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Electromagnetically induced absorption in a four-state system
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A simple theoretical model describing the positive sign of subnatural-width absorption resonances in the
recent experiment of Akulshin and co-workdighys. Rev. A57, 2996 (1998 ] is proposed. An analytical
expression for the linear response to the weak probe field is found in the low-saturation limit with respect to the
control field. It is shown that the positive sign of subnatural resonance is caused by the spontaneous transfer of
the light-induced coherence from the excited level to the ground one.

PACS numbeps): 42.50.Gy

It is well known that nonlinear interference effects in the probe field is amplified and the positive sign of resonance
resonant atom-light interaction can lead to interesting angimply means a dip in the negative absorptiéh Another
important phenomena, such as electromagnetically induceegse, arising when the control field is tuned far off resonance,
transparencyEIT) of atomic mediun{1], coherent popula- is related to the second doublet of the resonance scattering
tion trapping (CPT) [2], lasing without inversior{3], and  (known as the Raman scatterjn§7,8]. Obviously, both
others. Common to all these phenomena is the appearance@gses do not correspond to the experimental conditions of
light-induced coherence between atomic levels, which ar&efs.[4,5].
not coupled by dipole transitions. Recently Akulshin and co- In comparison with three-state models, the four-state sys-
workers have observed subnatural-width resonances in tiems (in particular, doubleA configuration studied in a
absorption on th®, line of rubidium vapor under excitation number of paperg9] open new possibilities in the quantum
by two copropagating optical waves with variable frequencycoherence manipulation for designing a desired atomic re-
offset[4]. In these experiments the control field was tuned tosponse. On the other hand, as was shown in Rél, the
the center of the absorption line, while the frequency of thespontaneous transfer of Zeeman coherence from the excited
weak probe field was scanned around the control field frelevel to the ground level can change position, width, and
quency. Very narrow spectral structures with the widthsamplitude(which is most important in the present conpeoft
about tens of kilohertz occurred at the zero-frequency offsetionlinear resonances in the probe-field spectroscopy. It
In the case of orthogonal polarizations of fields these resoseems reasonable that this fundamental process discovered
nances can be related to the ground-level Zeeman coherend®, Barrat and Cohen-Tannoudjl1] can be responsible for
which is induced under simultaneous action of both fields. Athe positive sign of resonances in Reff4,5]. At the same
prototype model for such resonances is a three-stagys-  time, simple theoretical modelg\( V, doubleA, and others
tem, where two lower states belong to the ground level. In aisually used for the description of quantum coherence and
A system, as is knowf2], quantum coherence can lead to interference effects do not take into account the spontaneous
the destructive interference between two possible paths dfoherence transfer. The exception is provided by the papers
excitation. As a result, if the control field is tuned in reso-of Rautian on the spontaneous transfer of optical coherence
nance, the probe absorption spectrum has a narrow dip at th&2]-
two-photon resonance that can be interpreted as EIT caused In the present paper, motivated by the absence of EIA
by CPT. It is remarkable that, apart from expected EIT resofesonances in a closed three-statesystem, we propose a
nances with negative sign, the authors of Hél.have de- simple theoretical model for EIA, which allows the sponta-
tected positive resonances termed electromagnetically iieous coherence transfer between levels, a four-state
duced absorptiodEIA). Later, basing on the experimental N-configuration atom. An analytical expression for the probe
results and numerical calculations, they conclufigfithat ~ absorption as a function of frequency offset is found in the
EIA occurs in a degenerate two-level system whenever théow-saturation limit with respect to the control field. It is
following conditions are satisfied. First of all, the ground shown that EIA resonance is caused by the spontaneous
level must be degenerate in order to allow the long-livedtransfer of the light-induced low-frequency coherence from
Zeeman coherence. The next requirements specify what tygge excited level to the ground one.
of dipole transitions gives the positive-sign resonance. Let us consider the resonant interaction of a bichromatic
Namely, the total angular momentum of the excited ldvgl light field:
must be larger than the total momentum of the ground level

Fg, 1.6, Fe=F4+1, and, finally, the transitiorF,—F, E(r,t)=E.exd —iwt+i(ky-r)]
should be a closed transition. However, the physical reasons _ )
for the sign change of the resonance, in our view, remained +Ezexd —iwot+i(ky-r)]+c.c. @
unexplained.

It should be noted that the positive subnatural-width specwith a four-state atom. This atomic system has four states
tral structures can appear infa system in two cases. One [i), i=1,...,4(see Fig. L The odd-numbered statés)

possibility corresponds to an op@nsystem when atoms are and |3) belong to the nonrelaxing ground level with zero
injected into the upper level. Under these conditions theenergy. The even-numbered staf2s and|4) form the ex-
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p2z=[T/2=18,] H{—iBQy(pss— p22) —iAQ1p13
+inp24}. (6)

