2π × 0.5 GHz/V is extracted. NT:
normalized transmission.

(> 30 GHz), strong modulation efficiency (0.5 GHz/V)
and long photon lifetime (2 ns).
The photonic molecule supports a pair of well-defined
optical energy levels, which are evident from the optical
transmission measured using a tuneable telecom wavelength laser (Fig. 1c; also, see Supplementary for full
spectrum). The two optical energy levels are formed by
the evanescent coupling of light from one resonator to another through a 500-nm gap. When the optical coupling
strength µ exceeds the optical loss rate γ of each cavity,
the coupling leads to a normal mode splitting resulting in
a frequency doublet consisting of a lower frequency symmetric (S) and a higher frequency antisymmetric (AS)
optical mode (Fig. 1a and c). The S (AS) mode spatially
spans both optical cavities, with the light in the two cavities being in- (out-of-) phase. The two new eigenmodes,
separated in frequency by the optical coupling strength,
are the energy states of the photonic molecule. In our
case, the two optical modes are separated by 2µ = 2π × 7
GHz and have cavity linewidths of γ = 2π × 96 MHz,
corresponding to a loaded (intrinsic) quality factors of
Q = 1.9 × 106 (Qi = 2.5 × 106 ), thus forming a well-

resolved two-level system (Fig. 1c).
We induce photonic transitions in the two-level system using high-frequency electro-optic phase modulation
of the two modes. The phase modulation is realized
through the Pockels effect (χ(2) ) of LN, where the optical refractive index can be changed by an applied electric field, with a response time on the femtosecond scale.
To enable strong overlap between microwave and optical
fields without significantly increasing the optical loss, we
place gold microelectrodes 2.5 µm away from the edge
of the rings that form the photonic molecule (Fig. 1b).
Importantly, the microwave circuit layout is designed to
induce a phase delay on one ring and a phase advance
on the other ring therefore introducing coupling between
the spatially orthogonal S and AS modes (Fig. 1a and
Supplementary).
We explore the analogy between an atomic two-level
system and the photonic two-level system, and leverage
it to demonstrate the control of the photonic molecule.
We note that in our system the electro-optic effect plays
the role equivalent to that of an electric dipole moment
in the case of an atomic two-level systems, where in both
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FIG. 2. Microwave dressed photonic states. (a) When the applied microwave frequency is tuned to the match the mode
separation, dissipative coupling leads the two photonic levels to split into four levels - the effect referred to as the microwave
induced photonic Autler-Townes (AT) splitting. When the microwave is detuned far from the photonic mode splitting, the
photonic energy levels experience a dispersive effect, leading to photonic AC Stark shifts. (b) Measured AT splitting in the
photonic molecule where the splitting can be accurately controlled by the amplitude of the applied microwave. (c) Measured
photonic AC Stark shifts for a microwave signal at 4.5 GHz. NT: normalized transmission.

systems external electromagnetic fields are used to couple
and address the energy levels. Building on this analogy,
we show that the energy levels of the photonic molecule
can be programmed by applying a direct current (DC)
electric field, the effect equivalent to a DC Stark shift
used to control the energy levels in an atom. This is
accomplished by applying a DC bias voltage in the range
of ± 15 V to the microwave electrodes, which results in an
avoided crossing curve shown in figure 1d. The extracted
tuning/modulation efficiency g = 2π × 0.5 GHz/V is an
order of magnitude larger than previously demonstrated
in bulk electro-optic resonator systems [32, 33], and is
due to the highly efficient overlap between microwave and
optical fields enabled by our system [34].
Next, we use a continuous wave (CW) coherent microwave field to control our photonic two-level system.
This situation is similar to an atomic two-level system
under a strong coherent excitation, with an important
difference that in our case the number of photons that
could populate each of the two levels is not limited to
one, resembling that of an atomic ensemble. When the
microwave frequency matches the energy difference of
the two levels, an effective coupling between the two initially decoupled S and AS modes is introduced, leading
to microwave-induced photonic Autler-Townes splitting
(Rabi splitting), shown in Fig. 2a. This is similar to
the emergence of dressed states in the case of an atomic
two-level system resonantly excited with CW light. In
our system, the splitting frequency (Ω) can be precisely
controlled up to several gigahertz by controlling the amplitude of the microwave signals (Fig. 2b). When the
microwave frequency is far detuned from the transition
frequency, an effective dispersive effect in the level splitting is induced, analogous to the AC Stark shift in atomic
systems (Fig. 2c). Importantly, this effect can be used
to control the effective coupling strength between the energy levels of the photonic molecule, which are otherwise

