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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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The phenomenon of “dark resonances” or coherent The basic physical mechanism leading to the response can
population trapping1] is by now a well-known concept in be understood by considering the generic four-state system
optics and laser spectroscopy. It is a basis for such effects & Fig. 1(a). Here, a resonant driving field and a weak probe
electromagnetically induced transparen@&T) [2] and its field with Rabi-frequencie$) and& couple two lower meta-
applications to nonlinear opti¢8], lasing without inversion stable states andb with upper levela and, therefore, form a
[4], the resonant enhancement of the refractive indes], simple A configuration. The resulting dark state is coherently
adiabatic population transf¢r], subrecoil laser coolinfg], ~ coupled by a real or effective coherent field with Rabi-
and atom interferometr9]. frequency(). to another metastable stadeAs noted above,

The essential feature of dark resonances is the existen@eVvariety of different mechanisms can cause this coupling.
of quantum superposition states, which are decoupled fronthis model is quite general since it is unitary equivalent to a
the coherent and dissipative interactions. As a general ruld®road class of other four-state systems, some of which are
interactions involving such a “dark state” lead to decoher-shown in Fig. 1. All of these schemes are described by the
ence and are undesirable. In the present paper we demoiflentical semiclassical dressed-state pictyfég. 1(d)],
strate a qualitatively different approach to these problemswhich provides useful insight into the origin of the interfer-
The present approach involves multiple quantum superposBnce between double-dark resonances.
tion states that are coupled and interesherently We find Let us begin with the system of Fig(d, in which all
that such interacting superpositions can be used, in mangoherent processes are described—within the rotating wave
instances, to mitigate various decoherence effects and to eaPproximation—by the following Hamiltonian matrix:
large the domain of dark-state-based physics.

In particular, we show that coherent interaction leads to a
splitting of dark states and the emergence of sharp spectral
features. While separate parts of the resulting optical re-
sponse can be explained in terms of different, appropriately
chosen superposition basis, their simultaneous presence and
hence the “double-dark’” resonance structure as a whole is a
definite signature of a type of quantum interference effect.
The phenomenon of interfering double-dark states is very
general and occurs in a broad class of multistate systems.

al
The effect can be induced, for example, by a microwave field a —_ 0
driving a magnetic dipole transition, by optical fields induc- : -l
ing multiple two-photon transitions, by a static field, or by a Q € €
nonadiabatic coupling mechanism in time-dependent laser
fields[10]. d b N
We show that the resonances associated with the double- © @

dark states can be made absorptive or transparent and their

optical properties such as width and position can be manipu- g, 1. (a) Four-state system displaying double-dark reso-
lated by adjusting the coherent interaction. Furthermore, @ances. Unitary equivalent system@) corresponds to generic
very weak incoherent excitation of the atoms can be suffimodel(a) after diagonalizing the interaction with the coherent per-
cient to turn the absorption into optical gain. We anticipateturbation (., [states|c;) and |c,) correspond to |€)+|d))/\2,
that such “designed” atomic response can be of interest inespectively, (c) after diagonalizing the interaction with the drive
areas as diverse as enhancement of optical activity in denseld Q [states|a;) and |a,) correspond to a pair|&)+|c))/\2
media, high-resolution spectroscopy, quantum well lasersjisplaying Fano interference due to spontaneous emiksiod (d)
and Raman adiabatic passage. dressed-state picture corresponding to e (b), and(c).
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FIG. 2. Imaginary(solid lines and real(dashed linesparts of the probe susceptibility in the units gfy for a system of Fig. ().
Parameters are,=vy.=y4=7v, O=v, 0.=0.2y, r=79,=0, andA,=0. (8 A.=0. (b) A.=1y. Case(b) is the special case when the

dressed energies intersé&(| —))~E(|0))].

Ay Q 0 g as well as additional interference effects. The latter lead to a
Qa o0 o 0 pair of transparency points, as shown in Fi¢g)2

Ho=—h ¢ (1) Alternatively, the system can be analyzed by diagonaliz-
0 Q. —A; 0 ’ ing the interaction with the coherent couplin@ (), which
£ 0 0 Ay—A leads to the system shown in Figbl It corresponds to a

four-level system with two drive fields of Rabi-frequency

corresponding to the vector of state amplitudesQ/\/z forming two differentA subsystems with lower states
(CasCerCa,Ch), (Cui=(u|ih)). Here A=vy—wap, Ag=v |12 split by Q.. In such a system, the existence of two

— wae, and A,=v.—weq are the detunings of the probe distinct dark resonances is clear at hand, each corresponding
field, the drive field, and the coherent perturbation. The thre&? & two-photon resonance betwejém and statescy) and
dressed sublevels, generated by the driving fi€ldsnd Q. |c,), respectively. In this basis the central narrow structure is

tween the two dark states.