The last two termgproportional to),) in curly brackets in

Eq. (6) describe modifications occurring in absorption due to

light-induced low-frequency coherence. In an idegith the

, ) _— - lower coherence relaxation rate equal to 2eXosystem, the

ey s el coherence. s sueh & phase and amplfude that the probe
‘ ' y bsorption vanishes at the exact two-photon resonaice

lines show the spontaneous transfer of the excited-level coherencd. . .
= 0,. This fact can be interpreted as a result of quantum

cited level with energyi oy and spontaneous relaxation rate Qe_structlve mterfergnc[é]. In the presence of dephasing col-
I'. We assume that among the optical transitions between tHbS'OnS the absorptlon _reductlon IS less pronc_)unced. In the
ground and excited levelodd — |ever) the transition|1) case undgr consideration an additional term in the equation
—|4) is forbidden due to some selection rifer instance, for pys arises from the spontaneous transfer of coherence
with respect to the momentum projectiohet the first term P24~ P13 (dpas/di=---+Al'p,). Let us consider the in-

in Eq. (1) (hereafter referred to as a control fiple suffi- fluence of this process on the probe absorption spectrum. For

ciently larger than the second one, which is a probe fieldt.he sake of Cla”t.V’ n the_ following analyse; we use the
The control field with the vector amplitude, and frequency f'TSt'Ofdef appr_OX|mat|on in the probe amplltgdkz._ Be- .
o, drives two transitions simultaneousiit)—|2) and|3) sides, we restrict ours_elves_, to the low-saturation limit with
—.|4). The weak probe file@, at frequencyw, excites the respect to the control field, i.e,<I". Then we replace Eq.
transition|3)—|2). In the rotating frame the Hamiltonian of (6) by

a free atom reads

) P =[T12=i8,] =B ~iAQpHY, (D
Ho=181|1)(1]+%8,|3)(3[ +4(5,— 81)[4)(4], (2
where the index ip(™ signifies thenth order of perturbation

where 53=wq—wo—(Kq-V) (q=1,2) are the detunings in- theory onQ,. Equation(7) is supplemented by the following
cluding the Doppler shifts. Using the rotating-wave and di-equations for the first-order coherences:

pole approximations, we can write the atom-field interaction
Hamiltonian in the f : ; : ;
amittorian in fhe form (81— 8)pg =1BQ,pY —IAQT pi)+i Q1 py+ DAT oY,
HAF:thQI_l—ﬁQZQZ_l— HC (3)
[T+i(81— 8,)1p5) = —1BQopl) —1AQ:pR+i107 pl7

Here(), are the corresponding Rabi frequencies and the op- (8
eratorsQ, are given by

. . . [L/2+1(26,- 8)1pfd =107 pf3.

Ql=A|2><1|+|4>(3|, Q2=B|2><3|, A +B°=1,

(4) Here, in order to demonstrate the role of the spontaneous

where the real numbessandB govern the relative transition coherence transfer, we insert “by hand” the coefficient 0
amplitudes. =<b=1, which governs the efficiency of the process. For
In the case of the pure radiative relaxation in a closec@x@mple, iftb=0 the spontaneous coherence transfer is ab-

atomic system the optical Bloch equations for the atomicSent. The maximal efficiendy=1 corresponds to the initial
density matrix[J have the form equations(5). This coefficient can be thought of as the

branching ratio in a partially open system. However, for a
d. T pi self-consistent treatment of open systems we should intro-
G- %[H0+ Hag.pl— EF{Pe,p}-I-F :E QqrQq duce into Eq.(_5)_ a source d_escrlbmg external pumping of
a=12 levels and additional relaxation terms. As a result, the situa-
(5 tion would be more complicated. Nevertheless, it can be
shown that under certain conditions EIA resonances appear
in an open four-state system as well.
From Egs.(8) one can obtain the coupled equations for
e low-frequency coherences:

where P,=|2)(2|+|4)(4| is the projector onto the excited
level. The second term on the right-hand side of Em).
having the structure of the anticommutator describes the g,
diative damping of the excited-level populations and optical

coherences. The last term on the right-hand side correspon > 5
to the transfer of populations and low-frequency coherence |AQ,| n |24 +i(8y— 8y) p(l)_bAFp(l)
from the excited level to the ground level. I/12—i6, TI12+i(26,—65) 1 %27 \F13 24
It is well known that the probe field absorption is propor-
is W Wi p i ption is prop ABOLO*

tional to the real part of the produ€f)} p,;. The steady- __ : ONET NN () ©
state off-diagonal elemenmt,; can be written as T2—is, P 2P12
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FIG. 2. Probe field absorption
versus the frequency offset in the
case of homogeneous broadening
v=0. The control field detuning
(@ 6;,=0 and (b) 6;=T. Solid
(dashed curves correspond to the
case ofb=1 (b=0). The other
parameters aré?>=B2=1/2, O,
=0.1I".

