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Abstract. In this paper, we study the formation of two electromagnetically induced transparency
(EIT) windows in a four-level lambda atomic system with Doppler broadening. The depth and
the width of the EIT windows are easily changed by adjusting the intensity of the controlling
laser fields. Meanwhile, the position of the EIT windows is also easily shifted by changing the
frequency of the laser fields. In particular, by turning on or off one of the two coupling laser
fields, the probe field response can be switched between one or two EIT window regimes, i.e., it is
possible to switch between absorption and transparency regimes, and vice versa. In addition, our
analytical model also allows one to investigate the influence of temperature (or Doppler width) on
EIT windows, which is necessary for experimental observations as well as related applications at
room temperature.
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1. Introduction

Even though electromagnetically induced transparency (EIT) has been well-studied over the
last few decades [1,2], physicists and scientists still express their keen interest in both theoretical
and experimental studies with different excited atomic configurations [3—6]. These excitements
may result from the various application ranges of EIT materials in the fields of quantum computer
and modern photonic devices [7]. The earliest models of EIT were proposed for three-level atomic
systems which resulted only in one EIT window [8,9]. As for our present time frame, the current
EIT studies are focusing on four-level atomic systems with two EIT windows [10-14] and five-
level atomic systems with three EIT windows [15, 16], and so on. The advantage of multi-EIT
materials is the ability to create multi-channel operations in applied devices, enabling them to
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switch between absorption regime and transparency regime easily. This feature also enables the
formation of various desired optical nonlinear effects. However, there are obstacles to creating
multi-window EIT such as simultaneous adjustment of laser fields and reduction in transparency
efficiency. Therefore, double EIT models are often perceived to be superior.

At present, several double EIT models for four-level atomic systems have been proposed,
for example, four-level N-type [10], inverted Y- type [11], Y-type [14], tripod-type [7,12,17, 18]
configurations. In addition to theoretical studies, several experimental studies on EIT in four-
level systems have also been published [10, 19]. Recently, multi-level EIT systems have found
various applications such as optical bistability [12], optical switching [7], slow light [14], Kerr
nonlinearity [19], and so on. Among all models of EIT in the four-level systems, the lambda
configuration is more interesting than others because it is easy to create double window EIT with
high transparency efficiency and therefore it is easy to observe experimentally. Yet, still there have
been no studies on EIT in the four-level lambda configuration with Doppler broadening. Such an
EIT model is essential for experimental studies and relevant applications at room temperature.
Additionally, we proposed a success in the development of the analytical EIT model for a five-
level ladder-type atomic system with Doppler broadening, and this model was successful in our
experimental observations of multiple EIT windows at room temperature [15, 16]. However, the
model only uses one coupling laser field for the generation of three-window EIT, so it is also
difficult to control the EIT windows independently.

In this paper, we develop an analytical model of EIT in a four-level lambda-type atomic sys-
tem under the presence of Doppler effect. The model uses two coupling laser fields for generating
two EITs independently. The absorption and dispersion coefficients of the system with Doppler
broadening are obtained. The influences of the intensity and frequency detuning of the controlling
laser fields, as well as temperature of the atomic medium on the EIT formation are considered.

2. Theoretical model and basic equations

The semi-classical theory, which means the laser fields are treated according to classical
theory while the atoms are treated in accordance with quantum mechanics, is used to describe
the interaction between the laser fields and the atoms [20]. In this model, three laser fields with
different frequencies are applied to the atomic system as follows: one weak probe laser field is
specified with frequency @, and Rabi frequency o, to excite the transition |1rangle <> |4), while
two strong controlling laser fields are respectively named as the coupling laser field with frequency
o. and Rabi frequency @, to excite the transition |2) <+ |4) and the signal laser field with frequency
o, and Rabi frequency oy to excite the transition |3) <+ |4). Energy levels of this four-level atom
are described in Fig. 1. Let A,, A. and A, be frequency detunings of probe field, coupling field,
and signal field compared with the transition frequency from levels 1), 12) and 13) to level 14) with
their definitions as A, = W41 - ®p, Ac = W42 - O and Ag = W43 - D5, With @41 , W4 and @43 are
the angular frequency differences between level 14) and levels I1), 12) and I3), respectively.

