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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-workers@Phys. 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 number~s!: 42.50.Gy
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It is well known that nonlinear interference effects in t
resonant atom-light interaction can lead to interesting
important phenomena, such as electromagnetically indu
transparency~EIT! of atomic medium@1#, coherent popula-
tion trapping ~CPT! @2#, lasing without inversion@3#, and
others. Common to all these phenomena is the appearan
light-induced coherence between atomic levels, which
not coupled by dipole transitions. Recently Akulshin and c
workers have observed subnatural-width resonances in
absorption on theD2 line of rubidium vapor under excitation
by two copropagating optical waves with variable frequen
offset @4#. In these experiments the control field was tuned
the center of the absorption line, while the frequency of
weak probe field was scanned around the control field
quency. Very narrow spectral structures with the wid
about tens of kilohertz occurred at the zero-frequency off
In the case of orthogonal polarizations of fields these re
nances can be related to the ground-level Zeeman cohere
which is induced under simultaneous action of both fields
prototype model for such resonances is a three-stateL sys-
tem, where two lower states belong to the ground level. I
L system, as is known@2#, quantum coherence can lead
the destructive interference between two possible path
excitation. As a result, if the control field is tuned in res
nance, the probe absorption spectrum has a narrow dip a
two-photon resonance that can be interpreted as EIT ca
by CPT. It is remarkable that, apart from expected EIT re
nances with negative sign, the authors of Ref.@4# have de-
tected positive resonances termed electromagnetically
duced absorption~EIA!. Later, basing on the experiment
results and numerical calculations, they concluded@5# that
EIA occurs in a degenerate two-level system whenever
following conditions are satisfied. First of all, the groun
level must be degenerate in order to allow the long-liv
Zeeman coherence. The next requirements specify what
of dipole transitions gives the positive-sign resonan
Namely, the total angular momentum of the excited levelFe
must be larger than the total momentum of the ground le
Fg , i.e., Fe5Fg11, and, finally, the transitionFg→Fe
should be a closed transition. However, the physical reas
for the sign change of the resonance, in our view, remai
unexplained.

It should be noted that the positive subnatural-width sp
tral structures can appear in aL system in two cases. On
possibility corresponds to an openL system when atoms ar
injected into the upper level. Under these conditions
1050-2947/99/61~1!/011802~4!/$15.00 61 0118
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probe field is amplified and the positive sign of resonan
simply means a dip in the negative absorption@6#. Another
case, arising when the control field is tuned far off resonan
is related to the second doublet of the resonance scatte
~known as the Raman scattering! @7,8#. Obviously, both
cases do not correspond to the experimental condition
Refs.@4,5#.

In comparison with three-state models, the four-state s
tems ~in particular, double-L configuration! studied in a
number of papers@9# open new possibilities in the quantum
coherence manipulation for designing a desired atomic
sponse. On the other hand, as was shown in Ref.@10#, the
spontaneous transfer of Zeeman coherence from the ex
level to the ground level can change position, width, a
amplitude~which is most important in the present context! of
nonlinear resonances in the probe-field spectroscopy
seems reasonable that this fundamental process discov
by Barrat and Cohen-Tannoudji@11# can be responsible fo
the positive sign of resonances in Refs.@4,5#. At the same
time, simple theoretical models (L, V, double-L, and others!
usually used for the description of quantum coherence
interference effects do not take into account the spontane
coherence transfer. The exception is provided by the pa
of Rautian on the spontaneous transfer of optical cohere
@12#.

In the present paper, motivated by the absence of E
resonances in a closed three-stateL system, we propose a
simple theoretical model for EIA, which allows the spont
neous coherence transfer between levels, a four-s
N-configuration atom. An analytical expression for the pro
absorption as a function of frequency offset is found in t
low-saturation limit with respect to the control field. It i
shown that EIA resonance is caused by the spontane
transfer of the light-induced low-frequency coherence fro
the excited level to the ground one.

Let us consider the resonant interaction of a bichroma
light field:

E~r ,t !5E1exp@2 iv1t1 i ~k1•r !#

1E2exp@2 iv2t1 i ~k2•r !#1c.c. ~1!

with a four-state atom. This atomic system has four sta
u i &, i 51, . . . ,4 ~see Fig. 1!. The odd-numbered statesu1&
and u3& belong to the nonrelaxing ground level with ze
energy. The even-numbered statesu2& and u4& form the ex-
©1999 The American Physical Society02-1
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cited level with energy\v0 and spontaneous relaxation ra
G. We assume that among the optical transitions between
ground and excited levelsuodd&→ueven& the transitionu1&
→u4& is forbidden due to some selection rule~for instance,
with respect to the momentum projection!. Let the first term
in Eq. ~1! ~hereafter referred to as a control field! be suffi-
ciently larger than the second one, which is a probe fie
The control field with the vector amplitudeE1 and frequency
v1 drives two transitions simultaneously:u1&→u2& and u3&
→u4&. The weak probe filedE2 at frequencyv2 excites the
transitionu3&→u2&. In the rotating frame the Hamiltonian o
a free atom reads

