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Nonreciprocity with Structured Light Using Optical Pumping in Hot Atoms
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Nonreciprocal transmission of structured light has possible applications in high-capacity opti-
cal communication and high-dimensional signal processing. Here, we demonstrate the magnet-free
and cavity-free optical nonreciprocity of an orbital-angular-momentum (OAM) beam using optical-
pumping technology with the assistance of the Doppler effect in hot atoms. By using optical pump-
ing to induce a direction-dependent population transfer of the ground-state atoms, we realize optical
nonreciprocity for the signal laser that is carrying OAM. Interestingly, an isolation ratio close to
30 dB and maximum transmission over 0.86 can be achieved simultaneously without the use of an opti-
cal cavity. Due to the unique amplitude and helical phase profile of the structured light, our proposal
may open an avenue for exploring the singularity characteristics of optical nonreciprocity using structured
light.
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I. INTRODUCTION

Orbital-angular-momentum (OAM) light has been
established as one of the most relevant and useful degrees
of freedom of light [1], from both a fundamental [2]
and an applied perspective [3], in the physical sciences
[4–8]. The use of OAM modes, especially Laguerre-
Gaussian (LG) beams, in classical [9–12] and quantum
[13–21] areas has been extensively explored. However, the
advantages of OAM modes have not yet been explored in
hot atoms to realize optical nonreciprocity.

Optical nonreciprocity, which is known as a symmetry-
breaking effect, has been widely studied due to its applica-
tions in signal processing and quantum networks [22–24].
Conventionally, the method of realizing optical nonre-
ciprocity is based on the magneto-optical Faraday effect
[25,26] but large magnetic fields are too bulky to be
implemented on chip [27]. To avoid the above disadvan-
tage, many magnet-free schemes for nonreciprocal light
transport including spatiotemporal modulation [28–33]
and nonlinear effects [34–38], as well as various other
approaches [39–44] have attracted significant attention
owing to their substantial ability to break the limit of the
traditional Faraday effect. Recently, various strategies have
also been pursued to break the optical reciprocity using hot
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atoms [45–51]. In particular, atomic thermal motion has
been used in the discovery of strong nonreciprocity in the
dynamics of chiral quantum systems modeled by creating
susceptibility-momentum locking [52].

Despite the rapid developments in optical nonreciproc-
ity in recent years, it is still challenging to efficiently real-
ize optical nonreciprocity with an OAM beam in hot atoms
due to the zero intensity at the core of such a beam. Here,
we demonstrate the magnet-free and cavity-free optical
nonreciprocity of an OAM beam using optical-pumping
technology in hot atoms with the assistance of the Doppler
effect. By using optical pumping to induce a direction-
dependent population transfer of the ground-state atoms,
we realize optical nonreciprocity for the signal laser that is
carrying OAM. Interestingly, an isolation ratio close to 30
dB and maximum transmission over 0.86 can be achieved
simultaneously without the use of an optical cavity. Com-
pared with the previous studies [53–59], our proposal has
three distinguishing features. First, our scheme realizes the
magnet-free and cavity-free optical nonreciprocity of an
OAM beam with a high isolation ratio and high trans-
mission in hot atoms. Second, unlike the conventional
Gaussian beam, an OAM beam represents a fundamentally
different optical degree of freedom and provides unique
optical properties, so our proposal may open an avenue for
achieving structured nonreciprocal devices using an OAM
beam. Third, optical nonreciprocal devices, such as optical
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isolators, circulators, and phase shifts, are basic units of
all-optical communications. Thus, structured nonrecipro-
cal devices will have possible applications in high-capacity
optical communications and high-dimensional signal pro-
cessing.

II. THEORY AND EXPERIMENTAL METHODS

The inset in Fig. 1 shows the three-level V-type
atomic system of the 85Rb atom, which has one ground
state |1〉 and two excited states |2〉 and |3〉. The desig-
nated states can be chosen as |1〉 = ∣∣52S1/2, F = 2

