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Fundamental Distinction of Electromagnetically Induced
Transparency and Autler–Townes Splitting in Breaking the
Time-Reversal Symmetry

Haodong Wu, Yaping Ruan, Zhixiang Li, Ming-Xin Dong, Miao Cai, Jiangshan Tang,
Lei Tang, Han Zhang,* Min Xiao,* and Keyu Xia*

Despite the essential difference in underlying physics, electromagnetically
induced transparency (EIT) and Autler–Townes splitting (ATS) are difficult to
be discriminated because they cause resemble absorption and dispersion to a
probe electromagnetic field. They are mainly discerned in the sense of
absorption profile fitting. Here, the breakdown of the time-reversal symmetry
(TRS), namely optical nonreciprocity in the EIT and ATS configurations are
experimentally observed by using warm rubidium atoms. The microscopic
Doppler effect due to atomic thermal motion causes strong optical
nonreciprocity to the probe field in the EIT configuration. In stark contrast, the
propagation of the probe field is primarily reciprocal in the ATS configuration.
The experimental observations in this study objectively distinguish the EIT
and ATS effects in the fundamental physics of breaking the TRS. This
experiment proves a concept of using the TRS as a testbed for discerning
fundamental physical effects.
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1. Introduction

Electromagnetically induced trans-
parency (EIT)[1] and Autler–Townes
splitting (ATS)[2,3] are two fundamental
effects in quantum optics and play im-
portant roles in quantum science and
technology. The ATS is also referred
to as the dynamic Stark shift. Both the
effects can cause an absorptive medium
transparent but are fundamentally dis-
tinct in underlying physics. It is of great
interest to deeply understand what is the
distinction in underlying physics behind
EIT and ATS.
EIT originates from the destructive in-

terference of two quantumpathways.[1,4,5]

It is typically realized in Λ-type or ladder-
type quantum systems. The EIT con-
cept is now extended to optomechanical

systems,[6,7] acoustic systems,[8] solid-state photonic circuits,[9–11]

superconducting circuits,[12] plasmonic systems,[13] and even
cavity quantum electrodynamics systems.[14–16] EIT has been
widely used for cooling ofmechanicalmotion,[17] quantummem-
ory of photons,[18] slow light,[10,19,20] and enhancement of opti-
cal nonlinearity.[21–30] Recently, experimental observations and
theoretical studies find that thermal-motion-induced chiral EIT
in warm atoms can lead to optical nonreciprocity due to the
susceptibility-momentum locking (SML).[31–35]

Unlike EIT, ATS is rooted in energy level splitting due to the
strong control field and has been widely observed in various sys-
tems such as color defects in nanodiamond,[36] 2Dmaterials, and
transition metal dichalcogenides.[37–39] It also demonstrates an
important manner for quantum manipulation such as optical
switching,[40] photon storage,[41] single-photon isolation.[42]

Although both EIT and ATS effects are intensively studied,
identifying them in a practical case is still challenging because
of their similarity phenomena in experimental observation.[43–45]

This similarity has caused a debate about the existence of EIT in
a V-type system.[1,43,44,46] Revealing the distinct physics involved
in EIT and ATS are crucial for fundamental physics and applica-
tions. Their difference is discussed by comparing the transparent
window width.[5,47,48] By numerically fitting the experimentally
observed absorption profile, one can calculate the Akaike infor-
mation criterion (AIC) weights of EIT and ATS contributions and
then use the weights to distinguish them.[49–53] The AIC weights

Laser Photonics Rev. 2022, 16, 2100708 © 2022 Wiley-VCH GmbH2100708 (1 of 9)

