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Abstract 
 
In this work, Electromagnetically Induced Transparency 
(EIT) has been studied in a microwave driven closed cyclic 
Lambda atomic system. It is observed that in the absence 
of microwave field a normal transparency window is 
obtained, but when a microwave field is also applied 
between hyperfine levels along with the optical fields an 
amplification and attenuation in EIT signal is observed 
depending upon the relative phase between fields driving 
the atomic system. In fact, a new probe field is generated 
by microwave and coupling field which interfere 
constructively or destructively with incident probe field 
leading to either amplification, attenuation or 
asymmetricity in probe transmission signal. Also, 
dependency of phase sensitive amplification on ground 
state decoherence is also studied. This novel, controllable 
and amplified EIT signal can be potentially used for the 
transfer of coherent microwave analog or digital message 
signal over larger distance using optical fibers where 
amplification is preliminary requirement. 
 
1. Introduction 
 
Electromagnetically induced transparency (EIT) was first 
observed by Harris et al.  in 1989 in his theoretical work 
employing aspects of coherent population trapping [1]. It 
has found applications in transferring quantum features 
between interacting systems and can be used for creating 
and storing information. Advancement in quantum 
information processing using quantum electrodynamical 
superconducting circuits which operates in microwave 
domain  have sparked a great deal of interest in creating 
interfaces between optical and microwave frequencies [2], 
[3]. Most recent application of EIT and its driven 
phenomenon is included in atom-based sensors, radio over 
fiber atomic antennas and receivers for the purpose of 
optical communication between microwave and optical 
fields [4]–[6].  
There have been demonstrations of nonlinear optical wave 
mixing and amplification also using resonant atomic 
systems [7], [8] but studies that include microwave and 
optical field interrogation for optical amplification is very 
few. Also, utilization of phase dependent amplification of 
optical signal using microwave is still be done for optical 

communication, where amplification is preferred important 
than bandwidth. 
 
In this article a theoretical analysis on interaction of 
rubidium atoms with microwave and optical energies in a 
closed cyclic Lambda atomic system is presented. Firstly, 
the optical Bloch equation are formulated for the atomic 
system and then solved under steady state approximation 
to study the dynamics of atomic system. Thereafter, output 
probe absorption as a function of probe detuning is studied 
by plotting imaginary of density matrix element 
corresponding to probe absorption. Further, obtained 
spectra of probe absorption is observed under various 
conditions; a) coupling and microwave off, b) coupling on 
and microwave off, c) coupling and microwave on with 
relative phase varied from 0 to 3𝜋

2. The effect of ground 
state decoherence on probe absorption is also studied 
analytically.   
 
2. Theoretical Consideration of Atomic Model 
 
The closed cyclic Lambda atomic model under 
consideration is shown in figure 1 where level |1⟩ and |2⟩ 
are ground state hyperfine levels and level |3⟩  is an excited 
state fine level. Here a probe beam of Rabi frequency Ω  
is applied between atomic states |1⟩ and |3⟩ and a strong 
coupling beam of Rabi frequency, Ω  is applied between 
atomic states |2⟩  and |3⟩ . Both these transitions are 
electrically allowed dipole transitions. In addition to 
Lambda (Λ) model [9], a microwave field of Rabi 
frequency Ωµ is also applied between atomic states |1⟩ and 
|2⟩ making the system a closed cyclic Lambda (Δ) atomic 
model. 

 
 
Figure 1.  Energy level diagram of Rb87 in a closed cyclic 
Lambda (Δ) atomic model. Ω ’s are complex Rabi 
frequencies of interacting fields. 𝛾 ’s are the spontaneous 
decay rates.  