〉
, |2〉 =∣∣52P1/2, F = 3

〉
, and |3〉 = ∣∣52P3/2, F = 3

〉
. The signal field

�s couples to the atomic transition
∣∣52S1/2, F = 2

〉 ↔∣∣52P3/2, F = 3
〉

(|1〉 ↔ |3〉) with a detuning �s, while the
pump field �p drives the transition

∣∣52S1/2, F = 2
〉 ↔∣∣52P1/2, F = 3

〉
(|1〉 ↔ |2〉) with a detuning �p . The

signal field �s = �0�(r, z)e−ilφ is a LG mode, where

�(r, z) =
√

2p!/π(p+|l|)!
ω(z) [

√
2r

ω(z) ]|l|L|l|
p [ 2r2

ω2(z)
]e

−r2

ω2(z) e−i�(r,z), �0 is
the initial Rabi frequency of the signal field, �(r, z) =
k̃r2/2R(z) − (2p + |l| + 1) tan−1 z/zR, L|l|

p is the Laguerre
polynomial, zR is the Rayleigh length for a given beam
waist ω0, R(z) = z

(
1 + z2/z2

R

)
is the radius of curva-

ture of the wave front, and ω(z) = ω0
(
1 + z2/z2

R

)−1 and
(2p + |l| + 1) tan−1 z/zR describe the beam expansion and
the Gouy phase accumulated during the diffraction prop-
agation, respectively. r =

√
x2 + y2 is the radial radius,

l is the topological charge, φ is the azimuthal angle, and
p denotes the number of radial nodes in the mode pro-
file. The wave numbers of the signal field and pump
field are denoted by ks and kp , respectively. Because of
the Doppler effect of atoms, the signal and pump beams
are both subject to a direction-dependent Doppler fre-
quency shift seen by the hot atoms. Taking into account
the random thermal motion of atoms with v, the detunings
change into (�s + ksv, �p + kpv) for the copropagating

case and (�s − ksv, �p + kpv) for the counterpropagating
case. In the interaction picture and under the rotating-wave
approximation, the Hamiltonians for the copropagating
and counterpropagating cases are given by

Hco = −(�p + kpv)σ22 − (�s + ksv)σ33

+ 1
2
(�pσ12 + �+

s σ13 + H.c.), (1a)

Hcou = −(�p + kpv)σ22 − (�s − ksv)σ33

+ 1
2
(�pσ12 + �−

s σ13 + H.c.), (1b)

where σij = |i〉 〈j | (i, j = 1, 2, 3) are the atomic transition
operators and “H.c.” represents the Hermitian conjugate.
The frequency differences among the two lasers are quite
small compared with their absolute frequencies; for sim-
plicity, here we take ks � kp = k. �+

s is the signal field for
the copropagating case when the topological charge l = 2,
while �−

s is the signal field for the counterpropagating case
when the topological charge l = −2.

The dynamics of this system can be described by utiliz-
ing the density-matrix approach as

ρ̇ = − i
�

[Hco/cou, ρ] − 1
2
{�, ρ}, (2)

where {�, ρ} = �ρ + ρ�.
By substituting the interaction Hamiltonians given

by Eqs. (1a) and (1b) into Eq. (2), we can calculate
the density-matrix elements ρco

13(�s + kv, �p + kv) and
ρcou

13 (�s − kv, �p + kv). The linear susceptibility of the
medium for the weak signal-laser field is determined by
the term ρ

co/cou
13 . Consequently, the susceptibilities for

the copropagating and counterpropagating cases can be
written as

χco =
∫

x

∫

y

∫

v

|μ13|2
2�ε0�

+
s

N (v)ρco
13dxdydv, (3a)
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FIG. 1. The experimental setup for
optical nonreciprocity of an OAM beam
in hot 85Rb atoms: Qi (i = 1, 2), quarter-
wave plate; Hj (j = 1, 2, 3), half-wave
plate; VPP, vortex phase plate; Ln (n =
1, 2), lens; PBSk (k = 1, 2, 3), polarizing
beam splitter. The inset is a three-level
atomic configuration.
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χcou =
∫

x

∫

y

∫

v

|μ13|2
2�ε0�

−
s

N (v)ρcou
13 dxdydv, (3b)

where N (v) = N exp(−v2/u2)/(u
√

π) is the Maxwell-
Boltzmann velocity distribution with N being the atomic
number density in the medium, ε0 is the permittivity in free
space, and μ13 is the transition dipole moment between
states |1〉 and |3〉. Here, u = (2kBT/m)1/2, which is the
most probable atomic speed at temperature T, kB is the
Boltzmann constant, and m is the mass of the atom.

