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We investigate the electromagnetic properties of a four-level dense atomic gas medium with Doppler effect. It is
shown that the relative permittivity and relative permeability of the medium can be negative simultaneously with low
absorption in the same detuning interval on account of electromagnetically induced transparency. Furthermore, with the
suitable parameters, the nonreciprocal negative refraction can be obtained due to the Doppler effect, and the nonreciprocity
frequency band can be regulated by adjusting the temperature, the intensity of the control field and the atomic density in
this hot atomic medium.
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1. Introduction

Nonreciprocal devices are essential components in quan-
tum information processing such as optical isolators[1–4] and
optical circulators.[5–8] Their basic principle is optical non-
reciprocity which means that the light field has different
transmission characteristics in two opposite propagation di-
rections. The realization of nonreciprocity lies in break-
ing the Lorentz reciprocity. Generally, the traditional route
to break the Lorentz reciprocity is employing the magneto-
optical Faraday effect.[9,10] It needs bulky magnets to gen-
erate strong magnetic field, which brings difficulty to de-
vices miniaturization. Compared with the traditional route,
magnetic-free optical nonreciprocity has more advantages in
miniaturization. In recent years, many theoretical schemes
have been suggested to obtain non-magnetic nonreciprocity,
such as nonlinear effects,[11–14] time-space regulation of di-
electric constant,[15–18] optomechanical systems,[19–22] mov-
ing atomic lattices,[23–26] chiral quantum systems,[27–30] and
hot atoms systems.[31–34] It has also been realized in experi-
ments with remarkable results.[35–38]

Moreover, in recent decades, negative refraction ma-
terials (NIMs) have also attracted extensive attention of
the researchers because of their surprising and counter-
intuitive properties including the reversal Doppler shift,
reversal Cherenkov effect,[39] negative Goos–Hänchen
shift,[40] evanescent wave amplification,[41] and subwave-
length focusing.[41–43] In these materials, the relative per-
mittivity and permeability are negative simultaneously,[39]

so that the electric field strength E ′′, the magnetic induc-
tion strength B′′ and the propagation vector k′′ follow the
left-hand rule, so they are also called left-handed materials

(LHMs). A well-known potential application of NIMs is “per-
fect lens”, which can break through the diffraction limit in
imaging resolution.[44] Meanwhile, negative refraction mate-
rials can also be used to make “invisibility cloak” which can
make objects completely invisible.[45] However, NIMs do not
exist in nature. Up to now, there are several approaches to
obtain NIMs, including composite metamaterials,[46–50] pho-
tonic crystal structures,[51–55] chiral material[56–58] and co-
herent atomic vapor.[59–63] The former three methods belong
to adjustment and control of structure, which need complex
structure manufacturing technique. While the latter mecha-
nism is external field manipulation and quantum coherence, it
does not need a complex structure and the material is isotropic
and homogeneous, so it has some advantages in the realization
of NIMs.[60]

Quantum coherence approach to obtain negative refrac-
tive index was first proposed by Oktel et al. and Shen et al. in
2004.[59,60] They found that it was possible to achieve negative
refractive index due to quantum coherence in dense Lambda-
type atomic gases. However, it requires rigorous atomic level
condition. Generally speaking, the strength of magnetic dipole
moment is usually α2 weaker than the strength electric dipole
moment so that it is very difficult to change the magnetic per-
meability in common atomic system. In order to get large elec-
tric and magnetic responses simultaneously, the electric-dipole
transition and the magnetic-dipole transition need to occur at
the same time.[59] In other words, the level energy difference
corresponding to the electric-dipole transition should be ap-
proximately equal to that of magnetic-dipole transition. In or-
der to overcome this limit, Thommen and his colleague put
forward a four-level atomic scheme based on electromagnetic
induction transparency (EIT) to realize negative refraction in
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2006.[63] Subsequently, Fleischhauer et al. used electromag-
netic induced chirality to realize negative refraction in a five-
level atomic system.[64] Later, more schemes to realize neg-
ative refraction with low absorption were proposed based on
EIT.[65–68]

