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Coherent hole burning and Mollow absorption effects in the cycling transition
Fe=0-F4=1 subject to a magnetic field
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With saturation and probing by circularly polarized fields, quantum coherence effects are investigated for the
cycling transitionFe=0+F4=1, which is subject to a linearly polarized field and a magnetic field. The
saturation field is applied to the case of maximum coherence between the drive Rabi frequency and magnetic
field, corresponding to the electromagnetically induced absorgibk) with negative dispersion found by Gu
et al. For a small saturation Rabi frequency, holes are burned in two Autler-Towns peaks outside two sym-
metric electromagnetically induced transparency windows due to the two-photon resonance. However, when
the saturation Rabi frequency is comparable with the drive Rabi frequency, holes caused by the coherent
population oscillation appear in the EIA spectrum. Finally, when the saturation Rabi frequency is large enough,
several emission peaks are observed due to the Mollow absorption effects. Furthermore, the dispersion at the
pump-probe detuning center is kept negative with an increase in saturation field, which is a precursor of
superluminal light propagation.
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I. INTRODUCTION with negative dispersion is report¢d0]. Also for this tran-
sition, in this work, the saturation fields are addedetailed
bcescription in Sec. )l We find coherent hole burning and
foliow absorption in the original EIA spectrg20] with
varying the saturation field.

In the following, we will investigate the quantum coher-

Recently, quantum coherence effects in degenerate atom
systems have attracted great interest. On the one hand, th
possess the general features of theand V-type systems,
such as electromagnetically induced transpargfdy) [1],
coherent population trappin@CPT) [2], and the enhanced

netically induced absorptio(EIA) have been predicted and Zeeman splitting, the quantum coherence reaches the maxi-
observed in the degenerate systems due to the atomic cohefy, -, namely E,IA with negative dispersion has been ob-
ence among Zeeman subleyels belonging to the same hypq Wnea due to 'Ehe shifting of EIT window20]. Then, for the
fine splitting [4—7]. Absorption spectra of the degenerate 4. grive Rabi frequency where EIA occurs, the saturation
two-level atomic system driven by oppcal fields are dlfferentﬁeld is added. In a small saturation Rabi frequency, the holes
from the_ classical Mollow . qbsorptmn SPECUrUMAS) 516 hrned in the Autler-Towns peaks outside the two sym-
[8-1Q. With the Zeeman splitting, the two-level degenerate etric EIT windows due to the two-photon resonafi2d].
atomic syst'em also shares th? properties of the multilev hen the saturation Rabi frequency is matching with the
atom. In this paper, we investigate the quantum coherencgiye Rapi frequency, the holes caused by the coherent popu-
effects of a d_egenerate_ atomic system f‘?f the transfipn lation oscillation[22,23 appear in the original EIA spectrum
=0«>Fy=1 driven by a linearly polarized field and saturated [20]. When we continue to increase the saturation field, sev-
by the C|rcular_ly po!arlzed fields. . eral emission peaks are observed due to the Mollow absorp-
Hole burning in homogenous a}nd mhomogeneou%on effects[9,10]. With the increment of the saturation field,
Doppler-broadened atoms was studied since the 1960{)% dispersion at the pump-probe detuning center is kept to
[11-14. The saturation spectra can be used to study the coljg eyative, which predicts the superluminal light propaga-
lision process in atomic and moIepuIar systeis), as well tion. Finally, the situations beyond the EIA are discussed.
as the writing and rea_ldlng of op_t|cal dgE6,17. Recently,  \yhen the drive Rabi frequency is very small, first four EIT
hole bu'rnmg apd 'ant|-hole-burn|ng caused by the COhere%indows, then Mollow absorption appears in the absorption
population oscillations are used to demonstrate the sublumisye oym with increasing the saturation Rabi frequency.
nal and superluminal light propagation in soli#8,19. In 1, ever when the drive Rabi frequency is very large, the

the degenerate two-level atomic system for a t_ransmig!q intensive saturation field only leads to the widening of the
=0+ F4=1, when the coherence between the drive Rabi freEIT window at the zero pump-probe detuning

quency and Zeeman splitting reaches the maximum, the EIA The paper is organized as follows. In the next section, we
set up the theoretical model for the transitigg=0« Fy=1
in the drive, saturation and probe fields, and write out its
*Email address: ygu@pku.edu.cn optical Bloch equations. Considering various photonic pro-
"Email address: ghgong@pku.edu.cn cesses of the transitions, we express the Bloch equations as a
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) i
p-1-1=~ %(Ve—lp—le = Pe-1V-1¢) = (T-10+ -19)p-1-1

