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Quantum interference effects induced by interacting dark resonances
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We predict the possibility of sharp, high-contrast resonances in the optical response of a broad class of
systems, wherein interference effects are generated by coherent perturbation or interaction of dark states. The
properties of these resonances can be manipulated to design a desired atomic response.
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PACS number~s!: 42.50.Gy, 42.50.Lc, 42.60.Fc
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The phenomenon of ‘‘dark resonances’’ or cohere
population trapping@1# is by now a well-known concept in
optics and laser spectroscopy. It is a basis for such effec
electromagnetically induced transparency~EIT! @2# and its
applications to nonlinear optics@3#, lasing without inversion
@4#, the resonant enhancement of the refractive index@5,6#,
adiabatic population transfer@7#, subrecoil laser cooling@8#,
and atom interferometry@9#.

The essential feature of dark resonances is the exist
of quantum superposition states, which are decoupled f
the coherent and dissipative interactions. As a general r
interactions involving such a ‘‘dark state’’ lead to decohe
ence and are undesirable. In the present paper we dem
strate a qualitatively different approach to these proble
The present approach involves multiple quantum superp
tion states that are coupled and interactcoherently. We find
that such interacting superpositions can be used, in m
instances, to mitigate various decoherence effects and to
large the domain of dark-state-based physics.

In particular, we show that coherent interaction leads t
splitting of dark states and the emergence of sharp spe
features. While separate parts of the resulting optical
sponse can be explained in terms of different, appropria
chosen superposition basis, their simultaneous presence
hence the ‘‘double-dark’’ resonance structure as a whole
definite signature of a type of quantum interference effe
The phenomenon of interfering double-dark states is v
general and occurs in a broad class of multistate syste
The effect can be induced, for example, by a microwave fi
driving a magnetic dipole transition, by optical fields indu
ing multiple two-photon transitions, by a static field, or by
nonadiabatic coupling mechanism in time-dependent la
fields @10#.

We show that the resonances associated with the dou
dark states can be made absorptive or transparent and
optical properties such as width and position can be man
lated by adjusting the coherent interaction. Furthermore
very weak incoherent excitation of the atoms can be su
cient to turn the absorption into optical gain. We anticipa
that such ‘‘designed’’ atomic response can be of interes
areas as diverse as enhancement of optical activity in d
media, high-resolution spectroscopy, quantum well las
and Raman adiabatic passage.
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The basic physical mechanism leading to the response
be understood by considering the generic four-state sys
of Fig. 1~a!. Here, a resonant driving field and a weak pro
field with Rabi-frequenciesV andE couple two lower meta-
stable statesc andb with upper levela and, therefore, form a
simpleL configuration. The resulting dark state is coheren
coupled by a real or effective coherent field with Rab
frequencyVc to another metastable stated. As noted above,
a variety of different mechanisms can cause this coupli
This model is quite general since it is unitary equivalent t
broad class of other four-state systems, some of which
shown in Fig. 1. All of these schemes are described by
identical semiclassical dressed-state picture@Fig. 1~d!#,
which provides useful insight into the origin of the interfe
ence between double-dark resonances.

Let us begin with the system of Fig. 1~a!, in which all
coherent processes are described—within the rotating w
approximation—by the following Hamiltonian matrix:

FIG. 1. ~a! Four-state system displaying double-dark res
nances. Unitary equivalent systems:~b! corresponds to generic
model~a! after diagonalizing the interaction with the coherent p
turbation Vc @statesuc1& and uc2& correspond to (uc&6ud&)/A2,
respectively#, ~c! after diagonalizing the interaction with the driv
field V @statesua1& and ua2& correspond to a pair (ua&6uc&)/A2
displaying Fano interference due to spontaneous emission#, and~d!
dressed-state picture corresponding to the~a!, ~b!, and~c!.
3225 ©1999 The American Physical Society
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FIG. 2. Imaginary~solid lines! and real~dashed lines! parts of the probe susceptibility in the units ofh/ḡ for a system of Fig. 1~a!.

Parameters aregb5gc5gd5ḡ, V5ḡ, Vc50.2ḡ, r 5g050, andD050. ~a! Dc50. ~b! Dc5ḡ. Case~b! is the special case when th
dressed energies intersect@E(u2&);E(u0&)].
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H052\S D0 V 0 E
V 0 Vc 0

0 Vc 2Dc 0

E 0 0 D02D

D , ~1!

corresponding to the vector of state amplitud
(ca ,cc ,cd ,cb), (cmª^muc&). Here D5np2vab , D05n
2vac , and Dc5nc2vcd are the detunings of the prob
field, the drive field, and the coherent perturbation. The th
dressed sublevels, generated by the driving fieldsV andVc ,
and the corresponding frequencies read to first order inVc ,

u1&5
1

V0
F2v1ua&1VS uc&1

Vc

v02v1
ud& D G , ~2!

u2&5
1

V0
FVua&1v1S uc&1

Vc

v02v2
ud& D G , ~3!

u0&5ud&2
VcV

Ṽ2
ua&1

Vc~Dc1D0!