Motivated by the idea of the nonreciprocity induced by
Doppler effect and negative refraction based on quantum
coherence, we propose a nonreciprocal negative refraction
scheme in hot atomic gas medium. Nonreciprocal negative
refraction refers to that light behaves negative refraction when
it incidences in one direction while behaves normal refraction
property in the opposite direction. It is well known that neg-
ative refraction will lead to light completely bypassing obsta-
cles in one direction,[45] which can make the object invisible,
on the other hand, light will be completely blocked in the op-
posite direction so that the object can be seen if nonreciprocal
negative refraction occurs. Our aim is to extend nonrecipro-
cal devices to the negative refraction materials and to realize
invisible effect in single direction by nonreciprocal negative
refraction.

In our paper, we present a hot four-level atomic system
and use the electric and magnetic components of the probe
field to couple electric dipole transition and magnetic dipole
transition simultaneously.[59,63] We find that the relative per-
mittivity and relative permeability of the medium can be neg-
ative at the same time in some frequency band based on EIT.
In our scheme, the physical mechanism leading to the non-
reciprocal negative refraction is the difference of the Doppler
shifts in forward and backward probe propagation directions.
Due to the difference of the Doppler shifts, the forward and
the backward propagations of the probe field have different
refraction properties. Under appropriate condition, the neg-
ative refraction can be obtained in one direction but normal
refraction occurs in the opposite direction. Therefore, we can
realize the nonreciprocal negative refraction and the nonrecip-
rocal negative refraction frequency band can be controlled by
the temperature, the intensity of the control field and atomic
density in this hot atomic gaseous medium.

2. Theoretical model
We consider a four-level system interacting with three co-

herent optical fields as shown in Fig. 1. The two lower energy
levels |2〉 and |1〉 have the same parity, then the transition from
|2〉 to |1〉 is electric-dipole forbidden, but magnetic dipole tran-
sition (with magnetic dipole moment 𝜇12 = 〈1|𝜇|2〉 6= 0) is
allowed. The energy levels |3〉 and |4〉 have opposite parity,
then electric dipole transition |3〉 ↔ |4〉 (with electric dipole
moment 𝑑34 = 〈3|𝑑|4〉 6= 0) is allowed. In our scheme, the
transitions |3〉↔ |4〉 and |1〉↔ |2〉 are nearly degenerate, then
we introduce a probe field with frequency ωp to couple the two

transitions at the same time and the corresponding Rabi fre-
quencies are Ω E

p = 𝑑34 ·𝐸/h̄ and Ω B
p = 𝜇12 ·𝐵/h̄, where 𝐸

and 𝐵 are the electric field and magnetic field components of
the probe field. Two control fields with frequencies ω13 (Rabi
frequency Ω13) and ω24 (Rabi frequency Ω24) couple the tran-
sitions |1〉 ↔ |3〉 and |2〉 ↔ |4〉, and the transition |1〉 ↔ |3〉 is
a two-photon process.

0
2p5(2P1/2)4p 2[1/2]+

1
2p5(2P1/2)3d 2[3/2]-

1
2p5(2P1/2)3s 2[1/2]

-
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-
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Fig. 1. Scheme diagram of four-level atomic medium interacting with
control fields Ω24, Ω13 and probe field Ωp (Ωi stands for the Rabi fre-
quency of electric and magnetic dipole transitions by probe field).

