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Abstract: A new scheme is suggested to manipulate the probe trarsition
(and hence the optical properties of atomic vapors) via Eeabntrol
destructive and constructive quantum interferences. fithaeince of phase
coherence between the two control transitions on the pralbsition is also
studied. The most remarkable feature of the present schethatithe opti-
cal properties (absorption, transparency and dispersicar) atomic system
can be manipulated using this double-control multi-pathvwerferences
(multiple routes to excitation). It is also shown that a ftewel system
will exhibit a two-level resonant absorption because the tontrol levels
(driven by the two control fields) form a dark state (and hemdestructive
guantum interference occurs between the two control tiansj). However,
the present four-level system will exhibit electromageedty induced
transparency to the probe field when the three lower leveldud@ing the
probe level and the two control levels) form a three-levekdstate. The
present scenario has potential applications in new deyegslogic gates
and sensitive optical switches) and new techniqegs uantum coherent
information storage).
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1. Introduction

During the past four decades, design and fabrication dicali materials have attracted con-
siderable attention in various scientific and technoldgiceas [1, 2, 3, 4, 5]. The most remark-
able feature of all these artificial materials is that the evpvopagation (including the quan-
tum optical properties [4]) could be manipulated by the make Recently, many theoretical
and experimental investigations have shown that the cootnohase coherence in multilevel
atomic ensembles will give rise to many striking quantunicgdpphenomena in the wave prop-
agation of near-resonant light [2, 3]. One of the most irdting quantum optical phenomena
is electromagnetically induced transparency (EIT), inclhdne resonant laser beam propa-
gating through the medium will get absorbed; but when twomest laser beams propagate
simultaneously through the same medium, neither will b@dizl due to the quantum inter-
ference between them, and thus the opaque medium is turtted transparent one [2]. From
the point of view of the physical mechanisms involved in tihemomenon, EIT results from
destructive quantum interference and coherence effeets &omic transition process from the
ground state to the excited ones [2]. Besides the CPT (cohpopulation trapping) explana-
tion (in which the concept of dark state is involved), EIT @so be interpreted in terms of
the quantum interference between dressed states [6] argutum field theoretical expla-
nation (using Feynman diagrams to represent the integigrincess in EIT [7]). Apart from
nearly zero absorption at resonance, the quantum coheefiecein EIT vapors will give rise
to strong dispersion near resonance [8]. Since the opticglegpties of EIT vapors depend on
the external control field intensities, EIT can also be ugerkalize the beam focusing (EIT
lensing) [9]. As it can exhibit many intriguing effects, E€6uld be applied to various areas of
optics and enable us to achieve some novel results [2]. Marently, some unusual physical
effects associated with EIT have been observed experitherteluding the ultraslow light
pulse propagation [8], the superluminal light propagafit®, the light storage in an atomic
vapor and semiconductor quantum-dot material [8, 11], thmg ground state cooling and the
sensitive EIT waveguide [12]. Some of them are believed tadeful for the development of
new techniques in quantum optics, photonics and quantucirefecs [2, 12, 13, 14].

In this paper, we suggest a new scheme for manipulatingghe propagation by means of
a double-control four-level system, where the four-lewehsc system is coupled to the two
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Fig. 1. The schematic diagram of a double-control four-level sysiéma.two control laser
beamsQ. andQ, drive the|2)-|3) and|2')-|3) transitions, respectively. The probe transi-
tion |1)-|3) can be controllably manipulated via the destructive and constructiveuquan
interferences between th2)-|3) and|2’)-|3) transitions. If leveld1), |2) and|2’) form a
three-level dark state, then the atomic vapor is transparent to the petthenfhereas it is
opaque to the probe field when levés and|2') form a two-level dark state.

control beams and one probe beam (see Fig. 1). Later we sloalllsow the three lower levels
form a three-level dark state that can be viewed as a genatiah of the two-level dark state
(consisting of the probe and control levels) that appeaasionventional three-level EIT effect.
As the destructive quantum interference occurs among tiee thptical fields, the population
cannot be excited from the three-level dark state to therdppel (13)). This will lead the four-
level system to exhibit an EIT effect. But under some condgi(including the control fields
with proper intensities and frequency detunings), a desw quantum interference would
arise between the two control field,, only the two control levelg®) and|2’) interacting with
the two control fields, respectively) form the dark stateisTimplies that the total contribution
of transitions driven by the two control fields from the twantwl levels (2) and|2')) to the
upper level [3)) vanishes. Thus the four-level system is equivalent to alewel system that
can exhibit a two-level resonant absorption to the probd.fidle study both the constructive
and destructive quantum interferences between the twoaldransitions driven by the control
fields, and show that such quantum interferences lead todaheparency and the absorption,
respectively, to the probe field. In a conventional threell&|T system, we have to change the
(absolute) intensity of the control field in order to contiteé optical behaviors of the atomic
vapor. However, the optical response of the present foxgktomic vapor can be tunable just
by adjusting the relative intensities (the ratio of the msiéies) of the two control fields. This
means that the double-control scheme would be more comveame efficient for manipulating
the optical properties of the atomic vapors than the coiweatthree-level EIT scheme did.

