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Abstract

We calculated and studied the quantum coherence effects of a degenerate transition F, = 3 <> F, = 2 system interacting with a weak
linearly polarized (with o, components) probe light and a strong linearly polarized (with o.. components) coupling field. Due to the com-
petition between the drive Rabi frequency and the Zeeman splitting, electromagnetically induced transparency (EIT) and electromagnet-
ically induced absorption (EIA) are appeared at the different values of applied magnetic field in both cases that the Zeeman splitting of
excited state Ae is smaller than the Zeeman splitting of ground state Ag (i.e., Ae < Ag) and Ae > Ag. It is shown that the resonance is
broader and contrasts are higher for Ae < Ag than that for Ae > Ag at the same Rabi frequencies of probe and coupling fields.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Quantum coherences and interferences in atomic systems have led to a large number of important effects such as
electromagnetically induced transparency (EIT) [1], coherent population trapping (CPT) [2], lasing without inversion
(LWI) [3], and refractive index enhancement [4]. It was found that these effects have potential applications in quantum
information system, for examples, storage of quantum information in a coherent media [5], quantum computation [4],
quantum logic gate [6], quantum switches [7] and quantum interferometric optical lithography [8]. These phenomena
have been widely studied in typical A-type and V-type three-level atomic systems. However, actual energy levels in
atoms, molecules and solids are degenerate. A substantial enhancement of the absorption of a probe laser could occur
when the drive laser is applied to a quasi-degenerate two-level atomic system forming a N-type scheme [9]. Akulshin’s
group [10-13] extensively studied the effects in atomic Rb vapor both experimentally and theoretically. They summa-
rized that the requirements of enhancement of absorption induced by coherent radiation fields in an atomic system
are as follows: (1) the ground state must be degenerate so that the coherence time between Zeeman sublevels is longer
than that of the spontaneous decay from the upper level to the lower one in order to build up the atomic coherence of
low frequency; (2) 0 < Fy <F, (F, and F, are the total angular moments of the ground and the excited levels, respec-
tively) for not forming CPT in the ground state; (3) the system must be closed. Goren et al. [14] distinguish two different
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kinds of EIA: one is due to the transfer of coherence (TOC) between the excited and ground states via spontaneous
decay. The other can occur when the collision transfer of population (TOP) from the ground state to a reservoir is
greater than that from the excited state. Ying Gu et al. theoretically studied the transitions F, =0« F,=1,
F,=1-F,=0and F,=1< F,=2 [15-17], and concluded that EIT and EIA are obtained due to the competition
between the driver Rabi frequency and the Zeeman splitting. Chengpu Liu et al. reported that the transitions from
EIT to EIA in the A system of near degenerate levels is due to a spontaneously generated coherence, i.e., relative phase
of the two applied fields [18]. The experimental showing of the transfer of EIT into EIA for the case of F, < F, was
given by Soo Kyoung Kim et al., recently [19].

Most schemes used to explain these effects were concentrated on A-type, V-type three-level, N-type four-level or sim-
ple degenerate two level atomic systems. With the investigation of multicoherence experimentally and theoretically, many
newer and more complex quantum coherence effects are related to the interactions between multi-field and multilevel
systems. Possessing two transparency points and three absorption peaks, double dark states resonance and double
EIT have attracted great interest in dipole quantum well laser and quantum computer [20]. In this paper, we use optical
Bloch equations to study the quantum coherence effects induced by the competition between the coupling field and the
Zeeman splitting, when two independent linearly polarized coherent fields interact on the transition F, =3 < F, =2 em-
ployed as a degenerate two-level system, which can be realized in the hyperfine transition between the states 625
(F=3) and 6° P (F=2) of Cs. Compared to the results in [17] in which EIA occurs in the case that the Zeeman split-
ting of excited state Ae is equal to or smaller than the Zeeman splitting of ground state Ag (i.e., Ae < Ag), the EIT and
EIA in the system of transition F, =3 < F, =2 are obtained in both cases of Ae < Ag and Ae> Ag due to the multi-
coherence induced by multilevel transitions. On the whole, the degenerate two-level atom system that Ying Gu group
and other groups have studied are the one that the driven field is the linearly polarized light interacting on the transition
Mp, < Mp, = M, and the probe field is the other linearly polarized light which has left circular polarized and right
circular polarized components interacting on the transition My, <+ My, = My, £ 1. In this paper, however, not only
the probe field but also the driven field are the linearly polarized light which include left circular polarized and right
circular polarized components interacting on the transition My, <> My, = My, 1. So both the driven field and the
probe field interact on all sub-levels of ground states while the driven field or the probe field doesn’t interact on some
sub-levels of ground states in original patterns. It results in that the population distribution on the sub-levels in our
model is different from the original patterns. Therefore, the different phenomena will appear. Not considering Doppler
effects, this work is relevant for cold Cs atoms.