In interaction picture, with the dipole approximation and
rotating-wave approximation, the interaction Hamiltonian is
given as

H = h̄[
(
∆13 +∆p−∆24

)
|2〉〈2|

+∆13 |3〉〈3|+
(
∆13 +∆p

)
|4〉〈4|]

− h̄(Ω13 |1〉〈3|+Ω24 |2〉〈4|
+Ω

E
p |3〉〈4|+Ω

B
p |1〉〈2|+h.c.). (1)

Using the density matrix approach, the time-evolution of
the system is written as

dρ

dt
=− i

h̄
[H,ρ]+Λρ, (2)

where Λρ is the damping term of the coherence, and the equa-
tions of density matrix elements are

ρ̇11 = iΩ12(ρ21−ρ12)+ iΩ13(ρ31−ρ13)

+γ21ρ22 + γ31ρ33, (3a)

ρ̇22 = iΩ12(ρ12−ρ21)+ iΩ24(ρ42−ρ24)

−γ21ρ22 + γ42ρ44, (3b)

ρ̇33 = iΩ13(ρ13−ρ31)+ iΩ34(ρ43−ρ34)

−γ31ρ33 + γ43ρ44, (3c)

ρ̇44 = iΩ24(ρ24−ρ42)+ iΩ34(ρ34−ρ43)

−γ42ρ44− γ43ρ44, (3d)

ρ̇21 = iδ21ρ21 + iΩ12ρ11− iΩ12ρ22

− iΩ13ρ23 + iΩ24ρ41, (3e)
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ρ̇31 = iδ31ρ31 + iΩ13ρ11− iΩ13ρ33

− iΩ12ρ32 + iΩ34ρ41, (3f)

ρ̇41 = iδ41ρ41− iΩ12ρ42− iΩ13ρ43

+ iΩ24ρ21 + iΩ34ρ31, (3g)

ρ̇32 = iδ32ρ32− iΩ12ρ31 + iΩ13ρ12

− iΩ24ρ34 + iΩ34ρ42, (3h)

ρ̇42 = iδ42ρ42− iΩ12ρ41 + iΩ24ρ22

− iΩ24ρ44 + iΩ34ρ32, (3i)

ρ̇43 = iδ43ρ43− iΩ13ρ41 + iΩ24ρ23

− iΩ34ρ44 + iΩ34ρ33, (3j)

where γi j is the spontaneous emission decay rate from level |i〉
to level | j〉, δ21 = ∆24−∆p−∆13 + iΓ21, δ31 = −∆13 + iΓ31,
δ32 = ∆p−∆24 + iΓ32, δ43 = −∆p + iΓ43, δ42 = −∆24 + iΓ42,

and δ41 = −∆13−∆p + iΓ41. Here, the detunings of the ap-
plied fields are defined as ∆13 = ω13 − (ε3− ε1)/h̄, ∆24 =

ω24− (ε4− ε2)/h̄, ∆p = ωp− (ε4− ε3)/h̄. Γi j is the damp-
ing rate of the coherence, Γ21 = γ21/2, Γ31 = γ31/2, Γ32 =

(γ31 + γ21)/2, Γ41 = (γ43 + γ42)/2, Γ43 = (γ43 + γ42 + γ31)/2,
and Γ42 = (γ43 + γ42 + γ21)/2. For simplification and without
loss of generality, we set the Rabi frequency Ωi j to be real
and the density matrix elements satisfy the closed conditions
ρ11 +ρ22 +ρ33 +ρ44 = 1 and ρ∗i j = ρ ji.

We assume that the atoms are all populated at the level
|1〉 initially, the probe field Ω E

p and the control field Ω13 are
weak coherence fields, while the control field Ω24 is strong
coherence field, and the relationship between them is Ω E

p �
Ω13 < Ω24. In this way, the Liouville equation can be solved
in the steady state, and the expressions of the density matrix
elements are obtained as

ρ21 = −
δ41ρ

(0)
11 Ω12−ρ

(0)
31 Ω24Ω34

δ21δ41−Ω 2
24

, (4)