2. Double-control four-level system and generalized dark state

Consider a four-level atomic ensemble with three lowerlke\d, |2), |2') and one upper level

|3) (see Fig. 1). Such an atomic system interacts with threeafields,i.e., the two control
laser beams and one probe laser beam, which couple the &ive|2)-|3), |2')-|3) and |1)-

|3), respectively. The three frequency detunidgs Ay andA, are defined as follows; =
W32 — W, Dy = W3y — Wy, andAp = ws1 — wy, Wherewsy, wsy and wsy denote the atomic
transition frequencies, andg;, wy, w, represent the mode frequencies of the control and probe
beams, respectively. For the present atomic system, thetiequof motion of the probability
amplitudes in accordance with the Satiinger equation is
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B = — [ 2 41 (85— )] a2+i§

. . i
ay = — [);2 +i (Ap—Ad)} ay + éQdag,

Qj;ag,

. M . [

where the Rabi frequencies of the probe beam and the twoatdrgams are defined through
Qp = 0318p/N, Q¢ = Oz26c/h, andQy = O3 &y /N, respectively. Heré), &c, andéy stand
for the probe and control field envelopes (slowly-varyingpéitades). The decay ratas, y,
andrl3 are defined by = Yoz + Yoo — Vo3, Vo = Yoz + Vo2 — Yoz @nd s = Vo3 + Yoz — Yoro,
whereyj's denote the decay rates (including the contribution ofdbléisional dephasing and
the spontaneous emission decay) of the density matrix elespg.

In what follows, we will study the dark state in the presentrievel system. Eg. (1) can be
rewritten in the matrix form

al(t) al(t)
7} ap(t) ap(t)
— = 2
7 | a) a(t) | @)
aa(t) aa(t)
where the coefficient matrix7 is defined by
o o o lo
o 0 0o 0 59| ®)
b0 $0c Q¢ O

In order to see the essential physical meanings of the dat&, stre ignore the frequency de-
tunings and the decay rates in the equation of motion of fiiyeamplitudes. Obviously, the
solution to Eg. (2) can be of the form

a Et; algog
a(t . ax(0
) | = | a0 | @
as(t) ag(0)

a1(0) -A 0 0 30 21(0)
_ 32(0) _ 0 —A 0 lZQé az(O) -
AN a0 [T 0 0 —a toy || a0 |7 ©
2(0) 2 Qe QA 2(0)

where.# denotes the identity matrix. This means that the deterntighetics — A .#) = 0. Thus
one can obtain a quartic equation

040 +0000 + Q0] _ -
h —0.

A2 A2+
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The four eigenvalues of Eq. (6) are given by

VOO 000 050,

A1=0, A2=0, A==+ >

Q)
The dark state corresponds to the zero roots. According $o 2§jand (4), one can arrive at

This means that the three lower leve|3)( |2) and |2')) form a three-level dark state. The
probability amplitudesy, ap, ay of the atomic levels in the present three-level dark stage ar
restricted by this relation. In the meanwhile, the probgbdmplitude of level3) is zero (.e.

az = 0) according to Egs. (2) and (4). Here we can define a conckgti¢driving contribution”
that is the product of the Rabi frequency (coupling coeffitiand the probability amplitude of
a lower level. For instance, the driving contribution of fhrebe field isQpa;. It follows from
Eqg. (8) that the total driving contribution of the probe arwhirol fields is zero for the dark
state (this can be viewed as a quantum destructive intederamong the three optical fields).
It seems that there is no net interaction between the thrgerltevels and the three optical
fields, and that no population would be excited from the lolgeels to the upper level. This
leads to the EIT phenomenon.