 18638899, 2022, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lpor.202100708 by E

ast C
hina N

orm
al U

niversity, W
iley O

nline L
ibrary on [14/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.lpr-journal.org
mailto:keyu.xia@nju.edu.cn
mailto:zhanghan@nju.edu.cn
mailto:mxiao@uark.edu
https://doi.org/10.1002/lpor.202100708


www.advancedsciencenews.com www.lpr-journal.org

Figure 1. a) EIT configuration using a Λ-type system with two ground states |1⟩ and |2⟩, and one common excited state |3⟩. b) ATS configuration using
a V-type system with two excited states |3⟩ and |2⟩, and one common ground state |1⟩. The strong control field Ωc drives the transition between states|2⟩ and |3⟩ with a detuning Δc. The probe field Ωp couples to the transition of |1⟩ ↔ |3⟩ with a detuning Δ±

p . The control field in (b) causes the ATS Ω̃.
c,d) Represent the real and imaginary parts of Δ±

p , respectively. Red and blue curves are the positive and negative frequency modes, respectively. Two

modes merge into one at exception point ΩEP
c = 0.45𝛾3 when Γ21 = 0.1𝛾3 and ΩEP

c = 0.05𝛾3 when Γ21 = 1.2𝛾3.

gradually vary with the coupling strength indicates a smooth tran-
sition from EIT to ATS.
A natural question arises: Whether EIT and ATS can lead to

any distinct experimental observation implying fundamentally
different physics? The answer to this question will deepen our
understanding of these two physical effects.
In this paper, we report an experiment measuring optical non-

reciprocity to objectively discriminate the EIT and ATS effects in
warm rubidium (Rb) atoms. Because of the thermal-motion in-
duced SML in the EIT configuration, the TRS of a probe light
breaks, leading to nonreciprocal transmission. In stark contrast,
the atomic medium in the ATS configuration causes little non-
reciprocity to the probe propagation. This different capability in
breaking the TRS provides a new view angle to interpretation of
the EIT and ATS effects.

2. Theoretical Analysis

This work aims to provide a discrimination of EIT and ATS with
optical nonreciprocity in theΛ-type system for the EIT configura-
tion and in the V-type system for the ATS configurations, see Fig-
ure 1a,b. To evaluate the optical nonreciprocity in these two sys-
tems, we need to calculate the susceptibility and the resulting
transmission for the probe field co- and counter-propagatingwith
the control laser beam in both the EIT and ATS configurations.

In the co-propagation case, the control and probe laser beams
propagate through the atomic vapor cell from left to right. In the
counter-propagation case, the control field travels from right to
left, in opposite direction of the probe field.
Generally, for a L-longmediumwith susceptibility 𝜒 , the trans-

mission of a probe field with frequency 𝜔p is given by

 = exp[−𝜔pIm(𝜒)L∕c] (1)

with the vacuum permittivity 𝜀0, and Im(𝜒) being the imaginary
part of 𝜒 . In our experiment, this susceptibility is determined by
the relevant atomic polarization ⟨𝜎13⟩.
We first consider the Λ-type EIT configuration with two

ground states |1⟩ and |2⟩, and one excited state |3⟩, see Figure 1a.
The state |3⟩ decays to states |1⟩ and |2⟩ with rates 𝛾31 and 𝛾32,
respectively. We denote 𝛾3 as the total decoherence rate of state|3⟩. In the standard theoretical model, 𝛾3 = 𝛾31 + 𝛾32 when the de-
phasing and linewidth broadening are excluded. The dephasing
rate between two ground states is denoted as Γ21. The control
field Ωc (probe field Ωp) drives the atomic transition between |2⟩
and |3⟩ (|1⟩ and |3⟩) with a detuning Δc (Δp). In a properly rotat-
ing frame, the Hamiltonian describing the dynamics of this EIT
configuration takes the form in the absence of the Doppler effect

HEIT = −Δp𝜎11 − Δc𝜎22 + Ωp(𝜎13 + 𝜎31) + Ωc(𝜎23 + 𝜎32) (2)

Laser Photonics Rev. 2022, 16, 2100708 © 2022 Wiley-VCH GmbH2100708 (2 of 9)

 18638899, 2022, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lpor.202100708 by E

ast C
hina N

orm
al U

niversity, W
iley O

nline L
ibrary on [14/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.lpr-journal.org


www.advancedsciencenews.com www.lpr-journal.org

where Pauli operators 𝜎ij are defined as 𝜎ij = |i⟩⟨j| with i, j ∈
{1, 2, 3} , the field-atom detunings are Δp = 𝜔3 − 𝜔1 − 𝜔p and
Δc = 𝜔3 − 𝜔2 − 𝜔c for the control and probe lasers, respectively.
We are interested in the steady-state transmission spectrum.