ρ43 = −

(
δ21δ23

(
δ41ρ

(0)
33 +ρ

(0)
31 Ω13

)
+
(
−δ23ρ

(0)
33 +ρ

(0)
31 Ω13

)
Ω 2

24

)
Ω34(

δ21δ41−Ω 2
24

)(
δ23δ43−Ω 2

24

)
+

Ω12Ω24

(
δ21δ41ρ

(0)
13 +(δ23 +δ41)ρ

(0)
11 Ω13−ρ

(0)
13 Ω 2

24

)
(
δ21δ41−Ω 2

24

)(
δ23δ43−Ω 2

24

) , (5)

where

ρ
(0)
11 =

γ31δ13δ31 + i (δ31 +δ13)Ω 2
13

γ31δ13δ31 +2i (δ13 +δ31)Ω 2
13
, (6a)

ρ
(0)
33 =

i (δ13 +δ31)Ω 2
13

γ31δ13δ31 +2i (δ13 +δ31)Ω 2
13
, (6b)

ρ
(0)
13 =

γ31δ31Ω13

γ31δ13δ31 +2i (δ13 +δ31)Ω 2
13
, (6c)

ρ
(0)
31 =− γ31δ13Ω13

γ31δ13δ31 +2i (δ13 +δ31)Ω 2
13
, (6d)

in which δ13 = ∆13 + iΓ31.
As the Doppler effect is considered, the detunings of the

applied fields in the above equations should be changed. In our
scheme, the two control fields always propagate forward, the
detunings are replaced by ∆ ∗13 = ∆13 + k1υ , ∆ ∗24 = ∆24 + k1υ .
For the probe field, when it propagates forward, the detuning is
replaced by ∆ F

p = ∆p +k2υ , while it propagates backward, the
detuning is replaced by ∆ B

p = ∆p− k2υ , where k1 = 2π/λ1,
k2 = 2π/λ2, and λi stands for the wavelength of the applied
fields.

It is well known that the electric response of the atomic
medium to the probe field depends on the coherence term
ρ43, and the atomic electric dipole moment can be given by
𝑃 (ωp) = Tr{ρ̂𝑑} = ρ43𝑑34. Besides, according to the clas-
sic theory, the atomic polarizability is obtained by 𝑃 (ωp) =

ε0αe(ωp)𝐸(ωp). For simple calculation, we make the elec-
tric field 𝐸(ωp) parallel to the atomic electric dipole moment
𝑑34, so αe is a scalar, and the electric polarizability can be
expressed as

αe =
ρ43d34

ε0E
. (7)

Similarly, the magnetic response of the atomic medium
to the probe field depends on the coherence term ρ21, and the
magnetization is given by 𝑀(ωp) = Tr{ρ̂𝜇̂} = ρ21𝜇12. In
addition, according to the classic theory, the atomic magnetiz-
ability is obtained by µ0𝑀(ωp) = αm(ωp)𝐵(ωp). In the case
that the atomic magnetic dipole moment 𝜇12 and the magnetic
field 𝐵(ωp) are parallel, the atomic magnetic susceptibility
αm is also a scalar and can be expressed as

αm =
µ0ρ21µ12

B
. (8)

In a hot atomic medium, the thermal motion of the atoms
cannot be ignored. In the case of considering the thermal mo-
tion of the atoms and the input of a strong control field, the
magnetic susceptibility of the atoms is chiral and it will gen-
erate different Doppler frequency shifts to the probe field to
realize optical nonreciprocity.[34]

The atomic polarizability and magnetic susceptibility
with the Doppler effect can be obtained by[37]

χ =
∫ +∞

−∞

N (υ)α (υ) dυ , (9)
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where N (υ) = N e−υ2/υ2
p /
(
υp
√

π
)

with υp the most proba-
ble speed of the atoms and atomic density N, and α (υ) is the
atomic polarizability or atomic magnetic susceptibility.

