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Magnetic-free optical non-reciprocal components, such as
isolators and circulators, are highly desirable for on-chip opti-
cal signal processing"? and quantum networks**. However,
their realization presents a fundamental difficulty due to the
Lorentz reciprocity in most optical devices®. In this study, we
propose and experimentally realize optical non-reciprocity
with atoms embedded in a ring cavity at room temperature.
Random thermal motion of atoms, in the presence of a unidi-
rectional control field, creates susceptibility-momentum lock-
ing, and subsequently a new type of chiral quantum optical
system. Furthermore, we demonstrate strong non-reciprocity
based on this chiral quantum system in the regime of collec-
tively strong atom-cavity coupling. Our scheme provides a
new routine towards the realization of chiral quantum optics
and chip-compatible, non-magnetic optical non-reciprocity.

For their wide applications in all-optical signal processing and
quantum information processing, non-reciprocal photonic devices
without magneto-optical materials have attracted rapidly growing
interest. Spatiotemporal modulation of the permittivity of a non-
linear material can generate optical non-reciprocity (ONR) through
non-reciprocal frequency conversion of signal light*®” or by intro-
ducing Berry phase®’. Nonlinearity-based ONR has been consid-
ered as a good candidate for an optical isolator compatible with a
chip platform'*-2. Due to the dynamic reciprocity, such a kind of
nonlinear device is still reciprocal for a weak signal. Their applica-
tions are thus limited to cases with large power signals®. Alternative
strategies have been pursued to break the optical reciprocity, by
exploiting a chiral gain in photonic circuits'*"*, ‘moving’ Bragg mir-
rors', cold atomic Bragg lattices'’, optomechanical systems'®*! or
synthesized magnetic fields'®***. As an exciting development, chi-
ral quantum optics offers a novel way to realize the ONR even in the
quantum regime> >,

The inevitable random thermal motion of atoms normally
washes out the desired quantum effects and typically plays a nega-
tive role in the quantum manipulation of atoms*~'. Here, coun-
terintuitively, we exploit the thermal motion as a useful resource
to create a non-reciprocal quantum optical system. In our scheme,
thermal motion causes ‘susceptibility-momentum locking’ in
atoms (that is, a probe-direction-dependent response assisted by
a unidirectional control laser field). This chiral response of atoms,
when operating in the collectively strong coupling regime (CSCR),
induces the ONR. We perform a proof-of-concept experiment to
demonstrate the ONR with an ensemble of warm rubidium (Rb)
atoms strongly coupled to a ring cavity, enabling optical isolation
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without magnetic fields. Our experiment demonstrates the possibil-
ity of using microscopic random thermal motion as a tool for the
quantum control of optical fields.

The idea of creating a chiral quantum optical system based on
the thermal motion of atoms is schematically depicted in Fig. 1a, b.
In the absence of the atomic thermal motion (shown in Fig. 1a), a
strong control field drives the atomic transition |2) « |3) with a
detuning A.. A weak probe field couples the transition |1) « |3)
with a detuning A,. The susceptibility of the atomic system for the
probe field is independent of its propagation direction. However,
when taking into account the thermal motion of the atoms, the
atomic response becomes chiral due to the direction-dependent
microscopic Doppler shift, mediated by the unidirectional propa-
gation of the control field (see Fig. 1b). Here, we account only for
the longitudinal Doppler effect along the laser beam direction,
because the transverse Doppler effect is negligible. When the probe
laser beam co-propagates with the control beam, the microscopic
Doppler shifts ‘seen’ by the moving atoms have the same sign, and
thus their effects on the two-photon detuning A —A, are cancelled.
By contrast, when these two laser beams propagate along opposite
directions, the Doppler shifts are of the opposite signs instead, and
their impact on 4. —A4, is thus enhanced. For the co- and counter-
propagation cases, the respective susceptibilities”~*' y,, and y.,, are
found to be (details in Supplementary Information)
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where Q. is the Rabi frequency of the control field, g is the single-
photon coupling rate for the probe field, y, is the spontaneous decay
rate associated with the state |3), y,, is the dephasing rate between
the two ground states of |1) and |2), k is the photon wavevector and
v is the atomic velocity. D(v)=e~ Iy / (V@v,) is the Maxwell-
Boltzmann distribution of velocity, where v, is "the most probable
velocity. N is the number of involved atoms The control field is
much stronger than the probe field, such that the state |1) is mostly
populated, that is (5;,) ~ 1. Clearly, the susceptibility of atoms,
according to equation (1), is chiral as a result of the random atomic
thermal motion and the unidirectionality of the control laser. This
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Fig. 1| Thermal-motion-induced non-reciprocal chiral quantum optical system. a,b, Level diagrams of the atomic medium, driven by a strong control
field and a weak probe field. a, In the absence of thermal motion, the left (right) panel is for the probe field co-propagating (counter-propagating)

with the control field. b, In the presence of thermal motion, for the atom with a velocity component v along the laser beam: the atoms ‘see’ the same
‘microscopic’ Doppler shifts in the co-propagation case (left) or the atoms ‘see’ opposite ‘microscopic’ Doppler shifts in the counter-propagation case
(right). ¢, Schematics for creating optical non-reciprocity with a chiral system embedded in a ring cavity. Left: the probe field passes through the cavity in
the co-propagation case. Right: the probe field is reflected from the cavity in the counter-propagation case. d, Schematics of transmission spectra for co-

propagation (left) and counter-propagation (right) cases.