determined by geometric factors.
We demonstrate the photonic molecule can be used for
unitary transformation of light in the frequency domain
using Rabi oscillation and Ramsey interference (see Supplementary). The observed Rabi oscillation corresponds
to a rotation along the real axis of the energy Bloch
sphere (Fig. 3c, inset) and indicates that light tunnels
back and forth between the two optical modes at two different optical frequencies. In other words, using the language of nonlinear optics, applied microwave signal drives
a sequence of resonance enhanced sum- and differencefrequency generation (SFG and DFG) processes that result in energy of photons being changed several times
(more than 10 in Fig. 3c) before it is eventually dissipated due to the cavity photon loss (cavity life time ∼
1.6 ns). To study the Rabi oscillation, we initialize the
system by coupling a CW laser into the S mode and measure the real-time optical transmission as the microwave
drive is turned on (see Methods and Supplementary). We
find a large range of Rabi frequencies achievable with low
applied voltages (Fig. 3a) to be in excellent agreement
with theoretical predictions (Fig. 3b and Supplementary). In particular, for a peak drive voltage of Vp = 1.1
V, we observe coherent Rabi oscillation with a frequency
of 1.1 GHz, being 16% of the initial mode splitting. Even
stronger driving regimes, where the Rabi frequencies are
close or even exceed the level splitting, could be accessible in our system, thus enabling exploration of the extreme conditions where the rotating-wave approximation
completely breaks down [35].
To show the control over the relative phase of the
two photonic levels in our system (i.e. rotation along
the imaginary axis), we measure photonic Ramsey interference by driving the system with detuned microwave
pulses at 7.8 GHz. After initializing the system in the S
mode, we apply a microwave π/2 pulse to transform the
optical field into a superposition of the two states. As the
microwave is turned off for a time period of τ , the super-
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FIG. 3. Coherent spectral dynamics in the photonic molecule (a-b), Measured (a) and theoretically predicted (b)
Rabi oscillation for different microwave strengths applied to the photonic two-level system indicating the control of the Rabi
frequency over a wide range. The excitation laser is tuned to the frequency of the symmetric mode (i.e. mode c1 ). As the
microwave field is turned on at t = 0, the photon oscillates between the two energy levels leading to the observed signals.
The measurements are in excellent agreement with theoretical predictions (see Supplementary). (c) Rabi oscillation observed
for microwave Vp = 1.1V at 1.1 GHz. This corresponds to rotation along the real-axis of the Bloch sphere. Inset shows the
corresponding photon population (measured) in mode c1 . (d) Oscillatory signals on a photodetector showing photonic Ramsey
interference observed when δ-detuned microwave π/2pulses are applied. The first π/2 pulse prepares the light in a superposition
of the two optical modes with a precession frequency determined by δ. The second π/2 pulse with a delay τ have oscillating
projections on to c1 resulting in the measured Ramsey fringes. The solid curve shows calculated signal (see Supplementary).
The optical coherence time is ∼ 1.6 ns for both Rabi and Ramsey oscillations in agreement with the cavity decay time.

position state precesses along the equator of the Bloch
sphere at a rate determined by the microwave detuning δ
After sending another microwave π/2 pulse, the photons
are rotated to different energy states, determined by the
delay τ , and measured using a photodetector. The result is the so-called Ramsey interference shown in figure
3d. As the optical lifetime of the two-level system (∼ 1.6
ns) is much shorter than the coherence time of the laser
(∼ µs), the phase coherence time of the two energy levels obtained in this measurement is dominated by cavity
dissipation in good agreement with that obtained from
the Rabi oscillation.
We leverage the ability to perform unitary transformations in the frequency domain to achieve on-demand
photon storage and retrieval - a critical task for optical
signal processing. While a static resonator can be used to
slow down the propagation of a photon, such slow-down
is fundamentally limited by the frequency bandwidth of
the resonator, i.e. the delay-bandwidth product, and