Generally, people focus on the macroscopic physical
quantities of the medium. In a dense gas medium, the local
field effect should be considered. According to the Clausius–
Mossotti relationship,[69] the relative permittivity and the rel-
ative permeability of the medium are expressed as

εr =
1+ 2

3 χe

1− 1
3 χe

, (10a)

µr =
1+ 2

3 χm

1− 1
3 χm

. (10b)

3. Results and discussion
In this section, we will investigate the negative refrac-

tion property of this hot atomic medium to the probe field in
forward and backward direction based on the above analyt-
ical solution. We choose neon atoms to verify our scheme,
and the atomic parameters are selected as follow: the elec-
tric dipole moment is |𝑑34| = 10−29 C, the magnetic dipole
moment is |𝜇12| = 9.274× 10−24 C ·m2 · s−1,[63] the wave-
lengths of the control field and probe field are λ1 = 352 nm
and λ2 = 5.4 µm. We set the spontaneous radiation decay rate
from excited state |3〉 to the ground state |1〉 to the unit refer-
ence γ31 = γ = 108 s−1, and the parameters are scaled by γ .
The other decay rates are chosen as γ42 = γ43 = γ , γ21 = γ ·α2,
where α = 1/137 is the fine structure constant.
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Fig. 2. The real part of the forward relative permittivity (black solid line) and permeability (magenta dotted line), the real part of the backward
relative permittivity (red dashed line) and permeability (blue dash dot line) as a function of probe field detuning at different temperatures:
(a) T = 100 K, (b) T = 300 K. (c) The real part (black solid line) and the imaginary part (red dashed line) of the refractive index, and
(d) the FOM as a function of probe field detuning in backward direction when the temperature T = 300 K. The shaded area represents the
nonreciprocal negative refraction interval. The other parameters are selected as γ31 = γ42 = γ43 = γ = 108 s−1, γ21 = γ ·α2, α = 1/137,
Ω24 = 1.0γ , Ω13 = 0.15γ , N = 1.5×1025 at/m3, ∆13 = ∆24 = 1.0γ .

First, we analyze the negative refraction property of the
medium to the probe field at different temperatures. In or-
der to get the maximum electric and magnetic responses,
we set ∆13 = ∆24 = 1.0γ to satisfy he EIT condition. The
parameters are selected as Ω24 = 1.0γ , Ω13 = 0.15γ , N =

1.5×1025 at/m3, and other parameters as shown above. Fig-
ure 2 plots the temperature dependence of the electromagnetic
properties of the medium on different probe field detunings
for the forward and backward propagation cases. As shown
in Fig. 2(a), when the temperature is low, both of the rela-

tive permeability and relative permittivity of the forward and
backward directions are negative in an extent frequency band.
It is to say that negative refraction exists in both propagation
directions. It is easy to understand with the negative refrac-
tion induced by EIT.[63] As we know, the Doppler shift is very
small at low temperature and the EIT conditions still satisfy
in both directions. The electric and magnetic components of
the probe field are simultaneously applied to the transitions
|3〉 ↔ |4〉 and |1〉 ↔ |2〉 respectively, then the absorption is
strongly suppressed by EIT, and the medium stores a large
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amount of energy in the process of interaction, resulting in a
strong response of the material.[59] So the relative permeability
and relative permittivity can be changed to be negative at the
same time in both propagation directions. Then the negative
refraction occurs due to EIT at low temperature in both direc-
tions. Meanwhile, when the temperature becomes high, we
find that the medium exhibits different electromagnetic prop-
erties in the forward and backward cases as shown in Fig. 2(b).
It is shown that the relative permeability of the forward case
is positive while both of the relative permeability and permit-
tivity are still negative in the backward case. Hence, the neg-
ative refraction exists only in the backward case. It means
that the nonreciprocal negative refraction is realized when the
temperature is high enough. It is because the Doppler shift be-
comes large with the increasing temperature, and the Doppler
shifts of the probe field are opposite to the cases of the for-
ward and backward propagation directions. As for the forward
case, the Doppler effect simultaneously enhances the detun-
ings of all the fields. However, in the backward probe field
propagation case, the Doppler effect enhances the detunings
of the control fields but weakens the detuning of the probe

field. Hence, in the forward case, the EIT condition is broken,
then the electromagnetic response of the medium gets weak
and it is difficult to realize negative refraction. Compared with
the forward propagation, the atomic system is close to the EIT
state in the backward case and the medium still exhibits strong
macroscopic polarization and magnetization. Therefore, the
medium has different negative refraction properties in forward
and backward directions.