In our experiment, hot atoms at temperature T move ran-
domly with a Maxwell–Boltzmann velocity distribution of D(v) =
e−v

2∕v2p∕
√
𝜋vp, where v is the velocity of atoms, the mean veloc-

ity is vp =
√
2kBT∕m and m is the atomic mass and kB for the

Boltzmann constant. This thermal motion causes microscopic
Doppler shifts in atom-light interaction. To a good approxima-
tion, we assume that the control and probe fields have the same
wave number k. Here, we only need to consider the longitudinal
Doppler shift but can neglect the transverse contribution.[31] For
the control field approaching to an atom with velocity v, the lon-
gitudinal Doppler shift is kv. When the probe field co-propagates
with the control field in this EIT configuration, atoms “see” the
same Doppler shifts. The corresponding susceptibility is given
by[31]

𝜒
f
EIT(v) = ∫

+∞

−∞

−iD(v)N𝜇2
13∕𝜀0

i(Δp + kv) + 𝛾3

2
+ Ω2

c

i(Δp−Δc)+
Γ21
2

dv (3)

where N is the atomic number density populated in state |1⟩,
and 𝜇13 is the dipole moment of the transition |1⟩ ↔ |3⟩. It can
be seen from Equation (3) that the Doppler effect is greatly sup-
pressed. The atomic cloud is primarily transparent to the probe
field. In the counter-propagation case, atoms are always subject
to opposite Doppler shifts, leading to a strong absorption. The
corresponding atomic susceptibility is[31]

𝜒b
EIT(v) = ∫

+∞

−∞

−iD(v)N𝜇2
13∕𝜀0

i(Δp − kv) + 𝛾3

2
+ Ω2

c

i(Δp−Δc−2kv)+
Γ21
2

dv (4)

From Equations (3) and (4), we can see the atomic susceptibility
is different by 2kv in the interference term and thus is locked to
the propagation direction of the probe field, that is, the probemo-
mentum, with respect to the control field. This SML can cause a
directional dark-state condition and break the TRS for the probe
field. We obtain the transmission by replacing 𝜒 in Equation (1)
with 𝜒

f
EIT or 𝜒

b
EIT. Thus, the probe transmission in this EIT con-

figuration shows strong optical nonreciprocity because of the
SML.[31,33–35]

According to our understanding, the transition from EIT to
ATS profile in the AIC-based fitting is actually the transition of
the EIT profile at exceptional point. For simplicity, we consider
the case without the Doppler effect in Equations (3) and (4),
which is the case for the AICmethod.[49–53] The EIT configuration
can be considered as a systemwith two coupled two-level systems
or cavity modes. The complex eigenvalues of system are given by

Δ±
p = Δc

2
+ i Γ21+𝛾3

4
±
√

Ω2
c +

1
4
[Δc + i 𝛾3−Γ21

2
]
2
. When Δc = 0, these

two eigenvalues show bifurcation at exception point (EP) ΩEP
c =|𝛾3 − Γ21|∕4, see Figure 1c,d. Due to a finite temperature, the de-

phasing of the ground state can be large. For Γ21 = 1.2𝛾3 used
in the transmission fitting afterward, ΩEP

c is very small, about
0.05𝛾3. This critical control coupling ΩEP

c is exactly used as the

critical value for discerning EIT and ATS in a Λ-type system with
the AIC method. This EP is blur and may deviate from this esti-
mation in experiment because of the ensemble average over the
velocity. When Ωc < ΩEP

c , Δp± have different imaginary parts but
the same real part. The absorption profile is the result of interfer-
ence of two absorptive channels with different dissipative rates.
In comparison, when Ωc > ΩEP

c , the imaginary parts of Δp± be-
come degenerate but their real parts are different. In this case,
the coupling system becomes two subsystems with different res-
onance frequencies. As a result, the interference of the absorp-
tive channels gradually disappears due to the increasing detun-
ing of these two subsystems. Therefore, the profile transition in
the AIC method can be understood as the absorption change of
a two coupled system crossing exceptional point. Nevertheless,
the nonreciprocity underlying the EIT cannot be revealed in the
AIC-based explanation.
The V-type system is very suitable for studying the ATS be-

