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The electromagnetically induced transparency (EIT) and its dispersion properties in a four-level inverted-Y
atomic system are investigated. The absorption spectrum of a weak probe field shows two EIT windows (dark
resonances) whose location, width, and depth can be controlled by manipulating the parameters of the
coupling fields; the corresponding dispersion properties are also measured by using a Mach-Zehnder
interferometer. The experimental measurements agree well with the theoretical calculations. This kind of
system can find important applications in two-channel quantum communication and information storage.
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1. Introduction

Electromagnetically induced transparency (EIT) refers to the
phenomenon that an otherwise opaque medium on a probe resonance
is made highly transparent, such spectral feature, often called dark
resonance, arises from the destructive interference between two
possible excitation paths [1]. Light manipulation techniques based on
EIT are of importance in various fields of physics, such as controlling
the group velocity of a pulsed probe field [2,3], quantum information
storage [4-6], and enhancement of frequency conversion [7,8].

When an additional resonant transition, driven by an optical [9-14]
or microwave (or radio-frequency) field [15-17], is added to the three-
level system, a double dark resonance can occur. In the past few years,
many new ElT-related effects in a variety of four-level systems have
been investigated. A photon switching by quantum interference in a
four-level N-type EIT system has been theoretically proposed by Harris
and Yamamoto [18] and experimentally demonstrated in cold atoms by
Yan et al. [19]. Sharypov and Wilson-Gordon discussed sub-Doppler
features due to double dark resonances in atomic vapor [20]. Li et al.
used a tripod-type system to achieve enhanced cross-phase modulation
based on a double EIT [21].
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Recently, some novel effects based on EIT in a four-level inverted-Y
system have been extensively studied [22-27]. In theory, it has been
shown that four-level inverted-Y EIT system can be adopted to
generate a polarization quantum phase gates [23], realize two-
channel quantum memory [24], obtain nonclassical paired photons
[25], and produce optical solitons [26,27]. In experiment, Yan et al.
showed the suppression of two-photon absorption owing to quantum
interference [28], and Mohapatra et al. implemented the coherent
optical detection of highly excited Rydberg states [29]. It is necessary
to further explore the EIT characteristics experimentally in the four-
level inverted-Y system. In this paper, we focus on the theoretical
calculations and experimental observations of two EIT windows
(double dark resonances) and the corresponding dispersion proper-
ties in a four-level inverted-Y atomic system.

2. Theoretical basis

The relevant atomic levels in 8’Rb atoms are depicted in Fig. 1. The
probe field Q, couples the transition |1>(5S1,5, F=1)—|3> (5P,
F=2), and two coupling fields Q.; and Q) are tuned to the transition
|2>(5S12, F=2)—|3>and the transition |3>—|4>(5D5,, F=3),
respectively. Ap=wp— 31 , Acg =0c1 —®32 and A =0 — 043
represent the respective single-photon detunings, and w; = w; — @j is
the transition frequency corresponding to the level|i) — |j) (i,j =1, 2,
3,4).
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Fig. 1. Relevant energy levels of 8’Rb atoms and laser excitations in the experiment.

In the interaction picture, with the rotating-wave and electric-
dipole approximations, the Hamiltonian can be expressed as

H= h(Apan) 1202] + KA, [3)3] + h(Ap + AQ) 14)(4]
—h[ﬂp|3><1\ + 00 1392] + Qe |43 + h.c.}

Solving the Liouville equation § a” = —I[H,p]—1{T,p}, one obtains
Q,
p13 = 2 Qz (2)

. Q
— 1
AP + Y13 A=A + Y12 A + Acz + Y4

The coherent decay rates are denoted as Y12 =121/2,Y13="23=
(31 +T132)/2, Via="Y24=T43/2, y3a= (I43+T32+1I31)/2. Here I}(i,
j=1,2,3,4) refers to the spontaneous decay rate of the populations
from level |i)to levellj).

Considering the frequency shift caused by the Doppler effect, for
the moving atoms with velocity v, the frequency detunings of the
probe, coupling and control fields are revised to A, + ®, %, Ac + 0cy ¥
and Ap—oc; ¢, respectively. The susceptibility of the probe field is
given by

|H31\ e
= ey, . P 3

where 131 is the dipole matrix element of the probe transition, and
N(v) = Moe~/wis the Maxwellian velocity distribution, u /v/?2 is
the root-mean-square atomic velocity, depending on the temperature
of the cell, and Nj is the total atomic density of the vapor. The real and
imaginary part of y represent the dispersion and absorption
properties of the probe transition, respectively.

In such scheme, the existence of double dark resonances induces
two EIT windows whose location, width, and depth can be controlled
by manipulating the parameters of the coupling fields. By adjusting
the detunings of the two coupling fields, it is possible to obtain two
separate EIT windows or one enhanced EIT window, companied with
corresponding dispersion properties. The group velocity in two EIT
channels can be controlled independently by adjusting the intensity of
the coupling fields, respectively. Therefore, the EIT characteristics in
the inverted-Y system can provide effective method for two-channel
quantum communication and information storage.
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Fig. 2. Schematic of the experimental setup, where N/2: half-wave plate; PBS: polarizing
beam splitter; PD: photodiode; M: reflecting mirror; PZT: piezoelectric transducer.