+le-1peet L'o-1000*+ '1-1011, (2
Ws ‘(:Dp i
] m=1 [1> p11= " E(Velple —perVie) = (F1o+ T1-9)p11+ Ferpee
.................... — + Togpon* Ttgpss, 3
m=-1
[-1>

. I

. . - Poo="7% (Veopoe = PeoVoe) = (Fo-1+ To1)poo + Ieopee
FIG. 1. Diagram of the energy levels for a cycling transition
Fe=0-Fy=1. Itis driven by a linearly polarized field with fre- +T_10p-1-1+ T10p11, (4)
quencyw,, saturated and probed by the circularly polarized fields

o With wg and wy,

) i
set of linear equations of Fourier amplitudes. Then, in Sec. Pe-1= 7~ g[Vﬂ(Pee‘ p-1-1) ~ VerP1-1~ VeoPo-1]
[ll, we solve these linear equations numerically and discuss ]
the quantum coherence effects with varying the drive Rabi ~(iwe-1+ Ye-1)Pe-1, (5)

frequency and saturation Rabi frequency. Finally, a summary
is given in Sec. IV. ] i
Per =~ 7 [Vei(pee= p11) = Ve-10-11~ Veopoul
Il. THEORETICAL APPROACH fi
The simplest degenerate two-level system is considered. = (iwer + Ve1) Pets (6)
As shown in Fig. 1, a degenerate two-level transitign
=0<F4=1 is set up, which is used to represent a set of

. [
transitionsF. < F,=F.+1. The atomic system is driven by a Pe0 =~ T[Veo(pee= Poo) = Ve-1P-10~ VerP10]
linearly polarizeds field with frequencyw,, saturated and h
probed by the circularly polarized fields. with frequency ~ (i®eo + Ye0) Peos (7)

ws and wy,. Note that the polarization of the saturation fields
and probe fields is orthogonal to the linear polarization of the
drive field and magnetic field. If the magnetic field is defined
as the quantization axis. The saturation and probe field
propagation direction and drive field polarization direction
are parallel to quantization axis, while the saturation and i
probe field oscillations are orthogonal to the quantization pm:—%(veople—vlepeo)—(iwlw Y10 P10» 9
axis. Here = field interacts with the transitionMFe
=i<—>M|:g=i, and o field interacts with the transitioMFe _
=i+ Mg =i+l with i=0,+1. In the presence of magnetic S _ .
field, thé system is a closed four-level one. A transition P-10= ﬁ(veop_le V-tePeo) = (10-10* 7-10p-10,
=0—F4=1 can be experimentally realized by using the (10)
4f 865 "F, — 4f 56s6p °D,, transition of Sm[24,25 and the
2p°3s 3P, - 2p°3p 3P, transition of Ne*[26]. A transition o
5S,5(F=1) <> 5P4,(F=0) in the D, line of 8’Rb [27] is also Pij = Pji- (11)
a good example, however, in that case, Mg =-1 levelis  |gn5ring the effect of spatial amplitude, the interaction en-
higher in energy than thM,:g=1 level. All transition have  grgy v, for the [e)—|i) transition can be expressed ¥
the same magnitude of dipole moments, but with the differ=v_ =4V (e S)e_iWst+ﬁVp(wp)e_int and V=7V (wy)e Ve,
ent sign, 1.€ ey = Me-1= ~Heo™ M- Here the magnitude values of VAw,)=-uE./2Y%h,
Now we consider only the decay of the atomic levels duepy ()= 4E /2% and Ny(wp)=uEy/2Y% are defined as

to the spontaneous emission and the collisions that result ifhe grive Rabi frequency, saturation Rabi frequency and
dephasing of the coherence and exchange of population bS‘robe Rabi frequency, respectively. Let=w —w;. w;q
tween the ground state levels. In the rotating-wave approxiz o4, B/# denotes the Raman detuning induced é)y the static
mations, the system is governed by the optical Bloch equasyagnetic field of strengtB applied in the atoms, whexgis
tions: the Lande factor ang, the Bohr magnetort;; is the decay

. i i rate from statei) to |j). Here we sel’y;=T'¢_;=T'¢x=I". The

Pee= %(Ve—lp—le_ Pe-1V-1¢) + %(Velple_Pelvle) decay rate among three lower levels is small and the same,
i.e., Ilj=Ty for i,j=1,0,-%i#j). Ignoring the rate of
dephasing collisions, we haveys, 1= ve=7Ya=7y=(3l
+2[0)/2 and y;-1= y10=¥-10= 0=2lo.