Ṽ2
uc&, ~4!

v652
D0

2
7AV21

D0
2

4
, ~5!

v05Dc , ~6!

where V0
2
ªV21(D0/21AV21D0

2/4)2, and we have as
sumed a sufficiently large splitting between the dressed-s
energies such thatuṼ2uªuV22Dc(Dc1D0)u@Vc

2 . Two of
the dressed statesu6& correspond, in the limit of vanishing
perturbationVc→0, to the usual Autler-Townes dresse
components split by 2AV21D0

2/4. Since both have a finite
overlap with the excited stateua&, there is quantum interfer
ence in the absorption or spontaneous emission on the p
transition leading to a single dark resonance. The th
dressed stateu0& coincides in this limit with the bare stat
ud& and hence is decoupled from the system. This is
longer so in the presence of a second drive fieldVc . In this
case the dressed stateu0& contains an admixture ofua& and
thus has a nonzero dipole matrix element with ground s
ub&. From this coupling result transitions betweenub& and
u0& corresponding to three-photon hyper-Raman resona
s
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as well as additional interference effects. The latter lead
pair of transparency points, as shown in Fig. 2~a!.

Alternatively, the system can be analyzed by diagona
ing the interaction with the coherent coupling (Vc), which
leads to the system shown in Fig. 1~b!. It corresponds to a
four-level system with two drive fields of Rabi-frequenc
V/A2 forming two differentL subsystems with lower state
uc1,2& split by 6Vc . In such a system, the existence of tw
distinct dark resonances is clear at hand, each correspon
to a two-photon resonance betweenub& and statesuc1& and
uc2&, respectively. In this basis the central narrow structure
due to interference induced by the coherent interaction
tween the two dark states.

Hence, in either basis quantum interference is an esse
feature of interacting dark resonances. This quantum in
ference combined with the possibility of tuning the positi
of the stateu0& and adjusting its coupling strength allows on
to ‘‘engineer’’ the atomic response. We now discuss this
more detail.

To quantify the properties of double-dark resonances
examine the response of the system@Fig. 1~a!# using the full
set of density-matrix equations. We assume a weak pr
field, and begin with the case when all atoms are in grou
stateb. We also take into account transit-time broadeni
with a corresponding rateg0. The linear susceptibility is then
given by

x5
ih Gcb

GabGcb1V2 S 11
V2

Gcb

Vc
2

Gab~GcbGdb1Vc
2!1V2Gdb

D ,

~7!

whereh5gb3Nl3/(8p2), N is the atomic density, and̀ is
the dipole matrix element of the probe transition.g i j are the
relaxation rates of the respective coherences, andGab5gab
1 iD, Gcb5gcb1 i(D2D0), andGdb5gdb1 i(D2D02Dc).

It is instructive to first examine the case of infinitely lon
lived lower-level coherence,g0→0. Figure 2 shows typica
susceptibility spectra in the case of radiative broadening
the system with weak coherent perturbation of the dark st
We note that the original dark resonance is split into a pai
dark lines. Indeed from Eq.~7! one finds that the probe sus
ceptibility vanishes at the two frequencies:

D5D01
Dc

2
6AS Dc

2 D 2

1Vc
2, ~8!
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FIG. 3. Imaginary~solid lines!
and real~dashed lines! part of the

susceptibility in the units ofh/ḡ
for ~a! and~c! optical gain and~b!
and ~d! enhanced index of refrac
tion without absorption. The pa

rameters aregb5gc5gd5ḡ, V

5ḡ, Vc50.01ḡ, g053r b53r c

53r d50.0001ḡ, and r 50.01ḡ;
Dc50 for ~a! and ~c! and r

50.005ḡ, Dc50.45ḡ for ~b! and
~d!.
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i.e., coherent perturbation does not simply eliminate the d
resonance, but rather splits it into two. These two transp
ency points correspond, for resonant coherent fields, to
dark states of the twoL subsystems of Fig. 1~b!. In addition,
a narrow feature emerges, which is superimposed on
original transparency line. It is represented by the sec
term on the right-hand side of Eq.~7!. In the case of a suf-
ficiently strong driving field such thatuṼ2u@Vc

2 , this feature
has an approximately Lorentzian line shape with line cen
and width given by

D̄[
Dc1D0

11Vc
2/Ṽ2

, G05gab

V2

uṼ2u

2Vc
2

uṼ21gabDcu
, ~9!

whereuṼ21gabDcu@Vc
2 is assumed. AtD5D̄ the suscepti-

bility scales likex5h/gab . That means that the amplitud
of the resonances created by the coherent perturbation
the same order as that of a fully resonant two-level absor
The position and width of the absorption line can be mani
lated by tuning (Dc) and varying the strength (Vc) of the
coherent perturbation.

