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Experimental demonstration of cavity-free optical isolators and optical circulators

En-Ze Li,">" Dong-Sheng Ding ®,"?3" Yi-Chen Yu,"> Ming-Xin Dong,"-? Lei Zeng,"-> Wei-Hang Zhang,"->
Ying-Hao Ye,"? Huai-Zhi Wu,* Zhi-Han Zhu,®> Wei Gao,> Guang-Can Guo,"? and Bao-Sen Shi'>#

'Key Laboratory of Quantum Information, University of Science and Technology of China, Hefei, Anhui 230026, China
2Synergetic Innovation Center of Quantum Information and Quantum Physics, University of Science and Technology of China,
Hefei, Anhui 230026, China
3Wang Da-Heng Collaborative Innovation Center for Science of Quantum Manipulation and Control,
Heilongjiang Province and Harbin University of Science and Technology, Harbin 150080, China

4Fujian Key Laboratory of Quantum Information and Quantum Optics and Department of Physics,
Fuzhou University, Fuzhou 350116, People’ s Republic of China

® (Received 20 August 2019; accepted 9 September 2020; published 29 September 2020)

Cavity-free optical nonreciprocity components, which have an inherent strong asymmetric interaction between
the forward- and backward-propagation direction of the probe field, are key to produce such as optical isolators
and circulators. According to the proposal presented by Xia et al., [Phys. Rev. Lett. 121, 203602 (2018)], we
experimentally build a device that uses cross-Kerr nonlinearity to achieve a cavity-free optical isolator and
circulator. Its nonreciprocal behavior arises from the thermal motion of N-type configuration atoms, which
induces a strong chiral cross-Kerr nonlinear response for the weak probe beam. We obtain a two-port optical
isolator for up to 20 dB of isolation ratio in a specially designed Sagnac interferometer. The distinct propagation
directions of the weak probe field determine its cross-phase shift and transmission, by which we demonstrate the

accessibility of a four-port optical circulator.
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Introduction. Nonreciprocity optical devices that break the
time-reversal symmetry are very difficult to achieve without
magnetic fields, such as optical isolators and circulators [1].
To break reciprocity, the traditional method is to guide light
through a medium with a powerful magneto-optical Faraday
effect [2-4]. However, systems with this nature often have
serious conflicts with miniaturization due to the surround-
ing environmental interference from their strong magnetic
fields. The requirements of a nonmagnetic isolator have
generated tremendous impetus, and then a series of works
in various physical principles are reported to avoid using
magneto-optical components. For example, the different types
of optical nonreciprocal devices have been realized by using
spatiotemporal modulation of nonlinear material [5-11], in-
ducing the Berry phase [7,12—14], and using optomechanical
systems [14—18].

To realize optical isolators with Kerr and Kerr-like non-
linearity is attracting many researchers [19-25]. However,
optical isolators with Kerr and Kerr-like nonlinearity has
a poor isolation effect under the weak signals due to the
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limitation of dynamic nonreciprocity [26,27]. Some non-
linear optical isolators with chiral gains are reported to
overcome this difficulty in [28,29]. Besides, the nonlin-
ear optical isolation schemes require a high-quality cavity
to achieve enough interaction strength, such as optical
resonators [21,28,30-33]. Although the fundamental as-
pects of optical nonreciprocity have been studied before,
it is challenging to achieve an optical nonreciprocity with
high isolation, low loss, and weak light intensity simul-
taneously. Therefore a passive nonlinear isolator without
dynamic reciprocity would be of interest and is proposed by
[32].

Here we demonstrate a cross-Kerr nonlinearity based on an
N-type atomic configuration in a thermal vapor cell to achieve
a cavity-free optical isolator and circulator. The cross-Kerr
nonlinearity affects the transmission and susceptibility of the
input weak probe field dramatically; this process depends
on the coupling and switch fields’ forward- and backward-
propagating directions with respect to the probe field. Hence
we achieve a cross-Kerr optical isolator with up to 20 dB of
isolation ratio. In addition, we demonstrate a four-port opti-
cal circulator via a specially designed Sagnac interferometer.
Compared to Ref. [28], they use the four-level nonreciprocal
amplification mechanism, which creates an active process to
break the dynamic nonreciprocity. On the contrary, we use
the enhanced cross-Kerr nonlinearity, which is not limited
between the classical regime and quantum regime. The re-
ported cross-Kerr optical isolator and optical circulator could
work under high isolation, low loss, and weak field, which
holds potential applications for quantum communication [34],

Published by the American Physical Society


https://orcid.org/0000-0002-5051-4777
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.2.033517&domain=pdf&date_stamp=2020-09-29
https://doi.org/10.1103/PhysRevLett.121.203602
https://doi.org/10.1103/PhysRevResearch.2.033517
https://creativecommons.org/licenses/by/4.0/

EN-ZE Ll et al.