cause the EIT effect is absent. Next we consider a V -type sys-
tem shown in Figure 1b. The three-level system consists of one
ground states |1⟩, and two excited states |2⟩and |3⟩. The states |3⟩
and |2⟩ decay to the state |1⟩with rates 𝛾31 and 𝛾21, respectively. In
this V -type system, the 𝛾31 is the total decoherence rate of state|3⟩ so that 𝛾3 = 𝛾31. The control (probe) field drives the transi-
tion |1⟩ ↔ |2⟩ (|1⟩ ↔ |3⟩) with an angular frequency 𝜔c (𝜔p) and
a Rabi frequency Ωc (Ωp).
The Hamiltonian of the V-type system in a rotating frame is

HATS = Δp𝜎33 + Δc𝜎22 + Ωp(𝜎31 + 𝜎13) + Ωc(𝜎12 + 𝜎21) (5)

whereΔp = 𝜔3 − 𝜔1 − 𝜔p,Δc = 𝜔2 − 𝜔1 − 𝜔c and 𝜎ij = |i⟩⟨j|with
i, j ∈ {1, 2, 3}. Here we use the same notations as the EIT config-
uration for simplicity.
We can roughly estimate the susceptibility of the V-type sys-

tem for the probe field by using a two-level model with transi-
tion |1⟩ ↔ |3⟩ and the ATS of the state |1⟩. In this treatment, we
neglect the small coherence contribution 𝜎23. Without the ATS,
the relevant atomic polarization is ⟨𝜎13⟩ = −iΩp∕(iΔp +

𝛾31

2
). The

strong control laser beam driving the transition between |2⟩ and|1⟩ causes the ground state |1⟩ to split into two levels separate by
Ω̃ =

√
Ω2
c + (Δc

2
)
2
.[2,3] The control field modifies the atomic po-

larization ⟨𝜎13⟩ and subsequently the susceptibility. Without the
microscopic Doppler effect, the atomic polarization is given by

⟨𝜎13⟩ = −i
√

Ω̃+ Δc
2

2Ω̃

i(Δp + Ω̃) + 𝛾31

2

+
−i
√

Ω̃− Δc
2

2Ω̃

i(Δp − Ω̃) + 𝛾31

2

(6)

The weights
√
(Ω̃ + Δc

2
)∕2Ω̃ and

√
(Ω̃ + Δc

2
)∕2Ω̃, respectively

associated with the states |2⟩ and |1⟩ are due to the differ-
ent atomic population caused by the control field. When in-
cluding the microscopic Doppler effect, the ATS becomes Ω̃f =√

Ω2
c + (Δc+kv

2
)
2
and Ω̃b =

√
Ω2
c + (Δc−kv

2
)
2
. To conveniently com-

pare the susceptibility in two cases, we consider the propagation
direction of the probe field as the reference such that its Doppler

Laser Photonics Rev. 2022, 16, 2100708 © 2022 Wiley-VCH GmbH2100708 (3 of 9)
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Figure 2. a) Schematic setup for observing EIT and ATS effects. PD, photon detector; PBS, polarization beam splitter; M, mirror; HWP, half-wave
plate; QWP, quarter-wave plate. b) Level diagram of the EIT configuration using a 87Rb atom. Two ground states are |1⟩ = |52S1∕2, F = 1⟩ and |2⟩ =|52S1∕2, F = 2⟩. One common excited state is |3⟩ = |52P1∕2, F′ = 2⟩. b) Level diagram of the ATS configuration using a 87Rb atom. Two excited states
are |3⟩ = |52P1∕2, F′ = 1⟩ and |2⟩ = |52P1∕2, F′ = 2⟩, and one common ground state is |1⟩ = |52S1∕2, F = 2⟩. The relevant Zeeman levels and the relative
strengths of the dipole transitions are also included for details.

shift is kv. Then the atomic polarization in the co- and counter-
propagation cases takes the forms

⟨𝜎f
13⟩(v) = −i

√
Ω̃f + Δc+kv

2

2Ω̃f

i(Δp + kv + Ω̃f ) + 𝛾31

2

+
−i
√

Ω̃f − Δc+kv
2

2Ω̃f

i(Δp + kv − Ω̃f ) + 𝛾31

2

(7)

