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Electromagnetically induced transparency and controlled group velocity in a multilevel system

E. Paspalakisand P. L. Knight
IMaterials Science Department, School of Natural Sciences, University of Patras, Patras 265 04, Greece
2QOLS, Blackett Laboratory, Imperial College, London SW7 2BW, United Kingdom
(Received 18 December 2001; published 24 July 2002

We analyze the interaction dfl laser fields with a K+ 1)-level quantum system. A general analytic
expression for the steady-state linear susceptibility for a probe-laser field is obtained and we show that the
system can exhibit multiple electromagnetically induced transparency, with atNmosttransparency win-
dows occurring in the system. The group velocity of the probe-laser pulse can also be controlled.
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For more than a decade there has been intensive intereghd &, the electric-field amplitude of each laser pulse. Fi-
in the phenomenon of electromagnetically induced transparﬁa”y, 8,= wo— wy— wn is the laser field detuning from reso-
ency(EIT) [1-5] in three-level systems. In this phenomenon, 4 vce with the tr;ansir][ioto)<—>|n), with the energies of the
an otherwise opaque medium is rendered transparent to @h lower level and upper level, respectively, being and
resonant probe-laser field that couples one of the transitions ’ > —
by the application of a strong, coupling laser field to thewov?lgdvcnf;nnjyzaer Irr]eeqL;iggm()futgﬁg;azeééfgijtytﬁg?ﬂx ap-

other transition. EIT has been observed in atd@s rare- e . : .
earth-ion-doped crystal§7], and semiconductor quantum proac_h. From the L|0U\_/|Ile equation we obtain the following
! equations for the density-matrix elements:

wells [8]. Potential applications of EIT range from lasing
without inversion and enhanced nonlinear optics to quantum
computation and communicatiqd—5]. EIT has also been N
shown to occur in four-level systems of various configura-  jp.(t)= 2 [—iTonpoo(t) + Q5 pro(t) — Qnpon(t)],
tions[9—14] and some experimental results already exist for n=1
these systempl5—19. Quite recently, McGloiret al. [20] 2
have shown how EIT can also be extended to five- and six-
level cascade systems.

In this paper, we analyze the interaction o\t 1)-level ipan()=—12 Tamprn(t)+i 2 Trnpr(t) + Qnpon(t)
guantum system in the configuration illustrated in Fig. 1 with m 3
N coherent laser fields. We assume that the system is initially

prepared in a particular lower level and study the absorption —Qfpno(t), n=1-N, ()
and dispersion properties of a probe-laser field coupling this

level to the upper level. To achieve this we use a density- . )

matrix formalism and obtain a general analytical expression ipno(t) = = (8n+1¥no) Pro(t) +Qnpoo(t)

for the linear susceptibility of the probe-laser field. We then N

use this result to show that the system can become transpar- — > Quppam(t), N=1—N, %)
ent to the probe-laser field &t—1 different frequencies. In m=1

addition, the group velocity of the probe-laser pulse is ana-
lyzed. We show that the group velocity can obtdin-1 ]
different values at transparency and can be controlled by the 1onm(1)=(8m= n—1 ¥nm) Prnm(t) + Qppom(t)
coupling laser fields.

Denoting the excited state B9) and the lower levels by
[1), [2), ... |N) and assuming that each laser pulse drives
only one transition, the Hamiltonian of this system in the
interaction picture and in the rotating wave and dipole ap-
proximations is given bywe use units such thdt=1)

= Q% pno(t), n#EFmn,m=1-N, (5)

H )

N
> Q.e nn)(0|+H.c. (1)
n=1

1)

) i - ) ) . FIG. 1. Schematic diagram of studied system. It consisthl of
tion [n)«<[0), with sno belAng the associated dipole |gyer levels and a single upper level. The lower states are coupled
transition-matrix element. Alsa;, is the polarization vector near resonantly to the excited state Nyaser fields.

Here, Q)= —ﬁn0~éné’n is the Rabi frequency of the transi-
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FIG. 2. The absorptior{solid curve$ and dispersion spectra
(dashed curvgsin arbitrary units, for a four-level systenNE& 3)
with parameterss,= —1, §3=1, vy;,=0 with n=2,3 and(a) Q,
=Q03=1, (b) Q,=1, Q;=2. All parameters are in units of;g.

with =N opnn(t) =1 andp,m(t) = p% (t). We have assumed

a closed system, i.e., there is no decay to levels outside the

(N+1)-level manifold we study. We denote By, the ra-

diative decay rate of the populations from leye} to level

|m) and byy,, the coherence decay rate between states
and|m), with

1 1
')’nm:E Ek: I‘nk+§ EI: le+7r,1m7

(6)

wherek,| denote the statek) and|l) that stategn) and
|m), respectively, decay to. Alsoy,,, describes the decay
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FIG. 3. The absorptiorisolid curve$ and dispersion spectra
(dashed curvgsin arbitrary units, for a five-level systenNE4)
with parameters$,=—1, §;=0, §,=1, y,,=0 withn=2—-4 and
@ 0,=03;=0,=1, (b) Q,=1, Q3=+2, Q,=2. All parameters
are in units ofy,q.

x(61)=— )

477/\/],&10|2
Q—Plo(tﬂoo)y

with N being the medium density. The coherengg(t) is
obtained by solving Eq92)—(5) using perturbation theory.
We assume that the probe laser is weak soghgt)~1 for
all times. We apply this approximation to Eq8)—(5), take
the steady-state limit and solve fpgq to first order inQ),.
The linear susceptibility then reads