Assume that the strong controlling laser fields only cause precise transitions of designated
states and they do not affect any further levels. The total Hamiltonian of the system includes the
Hamiltonian of the free atom Hy and the interaction Hamiltonians of the light fields with the atom
Vp , Ve and Vi [20]:

H=Hy+V,+V.+V,, ey
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Fig. 1. Diagram of four-level lambda-type atomic system.
where, in the electric dipole approximation,
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The density matrix method is also used to determine the atomic states through density ma-
trix p with and is the atomic system wave function. The Schrodinger equation is then substituted
by the Liouville equation [20]:

% Litpl~ (). ©
where (yp) describes the relaxation processes in the atomic system. From Egs. (2)-(6) and using
the rotating wave approximation, the matrix elements of the four-level system are written as:

Q
P11 = <l2p> (P14 —Pa1) +T14P44 (7
. Q.
P = ( ) (P24 — pa2) +T24paa ®)
P33 = (l s) (P34 — Pa3) +T'34Pa4 )
Q. Q.
Pas = (l p> P41 — P14) + <12> (P42 — p24) + (12> (P43 — P34) — (D1a + T4 +T'34) pas

(10)
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P12 =ip12 (Ap —Ac) + <i£;c> P14 — <l§22p> P42 — V21P12 (11)
P13 =ip13 (A, — Ay) + (%) P1a— <lQp) P43 — V31P13 (12)
P14 =ip1aA, + ( £ ) (P11 —Paa) + <iQ >P12+ < 2 >P13 — Ya1P14 (13)
P23 =ip23 (Ac — As) + <I§;> P24 — ( s > P43 — ¥32P23 (14)
P24 =ipasA. + < Kl > (P22 — pas) + <iQ )Pm + <.Q > P23 — Ya2P24 (15)
P34 =ip34As + ( K2, ) (P33 — paa) + (iQ >P31 + < K2 > P32 — Y43P34 (16)

where I, is the rate of spontaneous population decay from the level |m) to the level |n), and Iy,
is defined as the rate of the atomic coherence decay between the level |m) and the level |n). The
elements describing population are interrelated through normalized condition:

pPi1+pn+p33+p=1 (17)

In order to investigate the absorption and dispersion properties of the atomic medium for the
probe field, we find the solution of the density matrix element p4; in the stationary state. Assume
that the atom is initially in the ground state, i.e., and . Therefore, from equations (11)-(13) we get
the solution p4; as follows:

Pa1 = 32 . (13)
Va1 — iAp +

The density matrix element is related to the susceptibility of the atomic medium through
the equation:
2
_ 2Ndj,
&he,

Pat, (19)

where & is the vacuum permittivity, N is the atomic density of the sample and dy; is the electric-
dipole matrix element between the levels I1) and 14).

In further study on Doppler broadening effect, we assume that the controlling laser fields
and the probe laser field have a similar propagation direction as the atoms moving at velocity v.
Because of Doppler transition, frequency detunings of the laser fields can be re-written as ; and .
In this case, the number of particles moving at velocity v parallel to the laser fields is calculated
by Maxwell-Boltzmann distribution at thermal equilibrium:

dN(v) = M\A/’Eevz/“zdv, (20)



Nguyen Huy Bang, Le Van Doai, Hoang Minh Dong and Nguyen Thi Thu Hien 403

3kpT
m
Eq. (19), is rewritten as:

where u = is the root mean square velocity of the atoms. Therefore, the susceptibility,
INd> -2 /u?
Ay = —"HLE
eohuy/w z(v)

. e oy Q2/4 Q2/4
with z(v) = y1 —i (Ap — 2@p) + e e T moa e aa)

ceptibility with Doppler broadening is obtained by integrating the expression (21) over the velocity
v from —oo to +o0 as:

2n

. Finally, the sus-

iVINdG,
=€
heg(@pu/c)
Q2/4 Q2/4
Y21 _i(AP_AL‘) P31 _i(Ap—As

[1—erf(z)] (22)

with 2 = o0 (v — A, +

T )) and erf(z) is the error function, which is

Z
determined by erf (z) = % fe_’zdt.
0

On the other hand, the real part ¥’ and the imaginary part " of the susceptibility are
respectively proportional to refraction index (n) and absorption coefficient (&) of the medium
through the following formulas:

) n

o= LA (23)
wpnox’

n= pzic (24)

with ng being the background refractive index.

3. Results and discussion

In this section, the Rb%” atom [21] is used to simulate in the variant states, as follows: |1) =
SSI/Z,F = l,mp = 1; ‘2> :SSI/Z,F = l,mp :O; ’3> :5S1/2,F = l,mp =—1land ‘4> :5P3/2,F =
2,mp = 0. Here, F denotes the quantum number of total angular moment at the investigating state.
The atomic spontaneous emission rates are [ ;) =137 =0.03 MHz and I'4; = 3 MHz.

3.1. Controlling the position of the EIT windows

First, we investigate the influence of the frequency detuning of the controlling laser fields
on the formation of EIT windows. In this case, the intensity of the controlling laser fields is
unchanged as @, = ®s =150 MHz and it is assumed that the atomic medium is observed at room
temperature 7 = 300 K. Afterwards, we plot the graph of absorption (solid line) and dispersion
(dashed line) versus the frequency detuning of the probe field at different values of frequency
detuning of the controlling fields: (a) Ac = As =0, (b) Ac = As = -100 MHz, (¢) A. = As = 100
MHz, (d) A; = 0 and A = 100 MHz, (e) A. = 0 and A; = -100 MHz, (f ) Ac = 100 MHz and A
=-100 MHz. As is known that, the occurrence of the EIT windows is the result of the quantum
interference among the transitions from the levels I1), 12) and 13) to the level 14) which is created
by weak probe laser field and strong controlling laser fields, so that we obtain 2 EIT windows as
depicted in Fig. 2. In Fig. 2(a), when A; = A = 0 the two EIT windows overlap, so we only see one
EIT window at the position A, = 0. The appearance of the EIT window satisfies the two-photon
resonance condition on the frequency of the probe and controlling laser fields. Specifically, the
EIT window is induced by the coupling field, the two-photon resonance condition A, - A, =0, and
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the EIT window is induced by the signal field as A. - A, = 0. Therefore, when A; = A; =0, the EIT
windows induced by the coupling and signal fields are located at position A, = 0. The phenomenon
and its explanation are similar in Figs. 2(b) and 2(c) when A. is equal to Ag. However, the position
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Fig. 2. Absorption and dispersion graphs with respect to frequency detuning of the probe
laser field at different values of coupling and signal detunings. In the figures, the solid
lines represent absorption and the dashed lines represent dispersion. The graphs are con-
structed at a constant temperature 300 K. Other parameters remain unchanged: @ = o;
=150 MHz and w, = 0.05 MHz.
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of this dual EIT window can be shifted left or right on the Ap-axis. For example, in Fig. 2(b) with
A = Ay =-100 MHz, this EIT window is located at position A, = -100 MHz, while when A; = A, =
100 MHz, it is located at position A, = 100 MHz (Fig. 2(c)). These results indicate a similar role
of the two controlling laser fields in creating EIT windows in this four-level lambda-type atomic
medium. In other cases where A, # A;, the two EIT windows are separated. Indeed, when A, =
0 and A; = 100 MHz, the first EIT window occurs at the position A, = 0 caused by the coupling
laser field, while the second occurs at the position A, = 100 MHz caused by the signal laser field,
as shown in Fig. 2(d). On the other hand, when A; = 0 and A =-100 MHz in Fig. 2(e), the second
one in Fig. 2(d) is shifted to the left and located in the position A, = -100 MHz. When A = 100
MHz and A = -100 MHz, two EIT windows are observed to be symmetric through the resonance
position A, = 0, as in Fig. 2(f' ). Especially, in this case (Fig. 2(f)) we can see that a transparency
spectral region can be converted to an absorption spectral region and vice versa by adjusting the
frequency detuning of the coupling laser field and/or the signal laser field. This valuable property
is considerably significant in controlling light propagation characteristics in an atomic medium.
Furthermore, the change in the position of the EIT windows also leads to the shift in the dispersion
curves. In particular, when A; = A, = 0 (Fig. 2(a)), two normal dispersion curves overlap at the
position A, = 0. Likewise, when A. = Ag = -100 MHz (Fig. 2(b)) or A. = A; = 100 MHz (Fig.
2(c)), the normal dispersion curve is located at A, = -100 MHz or A, = 100 MHz, respectively.
When A, = 0 and Ay = 100 MHz, these two dispersion curves appear at two different positions
A, =0 and Ay, = 100 MHz, as shown in Fig. 2(d). For Ay = -100 MHz, the second dispersion
curve (corresponding to the second EIT window) is shifted to the left and located at the position
A, = -100 MHz, as shown in Fig. 2(e). Particularly, for A. = 100 MHz and A = -100 MHz, two
normal dispersion curves are symmetric through the resonance frequency, at the same time in the
resonance region is anomalous dispersion, as we see in Fig. 2(f). Thus, the above results show
that by changing the frequency of the signal laser field and/or the coupling laser field, the slope,
the position, and the shape of dispersion curves are also changed. This can be applied into a two-
way conversion between slow light mode and fast light mode as well, which may be developed in
future research.