⟨𝜎b
13⟩(v) = −i

√
Ω̃b+ Δc−kv

2

2Ω̃b

i(Δp + kv + Ω̃b) + 𝛾31

2

+
−i
√

Ω̃b− Δc−kv
2

2Ω̃b

i(Δp + kv − Ω̃b) + 𝛾31

2

(8)

Integrating ⟨𝜎b
13⟩(v) and ⟨𝜎b

13(v)⟩ over atomic velocity gives the
corresponding susceptibilities of the atomic ensemble

𝜒
f
ATS = −∫

+∞

−∞

i
N𝜇213

𝜀0

√
Ω̃f + Δc+kv

2

2Ω̃f

i(Δp + kv + Ω̃f ) + 𝛾31

2

D(v) dv − ∫
+∞

−∞

i
N𝜇213

𝜀0

√
Ω̃f − Δc+kv

2

2Ω̃f

i(Δp + kv − Ω̃f ) + 𝛾31

2

D(v) dv (9)

𝜒b
ATS = −∫

+∞

−∞

i
N𝜇213

𝜀0

√
Ω̃b+ Δc−kv

2

2Ω̃b

i(Δp + kv + Ω̃b) + 𝛾31

2

D(v) dv − ∫
+∞

−∞

i
N𝜇213

𝜀0

√
Ω̃b− Δc−kv

2

2Ω̃b

i(Δp + kv − Ω̃b) + 𝛾31

2

D(v) dv (10)

The susceptibilities given by Equations (9) and (10) are

mainly different in the weights
√
(Ω̃f ± Δc+kv

2
)∕Ω̃f and√

(Ω̃b ± Δc−kv
2

)∕Ω̃b of the two contributions. At Δc = 0, we

have Ω̃f = Ω̃b =
√

Ω2
c + ( kv

2
)
2
. When Ωc > kv, the influence of

these terms tends to very small. By substituting 𝜒
f
ATS or 𝜒

b
ATS to

𝜒 in Equation (1), we obtain the transmission.

3. Experimental Section

The experiments for observing EIT and ATS effects are described
below. The transmission of a probe laser beam through 87Rb
atoms was measured using the experimental setup shown in
Figure 2. The control and probe laser beams were supplied by

Laser Photonics Rev. 2022, 16, 2100708 © 2022 Wiley-VCH GmbH2100708 (4 of 9)

 18638899, 2022, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lpor.202100708 by E

ast C
hina N

orm
al U

niversity, W
iley O

nline L
ibrary on [14/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.lpr-journal.org


www.advancedsciencenews.com www.lpr-journal.org

Figure 3. Transmission of the probe field in the EIT (upper panel) and ATS (lower panel) configurations. a,d) Transmission without the control field;
b,e) the co-propagation transmission and; c,f) the counter-propagation transmission. Solid curves represent experiment results. Dotted curves are the
theoretical fitting.

two independent 795 nm tunable external cavity semiconductor
lasers Toptica TA Pro and Toptica DLC Pro). The control field
was divided into upper and lower parts. The lower part inputs
into a saturation absorption spectroscopy setup and was used to
lock the frequency of the control laser to be on resonance with
the 87Rb transition of |52S1∕2,F = 2⟩ ↔ |52P1∕2,F′ = 2⟩.
The control field in the upper path was injected into the Rb

atomic probe vapor cell to modulate the propagation of the probe
field. In this experiment, the control field was chosen to propa-
gate through the probe vapor cell in either left-to-right (forward)
or right-to-left (backward) direction but the direction of the probe
laser beam was fixed. Note that this operation is equivalent to
reversing the direction of the probe laser beam[31] and has been
widely used in experiments. The control field in the probe va-
por cell was vertically polarized. The probe field travelled for-
ward in the probe vapor cell and was horizontally polarized. It
drove the transition |1⟩ ↔ |3⟩ of the D1 line of 87Rb atoms. To
reduce noise from the co-propagation control field, the control
and probe laser beams were first arranged collinear in the probe
atomic vapor cell. Then, the propagation direction of the con-
trol laser beam was carefully adjusted to have a tiny angle with
the probe one, by tuning the reflective mirrors. In this way, the
probe and co-propagation control beams had a large overlap in
the probe atomic vapor cell. But their propagation directions had
a small angle of about 0.19◦. These two laser beams separated by
10 mm on a plane 3 m away. After passing through the probe
vapor cell, the co-propagation control beam was separated by a
PBS from the probe channel. The counter-propagation control
beam was arranged to travel along the opposite direction of the
co-propagation control beams. Both the control and probe fields
were focused by convex lens with a 10 cm focal length. The detec-
tor monitored the probe field intensity when the probe frequency

scanned over the relevant atomic transition. The atomic probe va-
por cell was 8 cm long and heated to 80◦C.