In our atomic model, the optical probe and coupling fields 
are assumed to be travelling through the cell along the z 
axis with wavenumbers 𝑘 , 𝑘 , initial phases 𝜙 , 𝜙  and 
angular frequencies 𝜔 , 𝜔  respectively. The microwave 
field is considered to be a standing wave inside a 
microwave cavity therefore no propagation phase is 
associated with it. The interaction picture Hamiltonian of 
this closed cyclic Lambda (Δ) atomic model by applying 
rotating wave approximation and choosing level |1⟩  as 
reference level is given by: 

𝐻(𝑟) = −Δ |3⟩⟨3| − Δ − Δ |2⟩⟨2| −

                  
µ( )

𝑒 |2⟩⟨1| −
( )

|3⟩⟨1| −

                         
( )

|3⟩⟨2| +  𝐻. 𝐶.   (1) 

where, 𝐻. 𝐶. denotes Hermitian conjugate, Δ  and Δ  are 
detunings of probe beam and coupling beam respectively, 
𝛥𝛷(𝑧) = 𝑧 𝑘 − 𝑘 + 𝜙  is the relative phase between 
three interacting electromagnetic fields and ħ is taken to be 
1. The terms Ω (𝑟) are complex Rabi frequencies of the 
interacting fields given by: 

Ω (𝑟) = 𝑑  𝐸 (r)𝑒 , 
Ω (𝑟) = 𝑑  𝐸 (r)𝑒 , 

Ω (𝑟) = 𝑑  𝐵 (r)𝑒    (2) 
where,  𝐸 ,  is the electric field associated with probe and 
coupling beam and, d23 and d13 are electric dipole moment 
corresponding to the transition in which probe and 
coupling beam applied respectively. Similarly, 𝐵  is the 
magnetic field associated with microwave field and 𝑑  is 
the corresponding magnetic transition dipole moment. 
 
These Rabi frequencies of the probe, coupling, and 
microwave fields are assumed to be spatially uniform using 
the dipole approximation, thus yielding the constants 
Ω (𝑟) ≡ Ω , Ω (𝑟) ≡ Ω  and Ω (𝑟) ≡ Ω . In order to 
have nonlinear interaction between the interaction fields a 
three-photon resonance condition is satisfied by keeping 
Δ = 0 and Δ = Δ  in all our calculations, thus making 
the temporal phase factor  

𝜔 − 𝜔 − 𝜔 = 0  (3) 
 
ensuring time independent Rabi frequencies. The 
dynamical evolution of the rotated density matrix elements 
of the atomic system, in the interaction picture is given by 
the master equation [10] 
 

( , )
=  −𝑖 𝐻(𝑧), 𝜌(𝑧, 𝑡) + ∑ ℒ(𝑐̂ ) 𝜌(𝑧, 𝑡) (4) 

 
with ℒ(𝑐̂ ) being the Lindblad super operator 
 

ℒ(𝑐̂) 𝜌(𝑧, 𝑡) = 𝑐̂ 𝜌(𝑧, 𝑡)𝑐̂ − { 𝜌(𝑧, 𝑡), 𝑐̂ 𝑐̂ }     (5) 

 
 acting on operators 𝑐̂ = (𝑛 + 1)𝛾 |1⟩⟨2| , 𝑐̂ =

𝑛𝛾 |2⟩⟨1|,  𝑐̂ = 𝛾 |1⟩⟨3|,  𝑐̂ = 𝛾 |2⟩⟨3|,  and 

𝑐̂ = 𝛾 (|1⟩⟨1| − |2⟩⟨2|) , where, 𝑛  is the average 
number of thermal photons in the bath at temperature T,  𝛾  
is the ground state decoherence modelling the finite quality 

factor of microwave cavity and 𝛾  and 𝛾  = 𝛾  
represents the spontaneous decay rates from levels |2⟩ and 
|3⟩ respectively. The density matrix elements obtained 
using equation 4 and equation 5 are 

�̇� =  −𝑖
Ω ( )

 𝜌 + 𝑖 
Ω∗ ( )

𝜌 − 𝑖
( )

 𝑒 𝜌 +

𝑖
Ω∗ ( )

𝜌  𝑒 +  (𝑛 + 1)𝛾 𝜌  − 𝑛𝛾 𝜌 + 𝛾 𝜌

     (6) 
 