) i .
pP1-1=~ Z(Ve—lple — pe-1Vie) ~ (iw11+ y1-0p1-1,  (8)

i
+ %(VeOPOe —peoVoe) ~ (Fee1+ a1 + Te)pee, (1)
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COHERENT HOLE BURNING AND MOLLOW ABSORPTION.

We treat the drive field to all orders B, andEg, and the
probe field to the first order iikp,.

In the steady state, the
elements of the density matrix are expressed as the terms of g

PHYSICAL REVIEW A 69, 063805(2004)

c _ ax
V——1+2’7TReX(a)p)+27Twa (9_wp .

(18

Fourier amplitudeg22,28. Each Fourier amplitude can be In the real atomic system;/Vy=1+Q0D(5=0), where
used to represent a photonic process. For example, the thIqurpr/Lellyzﬁ [30]. At 6=0, for a positive dispersion,
order nonlinear ternpg(w.+w,~ws) means a three-photon Vy<c, which corresponds to a subluminal light propagation,
process from the sta{é) to |e), where the atom in the state while, for a negative dispersioN,>c, a superluminal light

|0y absorbs av, photon tole), and simultaneously emitsay
photon to the statgl) or |-1) and absorbs aj, photon back

propagation or even a propagation with negative group ve-
locity.

to |e). Considering various photonic process, in terms of the

Fourier amplitudeg,(w;), we expresp; as

Pii pu +P||(w —wy)€ (e ws)t+P||(ws wp)e H(ogap)t

(12)
with i=e,1,0,-1;
Peo = Peol @) € + peg(¢ + wp = wg) € (e !
+ peol@e = wp+ ws)e (wcmopradt, (13
Pei Pe|(ws)e od + Pel(wp)e_lwpt + Pe|(2ws_ , )e ag-apt
(14)
with i=1,-1;
pai = poilwp = )€U + (g — w)e (s
+ poi(2ws — wp~ wc)e_i(zws_wp_wc)t (15
with i=1,-1; andp_;4 reads
- dc + _ —i(wp—wgt + _
p-11= p-11+ p-11(wp — w)€P p-11(ws = wp)
Xe—i(ws—wp)t + P—11(2wp _ Zws)e—i(pr—Zws)t
+ p_11(2ws = 2w,) e 2057209t (16)

The system is assumed to satisfy the relatiQgtpq1+ poo
+p-1-1=1 and p;j(w) =pji(-wy). For example pg(wp) has
the form

[i (wp ~ W) ~ 7e1]Pe1(wp) - i[VpP(—kil‘F Vsp—ll(wp - g
+ VcPOl(wp —w) ~ Vp(ng‘ pﬁ) - Vs(Pee(wp — 0y

~ pu(wp— ©g))]=0. (17)

In Eg. (17), by exchanging 1 and —Ig._1(w,) can be ob-

Ill. QUANTUM COHERENCE EFFECTS

In order to investigate the effects of saturation field, we
first review the quantum coherence effects in a transition
Fe=0«Fy=1 driven by a linearly polarized field and probed
by the circular polarized fieldg20]. In this case, the system
can be seen as a superposition of tdype systemsMF
=-1-F;=0-M =0 and Mg =1-F.=0—M¢ —O
where the stateMF =0 shares the common transitioRg
=0<~Mg =0. In a ‘moderate magnetic field, the coherence
between the drive Rabi frequency and Zeeman splitting
reaches the maximum, leading to the EIA. When the satura-
tion field is added, besides the original tuetype systems
(MF =-1<F, O<—>|\/|F =0 andMg =1 F.=0-~ Mg =0),
there are two othed- type systems(MF =1<F, 0<—>MF

=1, MFg— 1-F, O<—>MF =1, and they are identical each
othen, and two pure two- level systenQM,:g—lHF =0 and
MF =-1+F¢=0). The main photonic processes include two
types of two-photon resonan¢ehich leads to the EIN[21]

and two-photon gaifwhich leads to the MAH[9,10]. In the
original EIA spectrunf20], with varying the saturation Rabi
frequency, the system experiences first two EIT windows and
two coherent hole burning, then the coherent hole burning in
the EIA peak, and at last several emission peaks. Simulta-
neously, by the Kramers-Kronig relations, the refraction
changes correspondingly. The following Figs. 2, 3, and 5
illustrate the above coherence between the E28] and
saturation Rabi frequency.