Ĥ05\d1u1&^1u1\d2u3&^3u1\~d22d1!u4&^4u, ~2!

wheredq5vq2v02(kq•v) (q51,2) are the detunings in
cluding the Doppler shifts. Using the rotating-wave and
pole approximations, we can write the atom-field interact
Hamiltonian in the form

ĤAF5\V1Q̂11\V2Q̂21H.c.. ~3!

HereVq are the corresponding Rabi frequencies and the
eratorsQ̂q are given by

Q̂15Au2&^1u1u4&^3u, Q̂25Bu2&^3u, A21B251,
~4!

where the real numbersA andB govern the relative transition
amplitudes.

In the case of the pure radiative relaxation in a clos
atomic system the optical Bloch equations for the atom
density matrixr̂ have the form

d

dt
r̂52

i

\
@Ĥ01ĤAF ,r̂ #2

1

2
G$P̂e ,r̂%1G (

q51,2
Q̂q

†r̂Q̂q ,

~5!

where P̂e5u2&^2u1u4&^4u is the projector onto the excite
level. The second term on the right-hand side of Eq.~5!
having the structure of the anticommutator describes the
diative damping of the excited-level populations and opti
coherences. The last term on the right-hand side corresp
to the transfer of populations and low-frequency coheren
from the excited level to the ground level.

It is well known that the probe field absorption is propo
tional to the real part of the productiV2* r23. The steady-
state off-diagonal elementr23 can be written as

FIG. 1. N-configuration atom. The light-induced transitions a
marked by solid~control field! and dashed~probe field! lines. Wavy
lines show the spontaneous transfer of the excited-level cohere
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r235@G/22 id2#21$2 iBV2~r332r22!2 iAV1r13

1 iV1r24%. ~6!

The last two terms~proportional toV1) in curly brackets in
Eq. ~6! describe modifications occurring in absorption due
light-induced low-frequency coherence. In an ideal~with the
lower coherence relaxation rate equal to zero! L system, the
coherencer13 has such a phase and amplitude that the pr
absorption vanishes at the exact two-photon resonanced2
5d1. This fact can be interpreted as a result of quant
destructive interference@2#. In the presence of dephasing co
lisions the absorption reduction is less pronounced. In
case under consideration an additional term in the equa
for r13 arises from the spontaneous transfer of cohere
r24→r13 (dr13/dt5•••1AGr24). Let us consider the in-
fluence of this process on the probe absorption spectrum.
the sake of clarity, in the following analyses we use t
first-order approximation in the probe amplitudeV2. Be-
sides, we restrict ourselves to the low-saturation limit w
respect to the control field, i.e.,V1,G. Then we replace Eq
~6! by

r23
(1)5@G/22 id2#21$2 iBV2r33

(0)2 iAV1r13
(1)%, ~7!

where the index inr (n) signifies thenth order of perturbation
theory onV2. Equation~7! is supplemented by the following
equations for the first-order coherences:

i ~d12d2!r13
(1)5 iBV2r12

(0)2 iAV1* r23
(1)1 iV1r14

(1)1bAGr24
(1) ,

@G1 i ~d12d2!#r24
(1)52 iBV2r34

(0)2 iAV1r14
(1)1 iV1* r23

(1) ,
~8!

@G/21 i ~2d12d2!#r14
(1)5 iV1* r13

(1) .

Here, in order to demonstrate the role of the spontane
coherence transfer, we insert ‘‘by hand’’ the coefficient
<b<1, which governs the efficiency of the process. F
example, ifb50 the spontaneous coherence transfer is
sent. The maximal efficiencyb51 corresponds to the initia
equations~5!. This coefficient can be thought of as th
branching ratio in a partially open system. However, for
self-consistent treatment of open systems we should in
duce into Eq.~5! a source describing external pumping
levels and additional relaxation terms. As a result, the sit
tion would be more complicated. Nevertheless, it can
shown that under certain conditions EIA resonances app
in an open four-state system as well.