Absorption (arb. units)

(3,-8)T (3-8 )T
AlQ,4|? AlQ,|? we can discuss the situation in terms of optical shifts and the
[T+i(81—8,)1p55 - —+ - ply field broadening of a single resonance
2\ T12—i5, TIR+i(25,—8,)|"13 9 9 -

For the sake of simplicity we will consider the casevof
BQ,OF ) _: ) =0 (homogeneous broadenindoth nonlinear terms in Eq.
Zml)ss —iBQyp3y . (10) responsible for the subnatural-width resonance on the
frequency offsets; — 8, are known in the probe-field spec-
The right-hand sides of Eq¢9) are the interference terms troscopy[8]. These contributions have different origins. The
describing the creation (pj(lls) andp(zﬂ). Equationg9) are not  first term proportional to (+b) can be related to the quan-
independent because of the second terms on the left-hardm interference between quasienergetic sublevels. It is simi-
sides of both lines, which correspond to the spontaneous arf@ to one for a closed. system, with changes caused by the
induced coherence transfer between levels. In the lowlight shift of the|3) state and by the spontaneous transfer of
saturation limit under consideration, the appearance of theoherence. The last term in EQLO) can be interpreted as a
excited-level coherencgly in the equation for the ground- Cconsequence of mixinpr interferencgof the state$3) and

level coherence{? is due to the spontaneous coherence
transfer only. As one can see from Eq9), this process 20
changes the position, width, and amplitude of the nonlinear
resonance caused by the low-frequency coherence. Since in
the present paper we are interested in the subnatural-width
resonance, the approximatipé, — 5,|<TI" is relevant. Using
Egs. (9) to eliminate the low-frequency coherence from Eq.

(7), we arrive at the final result for the linear response: g
<

w_ 1B [ o (1-DIAQI%G g

P23 = T=is,| P~ (TI2=i6,)D 3

N

E

2

iAnl(p&?—bp%%))]
+ D ,

A, 2(1-b)  [0,2(1-bA?)
T T Ti2-i5, | Ti2tie

where in the case of a closed system we should
i (0): (0): * (0) i — (0) N 1 N 1 N 1 . )

s_u.kgt:tu(toe;/ pl_}/l (.)’ plzh IAQl..pn/(F/(Zj_l—lzl)h O'f p34|_ %10 -0.05 0.00 0.05 0.10

=iQ7 p33[(I'[2+i6,). The po_smons and widths of nonlin- (68T

ear resonances are determined by the denomindid2 ( v

—i6,)%(l'/2+i68,)D. In the general case, the frequencies of |G, 3. Numerically generated probe absorption spectra. The

these resonances can be associated with transitions betweg@pe field Rabi frequency is increased from top to bottéyp/T’

two pairs of quasienergetic sublevels, which appear due te-0.01,0.02,0.03,0.04,0.05. The rest of the parameterssared,

Rabi splitting of the singlet§2) and |3). In the low- ,=0.09", b=1, andA2=B2=1/2. The dashed curve shows the

saturation limit(), <I" all the resonances merge together andanalytical results of Eq(10).
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|4) as well ag1) and|2) (which should be populated for the center is shown as a function of the frequency offset. The
nonvanishing effe¢tby the control field. Note that a similar curves correspond to different values(@$, while the other
term can appear in an opeh system, when atoms are in- parameters are fixed. It is seen that the contrast and ampli-
jected into the1) state, but with the opposite sign. Inthe  tude of the resonance are significantly reduced with an in-
case such a term allows the probe amplificaf@hnHere itis  crease of the probe amplitude. The decrease of amplitude can

possible to obtain a significant enhancement of the absorgye understood as a result of the repumping of atoms from the
tion. In the general case, there is a competition between thesgate|3) to the statd1).

two terms that are controlled by the coefficiéntf the con- In conclusion, we note that the N-type interaction scheme
trol field detuning,=0, the sign of the absorption reso- ¢4 he easily organized in real atomic systems. For example,
nance is determined by the sign of the factdr21. For ot s consider the closed transitiéty=F—Fo=F +1 of

I?ﬁe D, line of an alkali-metal atom that interacts with a cir-
cular polarized ¢ ) control field. In the absence of a probe
field all atoms are completely pumped into the outermost
Zeeman stategFy,my=F) and |Fo,me=F+1). If the

low-frequency coherenceb&0) the resonance is negative,
which corresponds to EIT. Ib>1/2 the resonance is posi-
tive, i.e., we have ElAsee in Fig. 2 Compared to the linear

response in the absence of the control fi@lg=0, the ab- . . .
sorption is enhanced by the factof 1+ (2b— 1)A2], which probe field has orthogonal circular polarizatian (), then to
exceeds 100% ib=1 andA2>1/2. ' first order in the probe-field amplitud@, we have an N

In view of the many approximations made above in ourdom with the stateg1)=|Fg,mg=F—2), |2>:|Fe’m_e
derivations, it seems useful to compare the analytical results F—1). [3)=|Fg.mg=F), and|4) = |Fe,me=F + 1). This
with exact numerical calculations. In the present case of &cheme was implemented in R¢#] in experiments with
closed four-state system, such calculations can easily b@rcular polarized waves.
done. Besides, using numerical methods, we can consider the ] )
probe absorption beyond our approximations. In particular, We thank A. M. Akulshin, S. Barreiro, and A. Lezama for
we can trace the spectrum modification with an increase oftimulating discussions. This work was supported by the
the probe field amplitud€,. In Fig. 3 the probe absorption Russian Foundation for Basic Reseaf@rant No. 98-02-
(Re[iQ% py) normalized to the linear absorption at line 17794.
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