PHYSICAL REVIEW RESEARCH 2, 033517 (2020)

(2) M3 ¢4 < §\M4 (b)
14) > \‘
12) o8 Switch
Ac dp A
COupV Pmb\ Switch HWR
13) Coupling
M6 _ Coupling
% Ay < el AY
© 6) Bsz“ HWP
1.0 1.0, ! !
go8 §o0s8 Cl} L2
206 é 0.6 L Rb gons | LI
Z 0.4 0.4 N — N
g g M g
£0.2 s 0.2\_/ PBS2 PBSI BsIl
0'0 5075 0 75 150 Mo < /
150-75 0 75 150  -150- < V
A/27(MH2) Pl > 2%

A,/2n(MHz)

FIG. 1. (a) Energy diagram of optical isolation and circulation, corresponding to the N-type four states in 3°Rb atoms (D line) of
5810(F =2) (1)), 5Py 2(F = 3) (12)), 581,2(F = 3) (I3)), and 5P32(F = 3) (|4)), respectively. (b) Schematic overview of the experimental
setup, including a Sagnac interferometer system. The blue lines represent the probe beam path, red and green lines represent the switch and
the coupling laser beams, respectively. M: optical mirrors; BS: beam splitters (50/50); PBS: polarizing beam splitters; HWP: half-wave plates;
L1 and L2 are two different paths of the Sagnac interferometer, in which a Rb cell is located in L1; and C1 and C2 are the combined laser
beams of switch field and coupling field. (c) The copropagation transmission vs the detuning of the probe field, the red curve and black curve
recorded as the switch power I, =21 mW and /; =0 mW, respectively. (d) The counterpropagating (blue curve) transmission vs the detuning of
the probe field, with the switch power I, =21 mW. In (c) and (d) the probe field is set as I, = 7.5 u'W and the coupling field set as I. = 12 mW.

quantum simulation [35], and quantum information process-
ing [36].

System configurations. We use an N-type atomic configu-
ration in thermal rubidium (¥*Rb) atoms to demonstrate the
cross-Kerr nonlinearity [37-39]. As shown in Fig. 1(a), the
coupling and switch lasers with vertical polarization couple
the atomic transition [5Si,;, F =2) (|1)) <— |5P2, F =
3) (12)), and |581/2, F =3) (13)) <— [5P32, F = 3)(|4)),
respectively. The probe laser with horizontal polarization
couples the transition |5Py2, F = 3) (|12)) <— [53S12, F =
3) (|3)). The Rabi frequencies and detunings of the probe,
coupling, and switch fields are respectively denoted by €2,
(Ap), Q¢ (Ac), and €, (Ay). The spontaneous decay rates
of the state |2) (|4)) to states |1) and |3) are I (I4;) and
I3 (Iy3), respectively. The dephasing rate between the two
ground states |1) and [3) is ['3;. In the rotating-wave ap-
proximation, the Hamiltonian under the interaction picture
describing the field-atom interaction takes the form

H; = h(Ac - Ap)o'33 + iAo + (A — Ap + Ag)oa4
— (1/2)(S2c012 + 034 + Hoc.), ()

where 0,,, = |m)(n| (m,n =1, 2, 3, 4) are the atomic transi-
tion operators. Due to atomic thermal motion, the frequencies
of the propagating fields seen by the atoms are shifted, which
is referred to as the directional Doppler effect. The detunings
of the probe, coupling, and switch field are then modified as
A, x kv, Ac £kev, and A £ kv, where k,,, k., and k are
the corresponding wave vectors, and the signs “+” depend
on the propagation direction. When the probe beams coprop-
agate with the coupling and the switch field, the Doppler
shifts take the same sign and their effects are generally
canceled. However, when the probe beam counterpropagates
with the coupling and the switch field, the Doppler shifts
have opposite signs, and thus the Doppler broadening cannot

be ignored. For both the co- and counterpropagation cases,
we solve the steady-state solution of the master equation
dp/dt = —i[H, p]/li — L[VTo_]p by taking all the decay
channels into consideration and obtain the total cross-Kerr
nonlinear susceptibility averaged over the velocity distribution
as

