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Abstract

Widening and shifting the EIT windows in a closed transition F, = 2 <> Fy =3
driven by linearly polarized coupling lights and probed by circularly polarized
lights are observed in Cs vapour. It is shown that by increasing the strength
of magnetic field i.e.Zeeman splitting in the upper and lower levels, the
electromagnetically induced transparency window is divided into two windows
and the EIT maxima are shifted away from the zero detuning. In the contrast,
if the strength of the magnetic field is fixed and the Rabi frequency of
coupling beam is increased, the two EIT windows become wider, and the
gap between the two EIT windows becomes smaller and smaller. These effects
are also theoretically discussed and they are qualitatively in agreement with the
theoretical results.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

It is well known that quantum coherence and interference between atomic states can lead to
many interesting and important phenomena, such as electromagnetically induced transparency
(EIT) [1], electromagnetically induced absorption (EIA) [2], coherent population trapping
(CPT) [3], lasing without inversion (LWI) [4] etc. In addition, they have many applications in
the enhancement of the refractive index [5], slow light and storage of quantum information in a
coherent medium [6], the design of highly sensitive magnetometers [7], quantum computation
[5], the quantum logic gate [8], quantum switches [9] and quantum interferometric optical
lithography [10].

In the past, most of the investigations about quantum coherence were carried out in three-
level atomic systems, in which an atomic coherence of EIT was induced in an atomic system by
two distinct optical fields (coupling and probe fields). However in a practical atomic system,
atomic transitions often involve magnetic sublevel structures that can lead to interesting
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and complex variations of absorption due to the coherence between the coupling field and
the Zeeman splitting. Recently Akulshin and co-workers reported the first experimental
observation of EIA in a degenerate two-level atomic system [2]. Later, they analysed the
spontaneous transfer of the atomic coherence (TOC) between degenerate excited states to the
atomic coherence between degenerate ground states that played a key role in the occurrence of
EIA (called EIA-TOC) [11, 12], and discussed the dependence of EIA on the field polarization
[13]. Goren et al [14] concluded that not only the TOC but also the collision transfer of
population (TOP) from the ground state to a reservoir can lead to EIA peaks in the absorption
spectrum of a degenerate two-level system, and explained why EIA can also occur in open
systems, and also why it occurs when the coupling and probe beams interacting with a closed
F, < F. = F, +1 with F, > 0 hyperfine transition have the same polarization rather than
different polarization as in the case of the EIA-TOC. Furthermore, it was reported that the
EIA effect in an open system regardless of angular momentum was experimentally obtained
in a degenerate two-level atomic system [15]. Ying Gu et al theoretically studied the quantum
coherence effects induced by the competition between the coupling field and the Zeeman
splitting in a degenerate two-level atomic ensemble; it is predicted that the possible transition
from EIT to EIA due to the shifting and widening of EIT windows can happen for closed
transitions . = 0 < F, = 1 and F; = 1 < F, = 2 when the atomic system is driven
by linearly polarized 7 light and probed by transverse light with two equal left and right
components o4 [16, 17]. The experimental demonstration of Gaussian light pulse propagation
from subluminal to superluminal based on the transition from EIT to EIA by changing only
the power of coupling light was done in the Cs D2 line of 6%S; pFy=4) < 6%P; p(Fe =3)
[18].

In comparison with the typical three-level system, the degenerate two-level system (DTLS)
can give rise to a wealth of different configuration coupled by the optical fields [19]. In
DTLS, the actual number of involved sublevels is larger and this introduces diversity in
the matrix elements describing the atom—field coupling, thus the system could be treated
as the superposition of several three-level and pure two-level subsystems; the absorption
spectrum is a combination of EIT and Mollow absorption spectra. Because of the competition
between the EIT and absorption effects due to the interplay between the dominance of Rabi
frequency and Zeeman splitting, the multi-coherence will be involved in DTLS. In this work,
we experimentally discuss the effects of competition between the Rabi frequency of the
coupling beam and the Zeeman splitting on EIT in the transition F, = 2 <> F; = 3 of D2 line
of a Cs ensemble. The splitting, widening and shifting of EIT windows are observed. And
furthermore, we qualitatively compare these experimental results with numerical calculations.
The splitting of EIT window due to the Zeeman splitting was always reported in a three-level
atomic system [20]. It was shown that a single EIT window became wider and its transparency
maximum was shifted when a detuned coupling beam was applied in the three-level atomic
system [21]. In this study, a degenerate two-level atomic system is involved in discussion about
the multilevel induced coherence. Because of the Zeeman splitting, a single EIT window is
divided into two symmetrical EIT windows, and both of the two transparency maxima become
wider and shift their position with the increase in the power of the coupling beam and the
magnetic field. This effect might be developed in subluminal and controllable propagation of
more than one slow pulse lights in an atomic system.