3. Dispersion of atomic electric susceptibility

In the preceding section, we studied a three-level darle stathe double-control four-level
system. In this section, we consider the dispersion of apttonstants’ of the four-level atomic
vapor. We assume that the intensity of the probe beam is iguffig weak and therefore nearly
all the atoms remain in the ground stdte,, the atomic population at levél) is unity. Under
this assumption, Eg. (1) can be reduced to the following form

: : P

: : P

a.2/ = — |:);2+| (Ap—Ad>:| a2/ + éQda&

. M . [ i

a=— (23 +IAp> ag+ 5 (Qeaz + Quay) + EQp‘ ©)

The steady solution to Eq. (9) is given by

fo = — 4@QpQ*[é . Ad)]
ay — — @di[f | (Bp—20)]
8= 505 [ 2 +1 (85— o) {é%—i(Ap—Ad)}, (10)
where the parameter
2 = (r23+iAp) %-ﬁ-i(Ap—Ac)} [‘gﬂ(Ap—Ad)]
+ngQd[f+|(Ap—AC)}+iQ;QC[‘;2+|(A Ad)} (11)
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Note that the atomic electric polarizability of the probarsition [1)-|3) is B(4p) =
2(713p31/ (€06p) With the density matrix elememk; = ajaz ~ az. Substituting the above results
into B(4Ap), one can obtain the explicit expression for the electriapphbility

)
B(Dy) = 'ié‘%‘ = [Z+i(do-00)] %H(Ap—ﬂd)} (12)

The relative electric susceptibility ig(Ap) = NB(Ap), whereN denotes the atomic concen-
tration of the EIT vapor. The dispersive behavior of the @&l imaginary parts of the elec-
tric susceptibility is plotted in Fig. 2, where the typicarpmeters of the atomic system are
chosen asf3 =1.0x10° s, b =10x 10° s71, y, =2.0x 10° 573, [J13 = 1.0 x 10°2°
Cm, Qc=10x1P%s?1 Qy=20x10%s 1 A, =30x10"s 1 Ay =80x10" s!, and

N = 5.0 x 10°° m~3. The absorption coefficiert (defined as 2im{n,} /Re{n}, i.e, the loss

in the medium per wavelength) is shown in Fig. 3 as a functiothe frequency detuning of
the probe beam. Note that in a conventional three-level E$tes, there is only one resonant
frequency for the atomic system to exhibit zero absorptsee (Fig. 3, where the absorption co-
efficient of the conventional three-level EIT vapor is pdotunder the condition that the control
field Qy is absent). For the double-control system, however, therene resonant frequencies,
where the four-level vapor is transparent to the probe beamo @bsorption),e., A, — A¢ or

Ay — Ay. This can be called “double-control electromagneticaiiyuiced transparency”.

It should be noted that the coherent population trappindiédouble-control scheme oc-
curs twice (.e, whenA, = Ac andAp = Ay). In other words, the two resonant frequencies
corresponding to the probe zero absorption are in fact camgéhe usual two-level dark states
formed by the level$l), |2) and|1),|2'), respectively. Thus the so-called three-level dark state
composed of all lower levelgl), |2),|2)) satisfying relation (8) derived usinfy, = A¢ = Ay
is actually a state of a special case.(completely resonant). However, in general casss (
Dp = D¢ butAp # Ay, or Ay = Ay butp # Ac), such a three-level dark state would be reduced
to the two-level dark state composed of the leyils|2) or |1), |2').

4. Destructive and constructive quantum interferences

We have shown that the present four-level atomic vapor chibia double-control EIT effect.
But under certain conditions, the four-level vapor becompeaque to the probe field. This
guestion is closely related to the destructive and construinterferences between the two
transitions [2)-|3) and|2')-|3)) driven by the two control fields. In the following discusss
we analyze the quantum interferences between the two ddransitions. It follows from (10)
that the ratio of the probability amplitudes of the two cohtevels (2) and|2')) is

ag . é%+|(Ap—Ad>

ay Q) Z4i(bp—Ac)

(13)

In the meanwhile, it can be readily verified from (12) that #it@emic electric polarizability can
exhibit a two-level resonant absorptidare,,

. ‘D13|2 1
Ap) — i , 14
B( p) Soﬁ % + iAp ( )
when the intensities of the two control fields agree with tiiving relation
Vo o
QLQ 241 (Ap— Ay
¢ _ 2 + ( p C) (15)

Q0 Bi(bp—2Ac)
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Fig. 2. The dispersive behavior of the real and imaginary parts oflliérie susceptibility
as the probe frequency detuning varies. Both the real and imaginesygig (Ap) tend to
zero at probe frequency detuninfys= 3.0 x 10’ s~ andA, =8.0x 10" s~ .