X2:§ = /P;(Ap :t kpvv Ac :l: kcvv AS :l: ksva Qpa QCa Qv)

lu23)* N(v)
Fl&‘o Qp

X

dv, @

where N(v) = Noexp(—v?/u?)/(u/m), u= 2kgT /M)~'/2,
Np is the atomic density, wy3 the transition dipole moment
between states |2) and |3), kg is the Boltzmann constant,
T is the temperature of the gas in the cell, and M is the
atomic mass. x; (x,;) represents the probe field copropa-
gating (counterpropagation) with the coupling and the switch
field. The transmission for the probe field is further given by
the imaginary part of optical susceptibility Irn[)(;g], which
strongly depends on the propagation direction of the probe
field regarding the coupling and the switch field, leading to
the chiral cross-Kerr nonlinearity. This effect allows us to
implement optical isolators and circulators by handling the
probe field with fixed directional coupling and switch fields.
As schematically illustrated in Fig. 1(b), the specially
designed Sagnac interferometer consists of BS1 and three
mirrors M2-M4, which has two different optical paths L1
and L2. This interferometer has four ports consisting of two
input ports (P1 and P3) and two output ports (P2 and P4).
We insert PBS1 and PBS2 into the interferometer and add
a Rb cell in the optical path L1. To implement isolators and
circulators, the most important part is a subsystem including
five elements (BS2, M6, PBS1-2, and the Rb cell) which
can control the transmission and the phase shift of the input
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FIG. 2. Experimental observation of nonreciprocal transmission.
(a), (b) The co- and counterpropagation transmission spectra of the
probe beam by increasing switch field power /; with the probe field
power I, = 7.5 uW, the coupling field power I. = 12 mW, temper-
ature 7 = 38°C. The beam diameter of the probe, coupling, and
switch field are both 2 mm (c) The on-resonance transmission of
the isolator for the copropagating (blue triangles) and counterprop-
agating (red squares), and the isolation ratio of the isolator (green
dots). (d) The on-resonance transmission spectra of the probe field
vs the detuning of the switch field (violet dots). In (c), (d) the dots
are experimental results, and the solid lines are theoretical fittings.

probe beam. In this subsystem, the BS2 mixes the coupling
and the switch beam into two collinear beams along with the
optical directions of C1 and C2 simultaneously. The probe
beam splits into two beams along L1 and L2 by the BS1 (beam
splitter). Due to the chiral cross-Kerr nonlinearity, the probe
beam accumulates different phase shifts while it propagates
along path L1 and path L2, based on which we can implement
a two-port optical isolator by closing the path L2, or imple-
ment an optical circulator with both the L1 and L2 paths being
opened.

Isolator. We input the weak probe field with the power
I,=7.5 uW to measure the co- or counterpropagation trans-
mission. The copropagation (counterpropagation) transmis-
sion corresponds to opening C1 (C2) and blocking C2 (C1).
The co- and counterpropagation transmissions are given in
Figs. 1(c) and 1(d). By changing the switch power I; from
0 to 25 mW, we obtain a series of transmission spectra of
the co- and counterpropagating probe fields in Figs. 2(a)
and 2(b). The on-resonance transmission of the probe beam
increases in the copropagation case but remains small for
the counterpropagation case. When the combined coupling
and switch beams C1 copropagate with the probe beam,
the Doppler shift seen by the atoms has the same sign
and their Doppler effect in the N-type configuration can be
eliminated; thus we can observe a strong response of the

probe field to the cross-Kerr nonlinearity. In contrast, the
Doppler effect under the counterpropagation case strongly
diminishes the cross-Kerr nonlinearity, so we observe that
the probe transmission is almost vanishing. Although this
N-type configuration and the theoretical N-type structure
are slightly different, these two kinds of four-level systems
equally investigate the cross-Kerr nonlinear effect. The nonre-
ciprocity arising from the asymmetric cross-Kerr nonlinearity
directly leads to the direction-dependent response of the probe
beam, thus resulting in the nonreciprocal feature of the probe
field.