2. Experimental set-up and results

The hyperfine energy levels structure of the caesium atom is shown in figure 1. The
transition 6S;,,(F; = 3) < 6P3,2(F, = 2) of the Cs D line is employed as a degenerate
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Figure 1. The energy level configuration of Cs D line.
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Figure 2. The experimental set-up. PBS: polarizing beam splitter; PD: photodetector; HWP:
half-wave plate; OS: oscilloscope.

two-level system, the coupling and probe laser lights with frequency of w. and w, are
interacted with the two-level system, and they propagate in the same direction (i.e. Doppler-free
configuration) through the Cs atoms cell. Due to the Doppler-free configuration, the same
groups of atoms ‘see’ both the coupling and probe beams on resonance with transition
6S1/2(Fy = 3) <> 6P3/2(F. = 2) at the same time. In this case, the system is considered as a
closed system since there is no more possibility for atoms in excited state decay to the ground
level 6S;/>(F, = 4) because of selection rules for electric dipole transition.

The experimental set-up is shown in figure 2. Two external cavity diode lasers (TOPTICA;
DL100) with less than 1 MHz line width are used as coupling and probe laser lights,
respectively. Both of the two beams have been spatially filtered to produce a quasi-
Gaussian beam profile with a beam diameter of 2 mm. The coupling laser is locked to
the resonant frequency of 6S;,,(F, = 3) <> 6P3/,2(F. = 2) transition; it propagates through
the optical isolator and half-wave plate, and then passes through a 5 cm long Cs cell at
room temperature. The probe light is scanned by a piezoelectric ceramic in the vicinity of
the transition 6S/,,(Fy = 3) <> 6P3,(F. = 2), the beam passes through the other isolator
and half-wave plate, and overlaps with the coupling laser by a polarizing beam splitter before
the Cs cell. The extinction ratios of the polarizing beam splitter are greater than 25 dB,
thus the polarizations of two beams are well linearly polarized and their polarizations are
orthogonal to each other. The frequencies of two lasers are monitored using Doppler-free
saturated absorption spectroscopy. In order to define the coupling beam as the 7 polarization,
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Figure 3. The transmission spectra of the probe beam as a function of probe detuning with different
magnetic field strengths B. The intensity of the coupling and probe lights are P, = 3.36 mW and
P, =0.304 mW. (a) EIT spectrum with the strengths of magnetic field B =0 Gs. ((b)—(f)) Separated
and shifted EIT peaks with B = 2.8 Gs in curve b; B = 8.4 Gs in curve ¢; B = 14 Gs in curve d;
B =19.6 Gs in curve e; B =25.2 Gs in curve f.

we apply a weak magnetic field along the polarization direction of the coupling beam by a pair
of Helmholtz coils, the quantization axis of magnetic field is perpendicular to the polarization
direction of the probe light; we can treat the probe light as a transverse light with two equal
left and right components o.. After passing through the Cs cell, a polarizing beam splitter
separates the probe and coupling beams, and only the probe beam is detected by photodiode
and recorded by a digital oscilloscope.

Figure 3 shows the transmission spectra of a probe beam as a function of the probe detuning
with different strength of magnetic field B. The total Rabi frequencies of the coupling and
probe lights are fixed to be Z. = 29.6 MHz and Z, = 8.9 MHz respectively, which is deduced

from the definition about the Rabi frequency of light @ = T" x «/% ,here I = # mW cm—2
is the power density of the field, and the saturation intensity is Iy = 1.65 mW cm™2. The
corresponding powers of coupling and the probe beams are 3.36 mW and 304 u'W. The strength
of the Helmholtz coils is tuned from 0 Gs up to 25.2 Gs, as shown in figures 3(a)—(f).