It is worth noting that the direction-dependent sus-
ceptibilities in Eqs. (3a) and (3b) induce the nonre-
ciprocity. The transmission T+ for the copropagating and
T− counterpropagating cases can be written as

T+ = exp {−2Im[(ωs/c)(1 + χco/2)]Le} , (4a)

T− = exp {−2Im[(ωs/c)(1 + χcou/2)]Le} , (4b)

where ωs is the frequency of the signal field, c is the speed
of light in vacuum, and Le is the effective length of the
vapor cell.

The experimental setup is shown in Fig. 1. The
inset shows the three-level V-type atomic system of
the 85Rb atom. The signal and pump beams drive
the transitions

∣∣52S1/2, F = 2
〉 ↔ ∣∣52P3/2, F = 3

〉
(|1〉 ↔

|3〉) and
∣∣52S1/2, F = 2

〉 ↔ ∣∣52P1/2, F = 3
〉

(|1〉 ↔ |2〉),
respectively. A Gaussian beam with horizontal polariza-
tion (generated by a tunable diode laser, λ = 780 nm) is
sent to a vortex phase plate (VPP) to generate the OAM
signal(+) beam with the topological charge l = 2, while

the signal(−) beam with the topological charge l = −2 can
be generated via the signal(+) beam using a mirror. The
pump beam (beam diameter 0.8 mm) is generated by a tun-
able diode laser working at 795 nm and later enhanced by
a laser amplifier. The signal(+) beam [signal(−) beam] is
focused by a lens L1 (f1 = 30 cm) [lens L2 (f2 = 30 cm)],
transmitting a 50-mm-long natural-abundance Rb vapor
cell to another lens L2 (f2 = 30 cm) [lens L1 (f1 = 30 cm)]
and forming an image in the charge-coupled device (CCD)
camera beam profiler. The transmission spectra of the
signal(+)/signal(−) field can be detected by amplified pho-
todetectors. In the copropagating case, the signal(+) and
pump beams with vertical polarization directions almost
copropagate and the angle between the two beams is about
1◦. For the counterpropagating case, the signal(−) and
pump beams almost counterpropagate and have vertical
polarization directions.

III. RESULTS AND DISCUSSION

In Fig. 2(a), we present the experimental beam path for
the copropagating case. Figures 2(a1) and 2(a2) show the
intensity profile of the signal(+) beam before and after a
VPP. A lens L1 images the far field of the VPP onto the
atoms and the intensity profile of the signal(+) beam at
the atomic cell center is illustrated in Fig. 2(a3). Then,
we turn on the pump field. The intensity profile of the sig-
nal(+) beam after absorption from the atoms can be further
imaged onto a CCD camera [see Fig. 2(a4)]. However,
when the signal(−) and pump beams counterpropagate

1
PBS

VPP

1
L

2
L85 Rb

1
f

CCD
2

f
2

f

V

1
f

1
L

2
L 85 Rb

1
f

CCD
2

f
2

f
1

f

T+

T–

1
PBS

P
um

p

P
um

p

Signal( )−
2l = −

Signal(+)
2l =z+

z−

27 dB

(a)

(b)

(c)

(b1) (b2) (b3)

(a1) (a2) (a3) (a4)

FIG. 2. (a) The experimental beam path for the copropagating case: (a1),(a2), the intensity profiles of the signal(+) beam before and
after a VPP; (a3) the intensity profile of the signal(+) beam with a diameter of 0.2 mm at the atomic cell center; (a4) the intensity
profile of the signal(+) beam after absorption from the atoms imaged onto the CCD camera. (b) The experimental beam path for the
counterpropagating case: (b1) the intensity profile of the signal(−) beam; (b2) the intensity profile of the signal(−) beam with a diam-
eter of 0.2 mm at the atomic cell center; (b3) the intensity profile of the signal(−) beam after absorption from the atoms imaged onto
the CCD camera. (c) Nonreciprocal transmission spectra of the signal field for copropagating (T+, red line) and counterpropagating
(T−, blue line) cases versus its detuning �s. Here, the signal-field power is fixed at 10μW, the pump-field power is fixed at 40 mW,
the temperature of the atomic cell is set at 55 ◦C, and the detuning of the pump field is �p = 2π × 200 MHz.
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with vertical polarization directions in the counterpropa-
gating case, with the experimental beam path as displayed
in Fig. 2(b), there is no intensity profile of the signal beam
imaged onto the CCD camera [see Fig. 2(b3)]. Evidently,
by reversing the signal direction, we realize optical non-
reciprocity for the signal laser that is carrying OAM. For
an understanding of the above phenomena, we show the
typical nonreciprocal transmission spectra of the signal
field versus its detuning �s in Fig. 2(c). From this figure,
we can see that the signal field exhibits a high transmit-
tance in the copropagating case (T+, red line), while it is
strongly absorbed in the counterpropagating case (T−, blue