1 QO Hence, in either basis quantum interference is an essential
|+)= o —w |la)y+Ql|c)+ _° |d>”, (2)  feature of interacting dark resonances. This quantum inter-
0 @oT @+ ference combined with the possibility of tuning the position
of the statd0) and adjusting its coupling strength allows one
|—)= i Qla)+w.||c)+ Qc |d>”, 3) to “engineer” the atomic response. We now discuss this in
Qg Wy~ more detail.
To quantify the properties of double-dark resonances we
0.0 QA+ Ap) examine the response of the systdfig. 1(@)] using the full
|0)=|d)— — |a)+ — lc), (4)  set of density-matrix equations. We assume a weak probe
Q Q field, and begin with the case when all atoms are in ground-
stateb. We also take into account transit-time broadening
Ay ) Aj with a corresponding ratg,. The linear susceptibility is then
W= F VO (5 given by
wo= A, © e [, 0 Q¢
ol oot Q%7 Teb Tag(Tepl g+ Q2+ Q%)
where Q2:=02+ (Ag/2+ Q7+ AZ/4)2, and we have as- abteb ableol ao+ €2c) D

sumed a sulfficiently large splitting between the dressed-state

energies such thdf)2|:=|02— A (A.+Ag)[>02. Two of  wherey=y,3V\%(87?), Nis the atomic density, and is

the dressed statés) correspond, in the limit of vanishing the dipole matrix element of the probe transitign. are the
perturbation2.—0, to the usual Autler-Townes dressed relaxation rates of the respective coherences, 1&g yap
components split by 202+ A%/4. Since both have a finite T4, I'ep=7vcpti(A—Ag), andl'gp=ygp+i(A—Ag—A).
overlap with the excited stafa), there is quantum interfer- It is instructive to first examine theT case of infinitely I_ong—
ence in the absorption or spontaneous emission on the prolj¥ed lower-level coherencey,— 0. Figure 2 shows typical
transition leading to a single dark resonance. The thirgusceptibility spectra in the case of radiative broadening for
dressed statt0) coincides in this limit with the bare state the System with weak coherent perturbation of the dark state.
|d) and hence is decoupled from the system. This is ndVe note that the original dark resonance is split into a pair of
longer so in the presence of a second drive field In this dark_ I|_n_es. Indeed from Ed7) one finds _that the probe sus-
case the dressed std@® contains an admixture df) and ~ CePtibility vanishes at the two frequencies:

thus has a nonzero dipole matrix element with ground state

. . L. 2
|b). From this coupling result transitions betweg) and A=Agt &t /(%) +02, )

|0) corresponding to three-photon hyper-Raman resonances
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i.e., coherent perturbation does not simply eliminate the darkoherent perturbation, specifically into the stat. In a
resonance, but rather splits it into two. These two transpardressed-state picture such injection implies the selective
ency points correspond, for resonant coherent fields, to thpopulation of the dressed std@), which may result in op-
dark states of the twd subsystems of Fig.(b). In addition, tical gain or in an increase of the refractive index at the
a narrow feature emerges, which is superimposed on thigansparency point. In the following we focus on the case
original transparency line. It is represented by the seconahere the atoms are excited by a weak incoherent pump rate
term on the right-hand side of E@?). In the case of a suf- r. Let us consider, for example, the case when all fields are

ficiently strong driving field such thaf}?|> 2, this feature ~ On resonancgi.e.,Ao=A;=A=0, see Fig. 8)]. Assuming,

has an approximately Lorentzian line shape with line centepdditionally, a weak coherent perturbation and small ground-
and width given by state relaxation 4o<|Q¢|,r <y, We find that the absorp-