During the measurement process, the frequency of a coupling laser is locked to the line
of F = 3(6S12) <> F' = 2(6P3,,) using a standard technology of a saturation absorption
spectrum; the probe laser is scanned across the transition of F = 3(6S;/2) <> F' = 2(6P3).
When we switch off the magnetic field, as is expected for quantum coherence in general
degenerate two-level system, the transmission of probe laser after the vapour cell shows
that the EIT effect is observed, as is shown in figure 3(a). If we switch on the magnetic
field, the degeneracy of both excited and ground levels is broken, and the Zeeman sublevels
appear. Because of the coherence between the Zeeman sublevels and coupling field, and also
the coherence among the Zeeman sublevels, the transmission spectra change. It is seen in
figure 3(b) that the transparency peak begins to split. When the strength of magnetic field B
is continuously increased, the EIT window breaks up into two peaks with a gap between them
as shown in figure 3(c). Furthermore when the strength of magnetic field B is increased to be
larger, the two peaks get apart from each other as seen in figures 3(d)—(f ). And it is obviously
seen that both the two transparency maxima shift their position away from the region of zero
detuning with the strength of magnetic field increasing.
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Figure 4. The transmission spectra depending on the intensity of the coupling beam. The strengths
of magnetic field and probe beam are B = 9.8 Gs and P, = 0.304 mW. ((a)~(f)) The two EIT
peaks become wider with the intensity of the coupling beam increasing. Curve a for P, =
3.37 mW; curve b for P. = 6.44 mW, curve ¢ for P. = 9.33 mW, curve d for P. = 12.4 mW; curve e
for P, = 15.3 mW; curve f for P, = 18.4 mW.

Figure 4 shows the transmission spectra with varying the intensity of coupling beam when
the strengths of magnetic field B and probe beam are fixed. The strengths of magnetic field
B and the power of probe beam are taken to be 9.8 Gs and 304 W, respectively. It is seen
in figures 4(a)—(f) that both the two EIT windows become wider as the intensity of coupling
beam is increased from 3.37 mW to 18.4 mW, which correspond to the Rabi frequency from
29.6 MHz to 69.5 MHz. It causes the effect that the gap between two EIT windows becomes
smaller and smaller.

It may be noted that the separated two EIT windows should be symmetrical in their
heights and positions. The experimental results we obtained show that the two windows are
not in a good symmetrical pattern as we predict. It mainly comes from the effect of Doppler
broadening, which is theoretically discussed in the following part.

In order to find a qualitative explanation of above phenomena, we use the theoretical
model proposed by Ying Gu et al [17] for transition Fy = 2 <> F. = 1 to get the numerical
calculation for the transition Fy, = 3 < F, = 2, which satisfy the conditions F, > F;
and Fy, F. < 0.

3. The theoretical analysis

Figure 5 shows a degenerate two-level system for transition F, = 3 <> F. = 2. It is driven
by a linearly polarized o field with frequency w, and probed by circularly polarized o field
with frequency wp. The excited states are expressed as |e_3), [e_i), |€o), |e1) and |e2), while
the ground states are |g_3), |g—2), 1g-1), |g0), 1€1), |g2) and |g3). The system is assumed to
be closed without leakage to the outside. Only the decay of the atomic levels I due to the
spontaneous emission, as well as the decay I'y between the ground sublevel states or excited
sublevel states resulted from collisions is considered. In rotating-wave approximation, the
evolution equations for the atomic variables are given by

Z (Ve,gkpgkgj — Pe;ey Vekgj) - (iwe,-gj + Veg),oe,gj, (1)
k

S| =

peigj =
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Figure 5. Schematic energy level diagrams for transition Fe = 2 <> Fy = 3 driven by linearly
polarized 7 light and probed by circularly polarized o light.

i'Oe,»e,' = % Z (Veigk Pgre; — Peigs nge;) - (7F + 4F0)peie; + 1—‘0 Z ,Oejej s (2)
k i
Peje; = % Z (Veigk Pge; — Peigy ngej) - (iwe,ej + Vee)ﬁeie,, ®)
k
; 2
Peigi = 7 Z (Verer Perer = Peie Vergr) — 6T0Pgg, + T Z Peie; + To Z Pgjg;> “)
k i=—2 i
i .
Pgig; = 7 Z (ngekpekgj — Pgiex Vekgj) - (lwgig_;’ + Vgg)ﬂgigp &)
k

