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The breaking of reciprocity is a topic of great interest in fundamental physics and optical information
processing applications. We demonstrate nonreciprocal light transport in a quantum system of hot atoms by
engineering the dissipative atomic reservoir. Our scheme is based on the phase-sensitive light transport in a
multichannel photon-atom interaction configuration, where the phase of collective atomic excitations is
tunable through external driving fields. Remarkably, we observe interchannel quantum correlations that
originate from interactions with the judiciously engineered reservoir. The nonreciprocal transport in a
quantum optical atomic system constitutes a new paradigm for atom-based nonreciprocal optics and offers

opportunities for quantum simulations with coupled optical channels.
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Introduction.—Signal transport between two different
nodes is a fundamental building block for optical systems.
Commonly symmetric between the nodes, such transport
can be made directional in nonreciprocal devices such as
isolators [1], circulators, and directional amplifiers [2—4],
which have experienced growing interest and demand
recently due to their potential utility in signal processing
and quantum networks [5,6]. Conventionally, nonreciproc-
ity is realized by incorporating magnetized materials that
are not limited by the Lorentz reciprocity theorem.
Alternative magnetic-field-free schemes for nonreciprocal
light transport include time modulation [7], artificial gauge
fields [8,9], and reservoir engineering [8,10], as well as
various other approaches [11-16]. However, despite its
importance for quantum information science and applica-
tions, the study of nonreciprocity in systems with demon-
strated quantum properties has so far been limited to a
handful of physical platforms wherein the quantum corre-
lations rely on the initial preparation of quantum states of
atoms or photons [17-19].

In this Letter, we demonstrate nonreciprocal light trans-
port in a quantum system of hot atoms where the non-
reciprocity and quantum correlations derive from reservoir
engineering and spin wave interference. Building on the
non-Hermitian platform we developed earlier [20,21], our
setup consists of an array of optical channels immersed in
an ensemble of hot atoms with dissipative interchannel
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couplings mediated by atoms outside the regions illumi-
nated by the lasers. We identify the unilluminated region as
a non-Markovian reservoir, whose memory is determined
by the lifetime of the ground-state atomic spins. In contrast
to previous studies [12,13,22] of nonreciprocal transport
under electromagnetically induced transparency (EIT),
where the Doppler broadening of the EIT linewidth plays
a key role, we investigate light transport between two
spatially separated optical channels where the Doppler
effect is irrelevant to the observed transport properties.
Furthermore, the phase of the spin excitations and the
parameters of the third ancillary optical channel are all
tunable, thus providing ample tools for reservoir engineer-
ing. A prominent feature of the current configuration is the
sensitive dependence of interchannel light transport on the
optical phases, which significantly affects the dissipative
coupling between the optical channels and spin excitations
in the reservoir. Subsequent manipulation of optical phases,
particularly in the ancillary channel, enables nonreciprocal
light transport. We further identify quantum correlations
between the two transport channels, which only exist in the
presence of the ancillary channel in the reservoir. The
observed quantum correlations here derive from the engi-
neered reservoir, which is fundamentally different from
previous works [20,21] where quantum correlations were
established via interchannel couplings mediated by an
unstructured environment.

© 2021 American Physical Society
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FIG. 1. Schematics for a dissipatively coupled three-channel
system. (a) Experiment schematics. Three spatially separated
optical channels (ChO, Chl, and Ch2 with diameter 6 mm)
propagate in a warm paraffin-coated 8’Rb vapor cell under EIT
interaction. The interchannel couplings are mediated by the
mixing of atomic spin of the ground states through atomic
motion. A solenoid gives precise control over the longitudinal
magnetic field. Output beams from the cell are recollimated and
detected by the photon detectors or polarization homodyne
detection setup. The noise power of the amplified subtracted
photocurrents is recorded with a spectrum analyzer. BS, beam
splitter; Dy, Dy, and D,, photodetectors. Cross section: photo of
the optical beams taken from this experiment. (b) The A three-
level scheme in three channels. The ground states are Zeeman
sublevels of |F =2), and the excited state is |F = 1) of the
$7Rb DI line. Q7 Qg,i), i =0, 1, 2 are Rabi frequencies of the
control and probe beams, respectively. The Zeeman splitting is
induced by a common longitudinal magnetic field 6z, serving as
either the Larmor frequency in the noise spectra measurement or
the two-photon detuning in the EIT measurement (denoted as dp
in Fig. 3). In the measurements of quantum fluctuation, all three
weak probes are removed, as shown in (b2) (Ch1 and Ch2 are not

shown). E, annihilation operator of the coherent vacuum.