The interference nature of the effect becomes most p
found for V2'Dc(Dc1D0), i.e., when the energy of one o
the dressed statesu1& or u2& approaches the energy o
dressed stateu0&. In this case the feature turns from a sha
Lorentzian absorption line into a transparency line of wid
;2Vc

2(D01Dc)/(gabDc) close to the point of three-photo
resonance@see Fig. 2~b!#. Hence, by proper tuning of th
coherent perturbation the multiphoton processes can be
ther resonantly enhanced or completely eliminated. We
phasize that the ultimate limit for the widths of the describ
high-contrast spectral features in the limit of small Rabi f
quencyVc is determined by the finite relaxation rate of th
long-lived coherences between the metastable states. It
therefore, be extremely small compared to the width of
optical transition@11–13#.

We now extend our treatment to include the case w
some atoms are injected into one of the levels coupled by
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coherent perturbation, specifically into the stateud&. In a
dressed-state picture such injection implies the selec
population of the dressed stateu0&, which may result in op-
tical gain or in an increase of the refractive index at t
transparency point. In the following we focus on the ca
where the atoms are excited by a weak incoherent pump
r. Let us consider, for example, the case when all fields
on resonance@i.e.,D05Dc5D50, see Fig. 3~a!#. Assuming,
additionally, a weak coherent perturbation and small grou
state relaxation (g0!uVcu,r !g rad) we find that the absorp
tive feature is turning into gain when

r>
gb

gd
UVc

V U2

ga1S 11
gb

gd
Dg0 . ~10!

SinceuVc /Vu2 can be made very small, an incoherent pum
strength orders of magnitude smaller than necessary to in
the optical transition is sufficient to produce gain. It is inte
esting to note that the upper level population in this case
very small (raa

(0);r /gb). Furthermore, double-dark lines ca
be used to create a medium with an enhanced refractive
dex without absorption. To this end, it is favorable to pr
duce a double-dark line at a frequency where the refrac
index is large in the absence of coherent perturbation, i.e
the vicinity of the dressed statesu6&. This can be readily
achieved by tuning the coherent perturbation@see Fig. 3~b!#.

Hence, the above considerations allow us to conclude
using coherently coupled double-dark resonances, it is p
sible to efficiently ‘‘engineer’’ the atomic response. We no
focus on some of the applications of such designed ato
response. Consider, first of all, the problem of optical act
ity enhancement in a dense medium, and in particular,
enhancement of the refractive index without absorption. O
of the major obstacles in the realization of a large refract
index ~i.e., of susceptibilityx8 comparable to unity! in usual
schemes@5,6# is the requirement of a large excited-sta
population density. Excited-state population and the co
sponding energy dissipation due to spontaneous emis
represent an important limitation to the optical activity e
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hancement in a dense, partially excited ensemble, as
lead to the requirement of large continuous energy inp
absorption of coherence generating fields, superradiant
cays, frequency shifts, and other decoherence effects.
potential advantage of using double-dark lines is that la
susceptibility values can be achieved in dense media av
ing the above-mentioned problems. We note, for exam
that in the case depicted in Figs. 3~b! and 3~d!, the refractive
index at the point of vanishing absorption is comparable
the maximum value obtained in a two-level system in
vicinity of an atomic resonance. It is obtained with a ve
small excitation of atoms and correspondingly small ene
dissipation. The parameters used for the present simulat
correspond to a possible realization of double-dark re
nances within the RbD1 absorption line using hyperfine an
Zeeman sublevels of the ground state. Here a pair of op
fields can be used together with an rf or a microwave field
generate a double-dark line. The relaxation rate betw
metastable lower levels in such a system can easily be w
a few kHz, being limited, in a dense medium, only by t
very slow dephasing due to spin-exchange collisions@15#. In
this case, atomic densities up to 101521016 cm23 can be
used and a few centimeters of transparent Rb vapor w
refractivity x8;1 can be created@15,16#. This can be put in
prospective by noting that resonantx8;1024 was observed
in the experiment of Ref.@6# utilizing a L-type EIT scheme
in Rb.

Furthermore, the narrow features associated with dou
dark resonances can be of interest in high-resolution la
spectroscopy. They can provide a sensitive tool for dir
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measurements of, e.g., strength of the coherent perturba
such as magnetic fields. High sensitivity can be expec
similar to EIT-based techniques@14# but without the need for
involved dispersive measurements, since narrow double-d
resonances can be observed with a large signal-to-noise r
Indeed, high-contrast narrow features persist even in
presence of strong optical fields and are not limited by pow
broadening.

Another interesting application of double-dark resonan
are unipolar and bipolar quantum well lasers. Here the pr
erties of double-dark resonances can provide a way to m
gate the problems associated with large inhomogene
broadening@19#.

Finally, the possibility of using double-dark states in ad
batic passage techniques@7# is intriguing, in that it offers a
way of a robust preparation and phase-sensitive probing
arbitrary quantum superpositions of lower states@17#, which
is of particular interest for quantum computation@18#. This,
as well as other applications of double-dark lines will
addressed in detail elsewhere.
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