cannot be controlled on-demand. In contrast, the use
of a dynamically-modulated resonator system can overcome the delay-bandwidth product constraint, enabling
new functionalities such as optical buffering [36]. To enable controllable write and read of photons into a resonator and from an external waveguide, the optical coupling strength needs to be altered faster than the cavity
photon lifetime. To achieve this, we apply a large DC
bias voltage (15 V) to reconfigure the photonic molecule
into a pair of bright and dark modes. In this limit, one
of the modes is mainly localized in the 1st ring (purple in
Fig. 4a), and thus is still accessible to the input optical
waveguide and is optically bright, while the other mode
is mainly localized in the 2nd ring (black in Fig. 4a)
and thus is decoupled from the input optical waveguide
by geometry and becomes optically dark (See Supplementary for details). Notably, optical access to the dark
optical mode can be granted by applying a microwave
signal with frequency matched to the difference between
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FIG. 4. On-demand storage and retrieval of light using a photonic dark mode (a) The photonic molecule is programmed so that the resonance frequency of ring 1 is different from ring 2, resulting in bright and dark modes. The former is
localized mainly in ring 1 while the latter in ring 2. As a result, bright mode can be accessed from the optical waveguide, while
the dark mode cannot (forbidden by geometry). (b) A microwave field applied to the system can induce an effective coupling
between bright and dark modes, indicated by the avoided crossing observed in the optical transmission spectrum. (c) Light can
be deterministically stored and retrieved using the bright-dark mode pair and microwave control. Photons are coupled to ring
1 through fixed waveguide coupling. A microwave πpulse is applied to temporarily open a channel that transfers light from
the bright to the dark mode. As the microwave is turned off, photons are restricted from any external waveguide coupling.
After a certain desired storage time, a 2nd microwave πpulse retrieves the photon from the dark to the bright mode and the
light is transferred back to the optical wave guide. γ is the decay rate of the bright optical mode, γi and γex are the intrinsic
damping and waveguide coupling rate respectively. (d) The retrieved light from the dark mode measured at different time
delays. Inset: the extracted intensity of the retrieved light shows nearly twice the lifetime of the critically coupled bright mode.
This is expected since the lifetime of the bright mode is affected by the waveguide coupling, while the lifetime of the dark
mode is determined by the intrinsic losses of the resonator only, as it is decoupled from the input waveguide. NT: normalized
transmission.

the two optical modes (Fig. 4a). The microwave modulation results in an effective coupling between the bright
and the dark mode, which we directly observe from the
avoided crossing in the spectrum of the bright optical
mode (Fig. 4b). In our experiment, the waveguide coupling is designed to be critically-coupled to a single resonator maximizing the transmission extinction ratio. We
excite the critically-coupled bright mode from the optical
waveguide, and then apply a microwave π pulse to switch
light from the bright to the dark mode (Fig.4c). Once the
microwave signal is turned off, the photons are trapped in
the dark mode and become decoupled from the waveguide
leaving cavity intrinsic dissipation as the only photon loss
mechanism. After a desired storage time, we apply another microwave π pulse to deterministically retrieve the
photons from the dark mode back into the bright mode
and then into the optical waveguide (Fig. 4c). Tracking the intensity of the retrieved optical pulses stored in
the dark mode, we extract a dark mode lifetime of 2 ns,

which is about two times of the lifetime of the critically
coupled bright mode as expected (Fig. 4d). Using an
over-coupled bright optical modes, while further improving the quality factor of the integrated lithium niobate
resonators towards its material limit (> 109 ), could result in a tunable storage time of hundreds of nanoseconds
(see Supplementary).
Our demonstration of the coherent and dynamic control of a two-level photonic molecule with microwave
fields and on-demand photon storage and retrieval paves
a path to a new paradigm of control over photons.
These results represent the initial step towards integrated electro-optic coherent manipulation of photonic
states and energies, and could have immediate applications in signal processing and quantum photonics. With
microwave control and the possible integration of onchip photonic components including filters, routers and
modulators, a new generation of photonic-electronic systems with advanced functionalities can be put in practice.