tive feature is turning into gain when
A+A, 0? 202

= = — = , 9 Yo | Qe|?
140202 % 182 |07+ y0A ©

Cc
r=-—

Yd

Yat Yo- (10

Q

1+ 2
Yd

where| Q%+ y,pA[> Q2 is assumed. Ah=A the suscepti- ~ Since|Q./Q|? can be made very small, an incoherent pump
bility scales likex= »n/vy,,. That means that the amplitude strength orders of magnitude smaller than necessary to invert
of the resonances created by the coherent perturbation is ¢ie optical transition is sufficient to produce gain. It is inter-
the same order as that of a fully resonant two-level absorbeesting to note that the upper level population in this case is
The position and width of the absorption line can be manipuvery small (Og(;)~r/7b). Furthermore, double-dark lines can
lated by tuning §.) and varying the strength(Y;) of the  be used to create a medium with an enhanced refractive in-
coherent perturbation. dex without absorption. To this end, it is favorable to pro-
The interference nature of the effect becomes most produce a double-dark line at a frequency where the refractive
found for Q?~A (A +Ay), i.e., when the energy of one of index is large in the absence of coherent perturbation, i.e., in
the dressed statelst) or |—) approaches the energy of the vicinity of the dressed statés ). This can be readily
dressed statf0). In this case the feature turns from a sharpachieved by tuning the coherent perturbatisee Fig. 80)].
Lorentzian absorption line into a transparency line of width Hence, the above considerations allow us to conclude that
~202(Ag+A)/(vapAo) close to the point of three-photon using coherently coupled double-dark resonances, it is pos-
resonancdsee Fig. 20)]. Hence, by proper tuning of the sible to efficiently “engineer” the atomic response. We now
coherent perturbation the multiphoton processes can be diecus on some of the applications of such designed atomic
ther resonantly enhanced or completely eliminated. We enresponse. Consider, first of all, the problem of optical activ-
phasize that the ultimate limit for the widths of the describedity enhancement in a dense medium, and in particular, the
high-contrast spectral features in the limit of small Rabi fre-enhancement of the refractive index without absorption. One
quency(). is determined by the finite relaxation rate of the of the major obstacles in the realization of a large refractive
long-lived coherences between the metastable states. It caindex(i.e., of susceptibilityy’ comparable to unityin usual
therefore, be extremely small compared to the width of theschemeg[5,6] is the requirement of a large excited-state
optical transition11-13. population density. Excited-state population and the corre-
We now extend our treatment to include the case whesponding energy dissipation due to spontaneous emission
some atoms are injected into one of the levels coupled by theepresent an important limitation to the optical activity en-
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hancement in a dense, partially excited ensemble, as thayweasurements of, e.g., strength of the coherent perturbation
lead to the requirement of large continuous energy inputsuch as magnetic fields. High sensitivity can be expected
absorption of coherence generating fields, superradiant deimilar to EIT-based techniqué$4] but without the need for
cays, frequency shifts, and other decoherence effects. TtHevolved dispersive measurements, since narrow double-dark
potential advantage of using double-dark lines is that largéesonances can be observed with a large signal-to-noise ratio.
susceptibility values can be achieved in dense media avoidndeed, high-contrast narrow features persist even in the
ing the above-mentioned problems. We note, for examplePresence of strong optical fields and are not limited by power
that in the case depicted in FiggbBand 3d), the refractive  Proadening.

index at the point of vanishing absorption is comparable to Another interesting application of double-dark resonances
the maximum value obtained in a two-level system in thedl® unipolar and bipolar quantum well lasers. Here the prop-

vicinity of an atomic resonance. It is obtained with a veryerties of double-dark resonances can providg a way to miti-
small excitation of atoms and correspondingly small energ ate the_ problems associated with large inhomogeneous
dissipation. The parameters used for the present simulatio oa_denmg{lg]. - . . .
correspond to a possible realization of double-dark reso- Finally, the possibility of using double-dark states in adia-

nances within the RD 4 absorption line using hyperfine and batic passage techniqueg] is intriguing, in that it offers a

Zeeman sublevels of the ground state. Here a pair of opticé’i’ay of a robust preparation and phase-sensitive probing of

fields can be used together with an rf or a microwave field toarbltrary quantum superpositions of lower stltE#|, which

generate a double-dark line. The relaxation rate betweel? of particular Interest for_quantum computatlkjt_ﬁ]. Th'.s’
metastable lower levels in such a system can easily be withift> well as .other fappllcanons of double-dark lines will be
a few kHz, being limited, in a dense medium, only by theaddressed in detail elsewhere.
very slow dephasing due to spin-exchange collisidrg. In The authors gratefully acknowledge useful discussions
this case, atomic densities up t0'3010° cm 2 can be with L. Hollberg, K. Bergmann, E. Fry, P. Hemmer, Yu.
used and a few centimeters of transparent Rb vapor witlRostovtsev, R. Pfund, V. Sautenkov, B. W. Shore, R. Unan-
refractivity ' ~1 can be createfll5,16]. This can be putin yan, V. Velichansky, and A. Zibrov, and the support from
prospective by noting that resonagpt~10~* was observed the U.S. Office of Naval Research, the Welch Foundation,
in the experiment of Ref.6] utilizing a A-type EIT scheme the Texas Advanced Research and Technology Program, the
in Rb. National Science Foundation, and the U.S. Air Force Labo-
Furthermore, the narrow features associated with doubleratories. M.F. thanks the Alexander-von-Humboldt Founda-
dark resonances can be of interest in high-resolution lasdéion and S.F.Y. thanks the “Studienstiftung des Deutschen
spectroscopy. They can provide a sensitive tool for directolkes” for financial support.
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