In order to ensure that the negative refraction really exists,
the absorption of the medium must be small in the refraction
band. Generally, researchers use the figure of merit (FOM) to
measure the quality of the negative refraction. The FOM is
defined as Re[n]/ Im[n].[67] Then we study the negative refrac-
tion with FOM corresponding to the case of Fig. 2(b) in the
backward case. As shown in Fig. 2(c), we find that the refrac-
tive index is negative and the absorption is very small. From
Fig. 2(d), it is shown that the FOM is much larger than 1 in the
nonreciprocal negative refraction range. In other words, the
negative refraction with less absorption is realized in backward
propagation. It may guarantee that the nonreciprocal negative
refraction is really obtained in our scheme.
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Fig. 3. The real part of the forward relative permittivity (black solid line) and permeability (magenta dotted line), the real part of the backward
relative permittivity (red dashed line) and permeability (blue dash dot line) as a function of probe field detuning at different temperatures:
(a) T = 165 K, (b) T = 300 K, (c) T = 750 K, (d) T = 1200 K. The shaded area represents the nonreciprocal negative refraction interval. The
parameters are selected as Ω13 = 0.12γ , and the other parameters are the same as those in Fig. 2.

Next, we discuss the temperature effect on the nonrecip-
rocal negative refraction properties of the medium. The tem-
perature range is given from 165 K to 1200 K. Figure 3 shows
the dependence of the real parts of the relative permittivity

and permeability of the medium for the forward and backward
probe field propagation with different temperatures. The pa-
rameters are selected as Ω13 = 0.12γ and the other parame-
ters are the same as those in Fig. 2. We find that the non-
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reciprocal negative refraction appears and the nonreciprocal
frequency band (see the shadow area in Fig. 3) becomes nar-
rower with the increase of the temperature. Especially, the
nonreciprocal negative refraction exists in a wide frequency
range [−0.01γ, 0.54γ] (see Fig. 3(a)) when the temperature
reaches to 165 K. It can be explained as following. When the
temperature increases, the depth and width of the EIT win-
dow dramatically reduce, and the electromagnetic response of
the medium becomes weak so that the relative permeability
amplitude decreases.[70] As the temperature is very high, the
Doppler shifts get very large so that the EIT sate cannot exist
in both directions and the relative permeability becomes posi-
tive in both cases as shown in Fig. 3(d). It results that negative
refraction cannot be realized at very high temperature. In con-
sequence, under appropriate temperature, nonreciprocal nega-
tive refraction can be obtained and the nonreciprocal band can
be controlled by adjusting the temperature in our scheme.

In the following, we discuss the effect of the control
field intensity Ω24 on the nonreciprocal negative refraction
properties of the medium. The parameters are chosen as
Ω13 = 0.16γ , T = 300 K, and other parameters are the same
as those in Fig. 2. Figure 4 shows the dependence of the real
parts of the relative permittivity and relative permeability of
the medium for the forward and backward probe field propa-
gation with different control field intensities Ω24. From Fig. 4,
we find that the forward relative permeability is positive even