6
Considering the high versatility and scalability of dynamically controlled two- and multi-level photonic systems,
they have the potential to enable novel photonic technologies including topological photonics [3], advanced
photonic computation concepts [21, 37] and on-chip optical quantum systems [9, 10].
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Supplemental Information
I.

SUMMARY OF FABRICATION AND MEASUREMENTS METHODS

Devices are fabricated on a single crystalline thin-film lithium niobate (LN) device layer bonded onto a silicon
(Si) handle wafer with a 2 µm thick thermally grown silicon dioxide layer on top. Standard electron-beam (e-beam)
lithography is used to realize optical waveguides and microresonator patterns in hydrogen silsequioxane (HSQ) e-beam
resist. The patterns are then transferred into the LN layer using argon plasma etching in a standard inductively couple
plasma reactive ion etching (ICP-RIE) tool. The etched depth is 350 nm leaving a 250 nm LN slab behind. The slab
allows for efficient electrical field penetration into the waveguide core region. The first layer of the gold interconnects
is patterned using e-beam lithography and the metals are deposited with e-beam evaporation methods and lift-off
processes. Next, a 1.6 µm silicon dioxide layer is deposited on top using plasma enhanced physical vapour deposition
(PECVD) method. Finally, metal vias and the top metal layer are realized using a standard photolithography followed
by e-beam evaporation and lift-off processes.
The light from a tunable telecom wavelength laser (SANTEC TS510) is launched into, and collected from, the
LN waveguides using a pair of lensed optical fibres. The microwave control signals are generated from an arbitrary
waveform generator (AWG, TEKTRONIX 70001A), before they are sent to electrical amplifiers. Electrical circulator
or isolators are used to prevent multiple electrical reflections. For the Rabi oscillation measurements, the electric field
amplitude (c1 ) in the S mode is measured by interfering the light out-coupled from the double-ring system with the
pump light in the optical waveguide. The interference produces a homodyne signal for c1 that is sent to a 12 GHz
photodiode (Newport 1544A), and due to the optical frequency difference, the rapid interference signal between the
pump light and c2 can be filtered out electrically using a low-pass filter. For the Ramsey measurements, the optical
power is sampled after the 2nd π/2 pulse using the fast photodiode. For the photon storage measurements, the pump
light is synchronously turned off with the first π/2 pulse allowing for direct power readout of the retrieved light and
prevent pump further leaking into the bright mode. The modulation on the pump signal is achieved by an external
electro-optic modulator synchronized with the microwave control signals.
II.

DEVICE AND EXPERIMENTAL SETUP DETAILS
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FIG. S1. Device details. (a) scanning electron microscope (SEM) image of the gap between the coupled microring resonators.
(b) Cross-section of the optical mode profile in the ring resonator. (c) microscope image of the full device showing the double-ring
and microwave electrodes. (d) SEM image of the array of double ring devices fabricated on a single chip.

The ring resonators of the photonic molecule have waveguide width of 1.4 µm and vary coupling gaps of ∼ 700 nm.
The coupling waveguides are 800 nm wide by 600 nm thick with a rib height of 350 nm and slab height of 250 nm.
This ratio is chosen to ensure optimum electro-optic over-lap while still maintaining a tight bending radius.
The high frequency microwave electrodes are designed to achieve differential driving of the two resonators. As
shown in figure S1, the top contact pad is connected to the bottom electrodes of the left ring and the top electrodes
of the right ring (and vise versa for the bottom contact pad). Since the LN thin film is x-cut (extraordinary axis z
in plane), such configuration allows the electrical field to be in the same direction on each ring, while opposite for
the two rings. Here we pattern 60 programmable photonic molecules on a 10 mm by 8 mm thin film lithium niobate
(LN) chip.
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FIG. S2. Experimental Setup. The device is optically pumped by a tunable telecom laser centered around 1630 nm. The
light is sent through an external electro-optic modulator and polarization controllers before coupling into the chip with a lensed
fiber. The output optical signal, also coupled with a lensed fiber, is sent to a 12 GHz photodetector (New focus 1811A). The
converted electrical signal is directed to an oscilloscope. The microwave control signals are generated by an arbitrary wave
generator (AWG, Tektronix 70001A) and amplified before sent on to the device. A bias T is used to allow DC control on the
microresonators. An electrical isolator is used to capture the electrical reflection from the microresonators. The oscilloscope,
device drive signals and modulator drive signals are all synchronized.
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FIG. S3. Measured transmission spectrum. Typical normalized transmission spectra of a double-ring resonator showing
pairs of photonic two-level doublets, separated by ∼ 2.2 nm of free-spectral-range.