�̇� =  −𝑖
Ω ( )

 𝜌 + 𝑖 
Ω∗( )

𝜌 − 𝑖
( )

 𝑒 𝜌 +

𝑖
Ω∗ ( )

𝜌  𝑒 − (𝑛 + 1)𝛾 𝜌  + 𝑛𝛾 𝜌 + 𝛾 𝜌

     (7) 

�̇� =  𝑖
Ω ( )

 𝜌 − 𝑖 
Ω∗ ( )

𝜌 + 𝑖
Ω ( )

 𝜌 −

                 𝑖 
Ω∗( )

𝜌 −  𝛾 𝜌 + 𝛾 𝜌         (8) 
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( 𝜌  𝜌 ) − 𝑖
Ω ( )

 𝑒 𝜌   +

                    𝑖
Ω ( )

 𝜌 − 𝑑 𝜌    (9) 

�̇� = 𝑖
Ω ( )

 𝜌 + 𝑖
Ω ( )

( 𝜌  𝜌 ) −

  𝑖
Ω ( )

 𝑒  𝜌 − 𝑑 𝜌    (10) 

 

�̇� = −𝑖
Ω ( )

 𝜌 + 𝑖
Ω∗( )

 𝜌 +

 𝑖
Ω ( )

( 𝜌  𝜌 ) 𝑒 − 𝑑 𝜌       (11) 

 
�̇� , �̇�  and �̇�  are given by the complex conjugate of 
�̇� , �̇�  and �̇�  respectively. The steady state solution of 
Density Matrix element ‘ρ31’ corresponding to probe 
absorption under weak probe approximation i.e., Ω ≫
 Ω > Ω   Ω  is given by 

𝜌 =
Ω ( )

⌈Ω ( )⌉
−

Ω ( )Ω ( )

⌈Ω ( )⌉
     (12) 

 

where 𝑑 =  𝛾 + + +  − 𝑖𝛥  

𝑑 = (𝑛 + )𝛾 + 2𝛾 − 𝑖(𝛥 − 𝛥 )      (13) 

 𝑑 = (𝑛 +
1

2
)𝛾 +

𝛾

2
+

𝛾

2
+  

𝛾

2
− 𝑖𝛥  

 
are complex detunings.   
 
3. Results and Discussions 
 
The response of an atomic system to resonant light can be 
effectively described by its susceptibility to probe field. 
The imaginary part of susceptibility gives the absorption 
while the real part gives the dispersion of field in the atomic 
medium. Since, the optical susceptibility is proportional to 
the off-diagonal element of density matrix i.e. 𝜌 , hence 
we have studied the variation of imaginary part of  𝜌  as a 
function probe laser detuning to observe the probe 
absorption. When a strong resonant coupling beam is 
applied along with the probe beam (without any microwave 
field), transparency in the probe absorption spectra is 
obtained as shown in figure 2. Under this condition, only 
first term of equation 12 contributes, while second term 



becomes zero. The results are similar to 
Electromagnetically Induced Transparency (EIT) observed 
in Lambda atomic Model [9]. 
 

 
Figure 2. Probe Absorption as a function of probe 
detuning. Red curve shows the case when is coupling off 
and Ω =1 MHz, 𝛾  = 𝛾  = 2π.6 MHz, 𝛾  = 3π kHz and 
𝛾 = 0 applied. Blue Curve shows the case when coupling 
of Ω = 40 MHz is also applied.  
 
Next, when microwave field (Ω = 0.8 MHz) is applied, the 
transitions in-between the hyperfine ground states is 
enabled. The relative phase between probe, coupling and 
applied microwave signal is varied and change in 
absorption & EIT is analyzed. The significant change has 
been observed at different values of relative phase between 
interacting electromagnetic fields as depicted in figure 3. 
Here, the probe rabi frequency, control rabi frequency and 
other parameters are kept same as before (as in figure 2). 
 