line) at the position �s = 2π × 200 MHz, and the isola-
tion ratio is 27 dB. The above results can be qualitatively
explained as follows. For the copropagating case, the
condition �p = vkp is met—namely, the pump field res-
onates with the group of atoms with velocity v = �p/kp .
Thus, the ground-state atoms are transferred, leading to a
high transmission for the signal field around the position
�s = �pks/kp = 2π × 200 MHz. In contrast, the pump
field “seen” by the atoms with velocity −v for the counter-
propagating case is far from resonance. It can hardly pump
the atoms away from the ground state and therefore the
signal field is still strongly absorbed around the position
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FIG. 3. (a) The nonreciprocal transmission spectra of the signal field for copropagating (T+, red line) and counterpropagating (T−,
blue line) cases versus the pump-field power Ip . The other parameters are the same as in Fig. 2(c). (b) The isolation ratio as a function
of the pump-field power Ip . (c1)–(c9) and (d1)–(d9) are the experimental intensity profiles of the signal field for the copropagating and
counterpropagating cases with different pump-field powers Ip . (e1)–(e9) and (f1)–(f9) are the corresponding numerical intensity profiles
of the signal field. The parameters for the numerical results are �0 = 2π × 0.5 MHz, p = 0, |l| = 2, ω0 ≈ 0.2 mm, μ12 = 1.29 × 10−29

C m, Le = 50 mm, μ13 = 1.15 × 10−29 C m, �s � �p = 2π × 200 MHz, N ≈ 2.2 × 1017 m−3, and T = 55 ◦C.
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�s = �pks/kp = 2π × 200 MHz. In fact, the findings
reveal that the direction-dependent population transfer of
the ground-state atoms leads to the nonreciprocal transmis-
sion of the signal field.

Figure 3(a) depicts the signal-field transmission spec-
tra for the copropagating and counterpropagating settings
at different pump-field powers Ip . Clearly, the signal(+)
field transmission is very sensitive to the pump-field power
in the copropagating case, while the effect of the pump-
field power on the transmission of the signal(−) beam
is very limited in the counterpropagating case. In fact,
by using optical pumping to induce a direction-dependent

population transfer of the ground-state atoms, which can
transmit or isolate the signal field depending on the propa-
gation direction of the signal field, it can then be used for
the optical isolator with OAM light. In Fig. 3(b), we plot
the isolation ratio as a function of the pump-field power.
As can be clearly noted in Fig. 3(b), the isolation ratio
is modulated, which is close to 30 dB by an appropriate
choice of the pump-field power. In order to inspect the
influence of the pump field on the signal-field transmission,
Figs. 3(c1)–3(c9) and Figs. 3(d1)–3(d9) show the experi-
mental intensity profiles of the signal field versus different
values of the pump-field power for the copropagating and
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FIG. 4. (a) The nonreciprocal transmission spectra of the signal field for copropagating (T+, red line) and counterpropagating (T−,
blue line) cases versus the temperature T of the atomic cell. The other parameters are the same as in Fig. 2(c). (b) The isolation ratio
as a function of the temperature T of the atomic cell. (c1)–(c9) and (d1)–(d9) are the experimental intensity profiles of the signal
field for the copropagating and counterpropagating cases with different temperatures T. (e1)–(e9) and (f1)–(f9) are the corresponding
numerical intensity profiles of the signal field. The parameters for the numerical results are �0 = 2π × 0.5 MHz, �p = 2π × 94
MHz, p = 0, |l| = 2, ω0 ≈ 0.2 mm, μ12 = 1.29 × 10−29 C m, Le = 50 mm, μ13 = 1.15 × 10−29 C m, �s � �p = 2π × 200 MHz,
and N ≈ 2.2 × 1017 m−3 (T = 55 ◦C) and increase to 1.1 × 1018 m−3 for T = 75◦C.