We characterize the property of the isolator by mea-
suring the resonant probe transmission with A, =0 and
by the logarithmic ratio of the copropagation transmission
T., to the counterpropagation transmission 7T,,, namely,
101og 10(T;,/T;ou) (referred to as the isolation ratio), as
shown in Fig. 2(c). There is a significant difference between
the on-resonance transmission spectrum of the copropagation
(blue dots) and counterpropagation (red dots). In the coprop-
agation case, we observe that the increase of the switch field
power I; can significantly enhance the cross-Kerr nonlinear
response of the probe field. In the conventional three-level
electromagnetically induced transparency (EIT) scheme, the
nonlinear response susceptibility is relatively small. We add
a switch field based on the A-type EIT scheme, and the
absorption loss can be effectively reduced by increasing the
intensity of the coupling field and the switch field. Such
an N-type configuration system greatly enhances the cross-
Kerr nonlinearity [40,41]. While the Doppler shift breaks
the chiral cross-Kerr nonlinearity in the counterpropagation
case, we obtain a series of weak on-resonance transmission
signals. Moreover, the isolation ratio increases against I, as
predicted by the theory in the article [32]. As the switch
power increases, the isolation ratio increases to be 20 dB.
Even though we scan the switch field power I only from 0
to 25 mW because of the limitation of the laser power in our
experiment, we nevertheless find that when the switch field
power is tuned exceeding 21 mW, the transmission and the
isolation ratio will be suppressed. This is because the atoms
would be depleted when using a large power of the switch
field to pump. Moreover, we further examine the copropaga-
tion transmission versus the detuning A; of the switch field
with the fixed switch field power I, = 21 mW, as shown in
Fig. 2(d). For a resonant pumping, i.e., Ay =0 MHz, the
switch laser will suppress the cross-Kerr nonlinearity, while
the off-resonant pumping of the switch field will induce the
strong cross-Kerr nonlinear response. In addition, we ob-
serve that increasing the power of the switch field produces
a magnifying effect on the copropagation transmission of
the probe field. Remarkably, all the experimental data (dots)
fit well with our theoretical prediction (dashed line), thus
fully confirming our physical insights and theoretical analysis
above.

Circulator. We unblock path L2 and enable the two
noncoincident paths of the Sagnac interferometer to work
simultaneously, which constructs a four-port optical circula-
tor as proposed in [32]. We inject the probe beam into this
circulator by P1 and control the propagation direction of the
switch and the coupling beams with C1, C2. While the probe
field copropagates with the other two laser beams, the strong
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FIG. 3. Circulator performance. (a)—(c) The three different phase
shifts vs the probe field detuning A, with fixed switch field I, =
21 mW, coupling field I. = 12 mW, and probe field I, = 7.5 uW.

cross-Kerr nonlinearity cannot only modify the transmission
rate 7., but also introduce a large phase shift ¢Z! to the
probe field in contrast to that of the counterpropagating case.
The difference in phase shift for the two noncoincident paths
A® = ¢L! — ¢? leads to the interference effect of the two
counterpropagating probe fields at P2, which can be mea-
sured by the phase-dependent intensity fringes [42,43]. To
achieve that, the beam splitter (BS) has two functions: first
dividing the input probe field into two paths and then mix-
ing them after passing through the Rb cell. If the reflection
and transmission amplitudes of BS are sinf and cos6 and
the relative phase ¢, then the BS yields the photon opera-
tion in the form of &, = cos@al + ie™ sin#b] and b.,, =
ie' sinfa + cos b} [42-44]. We choose 6 = 7 /4 (50:50
BS) and ¢ = 0 in the experiment.

The experimental results obtained previously tell us that
the transmission of the co- and counterpropagation can be
very different. Because of the cross-Kerr nonlinearity in
the copropagation case, the transmission 7, and the phase
shift ¢., of the probe beam can be modified by the switch
laser beam. We choose the best EIT transmission peak
(I; = 21 mW) to obtain the phase shift between path L1 and
L2. The coupling field locked on the respective transition
(A. = 0), and the switch field is on the off-resonance condi-
tion. As the detuning of the probe beam changes, we observe
three different patterns of the phase-shift difference A® by
tuning the phase-shift offset between the optical paths L1 and
L2. At a specific probe frequency, the phase-shift difference
A® = gLl — ¢ between two opposite propagating probes
can be measured by detecting the intensity of port 2. Under
the condition of copropagation direction (open C1 and block
C2), the data of the phase-shift difference A® are shown in
Figs. 3(a)-3(c).