where we,e; = we, — we; and Wg,o; = Wy, — Wy, denote the Zeeman splitting of excited state and
ground states, respectively; wyx, = gkpoB/h (i = j £ 1) is the Raman detuning induced by
the magnetic field B, where g; is the Lande factor for k = e or g, and pu, is the Bohr
magnetron; @e,, = e, — Wy, is the transition frequency between excited and ground
degenerate levels. The y.. = 7I" + 4Ty is the decay rate of the excited-state coherence,
modelling collisions. y,s = 6@y is the decay rate of the ground-state coherence, modelling
collisions. Y = %(7F + 10T) is the transition decay rate between the excited states
and ground states. Ignoring the effect of spatial amplitude, the interaction energies for
the transition |e;) < |g j> are written as Ve,g, = Ve,q, (@p) e and Vg, = 7 Vg (00c) €710
with i = 0, £1,42, j =i = 1. Here the magnitudes of 2V,g, (wp) = fie,g; Ep/2"/?h and
2Ve,0 (0¢) = [he,o; Ec/2"/*h are defined as the probe and the drive Rabi frequency, respectively.
Let Vi, g, (wp) and V¢, (w.) be real for simplicity. The dipole moments of transitions are

5 1 1
Me_1g, = Hejgy = 74/ 21 M Me_ gy = Mejgy = _\/;H‘a Hepgy = Mepgr = = 1a M
— —_ /4 d = _ /3
I"Le—]gfl - H‘elgl - 21:“ an “’eogo - 14:““

for a Cs atom [22].

Considering the condition that the coupling light is much stronger than probe light, we
treat coupling field to all orders in its Rabi frequency and meanwhile probe field to first order,
then p.,q; oscillates at three frequencies [23, 24]: the pump frequency w,, the probe frequency
wp and the four-wave mixing frequency 2w, — wp. We therefore express pe,q, in terms of its
Fourier amplitudes as

. i
Peig; = Peig; (wp) e + Pe;g; Qo — wp) e i wp)t’ 6)
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Figure 6. The theoretical transmission spectra of the probe beam versus probe detuning with
different strengths of magnetic field B. (1) kycv = 0; (2) kpcv = I'. The intensities of the
coupling and probe lights are V. = 5.92 MHz and V;, = 0.89 MHz. Curves a, b, c, d, e and f are
forB=0Gs,B=2.8Gs,B=8.4Gs,B=14Gs,B=19.6Gs and B = 25.2 Gs.

and p.,,, in terms of its Fourier amplitudes as
—iwe —iQwe—
Peigi = Pe;g; (@c) € ol 4 Pe;g; Cw. — wp) € (Gocep)t, (7N

Similarly, the populations and coherences within the same hyperfine level can be written as

—i(we—wp)t

de —iwp—a
Prik; = Pigk, + Prk; (0c — wp) € + Pk, (wp — @) e @@, ®)

where pyi, (we — wp) e~ and pyy, (wp — @) 7@~ are population and coherence
oscillations at frequencies w. — wp and w, — w;, respectively. The system is closed, so it
satisfies the relation: ) ; pe,e; + Zj Pge; = L withi =0, £1,%2, j =0, £1,42, £3.
Initially, the atoms have equal incoherent population in the ground-state sublevels.

The probe absorption is calculated from the imaginary part of the susceptibility x (wp).
For transition F, =2 < F, = 3, we have

ImX (wP) & Im{ [I‘Le—ng (pefzg—z (wp) + pezgz (wp)) + /’Le—zg—l (pe—zg—l (wp) + pezgl (wp))
+ l’l’e—lg72 (pe—lg—z (a)P) + peng (wp)) + Me—lgo (pe—lgo (wp)pelgo (a)P))
+ [eog_, (Ioegg,l ((Up) *+ Pegg; (wp))]/(veogfl /Veg) } 9

To model the quantum coherence effects of the F, = 2 <> F, = 3 transition shown in
figure 5, we first define the parameters in Bloch equations. We set I' = 5.2 MHz, i.e. the
natural line width of Cs D line [22, 25]. So it can be deduced that ye, = 2% = 19.0 MHz,
['p =0.03I' = 0.156 MHz, y,. = 7T" +4I'g = 37.0 MHz and y,, = 6I'g = 0.936 MHz. The
drive field detuning is A = w, — we,g,, and the probe field detuning is § = wp — we,g, -

When a magnetic field is present, the Zeeman splitting in the excited and ground states
occurs simultaneously, the degeneracy of the two-level system is broken. In this case, not only
the coherence between the Zeeman splitting and coupling field, but also the coherence among
the Zeeman sublevels, should be considered. Note that the Zeeman splitting Ae(or we,¢,) of the
excited state is always not equal to the splitting Ag (or wg,go) of the ground state. According
to the data of Cs atoms for the hyperfine levels of 6S;/,, F, = 3 and 6P3),, F. = 2, we take
Ae = pup x gr X B/h (gr =2/3), Ag = up x g X B/h (g = 1/4).

