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Optical nonreciprocity is important in photonic information processing to route the optical signal or
prevent the reverse flow of noise. By adopting the strong nonlinearity associated with a few atoms in a
strongly coupled cavity QED system and an asymmetric cavity configuration, we experimentally
demonstrate the nonreciprocal transmission between two counterpropagating light fields with extremely
low power. The transmission of 18% is achieved for the forward light field, and the maximum blocking
ratio for the reverse light is 30 dB. Though the transmission of the forward light can be maximized by
optimizing the impedance matching of the cavity, it is ultimately limited by the inherent loss of the scheme.
This nonreciprocity can even occur on a few-photon level due to the high optical nonlinearity of the system.
The working power can be flexibly tuned by changing the effective number of atoms strongly coupled to
the cavity. The idea and result can be applied to optical chips as optical diodes by using fiber-based cavity
QED systems. Our work opens up new perspectives for realizing optical nonreciprocity on a few-photon
level based on the nonlinearities of atoms strongly coupled to an optical cavity.
DOI: 10.1103/PhysRevLett.123.233604

The phenomenon of optical nonreciprocity (ONR),
which allows unidirectional transmission of a light field,
always accompanies the physical processes of time-reversal
symmetry breaking. Electromagnetic nonreciprocity [1]
can be harnessed for important devices in information
processing systems to route the electromagnetic signal or
prevent the reverse flow of noise. In the context of the rapid
development of photonic information processing, the realization of ONR, especially nonmagnetic ONR for chipbased optical information processing, has been studied
extensively. However, despite the enormous experimental
progress in terms of ONR, most studies focused on the
control of the light field with classic mechanisms [2–20],
and these kinds of ONR cannot alleviate the stringent
requirement for extremely low power in chip-based photonic information processing.
In recent years, some novel systems have been experimentally explored to demonstrate the ONR on a fewphoton or even single-photon level. The chiral interaction
[21] between quantum emitter and whispering-gallerymode (WGM) microresonators or photonic nanostructures
offers new platforms for realizing single-photon-level
ONR. Single-photon-level ONR was experimentally
observed with this chiral interaction between a single atom
0031-9007=19=123(23)=233604(6)

and a WGM bottle resonator [22]. After that, the singlephoton-level optical diode and circulator were demonstrated by the chiral interaction between atoms and a
nanofiber and WGM bottle resonator [23,24]. Singlephoton-level nonreciprocal quantum operations, such as
a single photon switch [25] and a photon-atom SWAP gate
[26], were also realized on chiral quantum optics systems.
There are also other ONR schemes or systems [27–38] that
have the potential to work on a single-photon or a fewphoton level. As was classified in Ref. [1], all these ONRs
were based on time-reversal symmetry breaking by an
external bias in the linear case. In the nonlinear case, the
working power of the ONR is very difficult to decrease
because a large number of photons are usually involved to
obtain observable nonlinearity. Fortunately, the quantum
interaction between the light field and material can provide
pronounced nonlinearity on the few-quanta level. Some
theoretical proposals have noted that few-photon-level
ONR is possible by using quantum nonlinearity [39–41],
and microwave nonreciprocity resulting from quantum
nonlinearity has been demonstrated recently by coupled
superconducting qubits [42]. In a strongly coupled atomcavity system, the nonlinear interaction can be observed on
the single-photon level [43–45], which thus provides the
possibility to realize ONR with extremely low power.
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In this Letter, we report an experimental demonstration
of ONR on a few-photon level in the nonlinear case,
corresponding to the power of pW. The nonlinearity comes
from a few atoms strongly coupled to an asymmetric optical
cavity, which has asymmetric couplings and losses for the
two ports. Thus, the ONR can be expected at certain input
powers. Benefiting from the strong-coupling-induced high
nonlinearity, the ONR can be observed with a few intracavity photons. The blocking ratio, which is defined by the
ratio between the cavity transmissions from both sides, for
the reversely propagating light field is greater than 15 dB at
this working power. We also find that the ONR working
window can be tuned by controlling the effective number of
atoms in the cavity, and a maximum blocking ratio of 30 dB
is reached. The transmission of forward light is approximately 18%, which is mainly limited by poor impedance
matching and extra losses of the cavity. Higher transmission can be achieved by optimizing the impedance
matching according to the actual extra losses under the
precondition of an asymmetric cavity. The idea and result
we reported here can be easily integrated into optical chips
as an optical diode [46] by using cavity QED systems with
chip-based WGM cavities [47–55] or fiber cavities [56,57].
Our work opens up new perspectives for realizing ONR on
a few-photon level based on quantum nonlinearities.
The prototype of the ONR model on which our experiment was based was first developed in Ref. [58], where a
bad cavity with γ < Ω < κ was considered, with Ω being
the atom-cavity coupling strength, and γ and κ being the
atom and cavity decay rates, respectively. Here, we adopt a
strongly coupled system, where Ω > ðγ; κÞ, so that the
nonlinearity is much larger than that of the system in a
weak coupling system. The scheme is shown in Fig. 1. N
two-level atoms strongly couple to an optical Fabry-Pérot
cavity. The atom-cavity coupling strength for a single atom