2. Optical Bloch equations

Let us consider the transition F, =3 <> F, =2, as shown in Fig. 1, driven and probed by two linearly lights with
frequency o, and w,, respectively, which co-propagate along the vector direction of static magnetic field. According
to the Zeeman effect, both fields have two equal left and right polarized components ¢ as long as the polarizations
of two fields are orthogonal to the vector direction of static magnetic field. Whatever the polarizations of two fields
are orthogonal or parallel to each other. Here o light interacts with the transition My, =i« Mp, =i+ 1 with
i=0, &1, £2. The excited states are expressed as |e_;), |e_1), |eo), |e1) and |e;), while the ground states are |g_3),
lg—2), 1g-1)> |go), |g1), |g2) and |g3). Only the decay of the atomic levels due to spontaneous emission (I',, = I') and col-
lisions (I',, = I'ge = I'y) that result in dephasing of the coherences and exchange of population between the Zeeman sub-
levels are considered [15-17]. In rotating-wave approximation, the temporal evolution of the density matrix of the
system is governed by

. 1 .
pe,gj = % Z(Veigkpgkgj - pe,ek Vekg/) - (lweigj + yeg)pe,-g/7 (1)
k
. 1
Peie; = I Z(Vefg/cpgk@, ~ Peg Vg/;et) — (T + 4F0)p€i€i + 1o Z Peje;> (2)
k J#i

Fig. 1. Zeeman sub-level structure for a transition F, = 3 <> F, =2 and configuration of laser field. The drive and probe fields are both coherent lights
which have circularly polarized components o... Solid lines represent the drive field, and dashed line is for probe field.
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Poe, = % Zk:(Ve;gkpgke, — P Vere)) = (e, T Vo) Pores» (3)
Peig, = % ;(Vg;ekpekg, = PgeVeg) = 6L0pge + 1 Zzpc,c, + I ; Paye 4)
f— i
o = 1 D>V sebas, ~ PaaVeun) = W0+ 1), (5)
where V., represents the interacting energy for the le;) — |g;) transition; w,,., = @, — ., and Wgig, = Wg, — g, denote the

Zeeman spllttmg of excited state and ground states, respectively; wy, = g B/ (i =j£ 1) is the Raman detunmg in-
duced by the magnetic field of strength B, where g, (k=e or g) is Lande factor, , is the Bohr magnetron;
e, = W, — g, 1Is transition frequency between excited and ground degenerate levels; 7y, =71 +4I,
Veg = 1T + 10 0), and y,, = 61"y are decay rates corresponding to different transitions. Ignoring the effect of spatial var-
iation of the field amplitude, the interaction energy for the transition from level g; to e; is written as

Veg, = hV e (0c)e ™ + AV g (wp)e " with i =0, £1, £2, j =i+ 1. Here, the magnitudes of 2V, (w,) = Heyg E o/ 21

and 2V, (o) = Heyg B / 221 are the Rabi frequency of probe and drive fields, respectively. The dipole moments of tran-

sitions are taken as He rg 3 = Hergy = —\/1—?4,[1, He rg | = Hergy = _\/%M’ He gy = Hepgy = — ﬁ’u’ He 1gy = Heigy = _\/%/“L and
Hepg | = Heyg, = —1/ 13t for Cs D; line data [21].

Considering the condition that the drive light is much stronger than probe light, we treat drive field to all orders in its
Rabi frequency and meanwhile probe field to first order, then Pesg, oscillates at three frequencies [22,23]: the pump fre-
quency a,, the probe frequency w, and the four-wave mixing frequency 2w, — w,. We therefore express Peg, in terms
of its Fourier amplitudes as:

Peg; = p61g,-(w0) e 4 Peig, (wp) e + P, (2w — )eim(vc*wp)l- (6)

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

—i(wp—ac)t

Prik Pkl + Prk, (0 — O Pk, (@p — )€ 5 (7)

where pkl_,(j(wC — wp)e ) and py (@, — a)e @) are population and coherence oscillations at frequencies . — @,
and w, — .. In the steady state, we obtain a set of linear equations for the Fourier amplitudes:

peie;(wp - (’UC) = [I(CIJP - (’OC) <7F + 4F0)}pe iei wp C IZ pe,g;L wp 8/&1( O‘)C)

- Ve,'gk (wC)pg,{e[(wP - 20)0) - Ve,-gk (wp)pgke;(_wc + FO Zpe/e/ (’Up - wC)’ (8)
J#

,be,-e,(wp — ) = [i(wp — W — weiej) - Vee]pe,ej(wp — o) — iZ[pe;gk (wp) nge/(_CUC)
%