To model the system shown in Fig. 1, we first define the
parameters in the optical Bloch equatiohs;1.0,1'3=0.01,
Yeo=Yer = (3I'+2I7) /2 andy; 0= y91=21"y, which are referred
to Ref.[28]. We setw.= wg and ws= wg. Here the Zeeman
splitting w1 betweenMngl andMFg:—l is set to 5.0, so
that wig=wy_1=2.5. To satisfy that the probe Rabi frequency
2|V,| is much smaller than the drive Rabi frequendy/2
and saturation Rabi frequencyM, we always setV,|
=0.01V. In the following Figs. 2, 3, and 3V =w;0=2.5,

tained. The linear equations of Fourier amplitudes are readyjhere the EIA happens. For simplicity, we 8&f V andV,

to be solved.

real. We plot the real and imaginary parts bfel(wp)

The probe refraction and absorption are proportional tay pe-1(wp)1/(V,/ ), which are used to represent the refrac-

the real and imaginary part of the susceptibility, i,e(w,)
%[ erper(@p) + pe-1pe-1(wp) 1/ (Vp/ ). Since both transitions
MFg:1<—>MFe:O andMg =-1-M,; =0 have the same di-
pole  moment, x(wy) *{pes(@p) +pes(@p) 1/ (Vo/ ). The
pump-probe detuning=w,—w.. The dispersiom is propor-
tional to d{Re pei(wp) +pe-1(wp) ]/ (V! y)} d(S/y). Gener-

tion and absorption.

When the saturation Rabi frequengy is small, the two-
photon resonance dominates. At+2.5, we observe two
main EIT windows due to the two-photon resonance condi-
tion of the original drive field and probe field, as shown in
Fig. 2. SinceVg is small, the EIA spectrum is preservgzD].

ally, the dispersion of group velocity can be ignored. In theOutside two EIT windows, Autler-Towns peaks ét+5.0

steep dispersion, we hay29]

are still preserved31], but where two holes are coherently
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8y FIG. 4. Absorptive response of the population oscillati@m

beat frequencyd) part iVdped d)—p11(8)]/[i(wp=wer) = Yer] in
pe1(wp). These coherent population oscillations lead to the holes in
the EIA peakq20] in Fig. 3, as well as the gain in the absorption
spectrum in Fig. 5.

FIG. 2. Absorption and refraction in a small saturation Rabi
frequencyVs. (a) V.=2.5,V4=0.1;(b) V.=2.5,V,=0.5. The holes at
6=15.0 are coherently burned due to the two-photon resonance.

burned, shown in Fig. (). These two holes correspond 10 coherent population oscillations, reported in Ré®2,23.
the two-photon resonance in the transitibfe =1—F.  The details about this will be explained in the next para-
=0 Mg =-1 andMg =-1—F¢=0<Mg =1, whereVsis  graph. At the same time, increasing the saturation field leads
treated as the pump field. It is also found that the intensity ofo the decrease of the absorption. Howeverd=at2.5, two
EIA peak is decreased and the holes are burned deeper whelT windows are very stable due to the two-photon reso-
Vs is changed from 0.1 to 0.5, as shown in Fige)zand Fig.  nance condition. But af=+5.0, the transparency points of
2(b). At 6=+2.5 anddé==5.0, the corresponding dispersion is the original two EIT windows become deeper, uMiF0.9
positive. in Fig. 3c), and two emission peaks start to appear. In this
When the saturation Rabi frequen®y matches with the case, the coupling among the four EIT systems and two pure
drive Rabi frequency/,, two holes are burned in the original two-level systems begins to increase, so the multipeak struc-
EIA peak[20]. Figure 3 illustrates the evolution of the holes tures appear. In this process, the dispersions also exhibit the
with increasingVs. The holes in the EIA originates in the complex features. It is noted that, &0, the dispersion is
always negative.

02 Now we consider the influence of the population oscilla-

"§o_1_ oA L@ tions ped wp=ws) and pyy(wy~wy) on the absorption spec-

g - trum. Sincew.= wey and ws= wey, iN EQq. (17), pee(c_up—ws) _

5 00l —p11(wp— wg) becomesped d) —p11(5). When the drive Rabi

:Gg Refradtion frequencyV,.=2.5, Fig. 4 displays the absorptive response

@ ol Absorption | =iV ped )~ paa( 5)]/[i(wp_we1) — Yer] with varying the satu-
o1s] V=25V=08 ' ' (b} ration Rabi frequency,. WhenVg is small, i.e.V,=0.2, the

gain at5=0.2 is also very small. This gain induces only a
small decrease in the original EIA pegR0], as shown in
Fig. 2. WhenVy is moderate, say,=0.8, there is a large
gain in the absorption spectrum. Hence, the coherent popu-
lation oscillations[ ped 8) —p11()] with a beat frequency
cause the holes in the original EIA pe&R0]. However,
whenV,=1.6, the large gain is obtained &t 2.5. Combined
with the EIT effect, in the following Fig. 5, emission peaks
are observed.