susceptibility-momentum-locking-induced chirality is essentially
different from the chirality caused by the previously studied spin-
momentum-locking mechanism’ in two aspects: the latter requires
the direction-locked circular polarization to excite the polarization-
dependent dipole transitions; the thermal motion in the latter acts
as a ‘negative’ factor and needs to be avoided as much as possible.
By contrast, the atomic thermal motion in our proposal is crucial in
achieving the chirality.

Based on the susceptibility-momentum-locking-induced chiral-
ity, we shall achieve ONR by simply exploiting a strong collective
coupling between a ring cavity and an ensemble of quantum emit-
ters (see Fig. 1¢). In our configuration the cavity transmission for
the co-propagation (counter-propagation) case is given by

2
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where k =k + K, + k,, k. is the cavity intrinsic damping rate, and k,
and k, are the coupling rates for the input and output of the probe
field, respectively. As schematically shown in Fig. 1d, the trans-
mission spectra show vacuum Rabi splitting (VRS) in the CSCR*
and depend strongly on the relative direction of probe and control
fields. In particular, the transmission near the resonant position
is very high in the co-propagation case, whereas it is vanishingly
small in the counter-propagation case. Thus, the near-resonance
cavity transmission exhibits a strong ONR in the CSCR. Figure
2a,b depicts the theoretical co- and counter-propagation trans-
missions at A, =0 versus the control field strength 2. and the col-
lective coupling strength /N g. Clearly, within a wide range of 2,
and -/N g, a high transmission is available for the co-propagation
case, in sharp contrast to nearly zero transmission for the counter-
propagation case. Specifically, very strong ONR can be obtained
when -/Ng>«. The strong ONR is a result of the combined
effects of the susceptibility-momentum-locking-induced chiral-
ity and the large VRS in the CSCR. As also shown in Fig. 2a, a
high co-propagation transmission can be achieved with a strong
control field.

The physical mechanisms behind the emergence of the ONR are
twofold. First, in the co-propagation case, thermal motion induces
the same ‘microscopic’ Doppler shifts for the control and probe
fields, and thus the two-photon resonance condition can be main-
tained in the presence of Doppler shifts. As a result, the A-type sys-
tem forms an intracavity electromagnetically induced transparency
(EIT), and subsequently dark-state resonance, leading to a high
transmission of the probe field”. In the counter-propagation case,
however, thermal motion induces opposite ‘microscopic’ Doppler
shifts, destroying the dark-state resonance condition. Second, in
the CSCR, the strong collective coupling between the cavity mode
and atoms induces a large VRS, strongly suppressing the transmis-
sion of the probe field counter-propagating with the control field.
The random atomic thermal motion thus generates the susceptibil-
ity-momentum-locking and then triggers optical non-reciprocity
via EIT.

In laser cooling of thermal atoms below the one-photon recoil
energy, the so-called velocity-selective coherent population trap-
ping was also built on opposite microscopic Doppler shifts of two
counter-propagating laser beams*. There the objective is to trap
sufficiently slow-moving atoms in the dark state. Here, in our ONR
scheme, the cancelled or enhanced effects of the Doppler shifts for
two co-propagating or counter-propagating laser beams are used
to control the transmission of one of the two laser beams. That is,
the propagation direction of the weak probe field is selected by the
dark-state resonance condition for EIT. The tremendous impact
of the microscopic Doppler effects on laser cooling® suggests that
our approach to non-reciprocal quantum optics can be powerful
as well. Note also that the ‘macroscopic’ Doppler effect in an accu-
rately synthesized ‘moving’ Bragg mirror'® or a cold atomic Bragg
lattice'” has been exploited to induce the ONR. These two previous
approaches are markedly different from ours. The key difference is
that our scheme makes use of the ‘microscopic’ Doppler effect of
random atomic thermal motion, an effect that naturally exists in
warm atoms but needs to be avoided in those previous works'*"".