Experimental setup.—The system under consideration is
illustrated schematically in Fig. 1. A triangular array of
spatially separated optical beams (channels)—labeled Chl,
Ch2, and ChO—propagate in a warm atomic vapor cell.
Each channel undergoes a A-type EIT interaction with the
same configuration [Fig. 1(b1)], where a relatively strong

control field and a weak probe field conspire to create a
collective spin wave p;, (ground-state coherence) in the
atomic ensemble. We apply copropagating probe and
control beams such that the EIT Ilinewidth is not
Doppler-broadened. While EIT creates a linear mapping
between the probe light and the spin excitation [23,24], spin
waves in different channels couple to one another with a
rate I'. via random atomic motion and wall bouncing
[20,25]. Although the random atomic motion renders the
coupling dissipative, optical phases imprinted on the
atomic spin states are preserved throughout the dynamics
and constitute a convenient control over the light transport.
To study light transport, we take Chl and Ch2 as the two
optical nodes and regard ChO as part of the reservoir,
together with the surrounding atomic ensemble. Since Ch1
and Ch2 couple to the same reservoir, we can manipulate
the coherence in the reservoir through Ch0 and thus control
the dissipative interchannel couplings.

As outlined in Fig. 1(b), Chl, Ch2, and ChO couple to
each other with the same underlying mechanism. For any
two channels—for instance, Ch1 and Ch2—the control and
probe beams in Chl write a collective internal-state
coherence into the atomic ensemble, which is then read
out by the control beam in Ch2, resulting in a non-
Hermitian beam-splitter-type interaction [20,26] dictated
by H « aja,e —a ale . Here, @, and a, are the
annihilation operators of probe beams in Chl and Ch2,
respectively, and y; is the relative phase between control
beams in Chl and Ch2 [27].

For the experiment, we implement the triangular array in
a cylindrical vapor cell (with a diameter of 2.5 cm and
length of 7.5 cm) that contains isotopically enriched 8’Rb
vapor at an operational temperature of 60 °C. The cell is
mounted inside a four-layer magnetic shielding, where a set
of coils provides precise control over the internal magnetic
field. A diode laser is tuned to the D1 line of ’Rb. The
output of the laser is sent through a polarization-maintain-
ing optical fiber before it is divided into three channels
whose polarizations are separately controlled by a combi-
nation of half-wave and quarter-wave plates. In each
channel, a control field and a weak (or quantum) probe
with overlapping spatial profiles induce an EIT process.
The spin dynamics of moving atoms can be described by a
set of coupled differential equations that take into account
the spin transport between different regions as well as the
Langevin noise terms [27]. The effective coherence
exchange between optical channels is mediated by atoms
outside the illuminated interaction regions, whose spin
states decay slowly (with a lifetime of 30 ms) due to the
protective wall coating [32-34]. The optical coherence
transfer between different channels is negligible as it
decays here within 20 ns.

Phase-sensitive transport.—We first investigate the
phase dependence of light transport, which is the basis
for breaking the reciprocity. We denote the phase of the
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local spin wave in the ith channel as 6, (i =0, 1, 2), with
9, =yl — 1//2’), where ' and 1//5,') are the phases of the
control and probe fields in the corresponding channel,
respectively. Since interchannel couplings are mediated by

collective spin waves, we have y), / = 1;/5.] )

wp  denotes the phase of the photons transferred from
channel i to channel j. The transferred photons then
interfere with the local probe field, with the resulting
interference pattern sensitively dependent on the phase
parameters of all channels. Here, we focus on the light
transport between Chl and Ch2, which, as we show below,
features nontrivial dependence on 6, a tunable parameter
of the reservoir. More specifically, we continuously vary 6,
by slowly sweeping the optical path length of the control
beam in ChO using a piezoelectric transducer [see Fig. 1(a)]
and record the intensities of the weak probe fields in Chl
and Ch2, respectively.