4. Results

We measure the co- and counter-propagation transmissions of
the probe field in the EIT and ATS configurations for examining
optical nonreciprocity. Throughout our measurement, the probe
field power is fixed at Pp = 3.02 𝜇W. A stronger probe laser will
saturate the atomic medium and then reduce signal level.
First, we characterize the system transmission with the probe

beam only. In the absence of the pump field, the atomic vapor
is absorptive. The probe scans around the transition |1⟩ ↔ |3⟩.
The measured transmission spectra (black solid curves) of the
probe field are shown in Figure 3a for the former and in Fig-
ure 3d for the latter. It can be seen that the transmission spectrum
are Voigt profiles, convolution of a Gaussian distribution with a
Lorentzian profile. The spectra are well fitted with the theoretical
results (black dotted curves).
The optical nonreciprocity of the EIT effect is evidenced in

Figure 3b,c. We compare the probe transmission in the co- and
counter-propagation cases by applying an on-resonance control
light with powerPc = 80mW and the detuningΔc = 0. In the for-
mer case, a transmission peak (red solid curve) is clearly observed
at the resonance frequency, that is, Δp = 0. The peak transmit-
tance is about 68.7%. This is the typical EIT phenomenon. This
is well interpreted as the destructive interference of two quan-
tumpaths. The EIT peak is well fitted with themodel. In the latter
case, the probe transmission at the resonance frequency (Δp = 0)
has a minimum as low as 2.68% (blue solid curve), correspond-
ing to optical nonreciprocity of 14 dB isolation ratio. We fit the
experimental data in Figure 3b,c with Equations (3) and (4) (red

Laser Photonics Rev. 2022, 16, 2100708 © 2022 Wiley-VCH GmbH2100708 (5 of 9)
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Figure 4. Transmission spectra of the probe field in a) the EIT configuration and b) the ATS configuration. Red curves represent the co-propagation
transmission; blue curves are for the counter-propagation transmission.

and blue dashed curves), respectively. The fitting parameters are
N = 6 × 1010 cm−3, 𝛾3 = 2𝜋 × 5.7 MHz, Ωc = 12𝛾3, Γ21 = 1.2𝛾3
and an effective length L = 8 cm. Due to thermal pumping of the
ground state |2⟩ at finite temperature, the decoherence rate Γ21
can be larger than 𝛾3. Clearly, the theoretical transmission spec-
tra are in good agreement with the experimental results. Note
that the minima of the transmissions in Figure 3b,c are smaller
than that in Figure 3a due to the repumping of atoms caused by
the control field.
In comparison to the EIT effect, the ATS effect is nearly recip-

rocal, see Figure 3e,f.We apply an on-resonance control light with
power Pc = 800 𝜇W and the detuning Δc = 0. We observe nearly
equal transmission at Δp = 0, about 83.4% in the co-propagation
case and about 75.9% in the counter-propagation case, respec-
tively. We understand the appearance of the transparent window
as a result of the ATS. The theoretical results (red dotted curves),
calculated according to Equations (9) and (10) with parameters
N = 2.8 × 109cm−3, 𝛾3 = 2𝜋 × 5.7 MHz, and Ωc = 30𝛾3, are in
qualitative agreement with experimental observations. The dis-
crepancy in the peak width mainly results from the derivation of
the two-level absorptive model. In this simple model, we neglect
the coherence 𝜎23 and consider the Zeeman sublevels as a single
level. A realistic model including the coherence 𝜎23 and multi-
Zeeman sublevels can fit the experimental data better.[54,55] How-
ever, the model with multi-Zeeman sublevels will be very com-
plicate. To focus on the key point of underlying physics, we use
the simple two-level model in the ATS effect to interpret the ex-
perimental observation. Note that the control Rabi frequency in
the V-type system is much larger than that in the Λ-type system
when the same control power is applied. The reasoning is com-
plex. First, the probe and control fields in the former share the
common ground state. This makes the coupling very efficient in
the V-type system. In contrast, the control field in the latter drives
the transition of barely populated states |2⟩ and |3⟩, while the