35

= four-level #* ¥
—+— three-level N n

3+

25

o (arb. unit)

0.5

Ap/ra (arb. unit)

Fig. 3. The dispersive behavior of the absorption coefficients of batthtee- and the
four-level atomic vapors as the probe frequency detuning variesreTére two resonant
frequencies & = 3.0 x 10’ s7* and A, = 8.0 x 10’ s71), where the four-level system

exhibits zero absorption.
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According to expressions (13) and (15), one can obtain

az Qo

~ or Qcay + Quay ~ 0. 16
2 N c2+Quay (16)

This means that the two control leve|2)(and|2')) form a two-level dark state. As the destruc-
tive quantum interference occurs between the two controlsfi@o population is excited from
levels|2), |2) to level|3) though the two control fields are present. Different fromphevious
three-level dark state, where the three-level destruatisference takes place (which makes
the atomic vapor transparent to the probe field), the twelldark state wipes off the total con-
tributions of the two control fields and the atomic vapor bmes an opaque medium. In other
words, here the four-level system is equivalent to a twelleystem (composed ¢f) and|3))
that can exhibit large resonant absorption.

In order to consider the general quantum interferencesdsstthe two control transitions
(12)-|3) and|2')-|3) transitions) excited by the control fields, we extend (163 igeneralized
form .

Qcar — ¢€9Quay =0, (17)

where% is a positive number anél a parameter that characterizes the double-control atomic
phase coherence. The effects of the double-control déiseand constructive quantum inter-
ferences can be investigated by analyzing these parametetisularly the phase parameter
Clearly, Eq. (17) will be reduced to (16) if we take= 1, 6 = mt (destructive interference). For
the general cases, the value€® can be obtained by relation (13).

20 Bri(dp-a)

¢df = _ . 18
QuQe L+i(8p—Ac) (18)
Thus, the atomic electric polarizability can be rewrittesn a
|O1sf? 2 4i(hp—Ac)
Blly) =i e e . T (19)
0 (73+|Ap) [7+|(Ap*Ac)]+ZQéQc(l+ ?GH )
Alternatively, it can be rewritten as
|[13)? %—s—i (Bp— D)
B(Bp) =i (20)

&N (T3 +ing) [§+i (8- 80)| +10300 (1+7€9)

This can also be obtained by using the permutation procegaire Y5, Ac — Ay, € — 1/%,
0 — —0,Q{Q: — Q Q. Obviously, the electric susceptibility at the probe freqey depends
on the atomic phase-coherence param@tém general, the dephasing ratesy, are negligibly
small e.g., only one part in 1000 of the spontaneous decay rates in thaal hus, Eq. (18)
can be simplified to the form

jo _ Q59 (8p—Ac)

- A . — 21
0:00 (1) D

This, therefore, implies thar'e® is a real number, namely, the phase parameter can only be
choserd = 0 or rt. In order to see how the double-control destructive andtcactive quantum
interferences influence the optical properties of the ataapor, we here consider a simple case
with the modules” = 1. If the phase parametér= 0, then from expressions (19) and (20) for
the electric polarizability, the present atomic vapor @gparent to the probe field. However,
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the atomic vapor would be opaque if the phase paranteterrt. Then expressions (19) and
(20) will be reduced to (14) that characterizes the two{lezgonant absorption. Thus, the four-
level atomic vapor would exhibit the transparency effeatethe three leveldl), |2), and|2')
form athree-level dark state, and it would exhibit the resonant absorptioredhe two levels
|2) and|2') form atwo-level dark state. On the other hand, the preg@,) will be reduced
to the atomic electric polarizability of a typical threes Lambda-configuration EIT system,
i.e,

_ 1018l Z+i(Bp—A)

B(Lp) =i ’
p sh (L23+iAp) (2 +i(8p—Dc)] + 3050

(22)

when% > 1, eg., the intensity of the control fiel@. is much larger than that of the control
field Qy (i.e. Q¢Qc > QL Qc), or the control fieldQ, drives the atomic system at resonance
(Bp—ADc — 0,0p — Ay #0).

As the phase coherence and quantum interference in threkslestems have been demon-
strated experimentally in both the atomic vapors [8, 10,185 and the quantum-dot materials
[17, 18, 19], the present double-control scheme could imggple be realized in experiments in
the near future. Here we suggest some ideas to connect amedio the experimental work:

1) negative group velocity: It follows from the dispersive behavior of the absorptiaefti-
cient in Fig. 3 that the double-control four-level EIT systexperiences a dramatic absorption
enhancement (a very sharp increase dfetween the two resonant frequencies) as compared
with a usual three-level EIT system. This means that thegtgparticularly the real part of
the susceptibility between the two EIT transparency wirghoed the double-control four-level
atomic vapor is more sensitive to the probe frequency. Tlag l@ad to a dramatic change of
the speed of the light in the four-level medium. In the litara, the ultraslow light and the
superluminal propagation (negative group velocity) inttiree-level EIT media have received
attention from many researchers [8, 10, 15, 16]. As the dispe in both the real and imagi-
nary parts of optical ‘constants’ is stronger than that ihr@e-level EIT vapor, the ultraslow
and superluminal propagations of light also deserve cenaitbn in the case of double-control
four-level vapor.