 
Figure 3. Probe Absorption as a function of probe detuning 
(Δ )  at various values of relative phase (𝛥𝛷 ) between 
probe, coupling and microwave fields. (a) 𝛥𝛷 = 0, shown 
by red color; (b) 𝛥𝛷 =  , shown by green color; (c) 𝛥𝛷 =

𝜋, shown by sky blue color; and (d) 𝛥𝛷 =  , shown by 

blue color. 
 
The absorption peaks obtained at 𝛥𝛷 = 0 and at 𝛥𝛷 = 𝜋 
are mirror images of each other with absorption is 
enhanced in the red detuned region (i.e., left side of 
resonance frequency), while reduced in the blue detuned 
region (i.e., right of resonance frequency) for 𝛥𝛷 = 0 and 
vice versa in case of 𝛥𝛷 = 𝜋. The results are similar to the 
one reported by Manjappa et. al [10].  
 
It is worth noting that the probe transparency characteristic 
of EIT is further amplified (negative absorption) at 𝛥𝛷 =

  and attenuated at 𝛥𝛷 =  (figure 3), in comparison to 

the transparency window when no microwave field applied 
(figure 2). This establishes that the probe absorption and 
corresponding transparency window can be controlled by 

controlling the relative phase between three 
electromagnetic fields.   
 
The two terms in equation 12 represent the Linear and 
Hybrid absorption. Figure 4 shows contribution of both 
these absorption types to the total absorption as a function 
of probe detuning (Δ ) at various values of relative phase 
of interacting fields. The hybrid absorption arises from the 
second order nonlinear susceptibility resulting from the 
combined effect of magnetic and electric dipole transition 
induced by microwave and optical coupling field that 
contributes to new optical probe field generation [11].  
 

 

 

 

 
Figure 4.  Interference of Linear and Hybrid absorption as 
a function of probe detuning (Δ )  at various values of 

relative phase (𝛥𝛷 ); (a) 𝛥𝛷 = 0 ; 𝛥𝛷 = ; (c) 𝛥𝛷 = 𝜋;  

and (d) 𝛥𝛷 = . 

 
It can be observed, that at 𝛥𝛷 =  , complete absorption of 

generated probe field takes place in the EIT region of 
incident probe field thereby decreasing the amplitude of 
output probe transparency signal (figure 4(b)). On the other 
hand, at 𝛥𝛷 = ,  generated probe signal and applied 

probe signal become transparent in same detuning range, 
resulting in constructive interference and hence amplifying 
the amplitude of EIT peak (figure 4(d)).  
Further, generated probe field shows absorption in the red 
detuned region and complete transmission in blue detuned 
region for a particular frequency range near resonance for 
𝛥𝛷 = 0 and vice-versa happens for 𝛥𝛷 = 𝜋  following a 
total amplification and de-amplification (figure 4a and 4c). 
 
Thus, depending upon the relative phase input probe and 
generated probe can have constructive or destructive 
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interference resulting in either amplification or de-
amplification in the EIT signal. 
 

 
Figure 5.   Variation of Probe transparency window with 

ground state decoherence, 𝛾  at 𝛥𝛷 =  . 

 
Further, we have also shown the effect of ground state 

decoherence on the probe transparency signal at 𝛥𝛷 = . 

It can be observed from figure 5, that the amplification of 
probe transmission signal is maximum for all value of 𝛾 <
Ω , , But for 𝛾 > Ω ,  attenuation takes place. 
 
4.  Conclusion 
 
The behavior of EIT to microwave field and its phase with 
respect to other fields is explored in a closed cyclic Lambda 
atomic model. We have found that amplification and de-
amplification of probe transmission signal can be achieved 
depending upon the phase difference of the applied fields 
(probe, coupling and applied RF), when all the three 
electromagnetic fields are in resonance. Another important 
criterion to achieve have phase dependent amplification is 
that 𝛾  (spontaneous decay for coupling field) should be 
close to zero. These findings can have potential application 
in optical communication using radio over fiber employing 
coherent transfer and amplification of analog and digital 
microwave signals to optical frequencies.  
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