FIG. 1. Scheme of the ONR model. A cavity QED system with
multiple two-level atoms strongly coupled to an asymmetric
cavity is adopted. The coupling efficiencies of the cavity mirrors
fulfill the relation κ1 > κ2 , which means that the intracavity atoms
reach saturation easier for the incident light field in mode a (the
forward direction) than that in mode b (the backward direction)
along with the increase in incident power. Consequently, the light
field in mode a can transmit, whereas the light field in mode b is
blocked under certain powers.

is g; thus, the collective
atom-cavity coupling strength for
pﬃﬃﬃﬃ
N atoms is Ω ¼ N g. The decay rate of the atom from the
excited state jei is γ, and the cavity decay rate is
κ ¼ κ1 þ κ2 þ κ loss , where κ 1ð2Þ is the decay rate (also
the coupling rate between photons inside the cavity and
outside of the cavity) from mirrors M1ð2Þ and κ loss is the
overall extra-loss-induced decay rate of the cavity mode.
The light field with frequency ωp excites the system from
either the left (ain mode) or the right (bin mode) side. The
frequency detuning between the light field and atomic
transition (cavity resonance) is denoted by Δ ¼ ωat − ωp
(δ ¼ ωcav − ωp ), where ωat and ωcav are the resonant
frequencies of the atomic transition and cavity. After using
the standard semiclassical method [58,59] (also refer to the
Supplemental Material, SM [60]), the relation between the
aðbÞ
transmitted light power Pt
(a and b in the superscript
mean the directions of the incident field, as shown in Fig. 1)
aðbÞ
and the incident light power Pin is given by
aðbÞ
Pin

2
aðbÞ 
Pt
Ω2 γ
κþ 2
¼
4κ 1 κ 2
ðΔ þ γ 2 Þð1 þ yÞ

2 
Ω2 Δ
;
þ −δ þ 2
ðΔ þ γ 2 Þð1 þ yÞ
aðbÞ

ð1Þ

aðbÞ

where y ¼ Pt =Pct is the saturation parameter, with
aðbÞ
Pct ¼ ½κ 2ð1Þ ðΔ2 þ γ 2 Þ=g2 . In the current research, only
the resonant case, i.e., Δ ≈ δ ≈ 0, is considered. If we focus
only on the light field propagation along one direction,
Eq. (1) gives a bistable behavior between transmitted and
incident light fields due to the nonlinearity of the coupled
atom-cavity system. This bistability has been extensively
studied in either weakly coupled or strongly coupled atomcavity systems [61–64]. However, for an asymmetric
cavity, where κ 1 > κ2 for the two mirrors, the nonlinearities
for two counterpropagating fields with the same power are
quite different due to the asymmetric coupling coefficients
κ1 and κ 2 . The field incident from the mirror with a larger
coupling efficiency has stronger nonlinearity, and the
consequential bistability appears for a lower input power.
The expected bistability results according to Eq. (1) for the
two light fields are shown in Fig. 2(a). In the shaded region,
the atomic transition for the light field in mode a has been
saturated, and almost all the light field transmits the cavity,
whereas the atomic transition for the light field in mode b is
far from the saturation due to the much weaker intracavity
field; thus, the light beam is blocked due to normal mode
splitting [65–67]. The expressions for the output power of
the light field feeding in the a and b modes can be
simplified to the first order of the parameter C=y as [60]