2) logic gates. Recently, ideas of realizing logic gates by using new dptieonic materials
have captured attention of some researchers [17, 18, 19balieve that the double-control
interference effects can also be used to realize some logidumctional operationse(. the
operations of NOT and AND gates). Here we give an exampledw tow a NOT gate works
based on the double-control interference effects: choosetoper Rabi frequencies of the
two control fields that satisfy the relationg Qca, + Qyay = 0) for the destructive quantum
interference between the two control leveél @nd|2')). Once the control fiel@, is switched
off (logic operation IN= 0), the present scheme will exhibit a three-level EIT effgagic
operation OUE 1). But when the control fiel@. is switched on (logic operation KN 1), the
present double-control scheme will exhibit a two-leveloreant absorption to the probe field
(logic operation OUE 0). This is the working mechanism of the double-control NQ@ieg

3) optical switches. The double-control destructive and constructive interfiee effects can
be applicable to some quantum optical and photonic devie@sexample, such a coherent
effect can be utilized for designing optical switches. Tvistches might be a useful technique
for future photonic microcircuits on silicon, in which ligheplaces electrons. At present, the
all-optical switch on silicon where one controls light withht on chip has been increasingly
developed. We hope the present optical switches based daedoontrol interference would
have potential applications in this field and other relate@se.g. integrated optical circuits.
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5. Concluding remarks

As the total driving contribution of all the laser beams (tmtrol and probe fields) to the
atomic population excited from the three-level dark statéhe upper level is zero due to the
destructive quantum interference among the three optieklsti the present atomic vapor is
transparent to the probe field. But when we choose certagngities of the control fields, the
three-level dark state will be reduced to a two-level daakesthat is a linear combination of the
two control levels|2) and|2')). Thus, the destructive quantum interference takes pletveden
the two transitions|R)-|3) and|2')-|3)) driven by the two control fields, and the four-level sys-
tem would be equivalent to a two-level system that can ekhilarge resonant absorption for
the probe field. All these processes can be called “doubiér@lamulti-pathway interferences”
(multiple routes to excitation). Therefore, the opticabperties (transparent or opaque) of the
present double-control four-level system can be contldkeadjusting the coherence parame-
ter (phased) that characterizes the quantum interference betweemvthedntrol fields. As the
phasef depends on the control frequency detunings and the congdol fRequencies, we can
manipulate the present four-level atomic vapor througngirgg the intensities of the control
fields or by using the Zeeman effect (level shifted by an etlemagnetic field).

There are two resonant frequenciég & Ac, A, = Ay), where the four-level system can ex-
hibit the EIT effect. This is a new feature that is differemarh the conventional three-level EIT
system, where there is only one resonant frequency. As thislelecontrol four-level EIT vapor
exhibits a large dispersion in both the real and imaginaryspa optical ‘constants’, the opti-
cal properties would be more sensitive to the probe frequascompared with a three-level
EIT vapor. The present double-control quantum interfeeescheme can hence be applicable
to many new techniques such as sensitive optical switchmigab magnetometers and wave-
length sensors. For example, the optical magnetometels bewsed to detect magnetic fields
with very high sensitivity because of the strong dispersiansed by the double-control atomic
phase coherence, and the double-control EIT-based watkleensor can be utilized to mea-
sure the probe wavelength. Such a device can be applied te pomctical areas like color
matching and sorting, where precise measurements of lighelngths and frequencies are
needed.

In the present paper, in order to demonstrate the noveltefféthe destructive and construc-
tive quantum interferences, we considered the steadyabptioperties of a double-control four-
level system. But in fact, the system will experience a tiertevolution once the control fields
are switched on or off [11, 13]. The transient evolution iseayvimportant physical process
when one considers the mechanism of storage and readousebpn the future technology of
guantum coherent information storage. In order to see how fast the optical behaviors respond to
the switching on of the control fields, in the literature, ¥aal. first studied the transient opti-
cal properties of the four-level N-configuration systememckrtain approximation conditions
[20]. As there are two resonant frequencies and large digpein the double-control EIT, the
scheme can also be applied to the technique of coherentiaf@n storage. Thus, the tran-
sient evolutional behavior also deserves consideratiothiopresent double-control four-level
system.
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