From Eqs.~8! one can obtain the coupled equations f
the low-frequency coherences:

F uAV1u2

G/22 id2
1

uV1u2

G/21 i ~2d12d2!
1 i ~d12d2!Gr13

(1)2bAGr24
(1)

52
ABV2V1*

G/22 id2
r33

(0)1 iBV2r12
(0) , ~9!

ce.
2-2
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FIG. 2. Probe field absorption
versus the frequency offset in th
case of homogeneous broadenin
v50. The control field detuning
~a! d150 and ~b! d15G. Solid
~dashed! curves correspond to the
case ofb51 (b50). The other
parameters areA25B251/2, V1

50.1G.
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@G1 i ~d12d2!#r24
(1)2H AuV1u2

G/22 id2
1

AuV1u2

G/21 i ~2d12d2!J r13
(1)

5
BV2V1*

G/22 id2
r33

(0)2 iBV2r34
(0) .

The right-hand sides of Eqs.~9! are the interference term
describing the creation ofr13

(1) andr24
(1) . Equations~9! are not

independent because of the second terms on the left-h
sides of both lines, which correspond to the spontaneous
induced coherence transfer between levels. In the l
saturation limit under consideration, the appearance of
excited-level coherencer24

(1) in the equation for the ground
level coherencer13

(1) is due to the spontaneous coheren
transfer only. As one can see from Eqs.~9!, this process
changes the position, width, and amplitude of the nonlin
resonance caused by the low-frequency coherence. Sin
the present paper we are interested in the subnatural-w
resonance, the approximationud12d2u!G is relevant. Using
Eqs.~9! to eliminate the low-frequency coherence from E
~7!, we arrive at the final result for the linear response:

r23
(1)5

2 iBV2

G/22 id2
H r33

(0)2
~12b!uAV1u2r33

(0)

~G/22 id2!D

1
iAV1~r12

(0)2br34
(0)!

D J ,

D5
uAV1u2~12b!

G/22 id2
1

uV1u2~12bA2!

G/21 id1
1 i ~d12d2!, ~10!

where in the case of a closed system we sho
substitute r11

(0)50, r12
(0)5 iAV1* r11

(0)/(G/21 id1)50, r34
(0)

5 iV1* r33
(0)/(G/21 id1). The positions and widths of nonlin

ear resonances are determined by the denominatorG/2
2 id2)2(G/21 id1)D. In the general case, the frequencies
these resonances can be associated with transitions bet
two pairs of quasienergetic sublevels, which appear du
Rabi splitting of the singletsu2& and u3&. In the low-
saturation limitV1,G all the resonances merge together a
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we can discuss the situation in terms of optical shifts and
field broadening of a single resonance.

For the sake of simplicity we will consider the case ofv
50 ~homogeneous broadening!. Both nonlinear terms in Eq
~10! responsible for the subnatural-width resonance on
frequency offsetd12d2 are known in the probe-field spec
troscopy@8#. These contributions have different origins. Th
first term proportional to (12b) can be related to the quan
tum interference between quasienergetic sublevels. It is s
lar to one for a closedL system, with changes caused by t
light shift of theu3& state and by the spontaneous transfer
coherence. The last term in Eq.~10! can be interpreted as
consequence of mixing~or interference! of the statesu3& and

FIG. 3. Numerically generated probe absorption spectra.
probe field Rabi frequency is increased from top to bottom,V2 /G
50.01,0.02,0.03,0.04,0.05. The rest of the parameters ared150,
V150.05G, b51, andA25B251/2. The dashed curve shows th
analytical results of Eq.~10!.
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u4& as well asu1& andu2& ~which should be populated for th
nonvanishing effect! by the control field. Note that a simila
term can appear in an openL system, when atoms are in
jected into theu1& state, but with the opposite sign. In theL
case such a term allows the probe amplification@6#. Here it is
possible to obtain a significant enhancement of the abs
tion. In the general case, there is a competition between t
two terms that are controlled by the coefficientb. If the con-
trol field detuningd150, the sign of the absorption reso
nance is determined by the sign of the factor 2b21. For
example, in the absence of the spontaneous transfer o
low-frequency coherence (b50) the resonance is negativ
which corresponds to EIT. Ifb.1/2 the resonance is pos
tive, i.e., we have EIA~see in Fig. 2!. Compared to the linea
response in the absence of the control fieldV150, the ab-
sorption is enhanced by the factor 1/@12(2b21)A2#, which
exceeds 100% ifb51 andA2.1/2.

In view of the many approximations made above in o
derivations, it seems useful to compare the analytical res
with exact numerical calculations. In the present case o
closed four-state system, such calculations can easily
done. Besides, using numerical methods, we can conside
probe absorption beyond our approximations. In particu
we can trace the spectrum modification with an increase
the probe field amplitudeV2. In Fig. 3 the probe absorptio
(Re$ iV2* r23%) normalized to the linear absorption at lin
s,

-

.
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center is shown as a function of the frequency offset. T
curves correspond to different values ofV2, while the other
parameters are fixed. It is seen that the contrast and am
tude of the resonance are significantly reduced with an
crease of the probe amplitude. The decrease of amplitude
be understood as a result of the repumping of atoms from
stateu3& to the stateu1&.

