
 
 

Quantum-optical analogies of dimer structures
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By using the concepts of canonical two-level systems, microwave-addressable photonic molecule enables on-de-
mand photon storage and retrieval based on coupled lithium niobate microring resonators, which simultaneously
achieve large electrical bandwidth, strong modulation efficiency, and long photon lifetime.
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In  the  past  decades,  engineered  photonic  waveguides
and other structures have provided an extremely rich laborat-
ory  tool  to  visualize  with  optical  waves  the  classic  analogues
of  a  wide  variety  of  coherent  quantum  phenomena  en-
countered  in  atomic,  molecular  or  condensed-matter
physics[1]. Owing to the powerful visualization methods and de-
tection method of optics, photonic analogues of quantum sys-
tems  have  resulted  in  discoveries  such  as  non-Hermitian
quantum  systems  with  parity-time  symmetry,  quantum  col-
lapses and revivals, Rabi oscillations and solid-state physics in-
cluding  Bloch  oscillations,  Anderson  localization  and  others.
These  quantum-optical  analogies  also  promote  the  develop-
ment of related technologies including quantum ground-state
cooling  of  nanomechanical  systems,  new  classes  of  sensors,
one-way lasers and orbital angular momentum microlaser.

With  the  development  of  semiconductor  technologies  in
optical  waves,  the mature  fabrication process  including pass-
ive and active materials of various specially engineered optic-
al  waveguide  structures  or  coupled  optical  waveguides  has
proven to provide a rich and varied approach for the classical
analogues of a wide variety of quantum phenomena. Rectangu-
lar waveguide, as the fundamental structure on chip, has been
widely used to investigate the on-chip quantum-optical analo-
gies. By using curved photonic structures, quantum decay con-
trol and Zeno dynamics, electronic Bloch oscillations and Zen-
er  tunneling,  Anderson  localization  and  dynamic  localization
in crystalline potentials can all be observed on chip. As anoth-
er building block device of photonic integrated circuits, micror-
ing  resonators  (MRRs)  side  coupled  to  signal  waveguides
provide compact, narrow band, and large free spectral range op-
tical  channel  dropping  filters.  Additionally,  MRRs  have  also
been  widely  investigated  with  new  concepts  from  non-Her-
mitian  quantum  systems  and  topological  physics[2–7].  For  ex-
ample,  single  parity-time  symmetric  MRR  with  balanced
gain/loss  or  complex  index  distribution  can  achieve  single
mode lasing and selection of either clockwise or counterclock-
wise mode at the exceptional point[2, 3]. Dimer structures com-
posed of coupled MRRs have also been studied, which would
be helpful for single mode lasing in coupled MRRs[4, 5]. Lasing to-
pological  edge  states  in  active  array  of  microring  resonators
have  been  realized,  which  benefit  from  the  combination  of
non-Hermiticity and topology in active systems[6]. High-perform-
ance sensors have also been developed at higher-order excep-

tional points based on MRRs[7].
Moreover,  a  photonic  analogue  of  a  two-level  system

would enable the investigation of complex physical phenom-
ena and unique functionalities,  including on-demand photon
storage and retrieval, coherent optical frequency shift and optic-
al  quantum  information  processing  at  room  temperature.
However,  the  dynamical  controlling  of  such  a  two-level  sys-
tem is still challenging, and now coherent coupling between dis-
crete photon energy modes has only been studied using all-op-
tical methods[8, 9].

With the progress of various active/passive integrated plat-
forms, high-speed modulation methods have been employed
in photonic integrated chips and also provide another modula-
tion dimension to control  the parameters in quantum-optical
analogies.

Electro-optic  methods  are  ideally  suited  for  the  dynamic
control  of  photonic  two-level  systems,  owing  to  the  fast  re-
sponse, programmability and large-scale integration.

In recent years, silicon photonics on the silicon-on-insulat-
or (SOI) platform has emerged as the most promising techno-
logy due to the possibility of high-quality,  low-cost and high-
volume production of photonic integrated circuits (PICs) in com-
plementary  metal  oxide  semiconductor  (CMOS)  foundries.
Based on free-carrier dispersion effect, high-speed silicon MRR
modulators are key components serving as the information en-
coding  engines  from  electrical  to  optical  domain.  Unfortu-
nately, free-carrier dispersion is associated with free-carrier ab-
sorption loss which leads to shorter photon lifetimes than pass-
ive  platforms.  To  realize  coherent  electro-optic  control  of  a
photonic  two-level  system,  the  photon  lifetime  of  each  en-
ergy state needs to be much longer than the time required to
drive the system from one state to the other.