233604-2

Pat ¼

4κ 1 κ2
2Nκ2 γ
Pin −
κ
κ2

ð2Þ

PHYSICAL REVIEW LETTERS 123, 233604 (2019)
(a)

and
Pbt ¼

4κ 1 κ 2
Pin
;
2
κ ð1 þ 2CÞ2

ð3Þ

where C ¼ Ng2 =ð2κγÞ is the parameter of cooperativity.
We can see that the output of mode a is determined not only
by the impedance matching of the cavity [the coefficient of
the first term on the right-hand side of Eq. (2)] but also by
the atomic decay [the second term on the right-hand side of
Eq. (2)]. However, the output of mode b is suppressed by
the strong coupling, as discussed before, and the stronger
the coupling is, the lower the output power. For convenience, we also denote mode aðbÞ as the forward(backward)
direction.
To experimentally demonstrate the ONR, we use a highfinesse Fabry-Pérot cavity with a length of 335 μm. The cold
cesium atoms are transferred from a magneto-optical trap
(MOT) beside the cavity with the aid of a 1064-nm optical
dipole trap (see Supplemental Material [60] for details).
The cavity QED parameters are ðg; κ; γÞ ¼ 2π × ð5.5; 3.7;
2.6Þ MHz, where g is the maximum atom-cavity coupling
strength for the 6S1=2 jF ¼ 4i ↔ 6P3=2 jF ¼ 5i transition of
a single atom, and κ and γ are the field decay rates from the
cavity and atom, respectively. The two cavity mirrors M 1
and M2 have asymmetric transmission coefficients of T 1 ¼
88.9  0.1 and T 2 ¼ 5.1  0.1 ppm, which correspond to
decay (coupling) rates of κ1 ¼ 2π × 3.1 and κ 2 ¼ 2π×
0.2 MHz, respectively. There is 10.8 ppm extra scattering
and absorption losses for the whole cavity, which gives an
extra loss rate of κ loss ¼ 2π × 0.4 MHz. A cavity-resonant
light field is fed into the cavity from either side of the cavity,
and the transmitted light field is recorded by a single photon
detector. There is a small detuning between the cavity and
the atomic transition, with Δ − δ ¼ ð−0.64  0.2Þ MHz
throughout the measurements.
The typical bistability results obtained with an effective
intracavity atom number of N eff ¼ 12.8  0.4 for the
forward and backward light fields are shown in
Fig. 2(b). The effective atom number is deduced from
the Rabi splitting spectrum in a separate measurement. As
expected by the theory, there is an obvious window (the
shaded region) in which one light field is transmitted and
the other is blocked. This is the ONR working window, and
the input working power is between 20 and 140 pW for the
incident light field. The corresponding intracavity mean
photon number of the forward light is from 4.1 to 50.
Compared to the theoretical result in Fig. 2(a), the
experimental result shows two distinct features. (i) The
transmitted power below the onset power of the bistability
[see the red dots below 140 pW of the input power in
Fig. 2(b)] is almost constant despite the input power, while
the theory shows dependence with a positive slope. This
discrepancy occurs because the transmitted light field is so
weak that the background counts of the photon detector

(b)

FIG. 2. Bistability of the light fields with an effective atom
number N eff ¼ 12.8  0.4 as the power in mode a and b
increases. (a) The theoretical results given by the semiclassic
method; (b) the experimental results. The blue (red) curve and
data points are for the forward (backward) light field in mode a
(b). The shaded area in both figures, with lower and upper bounds
marked by Pl and Pu , indicates the ONR working window, in
which the light field in mode a transmits, whereas the light field
in mode b is blocked. In (b), the top horizontal and right vertical
axes show the input photon rate and the mean photon numbers in
the cavity, deduced by the output of the forward light field,
respectively.

dominate the signal. (ii) The theoretical bistability from the
semiclassic model shows an “s” shape in the bistable
region, which has been verified by other experiments [61–
64]. However, in our experiments, the result shows a noisy
distribution in this region. These results come from the
quantum process and can be understood by a quantum
treatment. For the quantum treatment, the two states in the
bistable region are no longer stable, and stochastic switching between them occurs continuously [68]. The full
quantum method [59] will provide a complete description.
In either case, the ONR feature of the light field is still very
distinct and holds.
The performance of the ONR is characterized by transmission efficiency for the forward field and the blocking
ratio for the backward light field. The experimental results
are shown in Fig. 3, along with the theoretical expectations.
The measured transmission for the forward (mode a) light
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FIG. 3. Performance of the ONR with atom number
N eff ¼ 12.8  0.4. The samples of the working power are
selected in between 30 and 110 pW. The red and blue data
points are the experimental results for transmission in mode a and
the blocking ratio of the backward light field, respectively. The
red-solid and blue-dashed curves are the theoretical expectations.