The theoretical transmission spectra of the probe beam as a function of the probe detuning
for different strengths of magnetic field B are shown in figure 6(1). The intensity of
the coupling and probe lights are taken to be V. = Vi (w.) = 5.92 MHz (i = 0, +£1),
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Figure 7. The theoretical transmission spectra of the probe beam depending on the intensity V
of the coupling beam with fixed strength of magnetic field B = 9.8 Gs and probe beam V, =
0.89 MHz. (1) kp.cv = 0; (2) kpcv = I'. Ve = 5.92 MHz in curve a; V. = 8.17 MHz in curve b;
Ve =9.89 MHz in curve c; V. = 11.5 MHz in curve d; V. = 12.6 MHz in curve e; V., = 13.9 MHz
in curve f.

Vp = Ve, (wp) =0.839 MHz (j =i =+ 1). Consider the real transition of F, =2 < F, =3,
in which five coupling fields V. and ten probe fields V, interact with the Zeeman sublevels,
thus the total Rabi frequencies of coupling and probe fields (Z. and Z,,) are five and ten times
of V¢ and V), respectively. Curve ‘a’ in figure 6(1) is the standard spectrum of EIT when we
take B = 0 Gs; as experimentally measured in figure 3, when the magnetic field is present, the
EIT window is divided into two windows due to the multi-coherence induced by the Zeeman
multilevel states (curve ‘b’ with B = 2.8 Gs). We can see from curves c—f that, by increasing
the magnetic field, the two transparency maxima of EIT windows are shifted its position
from resonance to off resonance. Comparing figure 6(1) with figure 3, we find a qualitative
agreement between theoretical and experimental results.

Then, when we fix the strength of magnetic field B = 9.8 Gs and the Rabi frequency
of probe beam V, = 0.89 MHz, it is seen that with the increase in the Rabi frequency of
coupling light V., both the EIT windows become wider as shown in figure 7(1). Curves a, b,
¢, d, e and f are for 5.92 MHz, 8.17 MHz, 9.89 MHz, 11.5 MHz, 12.6 MHz and 13.9 MHz,
the corresponding total Rabi frequencies are 29.6 MHz, 40.9 MHz, 49.5 MHz, 57.5 MHz,
63 MHz and 69.5 MHz. Obviously these effects are in agreement with the experimental data
in figure 4.

The above derivation ignores Doppler broadening from the thermal motion of the atoms.
The effects of Doppler broadening to the results can be included in the terms of laser detuning.
In our experimental scheme, the drive and probe beams copropagate and their frequencies
are very close, thus an atom moving towards the driven and probe beams with velocity v,
‘sees’ their frequencies upshifted by an amount k; cv,, and k, . is the wave number for the
coupling and probe laser, v, dependent quantities thus obtained are then averaged over a given
velocity distribution f(v,), which is the Gaussian distribution function of atomic velocities
fv) = - e /", Here we do not perform such average operation but merely give a

VT

qualitative analysis through replacing the detuning by A = A +k.v and § = § + kpv with

v o /(v2) and (vZ) = [v?f(v.)dv,, where v = /2kgT/M is the most probable speed of
atoms at given temperature 7, M is the atomic mass and kg is the Boltzmann constant. In our
numerical discussion, we set kp ;v = I', with which the simulation curves (see figures 6(2)
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and 7(2)) are approximately matched with the experiment results, in which the non-Lorentzian
lineshapes of EIT windows are observed, thus we can conclude that the main reason for the
unsymmetrical EIT resonances comes from the effect of the Doppler broadening.

4. Conclusion

The effects of widening and shifting the EIT windows are observed experimentally in a two-
level system of Cs vapour cell with two orthogonal polarized laser beams. It is shown that
the multi-coherence induced by Zeeman sublevels leads to the splitter of EIT windows, and
furthermore, it also results in the shift of transparency maxima with increasing the Zeeman
splitting. On the other hand, when we increase the Rabi frequency of the coupling field,
the splitting two EIT windows become wider caused by the coherence between the Zeeman
splitting and drive fields. These phenomena are well explained by optical Bloch equations for
the transition Fy =3 < F, = 2.
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