probe field couples to a mostly populated state |1⟩. As a result,
the interaction between the control field and atoms is inefficient.
Second, the multi-Zeeman levels also cause the difference. How-
ever, this effect of multi-Zeeman levels is excluded in our model
for simplicity.
Figure 4a,b shows the transmission spectra of the probe

field versus the control laser power. We first focus on the co-
propagation case of the EIT configuration in Figure 4a. The stan-
dard theoretical model of EIT assumes that the ground state re-
lated to the probe field is almost completely populated such that⟨𝜎11⟩ ≈ 1,[1] due to the strong pumping of the control field.When
Pc ≤ Pp, this prerequisite of EIT is invalid. As a result, the trans-
mission spectra are similar to the transmission spectrum of Rb
atoms without the control laser. As the control laser power in-
creases but is still comparable with the probe laser, a dip ap-
pears in the transmission because the control laser dominantly
repumps the state |1⟩ via the incoherent atomic decay and N in-
creases, causing a stronger absorption to the probe field. As the
control power increases further to Pc = 0.1 mW, about 30Pp, the
atom number populated in the ground state |1⟩ becomes satu-
rated and EIT begins to appear. This indicates EP, Ωc ∼ ΩEP

c , in
the EIT configuration. After that, the transparent peak gradually
becomes higher and wider as the control power gets larger, even
up to Pc = 80 mW. The background absorption vanishes when
Pc is large, for example, Pc = 4 mW. In the counter-propagation
case, the absorption increases and the transmission reduces with
the control power. As long as Ωc ≫ Ωp, optical nonreciprocity is
clearly observed from the weak coupling regime, for example,
Pc = 0.6 or 1 mW, to the strong coupling regime, even when Pc
is very large, reaching 80 mW that Ωc = 12𝛾3 by fitting.
The ATS configuration is simple, because a larger control

field causes a stronger ATS, see Figure 4b. The transparent peak
appears in both the co- and counter-propagation cases when
the control power is small, about Pc = 4 𝜇W. As the control

Laser Photonics Rev. 2022, 16, 2100708 © 2022 Wiley-VCH GmbH2100708 (6 of 9)
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Figure 5. a,b) Peak width of the transmission versus different control laser power. Dashed curves are the fitting of experimental results. In fitting, the unit
of the control power is 𝜇W. c,d) On-resonance transmission and isolation contrast (black curves and data markers) versus different control laser power,
respectively. Red (blue) curves and data markers are for the co-propagation (counter-propagation) transmission. Left panel is for the EIT configuration,
and right panel is for the ATS configuration.

power increases, the peaks becomes higher and wider. However,
the transmission spectra in two cases are similar for a control
laser power up to 2 mW. As a result, optical nonreciprocity is
very weak until a strong control field with Pc > 8 mW destroys
the transmission spectrum. To calibrate the transmission spec-
trum, we subtract the background noise caused by resulted
from the cross-talk of the strong control laser from the de-
tected signal in the EIT experiment and in the ATS experiment
when Pc > 1 mW.
We measure and fit the widths, 𝛿EIT and 𝛿ATS, of the trans-

mission peaks of the probe field in both configurations when
the control laser is strong enough, as shown in Figure 5a,b. As
the control power varies from 1 to 80 mW in the EIT config-
uration, the measured peak width of the co-propagation trans-
mission grows linearly with Pc from 18.5 to 103.5 MHz. The
experimental data (red dots) is well fitted (dashed line) by a
function of 𝛿EIT (MHz) = 20.62 + 1.09Pc. In the ATS configura-
tion, the transmission peaks appear in both the co- and counter-
propagation cases. The peak width and height are very close. The
peak width (red dots and blue squares) in both cases can be fitted
(dashed curve) by function 𝛿ATS (MHz) = 24.17 + 2.7

√
Pc. The

peak width increases as a function of
√
Pc from an initial offset

about 30 MHz. Note that these fittings are invalid for a weak con-
trol field because the incoherent process is dominant. These peak
widths include contributions from inhomogeneous broadening
and laser phase noise.