field is approximately 18%, which is in good agreement
with the theory. In the current case with an input power at
the pW level, the second term in the right part of Eq. (2) can
be eliminated, and the transmission is mainly limited by
poor impedance matching, with κ 1 > κ 2 þ κloss . For a given
extra loss rate κloss , higher transmission can be achieved by
optimizing the impedance matching, i.e., κ 1 ¼ κ 2 þ κ loss .
In this situation, the mechanism of the nonlinear ONR
with an asymmetric cavity (κ1 > κ 2 ) can still be fulfilled.
For our experimental system, if the total cavity decay rate
κ ¼ 2π × 3.7 MHz and extra cavity loss rate κ loss ¼ 2π ×
0.4 MHz remain constant, the highest transmission (78%)
can be achieved by setting κ 1 ¼ 2π × 1.85 MHz and
κ2 ¼ 2π × 1.45 MHz. The blocking ratio is independent
of the losses but relies on the parameter of cooperativity,
with Pat =Pbt ¼ ð1 þ 2CÞ2 [60]. The measured average
blocking ratio for the reverse light field within the ONR
working window is approximately 28 dB, which is less than
the theoretical blocking ratio of approximately 34 dB due to
the domination of the background counts in the case of an
extremely weak probe light field.
The range of the ONR working window is bounded by
upper and lower power Pu and Pl , respectively, as indicated
in Fig. 2, and the corresponding performance dramatically
depends on the effective intracavity atom number N eff . The
bistabilities of the two light fields along opposite directions
under different effective atom numbers N eff are measured
and displayed in Fig. 4(a). Because more atoms are
involved and higher powers are requested to trigger the
bistability for either side of the light fields, the ONR
working window can be tuned by controlling the atom
number. The inset of Fig. 4(a) gives the dependence of the
upper and lower bounds of the ONR window on the atom
number. It shows that if the atom number is low enough, for
example, when N eff ¼ 3.0  0.2, the ONR can work with a
few intracavity photons. Of course, the working power of

(b)

FIG. 4. Performance of the nonlinear ONR for different
effective atom numbers. (a) The measured bistability for the
two counterpropagating light fields under different atom numbers. The blue and red points are for the light fields in modes a
and b, respectively. Each data point is the average of 20
measurements. The inset gives the map of the ONR working
window associated with the corresponding atom numbers. The
right vertical axis of the inset shows the corresponding mean
photon number of the cavity for the forward light field. The solid
curves and shaded area are the theoretical expectations, and the
points are experimental data. (b) The average blocking ratios and
transmissions of the ONR in the corresponding working window.
Please see the Supplemental Material [60] for the extra data. The
meaning of the points and the curves is the same as that in Fig. 3.

the ONR can also be high with a large number of atoms.
Here, due to the limitation of the MOT and transferring
system, the maximum N eff we could achieve is only
14.7  0.3. The effective number of atom could be
increased further by improving the corresponding experimental setups.
The average transmission efficiencies and blocking
ratios over the ONR working window for different atom
numbers are shown in Fig. 4(b). As discussed before, the
transmission efficiency for the transmitting light field is
determined by impedance matching, which does not
change with N eff . The theoretical transmission efficiency
therefore remains constant. The measured transmission
efficiencies are in good agreement with the theory. The

233604-4

PHYSICAL REVIEW LETTERS 123, 233604 (2019)
slight discrepancy is mainly due to the statistical errors of
the measurement. The maximum blocking ratio of 30 dB
can be achieved with N eff ¼ 14.7  0.3. The blocking
ratios for the reverse light field decrease with decreasing
N eff due to the weaker collective coupling. However,
because of the high nonlinearities, it is still higher than
15 dB even with N eff ¼ 3.0  0.2 and a few photons.
In summary, by using the high nonlinearity associated
with atoms strongly coupled to an asymmetric optical
cavity, we have experimentally demonstrated ONR on a
few-photon level. Because of the high nonlinearity, the
ONR can be observed with extremely low power at the pW
level, corresponding to a few photons inside the cavity. The
blocking ratio for the reverse-propagating light field is
greater than 15 dB at this working power. The ONR
working power window can be tuned by controlling the
effective number of atoms, and the maximum blocking
ratio can reach 30 dB. The transmission of the forward light
field can be maximized by optimizing the impedance
matching of the cavity; however it would never reach
100% due to the inherent loss associated with the scheme
itself. Comparing the nonlinear ONR with other conventional systems, we obtained two records of the lowest
working power and the highest blocking ratio. The idea and
results of ONR reported here can be easily integrated into
optical chips as optical diodes by using a cavity QED
system with chip-based WGM cavities or fiber cavities.
Our work opens up perspectives for nonmagnetic ONR on a
few-photon level with quantum nonlinearities and has great
potential for chip-based low-power photonic information
technologies.
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