- V‘-’igk (O)C)pgke_,(wp - 2(’00) - Vfigk(wp)pgke,-(_wC)L (9)
pg,-g,-(wp - O)C) = [i<wp - wC) - 6F0}pg,g,(wp - G)C) + i Z[pekg,-(wp)Vgiek <_w0) - Vc’kgi(wc)pgie/c(wp - 2wC)
- Vekgi(wp)pg,‘ek(_wc)} + FZ pejej( wC + 1T Z pg g (,Oc), (10)
J J#i

lbg,-g,(wp - wc) = [l(wp — We — wg,gj) - ygg]pg,g,(wp - wc + IZ pqg,- wp) Vg,ek(_wf:)
k
- Vekg,-(wC)pg,-ek(wp —2wc) - Vekg-(wp)Pg,.ek(_wc)L (11)

pe,gj( p) = [y — e/g,) yeg]pe,gj(wp) —1 Z[pe ek Lkg](wp) Ve, (wp)ngg,]
+ Z[pe,ek (wp — o) Vm;g,-(wc‘) —Veg, (wc)ngg,(wp - a)c)]}, (12)

Pes, 2w — wp) = [i(2wc — wp — eg,) — Veg]pe,-g,<2wc —wp) — i{Z[pe,-ek (e = @p)V ey, () = Vg, (wc)pgkg/ (0 — wp)]}-
%

(13)
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Since we are only interested in the steady-state results, we set the time derivatives of the Fourier amplitudes in Egs. (8)—(13)
equal to zero. When the system is closed, it satisfied the relation: ) .p,, + > Peg, = 1 with i=0,+1,4+2 and
J=0, 1, £2, £3. And if the relation p;;(w;) = p;.(—wk) is taken into account, these linear equations are readily solved.

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

Imy(p) oc Im{[s, o (P s, (@p) F Pergy (@p)) + te g (Pe g (Pp) F Peye, (@p)) + b g, (P15, (@)
+ pe]gz (wp)) + ﬂeflgo (peflg() (wp) + pe|g0 (wp)) + :u’egg,l (peog,l (wP) + peogl (wp))]/(Veogq /Veg)}' (14)

3. Numerical calculation results and discussions

To model the quantum coherence effects of transition F, = 2 <> F, = 3 shown in Fig. 1, we first define the parameters in
the Bloch equations. If y,, is normalized to 1.0, then we have I' = 0.282, I'y = 0.01I" = 0.00282, y,, = 7' + 4I'o = 1.983 and
Vee = 610 = 0.01692. The frequency detuning of drive light is 4 = 0. — and the frequency detuning of probe is
0 = 0p — W, For simplicity, we have V,,, (»,) and Vg (o) to be real.

We first consider the case of degenerate two-level atomic system (i.e., B =0 or Ae = Ag = 0). It can be treated as a super-
position of 10 A-type sub-systems (Mp, =i+ 1 My, =i+ Mp, =iF 1 withi=0,4+1,£2) and 10 pure two-level
Mp, =i—1 Mg, =i Mp,=i—1and Mp, =i+ 1 Mg, =i« Mg, =i+ 1) sub-systems.

The absorption of the probe field as a function of the frequency detuning of probe field for different Rabi frequency of
the drive light is shown in Fig. 2. When V. is taken to be 0.5, EIT appears (see Fig. 2(a)) in the center of the spectrum. Here
V.=E./2v/2 and V,=E,/ 2v/2. When V. is increased to be 1.5, three transparency peaks emerge (see Fig. 2(b)). On fur-
ther increasing V-, the spectrum (see Fig. 3) is similar to the typical Mollow absorption spectrum (MAS) observed by Wu
et al. [24]. If the drive field has detuning 4, the transparent point of EIT is shifted with the detuning (see Fig. 4(a)). It is seen
that with the detuning increasing, the transparent gets more like dispersion curve (see Fig. 4(b)).

When a magnetic field is applied, the degeneracy is broken and Zeeman splitting is non-zero. In this case, not only the
coherence between the Zeeman splitting and drive field, but also the coherence among the Zeeman splittings belonging to
different states, should be considered. Note that the Zeeman splitting Ae (or w,,.,) of the excited state is normally not equal
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Fig. 2. The absorption of the probe field as a function of the frequency detuning of probe field for different Rabi frequency of the drive light in the case of
degenerate two-level atom system (i.e., B=0). (a) V.=0.5; (b)V.=1.5. Here V,,=0.01, I =0.282, I'y = 0.00282, 7, = 1.983, 7,,=0.01692 and the
frequency detuning of drive field 4 is zero.
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Fig. 3. The Mollow absorption spectrum of the degenerate two-level atomic system as a function of the frequency detuning of probe field at V. = 3.5. Here
Vo =0.01, I' =0.282, I'y = 0.00282, ., = 1.983, 74, = 0.01692 and the frequency detuning of drive field 4 is zero.
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Fig. 4. Absorption of the degenerate two-level atomic system as a function of the frequency detuning of probe field with the frequency detuning of drive
field 4 no zero: (a) 4 =1; (b) 4= 1. Here ¥, =0.01, I' = 0.282, I'y = 0.00282, ., = 1.983, 7,, = 0.01692.