Our proof-of-concept experiment demonstrating the chirality
and the ONR was performed with warm *Rb atoms in a three-mir-
ror ring cavity. The ring cavity has a path length of ~49cm and a
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Fig. 2 | Non-reciprocal transmission of the chiral quantum optical system inside a ring cavity. a,b, Normalized transmission as a function of the
control field strength £. and the collective coupling strength Wg for the co-propagation (a) and counter-propagation (b) cases. The parameters are
A =A4,=0MHz, {x/2n, k,/2m, x./218}={0.5, 4, 63 MHz, y,/2n=10 MHz, y,,/2n=0.8 MHz, A=21/k=795nm and T=55°C.
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Fig. 3 | Experimental observation of non-reciprocal transmission with warm atoms. a,b, Normalized transmission spectra of the probe field at different
control field power /. for the co-propagation (a) and counter-propagation (b) cases. ¢, Normalized on-resonance transmission versus the control field
power. The black (grey) dots are for the co-propagation (counter-propagation) case. d, Transmission contrast versus the control field power with a fixed

probe field power /,=12 pW. e, Transmission contrast versus the probe field power with a fixed control field power I. =18 mW. The solid curves in c-e
represent the theoretical results. The parameters for the theoretical plots are chosen to be the same as those in Fig. 2.

finesse of 60 (cavity mode damping rate x/2w~ 10 MHz). The main
experimental results are shown in Fig. 3a—e. Figure 3a,b are the
measured co- and counter-propagation transmission spectra of the
probe field with a fixed power of I,=12pW and a varying control
field power I at a temperature of 55°C (the system is clearly in the
CSCR in this condition, see Supplementary Information). The near-
resonance transmission is high in the co-propagation case (see also
the inset of Fig. 3a) but nearly zero in the counter-propagation case.
In particular, the on-resonance transmission versus the power of the
control laser is shown in Fig. 3c. There the co-propagation trans-
mission increases from 25% to 53%, whereas the counter-propaga-
tion transmission is always vanishingly small when the control laser
power increases from 6 mW to 18 mW.
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The above-observed strong ONR can be used for optical isola-
tion. To characterize the possible optical isolation performance,
we next evaluate the contrast of the two transmission cases using
n=(T,,— T..)/(T,,+T,,) (ref. '°). Figure 3d presents the contrast
versus the control field power. Limited by our experimental condi-
tion, we can scan the control field power only from 6 mW to 18 mW.
Accordingly, the contrast increases from 0.87 to 0.93. If a higher
control field power is available, a stronger contrast is expected from
our theory. In addition, for a fixed I. =18 mW), the contrast 7 versus
the probe field power I, is also investigated in Fig. 3e to demon-
strate the stability of the obtained ONR. It is found that the con-
trast remains almost unchanged when the power varies over two
orders of magnitude; namely, decreasing from 12pW to 150 nW.
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Fig. 4 | Experimental observation of reciprocal transmission with cold atoms. a, Normalized transmission spectra of the probe field without the control
field, exhibiting VRS. b,c, Normalized transmission spectra of the probe field for the co-propagation (b) and counter-propagation (c) cases. Here the probe
field power is fixed at 0.5 pW and the control field power is 6 mW. The temperature of cold atoms trapped in the magneto-optical trap is approximately

200 pK.

Remarkably, all the experimental data (dots) are fitted well by our
theoretical results (solid curves) on using the experimentally mea-
sured VRS to extract the value of /N g, thus fully confirming our
physical insights and theoretical analysis above.

We have also extensively investigated the effects of varying
temperature on both the transmission contrast and the transmis-
sion itself—two important factors for the design of optical devices.
For our current experimental platform, we obtain both high
transmission contrast and appreciable transmission in the co-
propagation case, for a considerable temperature window around
55°C; for example from 50°C to 60°C (see the Supplementary
Information). To double-confirm the essential role of the micro-
scopic Doppler effect in our ONR scheme, we have also car-
ried out separate experiments for cold atoms at temperatures of
approximately 200 pK captured by a two-dimensional magneto-
optical trap. The transmission spectra for cold atoms are reported
in Fig. 4. The CSCR for cold atoms is evidenced by the clearly
separated transmission peaks in Fig. 4a without the control field.
In this CSCR, Fig. 4b,c shows that the transmission spectra of the
probe field in the presence of a control field are almost perfectly
reciprocal, with the power of the probe and the control fields in
the same range as in our experiments for warm atoms. Such a
set of control experiments firmly testify that the above optical
non-reciprocity for warm atoms is indeed induced by the thermal
motion of the atoms.

In summary, making use of the random thermal motion of
warm atoms, we have realized a non-reciprocal quantum opti-
cal system. Atomic thermal motion, which is a nuisance for most
applications so far, plays a ‘constructive’ role in the successful cre-
ation of the ONR here. A proof-of-principle experiment has been
performed with warm Rb atoms in a ring cavity, demonstrating
that our simple scheme can be operated under practical condi-
tions with a wide parameter range, and can indeed be highly use-
ful in the design of optical non-reciprocal devices. Because EIT
has been performed in warm atoms at the single-photon level”,
the chiral optical system proposed and demonstrated here has the
potential to work with a very weak probe field, even for a single-
photon pulse. Furthermore, since warm atoms can be trapped in
one-dimensional waveguides (for example, photonic crystal fibres
or tapered nanofibres), our proposal may open a new door for inte-
grated chiral photonics.

Data availability
The data that support the plots within this paper and other findings
of this study are available from the corresponding authors upon
reasonable request.
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