Figure 5c,d shows the on-resonance transmission under differ-
ent control-field power. We observe strong optical nonreciprocity
in the EIT configuration. In the AIC-based absorption profile fit-
ting, the transparency in the copropagation case is considered as
a gradual transition from the EIT effect to the ATS as the pump
laser power increases. In our observation in the copropagation
case, the near-resonance probe field (Δ ≈ 0) has a high transmis-
sion. The peaked transmission increases from 26.9% to 68.7% as
we tune the control laser power from 1 to 80mW. In contrast, the
backward transmission is always small. Thus, the corresponding
isolation contrast increases to higher than 90%, implying a strong
optical nonreciprocity. In this power range, the control-field Rabi
frequency is much larger than the criteria value ΩEIT, which in-
dicates a transition from the EIT dominant domain to the ATS
overwhelming according to the AIC-based fitting. Even under a
very strong control power of Pc = 80 mW that the EIT window
is much larger than the decoherence rate of atoms 𝛾3, we still
observe a high co-propagation transmission. Obviously, nonre-
ciprocity maintains large in the regime of Ωc ≫ ΩEIT.
Contrary to the EIT effect, the ATS effect causes little optical

nonreciprocity to the probe propagation although atoms are
still subject to the microscopic Doppler effect. We observe the
similar transmission spectra of the probe field in the V-type
atomic ensemble in the co- and counter-propagation cases,
see Figure 4c,d. In both cases, the ATS induces transparent
windows. The transmission difference in two cases slightly

Laser Photonics Rev. 2022, 16, 2100708 © 2022 Wiley-VCH GmbH2100708 (7 of 9)
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increases with the control laser power but remains small. The
difference is about 7.5% when Pc increases up to 800 𝜇W,
maintaining a very weak optical nonreciprocity. The essentially
different capability of EIT and ATS in breaking the time-reversal
symmetry, indicates that the appearance of the transparency
peak in a Λ-type system in the strong control regime due to
EIT, an effect different from ATS. The transition of transparent
profile in EIT is because the system crosses EP as discussed in
our theoretical analysis. This is the main finding of this work.
The microscopic Doppler effect can be used to achieve strong

all-optical isolation in cavity-EIT system[31] or a Ladder-type EIT
system.[35] Here our Λ-type EIT system can also operate as an
all-optical isolator because the opposite transmissions can be
very different. The available isolation contrast is limited by sev-
eral factors in experiment. To achieve a high isolation contrast,
one needs a large forward transmission of the probe field in
the co-propagation and a small backward transmission in the
counter-propagation. The forward transmission becomes quickly
saturated as the control laser field increases. Thus, in practice,
a vanishing small backward transmission is preferable. How-
ever, the background noise sets the reliable minimal value of
the backward transmission. In this sense, the available isola-
tion contrast is mainly limited by the background noise in the
counter-propagation case. Due to the limited measurement ac-
curacy and noise in our experiment, the backward transmission
is bounded to 1–3%. As a result, the maximal isolation contrast
we can achieve is 92.7%.

5. Conclusion and Discussion

By observing the directional transmission of a probe field in the
EIT and ATS configurations from the weak control regime to the
strong control regime, we have experimentally proved that the
EIT and the ATS of atoms are essentially different in breaking the
TRS. Thermal motion of atoms in the Λ-type system exhibiting
EIT can induce the SML and cause strong optical nonreciprocity
to the probe field. In sharp contrast, the ATS effect is primarily
reciprocal. Our work opens a new door to exploit the nonreciproc-
ity as a powerful testbed for distinguishing subtle physic effects
with similar phenomena at the fundamental level.
Note that our method is not suited for distinguishing the EIT

and effects in a solid-state system or cold atoms, owing to the lack
of the Doppler effect. However, it exploits the thermal-motion in-
duced SML to show the fact that the EIT and ATS are fundamen-
tally different effects.
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