3.2. Controlling width and depth of EIT windows

In this section, our investigations are still conducted at room temperature T = 300 K and
the influence of the intensity of the controlling laser fields on EIT spectra of the probe beam is
under discussion. Here, the frequency detunings of the controlling laser fields remain constant at
A. = 0 and Ay =100 MHz while the intensity of the controlling laser fields is varied at different
values as: (a) ®. = 150 MHz and @, = 0; (b) . = 0 and ws = 150MHz; (¢) w. = 200 MHz and
s = 100 MHz; (d) o, = 100 MHz and @s = 200 MHz; (e) @, = 200 MHz and @, = 200 MHz;
(f) o, =300 MHz and s = 300 MHz. The variations of the width and depth of the EIT windows
according to the controlling laser intensity are plotted as in Fig. 3. Figure 3(a) demonstrates that
the absence of the signal laser field (@, = 0) results in the excited configuration returning to the
basic three-level lambda configuration. This phenomenon also leads to the existence of one EIT
window in the absorption spectrum of the probe field at frequency detuning A, = 0. This EIT
window consequently appeared due to the action of the coupling laser field (w.). The appearance
of one EIT window also occurs when the coupling laser field is turned off, as shown in Fig. 3(b).
This EIT window is created by the signal laser field with the frequency detuning A; = 100 MHz.
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Fig. 3. Absorption and dispersion graphs of the probe laser field at different intensities
of the controlling laser fields. The solid lines represent absorption and the dashed lines
represent dispersion. The graphs are constructed at a constant temperature 300 K. Other
parameters are constant: A¢ = 0 and Ay =100 MHz and w, = 0.05 MHz.
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With the presence of the two strong controlling laser fields affecting the atomic system, two sep-
arated EIT windows appear at the positions A, = 0 and A, =100 MHz. At the intensity of the
signal laser field ws = 100 MHz and the intensity of the coupling laser field w. = 200 MHz, the
width of the EIT window at the position A, = 0 is greater than that at the position A, = 100 MHz.
Conversely, when the intensity of the two strong controlling laser fields is interchanged (@, = 100
MHz and ws = 200 MHz) as shown in Fig. 3(d), the width of the EIT windows also changes
respectively. These results re-confirm the similar influences of controlling laser fields on the EIT
effect in a four-level lambda-type atomic system. In addition, it is easy to see from Fig. 3 that
increasing the intensity of the controlling laser fields leads to an increase in the depth of the EIT
window. Thus, intensities of controlling laser fields affect the width and depth of EIT windows;
in other words, they affect zero-absorption regions of the probe laser field. The application based
on that influence may deliver greater opportunities to investigate all optical switching or soliton
propagation at EIT windows.