Now, reporting in Nature Photonics, Mian Zhang and col-
leagues at John A. Paulson School of Engineering and Applied
Sciences,  Harvard  University  experimentally  demonstrate  a
‘photonic  molecule’  with  two  distinct  energy  levels  using
coupled  lithium  niobate  MRRs  and  control  it  by  external  mi-
crowave  excitation  shown  in Fig.  1.  Owing  to  the  Pockels  ef-
fect (χ(2)) of lithium niobite, the frequency and phase of light in
MRRs can be precisely controlled by programmed microwave
signals, using concepts of canonical two-level systems includ-
ing  Autler–Townes  splitting,  Stark  shift,  Rabi  oscillation  and
Ramsey  interference.  Through  such  coherent  control,  on-de-
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mand optical storage and retrieval can be observed by reconfig-
uring the photonic molecule into a bright–dark mode pair[10].

The size of the MRRs in the photonic molecule has been op-
timized, which is chosen to ensure optimum electro−optic over-
lap while still maintaining a tight bending radius. The high fre-
quency  microwave  electrodes  are  also  designed  to  achieve
good electric performance. To enable strong overlap between
microwave  and  optical  fields  without  significantly  increasing
the  optical  loss,  the  gold  microelectrodes  are  placed  2.5 μm
away from the edge of  the  rings  that  form the  photonic  mo-
lecule. The low optical loss and efficient co-integration of optic-
al waveguides and microwave electrodes contribute to simul-
taneously achieve impressive performance with large electric-
al bandwidth more than 30 GHz, strong modulation efficiency
(0.5  GHz  V−1)  and  long  photon  lifetime  (~2  ns).  Specifically,
Mian  Zhang and  co-workers  create  a  microwave-addressable
photonic  molecule  using  a  pair  of  integrated  lithium  niobate
microring resonators, 80 μm in radius, patterned close to each
other. The photonic molecule supports a pair of well-defined op-
tical energy levels, corresponding to two different modes, sym-
metric (S) and antisymmetric (AS) optical mode. When the optic-
al  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  S
mode  and  a  higher-frequency  AS  mode.  The  two  new  eigen-
modes  represent  the  two  energy  levels  of  the  photonic  mo-
lecule shown in Fig. 1(a). In such a dimer system, the electro−
optic effect plays the equivalent role to an electric dipole mo-
ment in an atomic two-level system, while in both systems ex-
ternal  electromagnetic  fields  are  used  to  couple  and  address
their energy levels.

In the presence of an external direct-current (d.c.) electric
field, the mode splitting of the dimer can be controlled. This ad-
ded  frequency  detuning  reduces  the  optical  coupling

between  the  two  MRRs  and  results  in  the  characteristic
avoided crossing curve in coupled resonator systems. This con-
trol  is  analogous  to  the  d.c.  Stark  effect  used  in  atomic  sys-
tems.  Actually,  such a familiar  dimer structure has been stud-
ied based on SOI platform, which has been applied to realize
various  tunable  filters.  However,  the  modulation  speed  and
quality factor cannot be achieved at the same time. Therefore,
lithium niobate integrated devices provide a remarkable plat-
form  for  investigating  light-matter  interaction  and  quantum-
analogies.

Such a photonic two-level system is also controlled by con-
tinuous-wave coherent microwave field, which is similar to an
atomic  two-level  system  under  a  strong  coherent  excitation.
When  the  microwave  frequency  equals  to  the  energy  differ-
ence of the two levels, an effective coupling between the two
initially decoupled S and AS modes is introduced, leading to a
second-order  mode  splitting  in  the  coupled  MRRs  shown  in
Fig.  1(b).  By  tuning  the  amplitude  of  the  microwave  signals,
the  exact  splitting  frequency  (Ω)  can  be  precisely  controlled
up to several  gigahertz shown Fig.  1(c).  When the microwave
frequency  is  detuned  far  from  the  energy  difference,  the  mi-
crowave-induced  photonic  mode  coupling  becomes  weaker,
and  an  effective  dispersive  effect  can  be  observed,  similar  to
the  a.c.  Stark  shift  in  atomic  systems.  The  photonic  molecule
can also be used for unitary transformation of light in the fre-
quency  domain  by  controlling  the  dispersive  and  dissipative
coupling between the two optical modes. By controlling over
the amplitude and phase, Rabi oscillation and Ramsey interfer-
ence  can  be  measured,  which  agree  well  with  the  theoretic-
ally predicted results.