3. Experimental setup and results

The experimental setup in this work is shown in Fig. 2. An extended-
cavity diode laser tuned to the |2>—|3>transition at 795 nm serves as
the coupling field Qc;. Another extended-cavity diode laser at 795 nm is
used as the weak probe field Qp and scans across the |1>—|3>transition.
ATi:Sapphire laser at 762 nm is used as the second coupling field Q¢ and
is tuned to the |3>—|4>transitions. The second coupling field Qc,
propagates opposite to the probe field Q, and the coupling field Q¢; with
an angle of about 0.01 rad. Beam diameters of the probe and two coupling
fields are about 1, 2, 3 mm, respectively. A photodiode (PD1) measures
absorption of the probe laser passing through the atomic vapor cell. A 5-
cm-long Rb vapor cell is kept at 30 °C (corresponding to atomic density of
~10'° cm™3) and installed in a three-layer magnetic shield.

The dispersion properties of the coherent prepared atomic
medium are measured by using a Mach-Zehnder interferometer
[30] consisting of My, My, M3 and My, and the differential signal of the
detectors PD2 and PD3 is given by

Alj(0)oc2|ER||Ep| exp(—o(w)L/ 2) cos(d>0 + kpn((o)L> (4)

where E, is the probe field passing through the cell and Eg is the
reference field through the other arm. o(w) is the absorption
coefficient, L is the length of the rubidium cell, and ¢, is the reference
phase of the interferometer, which is reset to /2 by a piezoelectric
transducer (PZT).

It can be considered that the inverted-Y system consists of two
different EIT sub-systems, levels|1>, |2>and |3>are in a three-level
A-type system, while levels |1>, [3>and |4>form a three-level
ladder-type system. We first concentrate on the situation when both
the coupling fields are on resonance, i.e., Ac; =Ac; =0 MHz. The
plots of absorption as a function of probe detuning are shown in
Fig. 3. Curve (a), (b) and (c) are for the coupling field Qc, is kept with
the powers of 50 mW, while the coupling field Qc; is applied with
the powers of 0, 3 and 10 mW, respectively. Curve (f), (g) and (h)
depict the dispersion properties of EIT. On the other hand, Fig. 3(c),
(d) and (e) represent the absorption properties when the coupling
field Qc; is kept with the powers of 10 mW, while coupling field Qc,
is applied with the powers of 50, 100 and 0 mW, respectively. The
corresponding dispersion properties are plotted in (h), (i) and (g).
The combined effects of these two sub-systems (the A-sub-system
and the ladder-sub-system) can be seen in Fig. 3 (c¢) and (h) where
we keep two coupling fields both existing, which show the depth of
the EIT window and dispersion increase observably, the total depth
increases to about 1.3 times of the single EIT window depth (Fig. 3
(e)), the enhancement of EIT window and dispersion can be owed to
the interaction of two dark resonances.
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Fig. 3. Red solid curves, experimental measured absorption [(a)-(e)] and the corresponding

predictions calculated at I's; =35 =3.0 MHz, ['43=0.4 MHz, (a) Qc; =0 MHz, Qc; =15 MHz;

Qc; =20 MHz; (e) Qc; =30 MHz, Qc; =0 MHz.

The dark state in the inverted-Y atomic system can be analyzed
by using the method discussed in [31], and there are three dark
states (noncoupled states) which can be expressed as |Dy) =

[of) 1 ) 2. 1Dy = Oy 1 ) 4
NGEETS D+ NGRS 12), 1D2) Va2 + g 1+ Vg 4,

— Qg O¢ i
and |D3) = N [2) + T |4), The total dark state is

superposition of those three dark states. The third dark state |Ds3)

dispersion [(f)-(j)] as a function of probe detuning A,,. Black dashed curves, theoretical
(b) Qc1 =15 MHz, Qc, = 15 MHz; (¢) Qc; =30 MHz, Qc; = 15 MHz; (d) Qc; =30 MHz,

should be viewed as the production of interaction between two
dark resonances; it means the absorption spectrum (enhanced EIT
dip) contains the interference term when the double dark
resonances are tuned to be degenerate. In other words, the
enhancement of EIT dip and susceptibility is the result of quantum
interference rather than simple incoherent sum of the degenerate
dark resonances. The similar behavior has also been observed in the
tripod-type system [32].
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Fig. 4. Red solid curves, experimental measured absorption [(a)-(d)] and the corresponding dispersion [(e)-(h)] as a function of probe detuning A,. Black dashed curves,
theoretical predictions calculated with parameters Ac; =0 MHz, (a) Ac; = 130 MHz; (b) Ac; =60 MHz; (¢) Ac; = —60 MHz; (d) Ac; = — 130 MHz; other parameters are the same as in