1

X(81) = 47N p1gf? N -
Sitivio— 2 1Q0nf%(01= vt i)

due to inhomogeneous broadening in this medium. Examples
of inhomogeneous broadening include collisions in atomic
and molecular systems or electron-electron scattering, inter-
face roughness, and phonon scattering in semiconductdn the case that;,=0, for n=2—N, which is a condition
quantum well systems. We will not consider the effects ofthat we impose for the rest of this paper, the susceptibility
Doppler broadening in the system in this medium. goes to zero whed, = é,,, for n=2—N. Therefore, if all the
We assume that the system is in its ground stajefor ~ detunings are different then thisN¢-1)-level system will
timet=0, i.e.,p;;(0)=1. In order to investigate the absorp- become transparent &i—1 different frequencies of the
tion and dispersion properties of a weak probe-laser fielgrobe field.
coupling state$l) and|0) we calculate the steady-state lin- ~ We now assume thdt—1 of the detuningsj, are equal
ear susceptibility, with absorptidiispersion determined by  to 8, with 2<L<N, and the remainindN—L are different
the imaginary(real) part of the susceptibility. In our case the than é. (To simplify the notation we will taked,= 63="- - -
steady-state linear susceptibility can be expressed as = .= 6). The susceptibility then becomes

®
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. 1
x(81) =47 M p1d? N C : 9)
Sitivie— 2 |Qu|H(81— 80— 2 |Q,|%(8,—6)
n=L+1 n=2

Therefore, there arbl—L+ 1 transparency windows in the with the derivative of the real part of the susceptibility being
(N+1)-level system. Finally, if all the detuning$, with n evaluated at the carrier frequency of the probe-laser field.

# 1 are equal ta5 then the susceptibility reduces to When none of the detunings are the same the group velocity
at the nth transparency window approximates
X(8,) =47 fiyg? (6,-9) ~C_|Qn|2/27rwlj\/]ﬁlo|2, n=2-N, therefore the group ve-
N ' locity of the probe-laser pulse may be significantly reduced,
(81+iy10(81—8)— > Q2 similar to aA-type atom[21-27. Now, however, the group
n=2

velocity can be controlled via the intensity of the coupling
(10 laser fields and the probe-laser field can propagate With

which means that the susceptibility reduces to a form similar™ L différent group velocities in the medium. .
to that of a three-level -type systen{1—5] with the only When_L—l of the detumngs are equal, in thg manifold of
difference being that the magnitude squared of the Rabi freStates with unequal detunings the group velocity of the pulse
quency of the coupling laser field is now replaced with theapproximates vy~c|Q|?27wMuid?, n=(L+1)-N
sum of the magnitude squared of the Rabi frequencies of theear  the nth  transparency ~ window  and vy
coupling fields. ~c3k_| Q427w N g around detunings. Finally if

The value of the group velocity of the probe-laser pulse isall detunings are equal, then the group velocity approximates
also of interest, and is given H1] Vg~ CEN_,| Q|22 w1 M 1210/2 around the single transpar-
ency window.

vo=c/l 1+ ERG(X)JFE JRe(x) (11) We will now give a few examples of absorption and dis-
g 2 2 Jw, persion spectra that could occur iN ¢ 1)-level systems. In
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FIG. 4. The absorptiorisolid curve$ and dispersion spectra FIG. 5. The absorptiorisolid curve$ and dispersion spectra
(dashed curvesin arbitrary units, for a six-level systenNE5) (dashed curvesin arbitrary units, for a six-level systemNED5)
with parameterss,=—2, §3=—1, §,=1, 65=2, y1,=0 with n with parametersd,= §3=356,=6=—1, 85=1, y;,=0 with n=2
=2-5 and(@ Q,=0:=0Q,=0Q:s=1, (b) Q,=1, Q3=42, Q, =5 and (@ Q,=Q3=0,=0:=1, (b) Q0,=03=0,=1, Q5
=43, Q5=2. All parameters are in units of;g. = /3. All parameters are in units 0f10.

015802-3



BRIEF REPORTS PHYSICAL REVIEW A6, 015802 (2002

Fig. 2 we plot the linear absorption and dispersion spectra for In summary, we have studied the interactionNoflaser

a four-level system. The absorption and dispersion are eithdields with a (N+ 1)-level quantum system. A general ana-
symmetric or asymmetric and their shapes depend criticallyytic expression for the steady state linear susceptibility for a
on the system parameters. The double transparency and theobe-laser field has been obtained. We have shown that the
control of group velocity is clearly demonstrated here. Thes@ystem can exhibit multiple transparency windows. At most
spectra are similar to those obtained in Ra#4]. We also N—1 transparency windows can occur and, in general, the
plot spectra for the case of fivéFig. 3 and six-(Fig. 4  9roup Velocity of the probe-laser pulse can obtain at most
level systems. In this case three and four transparency wirl¥ — 1 different values at transparency. These group velocities
dows occur, respectively, for the five- and six-level system€@n be controlled by varying the Rabi frequencies of the
and significant control of the group velocitgs can be seen COUPIiNg laser fields.

from the slopes of the dispersion spegisapossible. Finally, We thank N.J. Kylstra for useful discussions and com-
in Fig. 5 we give an example with three equal detunings in anents on this manuscript. This work was supported by the
six-level system. In this case only two transparency windowsJK Engineering and Physical Sciences Research Council
appear in the spectrum and the group velocity can obtaiand by the European Community’s Human Potential Pro-
either differenfFig. 5a)] or same[Fig. 5b)] value depend- gramme under Contract No. HPRN-CT-1999-00129, CO-
ing on the Rabi frequencies of the coupling laser fields.  COMO.
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