Furthermore, Fig. 3 also illustrates dispersion curves of the medium with respect to the
frequency detuning of the probe field when changing the intensity of the controlling laser fields.
The change of the width of EIT windows results in the change in the dispersion curves. An
increase in intensity of the controlling laser fields reduces the slope of dispersion curves, as shown
in Figs. 3(e) and 3(f). This change has a direct effect on group velocity of the probe light, thereby
it decides whether the propagation of fast light or slow light occurs.

3.3. The influence of Doppler broadening on double EIT

Finally, we investigate the influence of Doppler broadening on the shape of EIT windows,
as depicted in Fig. 4. Here, the intensity of the coupling and signal laser fields remain constant at
®. = ®g = 100 MHz. The detunings of the two controlling laser fields are selected as A. = 0 and
As =100 MHz for creating two EIT windows at different two positions A, = 0 and A, =100 MHz.
The EIT spectra are simulated at different temperatures: (a) 7 = 10 K, (b) T =100 K, (c) T =200
K, (d) T=300K, (e) T =400 K and (f) T =500 K. From Fig. 4 we can see that at low temperature
T =10 K (Fig. 4(a)), the EIT windows are wide with the great depth and nearly-four-unit height.
In addition, the profile of the absorption spectrum is quite small. However, when the temperature
increases up to 100 K (Fig. 4(b)), the EIT windows are narrowed and their depth declines down
to over one unit. Continuing to increase the temperature up to 200 K (Fig. 4(c)), 300 K (Fig. (d)),
400 K (Fig. 4€), and 500 K (Fig. 4(f)), it is obvious that the depth and width of the EIT windows
decrease as the temperature rises. At the same time, the profile of the absorption spectrum is also
greatly expanded. The phenomenon can be explained that for the higher temperature, the faster
and more chaotic movement of atoms, and hence it reduces quantum inteference and coherence
in the atomic system. To clarify the impact of temperature on the EIT profile, we can compare
the full-width at half maximum (FWHM) between Figs. 4(a) and 4(f) at temperatures 7 = 10 K
and T = 500 K, respectively. The comparison shows that FWHM in Fig. 4(a) is about 200 MHz,
while FWHM in Fig. 4(f) is over 800 MHz. Because FWHM is widened, the double EIT seems
to be closer together and the EIT window heights decrease. This leads to the risk of overlapping,
thereby causing structural destruction of EIT windows. In other words, EIT efficiency deteriorates
sharply at increasing temperature. This is also a reason why studies on EIT in high-temperature
media are limited.
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Fig. 4. Absorption and dispersion graphs with respect to the detuning of the probe laser
field at different temperatures. The solid lines represent absorption, and the dashed lines
represent dispersion. The graphs are constructed with unchanged parameters as follow:
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4. Conclusion

Double electromagnetically induced transparency in the four-level lambda-type atomic sys-
tem was considered at room temperature with Doppler broadening. Two EIT windows can be
created in this system under the induction of coupling or signal fields. The EIT windows can be
manipulated independently by the controlling laser fields. The position of the EIT windows are
easily shifted by changing the frequency of the controlling laser fields, while the depth and the
width of the EIT windows are easily changed by adjusting the intensity of the controlling laser
fields. In particular, by turning on or off one of the two controlling laser fields, the probe field
response can be switched between one or two EIT window regimes, i.e., it is possible to switch
between absorption and transparency regimes, and vice versa. Temperature also has a significant
effect on the EIT efficiency; in particular, as the temperature increases, the EIT efficiency de-
creases, at the same time, the spectral profile is greatly expanded and thus can overlap the EIT
windows. Such an analytical model is necessary for experimental observations and related studies
at room temperature.
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