Moreover,  such  a  photonic  module  is  applied  to  achieve
on-demand photon storage and retrieval—a critical task for op-
tical  signal  processing in Fig.  1(e).  It  is  well  known that  MRRs
can  slow  down  the  group  velocity  of  light  propagation,  but
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Fig. 1. (Color online) Microwave-dressed photonic module. (a) The photonic molecule is realized by a pair of identical coupled optical microring
resonators (resonant frequency ω1 = ω2). The system has two distinct energy levels—a symmetric and an antisymmetric optical mode. (b, c)
When the applied microwave frequency is tuned to match the mode separation, dissipative coupling leads the two photonic levels to split into
four levels. This effect is analogous to Autler–Townes splitting. (d) False-coloured scanning electron microscope image of the coupled microring
resonators. (e) On-demand storage and retrieval of light using a photonic dark mode. Figure adapted from Ref. [10].
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such slow-down is  fundamentally  limited by the delay–band-
width product and thus cannot be controlled on demand. The
use  of  a  dynamically  modulated  resonator  system  can  over-
come  the  constraint  imposed  by  the  delay–bandwidth  limit,
which  means  that  the  optical  coupling  strength  needs  to  be
altered  faster  than  the  photon  lifetime  in  the  cavity.  First,  a
large  d.c.  bias  voltage  is  applied  to  reconfigure  the  double-
ring  system  into  a  pair  of  bright  and  dark  modes.  Then,  the
coupling of the dark optical mode can be controlled by apply-
ing a microwave signal with the frequency matched to the dif-
ference  between  the  two  optical  modes.  In  the  experiment,
Mian Zhang and co-workers achieve a tunable delay of ~15 ns
with  a  quality  factor  similar  to  previous  reported  values  (Q ~
107), which is more than an order of magnitude better than stor-
ing  the  light  in  the  bright  mode.  In  the  future,  if  the  quality
factor of the MRRs can be further improved, hundreds of delay
time could be realized.

Very  recently,  integrated  lithium  niobate  electro−optic
modulators based on CMOS technology or SOI platform have
been  demonstrated[11].  Such  important  progress  potentially
provides a new generation of compact, high performance optic-
al  modulators  for  telecommunications  and  data-intercon-
nects. Here, dimer structure based on lithium niobite platform
also provides a powerful platform to investigate quantum-optic-
al  analogies.  This work is  an important step towards bringing
high-speed dynamic control into quantum photonics, such as
two-level  and  multi-level  quantum  photonic  systems.  Espe-
cially, the coherent and dynamic control of a two-level photon-
ic  molecule  with  microwave  fields  and  desired  photon  stor-

age and retrieval operations opens a door to a new form of ro-
bust control over photons.

References

Longhi S. Quantum-optical analogies using photonic structures.
Laser Photonics Rev, 2009, 3(3), 243

[1]

Feng L, Wong Z J, Ma R M, et al. Single-mode laser by parity-time
symmetry breaking. Science, 2014, 346(6212), 972

[2]

Miao P, Zhang Z, Sun J, et al. Orbital angular momentum micro-
laser. Science, 2016, 353(6298), 464

[3]

Hodaei H, Miri M A, Heinrich M, et al. Parity-time–symmetric mi-
croring lasers. Science, 2014, 346(6212), 975

[4]

Hodaei H, Miri M A, Hassan A U, et al. Single mode lasing in trans-
versely multi-moded PT-symmetric microring resonators. Laser
Photonics Rev, 2016, 10(3), 494

[5]

Parto M, Wittek S, Hodaei H, et al. Edge-mode lasing in 1D topo-
logical active arrays. Phys Rev Lett, 2018, 120(11), 113901

[6]

Hodaei  H,  Hassan A U,  Wittek S,  et  al.  Enhanced sensitivity at
higher-order exceptional points. Nature, 2017, 548(7666), 187

[7]

Guo X, Zou C L, Jung H, et al. On-chip strong coupling and effi-
cient frequency conversion between telecom and visible optical
modes. Phys Rev Lett, 2016, 117(12), 123902

[8]