if the relative permittivity is negative, then the atomic gas does
not have left-handedness in forward propagation case. On the
contrary, both of the relative permittivity and relative permit-
tivity are negative in backward propagation case. So, the non-
reciprocal negative refraction caused by the Doppler effect oc-
curs in this hot medium. Furthermore, it is shown that the
nonreciprocal frequency band (see the shadow area in Fig. 4)
becomes narrow with the increase of the control field inten-
sity Ω24. Especially, when the control field Ω24 = 1.0γ , the
nonreciprocal negative refraction appears in a wide frequency
range [0, 0.50γ] (see Fig. 4(a)). It can be explained as fol-
lowing. As the Rabi frequency of the control field increases,
the EIT window gradually increases and the magnetic disper-
sion slope curve becomes gently. It results in the decrease of
the amplitude of the relative permittivity in the backward case.
As a result, the nonreciprocal frequency band becomes narrow
when the control field intensity increases. In addition, we find
that the negative value of the backward relative permeability
is positive and almost negligible corresponding to the control
field Ω24 = 2.2γ . At this time, there is no negative refraction in
the forward and backward direction cases. Consequently, un-
der appropriate intensity of the control field, we can obtain the
nonreciprocal negative refraction and the nonreciprocal band
can be adjusted by changing the intensity of the control field
in this hot atomic medium.
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Fig. 4. The real part of the forward relative permittivity (black solid line) and permeability (magenta dotted line), the real part of the backward
relative permittivity (red dashed line) and permeability (blue dash dot line) as a function of probe field detuning with different control field
intensities Ω24: (a) Ω24 = 1.0γ , (b) Ω24 = 1.4γ , (c) Ω24 = 1.8γ , (d) Ω24 = 2.2γ . The parameters are chosen as Ω13 = 0.16γ and T = 300 K,
the other parameters are the same as those in Fig. 2.
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In dense atomic gas, the local field effect should be con-
sidered, which is closely related to the atomic density.[71]

In what follows, we analyze the effect of atomic density on
nonreciprocal negative refraction. The parameters are cho-
sen as T = 300 K, Ω13 = 0.12γ , and the other parameters
are the same as those in Fig. 2. As shown in Fig. 5, we plot
the relative permeability and relative permittivity as a func-
tion of the probe field detuning with different atomic den-
sity in forward and backward cases. When the atomic den-
sity N = 1.0× 1025 at/m3, we find that the relative perme-
ability is positive in both propagation directions and the neg-
ative refraction cannot exist (Fig. 5(a)). With the increase of
atomic density N, the relative permeability in the backward
case becomes negative so that the negative refraction appears
in backward propagation but does not exist in the forward case.
It results in the appearance of the nonreciprocal negative re-
fraction (negative refraction exists in the backward case and

does not exist in the forward case) with the gradual increase of
atomic density N. It is because the local field effect becomes
large with the increasing atomic density N, which could en-
hance the electromagnetic response to the medium and give
rise to negative refraction. Particularly, as atomic density
N = 2.5× 1025 at/m3, the width of the nonreciprocal inter-
val [−0.24γ, 0.55γ] reaches the maximum value. It is worth
noting that the minimum value of the forward relative perme-
ability is close to zero at this moment. It can be predicted that
if the atomic density N is greater than 2.5× 1025 at/m3, the
forward relative permeability will have a negative value, then
the negative refraction appears in both directions, which is un-
favorable for nonreciprocal negative refraction. Hence, under
the suitable atomic density, we can realize nonreciprocal nega-
tive refraction and the nonreciprocal band can be manipulated
by the atomic density.
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Fig. 5. The real part of the forward relative permittivity (black solid line) and permeability (magenta dotted line), the real part of the backward
relative permittivity (red dashed line) and permeability (blue dash dot line) as a function of probe field detuning. (a) N = 1.0× 1025 at/m3,
(b) N = 1.5×1025 at/m3, (c) N = 2.0×1025 at/m3, (d) N = 2.5×1025 at/m3. The shaded area represents the nonreciprocal negative refraction
interval. The parameters are T = 300 K, Ω13 = 0.12γ , and the other parameters are the same as those in Fig. 2.

4. Conclusions
In summary, we propose a four-level scheme to induce

nonreciprocal negative refraction by using the Doppler effect
in a hot atomic medium. It is shown that, due to the Doppler
effect, nonreciprocal negative refraction with less absorption
can be realized at proper temperature. In addition, we find that
the nonreciprocal frequency interval can be regulated by ad-
justing the temperature, the intensity of the control field and
the atomic density. Our work may be used to realize unidirec-

tional optical invisible and has potential applications in design
of the photonic devices and optical communications.
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