We start with the case where the probe field in Ch2 is
switched off, while the probe field in Chl is present with
6, = 0. The measured probe intensity I, in Ch2 thus solely
derives from the transferred light from Chl and ChO, with

)
]2 X |€”//”

— 0;, where

- 02 . .
+ eV |2 « 1 4 cosf,. Likewise, the mea-
0-1

sured probe intensity in Chl is I, o |e¥s + eV | o 1+
cos 6. Crucially, 7, should have the same 6, dependence as
that of 7,, which is confirmed by our experimental
measurement in Fig. 2(a).

For the second case, we switch on the probe fields in
both Chl and Ch2 with 6, = 0 and 6, = &, respectively. As
shown in Fig. 2(b), the phase dependence of detected light
intensities in Ch1 and Ch2 deviates drastically. For 6, = ,
the detected probe-field intensity in Chl is at a minimum,
in contrast to the maximum output from Ch2. Following the
analysis in the previous case, the output probe-beam
intensities are given by I, o |1 + fe” + pe~7|> and
I, |1 + Bei"=%) 4 pei”|?, respectively, where f is the
beam-splitter ratio that can be determined from experimen-
tal measurement. As such, the light transport between Chl
and Ch2 critically depends on the phase parameter 6, of the
reservoir, owing to the reservoir-mediated interference. The
visibility of the oscillations in Fig. 2 is mainly limited by
the relatively low EIT contrast and the small interchannel
coupling rate.

Nonreciprocal light transport.—The reservoir-mediated
interference demonstrated above allows the design of
nonreciprocal light transport between Chl and Ch2 under
appropriate reservoir parameters. For instance, we choose
the parameters 6 = 0, 8, = 0, and 8, = 7z and measure the
EIT spectra by sweeping the applied magnetic field to vary
the two-photon detuning as illustrated in Fig. 1(a). The
interchannel light transport is characterized by switching on
the probe field of the input channel (such as Chl or Ch2)
and measuring the light intensity in the output channel
(such as Ch2 or Ch1) whose probe field is initially switched
off. When Chl is set as the input channel [left panel of
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FIG. 2. Phase-sensitive light transport for the beam splitter
composed of Chl and Ch2. Output probe intensities of Chl and
Ch2 as functions of varying local phase 6, in ChO when (a) the
weak probe input in Ch2 is off and (b) all three input probes are
on. The input laser powers in all channels are 500 yW for the
control and 50 uW for the probe, respectively, corresponding to
Rabi frequencies Q. ~ 1.4 x 10’ Hz and Q, ~4.4 x 10° Hz.

The local phase of Chl is set to be 6; = ylgl) - l//E,l) =0 and,
for Ch2, 6, = x (if the probe is on). The cell temperature is 60 °C.

Fig. 3(a)], the EIT spectra in Ch2 has a transmission
window near the two-photon resonance o = 0, where
Tiy o e 4 e’ > o« 1 +cos(fy — ;) = 2, peaking
under a constructive interference. By contrast, when Ch2
is the input channel [right panel of Fig. 3(a)], the EIT
spectra in Chl becomes T « |e¥7 ' + e |2 « 14
cos(0y — 6,) = 0, vanishing due to destructive interfer-
ence. The analysis here is consistent with our experimental
observation in Fig. 3(b), where the directional light trans-
port is clearly identified. The origin of the observed
nonreciprocity is therefore the interference of spin waves
along the path of the atomic motion, analogous to the time-
modulation scheme [1]. The light transport can be easily
tuned to be reciprocal—for instance, by setting 6y = /2.
For all our experiments here, the observed isolation is
~19 dB, and the untransported power is absorbed by the
atoms. In the Supplemental Material [27], we show that the
nonreciprocity persists under a bidirectional input where
the probes in both channels are switched on.

Quantum correlation.—Whereas the nonreciprocal light
transport demonstrated above relies only on the interfer-
ence of spin waves, a surprising finding is that quantum
correlations in the polarization degrees of freedom of light
can be established between the transport channels Ch1 and
Ch2 as a consequence of interactions with the engineered
IeServoir.
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Transported power [a.u.] _

FIG. 3. Spin wave interference induced nonreciprocity in
optical transport. (a) Schematics of the nonreciprocal transport.
(b) Transport spectrum. The two-photon detuning 6z is propor-
tional to the applied common magnetic field. Red curve T, is the
transported power from Chl to Ch2 when injecting the weak
probe in Chl. Black curve T is the transported power from Ch2
to Ch1 when injecting the weak probe in Ch2. The local phase of
all three channels is set to be 6, =0, ; =0, and 6, = z. The
input power of the probe in each channel is 50 #W. The input
power of the control in each channel is 500 yW. The cell
temperature is 60 °C.