Sato Y, Tanaka Y, Upham J, et al. Strong coupling between dis-
tant photonic nanocavities and its dynamic control. Nat Photon-
ics, 2012, 6(1), 56

[9]

Zhang  M,  Wang  C,  Hu  Y,  et  al.  Electronically  programmable
photonic molecule. Nat Photonics, 2019, 13(1), 36

[10]

Wang C, Zhang M, Chen X, et al. Integrated lithium niobate elec-
tro-optic modulators operating at CMOS-compatible voltages.
Nature, 2018, 562(7725), 101

[11]

Journal of Semiconductors     doi: 10.1088/1674-4926/40/2/020402 3

 

 
J Wang et al.: Quantum-optical analogies of dimer structures

 

http://dx.doi.org/10.1002/lpor.200810055
http://dx.doi.org/10.1126/science.1258479
http://dx.doi.org/10.1126/science.aaf8533
http://dx.doi.org/10.1126/science.1258480
http://dx.doi.org/10.1002/lpor.201500292
http://dx.doi.org/10.1002/lpor.201500292
http://dx.doi.org/10.1103/PhysRevLett.120.113901
http://dx.doi.org/10.1038/nature23280
http://dx.doi.org/10.1103/PhysRevLett.117.123902
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/s41566-018-0317-y
http://dx.doi.org/10.1038/s41586-018-0551-y
http://dx.doi.org/10.1002/lpor.200810055
http://dx.doi.org/10.1126/science.1258479
http://dx.doi.org/10.1126/science.aaf8533
http://dx.doi.org/10.1126/science.1258480
http://dx.doi.org/10.1002/lpor.201500292
http://dx.doi.org/10.1002/lpor.201500292
http://dx.doi.org/10.1103/PhysRevLett.120.113901
http://dx.doi.org/10.1038/nature23280
http://dx.doi.org/10.1103/PhysRevLett.117.123902
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/s41566-018-0317-y
http://dx.doi.org/10.1038/s41586-018-0551-y
http://dx.doi.org/10.1002/lpor.200810055
http://dx.doi.org/10.1126/science.1258479
http://dx.doi.org/10.1126/science.aaf8533
http://dx.doi.org/10.1126/science.1258480
http://dx.doi.org/10.1002/lpor.201500292
http://dx.doi.org/10.1002/lpor.201500292
http://dx.doi.org/10.1103/PhysRevLett.120.113901
http://dx.doi.org/10.1038/nature23280
http://dx.doi.org/10.1103/PhysRevLett.117.123902
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/s41566-018-0317-y
http://dx.doi.org/10.1038/s41586-018-0551-y
http://dx.doi.org/10.1002/lpor.200810055
http://dx.doi.org/10.1126/science.1258479
http://dx.doi.org/10.1126/science.aaf8533
http://dx.doi.org/10.1126/science.1258480
http://dx.doi.org/10.1002/lpor.201500292
http://dx.doi.org/10.1002/lpor.201500292
http://dx.doi.org/10.1103/PhysRevLett.120.113901
http://dx.doi.org/10.1038/nature23280
http://dx.doi.org/10.1103/PhysRevLett.117.123902
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/s41566-018-0317-y
http://dx.doi.org/10.1038/s41586-018-0551-y
http://dx.doi.org/10.1002/lpor.200810055
http://dx.doi.org/10.1126/science.1258479
http://dx.doi.org/10.1126/science.aaf8533
http://dx.doi.org/10.1126/science.1258480
http://dx.doi.org/10.1002/lpor.201500292
http://dx.doi.org/10.1002/lpor.201500292
http://dx.doi.org/10.1103/PhysRevLett.120.113901
http://dx.doi.org/10.1038/nature23280
http://dx.doi.org/10.1103/PhysRevLett.117.123902
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/s41566-018-0317-y
http://dx.doi.org/10.1038/s41586-018-0551-y
http://dx.doi.org/10.1002/lpor.200810055
http://dx.doi.org/10.1126/science.1258479
http://dx.doi.org/10.1126/science.aaf8533
http://dx.doi.org/10.1126/science.1258480
http://dx.doi.org/10.1002/lpor.201500292
http://dx.doi.org/10.1002/lpor.201500292
http://dx.doi.org/10.1103/PhysRevLett.120.113901
http://dx.doi.org/10.1038/nature23280
http://dx.doi.org/10.1103/PhysRevLett.117.123902
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/s41566-018-0317-y
http://dx.doi.org/10.1038/s41586-018-0551-y