The phase-shift properties in Figs. 3(a) and 3(c) are the
property of the interferometry. To better understand the ob-
servation, we assume that the phase shift of the two arms in
the Sagnac interferometer is caused by the nonlinear medium.
The cross-Kerr nonlinearity induces a significant change in
the refractive index of the medium, and the phase shift can be
expressed as ¢-! = k,An L, and ¢** = k,An,L,. According
to our theoretical model, L; represents the length of the Rb
cell, which is 10 cm, and we set the ¢'? as zero for simplicity,
and the refractive index change An; o< Re[x23]1,. We note
that the phase shift between path L1 and L2 is caused by
the refractive index change of the nonlinear medium, which
is related to the real part of the susceptibility x»3. The imag-
inary part of the susceptibility y,3 induces the transmission
change in the isolator part. To better understand this re-
sult, the relationship between the probe transmission and the
refractive index governed by the Kramers-Kronig relations
was found to be in excellent agreement with the observation
data [43,45].

Figures 3(a) and 3(c) show the whole working window of
the circulator. The phase-shift change supports our previous
view that the scans show the detuning of the probe field near
the working window of the circulator—the probe detuning
induces the sensitive phase shift due to the enhanced cross-
Kerr nonlinearity, at the top of the interference curve, which
represents the output path P1 — P2, and at the bottom of
the curve, which represents the output path P1 — P4. In this
way, we succeed in realizing the fixed output path P1 — P2
or path P1— P4 of the circulator. As is shown in Fig. 3(b),
by changing the detuning of the switch field we observe an
ideal phase-shift shape of the circulator, which only repre-
sents the path P1 — P2. This clearly demonstrates that the
circulator satisfies the output path P1 — P2. Moreover, the
amplitude of the phase shifts increases with the switch field
power until it starts to saturate, but the phase-shift shape
remains unchanged. The performance of the circulator can be
quantified with the contrast T = (T! , —Ti . /(T +Ti . );
here i represents the output port number. In our system, the
circulator contrast can reach 0.902, while an ideal operation
yields T = 1.

In addition, the contrast of the circulator is also limited
by the quality of the Sagnac interferometer, and the mea-
sured contrast includes all loss and noise. According to the
theoretical proposal [32], the phase difference between the
two paths of the interferometer also satisfies P3 to P4. It is
worth mentioning that our optical circulator can also work
under a reversible case. If we turn on C2 and block C1, and
we exchange the corresponding input port and output port
completely, then we can get a circulator which is exactly the
opposite of the previous port sequence. Then this apparatus
can realize the circulation process of P2 — P3 and P4 — P1,
implying that our specifically designed apparatus can be used
as a four-port circulator, for example, a nonreciprocal photon
circulation along withport 1 - 2 - 3 — 4 — 1.

Conclusion. In summary, we have demonstrated an exper-
iment to realize cavity-free optical isolators and circulators
by a chiral Cross-Kerr nonlinearity of N-type Rb atoms
embedded in the two-path Sagnac interferometer at room
temperature. Simultaneously, our isolator can reach a high iso-
lation ratio of 20 dB. Based on the experimental conclusions,
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we successfully prove that the specific designed experimental
device can provide a new version for the optical circulator.
Therefore our design allows us to make optical isolators and
circulators for high isolation, low loss, and a weak probe field
at room temperature.

The demonstrated circulator concept is useful for the pro-
cessing and routing of the classical signals at weak light
in classical optical circuits and quantum networks. The
circulation operation principle is universal in a large vari-
ety of different quantum systems, as long as the medium
in this system can reach enough optical depth to real-
ize the EIT, and they can be miniaturized, for example,
using the microcell [46—48], the atomic cladding waveg-
uides [49], the hollow-core photonic crystal fibers [50-52],
the slot waveguides [53], and some kinds of chip-based
structures [48,54].

Arranging N circulators as a linear array allows one
to realize a (2N+2)-port optical circulator. A two- or

three-dimensional network of optical circulators will be the
potential candidate in multipath signal processing [30,55].

Note added. Recently, we found a relative work by Lin et al.
[29] on nonreciprocal amplification with a four-level atomic
system.
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