The optical properties of the devices are characterized using a tunable telecom laser (Santec TSL-550). The
polarization of the light is tuned to TE (in-plane of the chip) before sending into the chip with a lensed fiber. The DC
transmission is measured on a 125 MHz photodetector (New Focus 1811A) and the fast oscillation signal is measured
on a 12 GHz photodetector (New Focus 1544A) and a fast real-time oscilloscope (Tektronix MSO71604C). Figure S3
shows the normalized transmission spectrum of the photonic molecule, showing pairs of two-level resonances separated
by the free-spectral-range of the microring resonator (∼ 2.2 nm).
The microwave signals are prepared using an arbitrary waveform generator (Tektronix 70001A), which provides
synchronized signals to drive the photonic molecule as well as an external modulator and the oscilloscope. The
microwave driving signal for the photonic molecule is amplified and sent through an isolator to minimize reflection to
the amplifier. A bias-T is used to coupled DC field into the resonator for fine tuning.

III.

DESCRIPTION OF THE PHOTONIC MOLECULE
A.

System Hamiltonian

The nanophotonic two-level system under a coherent microwave drive can be described by a Hamiltonian with the
form
Ĥ = ω1 a†1 a1 + ω2 a†2 a2 + µ(a†1 a2 + a1 a†2 ) + Ω(a†1 a1 − a2 a†2 )cos(ωm t)

(S1)
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where a1 (a†1 ) and a2 (a†1 ) are the annihilation (creation) operators of the two optical modes of the respective microresonator, µ is the coupling strength between the two optical resonators, Ω = gV0 is the interaction strength of
microwave field to the optical resonator, determined by the coupling strength g and microwave peak amplitude V0 .
ωm is the frequency of the microwave modulation.
B.

Identical resonator: two bright modes

When the resonant frequencies of the two resonators are identical, i.e. ω1 = ω2 ≡ ω0 , equation (S1) can be expressed
as
Ĥ = ω+ c†1 c1 + ω− c†2 c2 + Ω(c†1 c2 + c1 c†2 )cos(ωm t)
(†)

where ω± = ω0 ± µ, c1 =

(†)
√1 (a
2 1

(†)

(†)

+ a2 ) and c2 =

(†)
√1 (a
2 1

(S2)

(†)

− a2 ).
†

†

To simplify the system, we apply a unitary transformation U1 = e(iω+ c1 c1 t+ω− c2 c2 t) and the rotating wave approximation (RWA), we obtain
Ω † iδt
(c c2 e + c1 c†2 e−iδt )
(S3)
2 1
where the microwave detuning δ = ωm − ∆ω and ∆ω is the frequency difference between c1 and c2 . Equation S3
is equivalent to the time independent Hamiltonian
U1 ĤU1† =

δ †
δ
Ω
c c1 − c†2 c2 + (c†1 c2 + c1 c†2 )
2 1
2
2
We obtain the following equations of motion using input-output theory from equation S4,
   δ
 
d c1
−i 2 −i Ω2
c1
=
c2
−i Ω2 i 2δ
dt c2
Ĥ =
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Autler-Townes Splitting and AC Stark Shifts
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FIG. S4. Calculated optical transmission spectrum for Autler-Townes (AT) splitting and AC Stark shift (a)
Simulated AT spectrum with full mode described in equation S2. (b) Simulated AC Stark shift spectrum with full mode
described in equation S2

Under a continuous wave microwave modulation with frequency close to the optical two-mode splitting, each
resonance of c1 , c2 will further split into two dips with splitting frequency
p
(S6)
W = (Ω2 + δ 2 )
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−iδ/2 −iΩ/2
from equation S5.
−iΩ/2 iδ/2
For the Autler-Townes splitting measurement data shown in Fig. 2a in the main text and simulation shown in
Fig. S4, the microwave modulation signal is on-resonance with the optical two-mode splitting, i.e. δ = 0, with
W = Ω = gV0 .
When the microwave frequency detuning to the two-mode resonances is much larger than the driving strength (i.e.
δ  Ω), the microwave modulation behaves as a weak perturbation. This perturbation induces a shift of the optical
energy levels. Applying the second-order perturbation theory, we have