In conclusion, we note that the N-type interaction sche
can be easily organized in real atomic systems. For exam
let us consider the closed transitionFg5F→Fe5F11 of
the D2 line of an alkali-metal atom that interacts with a ci
cular polarized (s1) control field. In the absence of a prob
field all atoms are completely pumped into the outerm
Zeeman statesuFg ,mg5F& and uFe ,me5F11&. If the
probe field has orthogonal circular polarization (s2), then to
first order in the probe-field amplitudeV2 we have an N
atom with the statesu1&5uFg ,mg5F22&, u2&5uFe ,me

5F21&, u3&5uFg ,mg5F&, andu4&5uFe ,me5F11&. This
scheme was implemented in Ref.@4# in experiments with
circular polarized waves.
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stimulating discussions. This work was supported by
Russian Foundation for Basic Research~Grant No. 98-02-
17794!.
,

. B
II

c.
l,

.

.

@1# S. E. Harris, J. E. Field, and A. Imamoglu, Phys. Rev. Lett.64,
1107~1990!; K. J. Boller, A. Imamoglu, and S. E. Harris,ibid.
66, 2593 ~1991!; for review of the subject, see S. E. Harri
Phys. Today50, 36 ~1997!.

@2# G. Alzetta, A. Gozzini, L. Moi, and G. Orriols, Nuovo Ci
mento B 36, 5 ~1976!; E. Arimondo and G. Orriols, Lett.
Nuovo Cimento17, 333 ~1976!; R. M. Whitley and C. R.
Stroud, Jr., Phys. Rev. A14, 1498~1976!; H. R. Gray, R. M.
Whitley, and C. R. Stroud, Jr., Opt. Lett.3, 218 ~1978!; for
review of the subject, see E. Arimondo, inProgress in Optics,
edited by E. Wolf~North-Holland, Amsterdam, 1996!, Vol.
XXXV, p. 259.

@3# O. A. Kocharovskaya and Ya. I. Khanin, Pis’ma Zh. E´ksp.
Teor. Fiz.48, 581 ~1988! @ JETP Lett.48, 630 ~1988!#; M. O.
Scully, S.-Y. Zhu, and A. Gavrielides, Phys. Rev. Lett.62,
2813~1989!; S. E. Harris,ibid. 62, 1033~1989!; V. G. Arkhip-
kin and Yu. I. Heller, Phys. Lett. A98, 12 ~1983!; O. A.
Kocharovskaya, Phys. Rep.219, 175 ~1992!; M. O. Scully,
ibid. 219, 191 ~1992!; A. S. Zibrov, M. D. Lukin, D. E. Ni-
konov, L. Hollberg, M. O. Scully, V. L. Velichansky, and H
Robinson, Phys. Rev. Lett.75, 1499~1995!.

@4# A. M. Akulshin, S. Barreiro, and A. Lezama, Phys. Rev. A57,
2996 ~1998!.

@5# A. Lezama, S. Barreiro, and A. M. Akulshin, Phys. Rev. A59,
4732 ~1999!.

@6# M. O. Scully, Quantum Opt.6, 203 ~1994!; M. O. Scully and
M. S. Zubairy,Quantum Optics~Cambridge University Press
Cambridge, England, 1997!.

@7# G. Janik, W. Nagourney, and H. Dehmelt, J. Opt. Soc. Am
2, 1251~1985!; B. Lounis and C. Cohen-Tannoudji, J. Phys.
2, 579 ~1992!.

@8# S. G. Rautian and A. M. Shalagin,Kinetic Problems of Non-
linear Spectroscopy~Elsevier, Amsterdam, 1991!.

@9# E. E. Fill, M. O. Scully, and S.-Y. Zhu, Opt. Commun.77, 36
~1990!; Ya. I. Khanin and O. A. Kocharovskaya, J. Opt. So
Am. B 7, 2106~1990!; O. A. Kocharovskaya and P. Mande
Phys. Rev. A42, 523~1990!; O. A. Kocharovskaya, F. Mauri,
and E. Arimondo, Opt. Commun.84, 393 ~1991!; L. M. Nar-
ducci, H. M. Doss, P. Ru, M. O. Scully, S.-Y. Zhu, and C. H
Keitel, ibid. 81, 379 ~1991!; Yifu Zhu and Min Xiao, Phys.
Rev. A48, 3895~1993!; A. K. Popov, V. M. Kuchin, and S. A.
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