To demonstrate the presence of quantum correlation, we
reverse the polarizations of the control and probe in ChO as
shown in Fig. 1(b2). While the phase-sensitive nonrecip-
rocal light transport persists under this new configuration
(as we have confirmed experimentally [27]), counteri-
ntuitive quantum correlations now emerge. To facilitate
quantum measurements under the constraints of the
relatively low optical depth and technical noise in the
lasers, we switch off the input probe fields in all three
channels, replacing them with coherent vacua. We define
the canonical position and momentum operators of the ith
channel through the Stokes operators X; = §%/+/|S| and
P, = S’;/\/ |SZ|. The noise spectra Var(X;) and joint
variance Var[(X; £ X;)/v2] (i, j=0, 1, 2 and i # j) of
the steady state are then measured via joint polarization
homodyne detections [21]. For the detection, a bias
magnetic field is applied along the propagation direction
of light to shift the homodyne measurement from dc to the
Larmor frequency (~352 kHz), bypassing low-frequency
technical noise. As illustrated in Fig. 4, quantum correlations
manifest as Var[(X; - X;)/v2] + Var[(P; + P;)/V2] <
[(Var(%,) + Var(X;))/2] + [(Var(P;) + Var(P))/2]. To
quantify the measured quantum correlation, we calculate
the Gaussian discord D;; [29,30] at the Larmor frequency in
the noise spectra between different channels. In the presence
of a dissipative environment, Gaussian discord captures
Gaussian quantum correlations and is more robust than
quantum entanglement in revealing quantum correlations.
Following its definition, we have Dy =2.9 x 1073,
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FIG. 4. Quantum correlations exist between any two channels.
The experiment noise spectra of Var(X;), Var([(X; ¥ X;)/Vv2])
(i,j =0, 1,2 and i # j) are shown. They are identical to Var(f’,-),
Var|(P; + i’j) /\/2], respectively (not shown). The shot noise
level is set at 0 dB, observed when only one channel is on. The
bias magnetic field is applied to shift the homodyne measurement
from dc to the Larmor frequency(~352 kHz). The input control
power is 280 #W in both Chl and Ch2 and 500 xW in ChO. The
cell temperature is 60 °C.

Dy = 2.5 x 1073, and D, = 2.5 x 1073. The positiveness
of the evaluated discords unambiguously indicates the
quantum nature of correlation between any two channels.
The measured Gaussian discord is relatively low due to the
small interchannel coupling rate in our experiment, as
significant information is lost to reservoir. For future studies,
lasers with larger beam sizes and non-Gaussian profiles
could be employed to enhance the quantum correlation
between the optical channels.

It is worth emphasizing that the quantum correlation
between Ch1 and Ch2 is counterintuitive and derives purely
from the engineered reservoir by ChO. In the absence of
ChO, i.e., with an unstructured reservoir as in [21], the
interaction between Chl and Ch2 is of the beam-splitter
type, and therefore the probe output of Chl and Ch2 is
simply photon-shot noise with a vanishing discord D;,.
However, in the presence of ChO, both ¥y and Dy,
become finite due to the two-mode-squeezing-type inter-
action between ChO and Chl, as well as between ChO and
Ch2, due to their opposite polarization configurations.
Apparently, the quantum correlation between Chl and
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Ch2 originates from the interplay of the beam-splitter-type
interaction between Chl and Ch2 and their two-mode-
squeezing-type interactions with the reservoir contain-
ing Cho.

Conclusion.—We have introduced a platform with non-
reciprocal and quantum transport of light based on hot-
atom vapor cell in a spin-coherence-protected environment.
Both the observed nonreciprocal transport and quantum
correlations between the optical channels derive from the
interference mediated by an engineered reservoir and are
tunable by adjusting the parameters of all the optical
channels, including the one embedded in the reservoir.
Our work provides a prototype configuration for an atom-
based nonreciprocal optical element. Based on the geom-
etry of our setup and benefiting from the high degree of
control over the atom-light interactions, the configuration
demonstrated here may offer further opportunities for
quantum simulation in open systems [35-37] using multi-
ple coupled optical channels.
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