Fig. 3 (c).
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The dashed curves in Fig. 3 are the corresponding theoretical
calculations of the probe absorption and dispersion versus probe
detuning. The spontaneous decay rate I'3; =T3;=3.0 MHz,
[43=0.4 MHz, the nonradiative decay rate between two ground
level is I'3;=0.1 MHz. The experimental results are in good
agreement with the theoretical simulations, but there are still small
differences between them, it is mainly because of three reasons. First,
there are effects induced by the levels 3’Rb 5D3 5, F=2, 3 shown as the
circled section of Fig. 3 (c) and (h). As a matter of fact, the observed
EIT spectra can be simulated by adding the contributions due to each
of these closely lying hyperfine levels (F=1, 2); this kind of
phenomenon has been investigated by Badger et al. [33]. Second,
we consider only a simple four-level system, ignoring the magnetic
sublevels that might make some small changes to the line shape.
Third, the system is not closed. The upper level 5D5,, decays to other
levels such as 5P3,, 6Py, and 6P 5.

After studying EIT at the exact resonant conditions of the two
coupling fields with atomic transition frequencies, we next study how
these detunings bring changes in the dark resonances of the system. If
the first coupling field detuning is kept at Ac; = 0 MHz and the second
coupling field is detuned from positive to negative (Ac; =130, 60,
—60 and — 130 MHz), then there is a shift in the EIT window (dark
resonance) of the ladder sub-system, as shown in Fig. 4. On the other
hand, Fig. 5 shows the situation that the second coupling field
detuning is kept at resonance Ac; =0 MHz and the first coupling field
is detuned from negative to positive (Ac;=—130, —60, 60 and
130 MHz). Figs. 4 and 5 imply that one can effectively modulate the
shape and location of one EIT window while keeping the other one
unchanged by controlling the detunings of the coupling fields—
something difficult to achieve with one of the sub-systems alone. The
double dark resonances characteristic in a four-level tripod system
has been experimentally demonstrated, and an absorptive resonance
with sub-natural line-width is observed by applying a magnetic field
[34]. The width of EIT windows in the inverted-Y and tripod
configuration system are both mainly affected by the Rabi frequency
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Fig. 6. Red solid curves, experimental measured absorption and the corresponding
dispersion as a function of probe detuning A,. Black dashed curves, theoretical
predictions calculated with parameters Ac; = Ac; =20 MHz; other parameters are the
same as in Fig. 3 (c).

of corresponding coupling fields. While the dark state in the inverted-
Y system usually contains the exciting state, so decoherence in the
inverted-Y system is more larger than that in the tripod system, and
larger decoherence means more residual absorption in the EIT
window [1].

Fig. 6 describes the absorption and dispersion properties for
Ac1 =Ac; =20 MHz, two EIT windows symmetrically appear in the
vicinity of the probe resonance transition, separated by a sharp
absorption peak. In this situation, we can calculate the change in
dispersion over frequency at the center of two EIT windows, which
yield the group refractive indexes ny; = 6.33 and n,, = 7.58 due to the
atomic coherence induced by coupling fields Qc; and Qc,, respec-
tively. By manipulating the intensity of the two coupling fields, the
group velocity in two EIT channels can be controlled independently.
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Fig. 5. Red solid curves, experimental measured absorption [(a)-(d)] and the corresponding dispersion [(e)-(h)] as a function of probe detuning Ap. Black dashed curves,
theoretical predictions calculated with parameters Ac; =0 MHz, (a) Ac; = — 130 MHz; (b) Ac; = — 60 MHz; (c) Ac; =60 MHz; (d) Ac; = 130 MHz; other parameters are the same as in

Fig. 3 (c).
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The two dark resonances emerging in a single transition spectral
line may be used as two adjacent information channels in quantum
communication, where the weak light carriers can have ultra-slow
group velocities due to the steep dispersion. The corresponding
theoretical calculations of the probe absorption and dispersion
properties are also plotted in dashed curves in above figures. The
experimental measured EIT dips are not very deep, the residual
absorption is mainly caused by the atomic collisions and inhomoge-
neous broadening due to Doppler effect, as well as the linewidths of
lasers and the divergence among them. For the purpose of observing
better phenomena, one can get phase-coherent lasers separated in
frequency by the ground-state hyperfine splitting. And the laser
linewidths can be suppressed by feedback locking and phase locking
the lasers used in the experiment.

4. Conclusions

We have studied the phenomenon of EIT and its dispersion
properties in a four-level inverted-Y atomic system. Such a system can
be considered to be composed of a three-level ladder-type system and
a three-level A-type system. The dark resonances of both sub-systems
due to the atomic coherence induced by the two coupling fields
persist in this four-level system without mutually destroying each
other. By manipulating the system parameters it is possible to control
the double dark resonances to be separate or degenerate, companied
with corresponding dispersion properties. The properties of these
dark resonances can be manipulated to design a desired atomic
response, and the dispersion control technique can find important
applications in two-channel quantum communication and informa-
tion storage.
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