 
2
−i 2δ + Ω4δ


M ≈
2
−i − 2δ − Ω4δ

obtained by diagonalizing the coupling matrix M =

In the static frame we obtain the shifted frequency:
0
ω±
= ω± ∓

Ω2
4δ

In the experimental measurements in Fig. 2b and S4 we have δ < 0 where the two energy levels of c1 , c2 moves away
from each other. For a blue-detuned microwave drive signal, i.e. δ > 0, the two energy levels will move towards to
each other.
D.

Optical two-level dynamics

To study the dynamics of the photonic two-level system, we consider the equations of motion S5 with optical loss
and laser input fields. For a single tone optical input on resonance with c1 , the equations of motion are:


p
γ
δ
Ω
c˙1 = −i −
c1 − i c2 − γex /2sin
2 2
2


p
δ
γ
Ω
c˙2 = i −
c2 − i c1 − γex /2sin eiωm t
2 2
2

(S7)
(S8)

where γ is the total decay rate of the modes c1,2 , γex is the waveguide coupling rate to mode a1 and sin is the input
laser field. After dropping the fast rotating terms with frequency of ωm , we obtain the dynamical solution of c1 and
c2 ,


δ
W
W
c1 = c10 e
cos t − i sin t
2
W
2
γ
Ω
W
c2 = −ic10 e− 2 t sin t
W
2
− γ2 t

where c10 =


(S9)

√
γex sin
−i∆−γ/2

is the steady state amplitude in mode c1 before the microwave is turned on and ∆ is the
√
laser detuning. Here W = Ω2 + δ 2 is the Autler-Townes splitting frequency as in equation S6 and is also the Rabi
oscillation frequency. The output power from the waveguide is then
√
γex a1 |2
p
= |s + γex /2(c1 + c2 eiωm t )|2

Pout = |s +

(S10)

Substitute equations S9 into the expression of the output power and set δ = 0, we obtain

Pout = Pin 1 −



2γex − γ t
W
e 2 cos t
γ
2

2

(S11)

where Pin = |s|2 and we made the approximation to drop the fast rotating terms of c2 at ∼ 7 GHz, as we restrict
our measurement bandwidth to ∼ 2 GHz. The intra-cavity field can therefore be directly calculated from the output
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FIG. S5. Rabi oscillation, Ramsey interference and dark mode measurements (a) Rabi oscillation is measured in
real-time as the microwave signal is turned on. The laser entering the cavity after the turn-on of the microwave signal is
negligible as the split optical mode is transparent at the original laser wavelength. Ramsey interference is measured by two
time-delayed microwave π/2 pulses. The optical power is recorded at the end of the second pulse. For the photonic dark
mode measurements, the laser is turned off by an external electro-optic modulator for direct detection of optical powers and
prevent further coupling into the bright mode during the delay time. (b) Comparison of the measured photodetector voltage,
the simulated transmission of the full system and the calculated output from equation S11

p
intensity by c1 = (1 − Pout /Pin ) × γ/2γex . Therefore the real-time AC signal on the photodetector is directly related
to the intracavity field c1 . Figure S5 shows the full numerical solution as of equation S2, the approximated solution
S11 and the measured photodetector voltage.
The Ramsey interference is achieved by applying two microwave π/2 pulses separated by a time delay τ . Here the
microwave signal is detuned from the level-splitting by δ. Using the protocol of Ramsey interference and equation S7,
S8 , we can get the solution after two π/2 pulse as a function of time delay τ :

c1 (2T + τ ) = e

− γ2 (2T +τ ) −i δ2 τ

e

γ

δ
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where from mode c1 . T is the duration of the π/2 pulse. The first terms in equations S12 and S13 represent the
intra-cavity fields exist in the cavity prior to the arrival of the first π/2 pulse. The second terms are the leakage of
the pump signal into the cavity during the delay, which contributes to a DC term. So the oscillation of the output
2
p
signal Pout = s + γex /2(c1 + c2 eiωm t ) rotating at with the frequency δ corresponds to the population of c1 after
dropping the fast rotating terms related to c2 .