When we continue to increase the saturation Rabi fre-
guencyVs, Mollow absorption effects play an important role
and several emission peaks appear in the absorption spec-
trum. WhenV=1.4, as shown in Fig.(8), the absorption at

FIG. 3. Absorption and refraction in the moderate saturationd=0 starts to disappear, where the transition from absorption
Rabi frequencyW,. (a) V,=2.5, V,=0.7; (b) V,=2.5,V,=0.8; (c)  to emission takes plad&2,33. We also observe four emis-
V:=2.5,V=0.9. The holes appearing in the original EIA pgaR] sion peaks in this figure. Whe,=2.5 in Fig. §b), the gain
originate in the coherent population oscillations. appears in a wide spectral region. &t +2.5, there exist two

Refraction, Absorption Refraction, Absorption
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FIG. 5. Absorption and refraction in large saturation Rabi fre- Ao 5 0 5 1
quencyVs. (8) V.=2.5, Vs=1.4; (b) V,=2.5, V;=2.5. Mollow ab- oy

i ff I | emissi k . . L . .
sorption effects play more and several emission peaks appear FIG. 6. Absorption and refraction in a small drive Rabi fre-

large emission peaks. These two emission peaks come fromagiencyVe. (8 Vc=0.5, Vs=0.2; (b) V;=0.5, Vs=1.0; () V;=0.5,
combination of Mollow absorption effec{®,10 and coher- Vs=2.0. The system experiences four EIT windows and MAS with
ent population oscillationg22,23, shown as the dotted line Vvarying Vs,

in Fig. 4. At =0, the negative dispersion with gain is ob-

tained. Hence, wheW,= 1.4, the zero pump-probe detuning

should be a suitable point to perform the experiment of suguantum profiles of the FWM will be found. Further discus-
perluminal light propagation. sion about this will appear in another publication.

In the above Figs. 2, 3, and 5, the refractions also exhibit
very fruitful features with varying the saturation Rabi fre-
quencyV,. It is noted that , for any values &f;, the disper-
sion at5=0 is kept to be negative, but its absolute value of IV. SUMMARY
dispersion is decreasing. Furthermore, in the region of gain,
not only the negative dispersion, but also the positive disper- n this paper, we have investigated the quantum coherence
sion are obtained, as shown in Fig. 5. These results comeffects for a transitionF,=0<F,=1. When the atom is
from the coherence among the drive Rabi frequency, saturatriven by a linearly polarized field, probed by the circularly
tion Rabi frequency, and the Zeeman splitting.

We also investigate the quantum coherence effects of the
saturation field when the drive Rabi frequengy is very 0.6
small or very large. WheV.=0.5, the system first experi-
ences four EIT windows, then MAS with varying the satura-
tion Rabi frequency from 0.2 in Fig. §a), via 1.0 in Fig.
6(b), to 2.0 in Fig. §c) [32,33. In contrast, wherV;=5.0,
the spectra of absorption and refraction are very stable for a
small saturation Rabi frequencys,=1.0, as shown in Fig.
7(a). While, for a largeV,=5.5, two outside EIT windows
move from the pump-detuning center and the middle EIT 015
window becomes very wide, as shown in Figh)7 In the
second case, instead of the MAS in two pure two-level sys-
tems, two-photon resonance in fortype systems domi-
nates the main coherence effects of the transitien
=0 Fg=1.

In the theoretical treatment, besides the single-photon pro-
cess and two-photon process, three-photon process is also . . ‘ ‘ .
included, such as the terms of Fourier amplitugg;(w, "5 0 5 0 5 10 15
+ Wy 0y), peol W~ Wyt wg), andpei(20s— wp), etc. The quan-
tum profile of four-wave mixing(FWM) will be the same FIG. 7. Absorption and refraction in large drive Rabi frequency
order as thepg(w,) [34]. By varying the drive Rabi fre- V.. (a) V.=5.0,Vs=1.0;(b) V,=5.0,Vs=5.5. EIT windows are pre-
quencyV, or saturation Rabi frequency,, the maximum  served, but moving away from the detuning center.

V=50 V=10 ' " (@)

Refraction, Absorption

Refraction
------- Absorption

V=5.0 V=55 ' I I (b)

Refraction, Absorption
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polarized fields, without the saturation field, EIA with nega- herence effects for a very small or large drive Rabi frequency
tive dispersion is obtained in the moderate drive Rabi fre-are also discussed.

quency and magnetic fielf20]. Then the drive Rabi fre-

quency is fixed at the point of EIA occurring. For a small ACKNOWLEDGMENTS
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