to the splitting Ag (or w,,,) of the ground state. In the following subsections, the absorption spectrums are discussed for
Ae > Ag and Ae < Ag, respectively.

3.1. The Zeeman splitting Ae > Ag

Fig. 5 shows the quantum multicoherence effects with the Zeeman splitting Ae = 0.93 * B, Ag = 0.35 * B (here B is the
intensity of magnetic field, CGS units), which corresponds to the actual Zeeman splitting of 62S1/2 (F=3) and 62P3/2
(F = 2) states of Cs atoms.

As shown in Fig. 5(a) and (b), when the intensity of magnetic field B is increased from B = 0.1 to 0.4 (Zeeman splitting is
also increasing, but it is small compared to V), the spectrum changes from EIT to EIA. On further increasing the intensity
of magnetic field B, the absorption peak becomes wider (see Fig. 5(c)). If the intensity of magnetic field B becomes big
compared to V. as shown in Fig. 5(d), the spectrum at resonance turns into transparency again; three transparency win-
dows and two absorption peaks are observed in this case.

3.2. The Zeeman splitting Ae < Ag
When we consider the case for Ae < Ag, which corresponds to the actual Zeeman splitting of 6°S, 2 (F=4) and 62P3/2

(F=3) of Cs atoms (Here Ae =0.00056 * B, Ag = 0.35 * B), the EIA effect induced by multicoherence is enhanced. As
illustrated in Fig. 6(a) and (b), in which the parameters V., B are taken to be the same as we take in Fig. 5. It is obviously
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Fig. 5. The absorption of the probe field as a function of the frequency detuning of probe field for different Rabi frequency of the drive light with Zeeman

splittings Ae =0.93 * B and Ag=0.35* B. (a) B=0.1; (b) B=0.4; (c) B=0.7; (d) B=1.2. Parameters: V. =0.8, V,=0.01, I'=0.282, I'y = 0.00282,
Yee = 1.983, 74, =0.01692 and 4 = 0.
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Fig. 6. The absorption of the probe field as a function of the frequency detuning of probe field for different Rabi frequency of the drive light with Zeeman
splittings Ae = 0.00056 * B and Ag = 0.35* B. (a) B=0.1; (b) B=10.4; (c) B=0.7; (d) B = 1.2. Parameters: V.= 0.8, V[, = 0.01, I' = 0.282, I'y = 0.00282,
Yee = 1.983, 75, =0.01692 and 4 = 0. It is seen that the EIA effects in (b) and (c) is clearly more prominent than that of (b) and (c) in Fig. 5.

seen that the absorption peaks in Fig. 6(b) and (c) are higher than that in Fig. 5(b) and (c). When B is further increased, the
spectrum of EIA turns into transparency (see Fig. 6(d)), but it is smaller than that shown in Fig. 5(d).

It is noted that when we keep the Zeeman splitting of ground state Ag fixed, the EIA effects become stronger with the Ae
decreasing. For the case of Ae = Ag, it is easy to deduce that the quantum coherence effects are between the cases of
Ae < Ag and Ae > Ag. Thus both the EIT and EIA can be obtained in this case.

4. Conclusions

Quantum coherence effects of Zeeman hyperfine splitting among two-level atomic system are studied when two indepen-
dent linearly polarized coherent lasers interact on a degenerate two-level system, which is put in a static magnetic field.
Both polarizations of coherent fields are orthogonal to the vector direction of static magnetic field and they both have
two equal left and right polarized components o¢. interact with the transition My, =i« My =i+ 1 with
i=0, 41, £2. If the intensity of magnetic field is zero, i.e., no Zeeman splitting, the atomic system is degenerate, only
EIT can be found. Increasing Rabi frequency of the pump field, three transparency windows emerges in the spectrum,
and when the Rabi frequency of the pump field is further increased, we can find that the typical Mollow absorption spec-
trum appears. If a magnetic field is applied along the light transmission direction, the degeneracy is broken, thus the mul-
ticoherences are introduced, and both the EIT and EIA are obtained at the different values of magnetic field. It is also
shown that the ETA are more marked under the condition of Ae < Ag than that in Ae > Ag.
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