E.

Optical dark modes

In the case where a1 and a2 are far detuned by δω  µ, as in the photon storage and retrieval measurements, we
prefer to eliminate the coupling term µ(a†1 a2 + a1 a†2 ) by a Bogoliubov transformation. Assuming a new basis of c1 , c2
satisfying:
c1 = va2 − ua1

c2 = ua2 + va1
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Since c1 , c2 needs to satisfy the bosonic commutation relationship, we have the condition u2 + v 2 = 1. So we set
u = cos θ2 , v = sin θ2 with tan θ = µ/δω. Then result of this transformation gives us a Hamiltonian for c1 , c2 :
Ĥ =ω1 c†1 c1 + ω2 c†2 c2 + Ω cos(ωm t) sin θ(c1 c†2 + c†1 c2 )
+ Ω cos(ωm t) cos θ(c†2 c2 − c†1 c1 )
p
p
where ω1 = ω0 − µ2 + δω 2 , ω2 = ω0 + µ2 + δω 2 . This Hamiltonian indicate that for c1 , c2 , the microwave
modulation has a component that induces an exchange interaction c1 c†2 + c†1 c2 and a component that induces a
frequency modulation c†2 c2 − c†1 c1 .
As for the bright mode pair case we discussed above, i.e. for a small bias µ  δω, a1 , a2 are nearly degenerate and
in c1 , c2 basis,
1
c1 ≈ − √ (a1 + a2 )
2
1
c2 ≈ √ (a2 − a1 )
2
whereas in the case of a birght-dark optical mode pair, i.e. the bias voltage is high µ  δω, a1 , a2 have a large
frequency difference and in c1 , c2 basis, c1 is composed by a large part of a1 with small part of a2 and c2 has large
part of a2 while has only small part of a1 . That means:


|µ|
a2
c1 ≈ − a1 +
2δω

c2 ≈

|µ|
a1
a2 −
2δω



µ
Here the conversion term is finite and is suppressed by a factor sin θ = δω
and the term Ω cos(ωm t) cos θ(c†2 c2 − c†1 c1 )
is large, meaning that c1 , c2 are being frequency modulated. However, Since the modulation frequency is orders of
magnitudes larger than the bandwidth of the optical modes, we can neglect this term under high-Q approximation.
The resulting Hamiltonian still has a similar form to the bright mode pairs, with a pre-factor sin θ in conversion
efficiency.

Ĥdark =ω1 c†1 c1 + ω2 c†2 c2 + Ω cos(ωm t) sin θ(c1 c†2 + c†1 c2 )

(S14)

Similar to the previous section, applying RWA and input-output theory to equation S14, we obtain

ċ1 =(−iω1 −

Ω
γ1
√
)c1 − i sin θc2 − γex1 sin e−iωL t
2
2

ċ2 =(−iω2 −

γ2
Ω
√
)c2 − i sin θc1 − γex2 sin e−iωL t
2
2

where γ1,2 = γi + γex1,2 , γex1 = γex cos2 θ2 , γex2 = γex sin2 θ2 , γi is the internal loss of each ring and γex is the external
loss of ring 1 to waveguide, and γex1 , γex2 are the external losses of modes c1 , c2 to waveguide. From these equations of
motion, we see that at large bias voltages, γex2 → 0 and the access of mode c2 to the external waveguide is effectively
controlled by the microwave drive Ω. At the same time, the life time for mode c2 becomes closer to that of the intrinsic
cavity life time. Therefore, π-pulse control sequences can be implemented as described in the main text to achieve
the on-demand photon-storage and retrieval.
The bright mode can be over-coupled to the optical waveguide while the dark mode is detuned far from the bright
optical mode. As an example, assuming a lithium niboate ring resonator can be fabricated close to its material loss
limit (Q ∼ 109 ), set δω = 20 GHz, µ = 1 GHz so θ = 0.05, and let γex1 = 2 GHz, one could achieve a tunable delay of
more than 800 ns with a minimum of 500 ps steps (limited by output coupling bandwidth) and over 95% efficiency.