024027-5



FEI SONG et al. PHYS. REV. APPLIED 18, 024027 (2022)

counterpropagating cases. As illustrated in these figures,
by increasing the pump field, the intensity of the signal(+)
field increases remarkably, so we can see that the signal(+)
field transmission is increasing for the copropagating case.
By contrast, for the counterpropagating case, there is no
intensity profile of the signal(−) beam imaged onto the
CCD camera. Meanwhile, the corresponding numerical
intensity profiles of the signal(+)/signal(−) field are given
in Figs. 3(e1)–3(e9) and Figs. 3(f1)–3(f9) and are in good
agreement with our experimental results.

Finally, we present the measured signal-beam transmis-
sion spectra for different cell temperatures T in Fig. 4(a).
When we increase the temperature of the cell from 55 ◦C
to 75 ◦C, it is observed that the signal(−) field trans-
mission for the counterpropagating case stays unchanged,
while the transmission for the copropagating case drops
strongly, from 0.86 to 0.32. To understand the above result,
we note that an increase in temperature results in more
frequent collisions and hence more severe decoherence for
excited-state atoms, thereby causing the low pumping effi-
ciency. Similarly, we give the isolation ratio as a function
of the temperature T in Fig. 4(b). As shown in this figure,
the isolation ratio obviously decreases with the increas-
ing temperature T. Moreover, the experimental intensity
distributions of the signal field versus different values
of the temperature T for the copropagating and coun-
terpropagating cases are shown in Figs. 4(c1)–4(c9) and
Figs. 4(d1)–4(d9). As expected, with an increase of the cell
temperature T, the intensity of the signal(+) field decreases
remarkably for the copropagating case but we cannot probe
the intensity profile of the signal(−) beam on the CCD
camera for the counterpropagating case. The correspond-
ing theoretical results are also given in Figs. 4(e1)–4(e9)
and Figs. 4(f1)–4(f9), which readily verify the above
experimental findings.

Before ending this section, it is worthwhile to briefly
discuss two recent schemes for the realization of optical
nonreciprocity with thermal atoms at room temperature
[50,52]. In these two schemes, a three-level ladder-type
or Lambda-type atomic system is used to manipulate
the magnet-free nonreciprocity. Compared with these two
schemes, the major characteristics of our proposal are the
following. First, the main difference between our scheme
and those in Refs. [50,52] is that we utilize an OAM beam,
while in Refs. [50,52] only traditional beams are used. The
OAM beam, unlike a conventional beam, is characterized
by a helical wave front and has a more complex spatial
distribution, which is nowadays an interesting resource in
classical and quantum optics. For example, multiplexing is
crucial for the data-carrying capacity of information com-
munication systems and OAM with a topological charge
l provides a degree of freedom to realize multiplexing.
Second, it is worth noting that our approach is essentially
different from the typical nonreciprocity electromagneti-
cally induced transparency (EIT) effect [50,52]. The EIT

effect takes advantage of the coherence of atoms but our
mechanism makes use of optical-pumping technology with
the assistance of the Doppler effect and the atomic col-
lisions strongly destroy the atomic coherence. Third, our
scheme can lead to higher transmission with low pump-
field power. In our scheme, the maximum transmission
is over 0.86, which is much higher than the transmission
(approximately 0.638) in Ref. [50] based on the EIT effect
in the single-photon regime. In addition, we simultane-
ously demonstrate a high isolation ratio and a low insertion
loss for cavity-free optical nonreciprocity of the OAM
beam, which is also a characteristic that the previous study
[52] does not have.

IV. CONCLUSIONS

In conclusion, we propose a scheme to realize the
magnet-free and cavity-free optical nonreciprocity of an
OAM beam using optical-pumping technology in hot
atoms with the assistance of the Doppler effect. By using
optical pumping to induce a direction-dependent popula-
tion transfer of the ground-state atoms, we realize optical
nonreciprocity for the signal laser that is carrying OAM.
Interestingly, an isolation ratio reaching nearly 30 dB and
maximum transmission over 0.86 can be achieved simul-
taneously without the use of an optical cavity. Due to
the richness of properties that OAM beams show under
propagation, in focusing, and in their interaction with mat-
ter, our work may pave the way for the realization of
high-dimensional optical nonreciprocal devices and pro-
vide opportunities for applications in high-capacity optical
communication [60].
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