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Elimination of the band gap of a resonant optical material by electromagnetically induced
transparency
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We consider the possibility of wave propagation in the normally disalloisadd-gapregion of a resonant
optical medium, that is, in the band of frequencies near resonance where the real part of the frequency-
dependent dielectric function is negative. We demonstrate that wave propagation can become allowed by the
application of a strong electromagnetic field resonant with some additional transition of the material system.
The frequencies at which these effects can occur are strongly influenced by local-field effects.
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PACS numbds): 42.50.Gy, 42.50.Hz

It is well known [1] that electromagnetic waves with It should be noted that the situation considered here is

wave Vectorlz cannot propagate in the frequency regionvery differ-ent from-those under which E'T -haS been preVi'
where the dielectric functior&-(w) of the medium is nega- Ously studied. EIT is Usua”y used to minimize absorptlon at
tive. This conclusion follows from the standard dispersionfrequencies for which Ina(w) is large. In contrast, we con-

relationk?= (w?/c?) e(w). By way of illustration, let us con- Sider the possibility of allowing propagation at frequencies

sider a material system characterized by a dielectric functioMhere Ime(w) is small but where propagation is usually
of the form prevented by the fact that R€w) is negative. We also note

that earlier Harrig10] showed how the application of an
5 additional electromagnetic field can produce propagation at a
L~ @Wo frequency below the cutoff frequency in an ideal plasma.
E(“’):'EO( 1+ wz_wz>' @) Harris utilized collective effects arising from nonlinearities
0 in a plasma to produce EIT in plasma. In our work local-field
effects play an important role—these effects arise from
Heree, is the background dielectric constaay, is a param-  dipole-dipole interactions and are in a sense like collective
eter[defined bye(w )=0] that characterizes the strength of effects. We note still further that Scully and co-workgt4]
the optical response, and we ignore the effects of dampinghave produced schemes based on quantum interferences for
We see from Eq(1) that e(w) is negative in the frequency the enhancement of the refractive index of a medium. In their
region wo<w<w_. This region corresponds to a band work the region of interest is Re>0,Ime~0. We note that
gap—a region in which only evanescent waves are possiblén Zibrov et al.’s case[11] the susceptibility can take nega-
This band gap occurs even though in our moelgb. ) is a  tive values bute is still positive.
real quantity. It is also known that the optical properties of a Let us now consider a more detailed theoretical model
medium can be modified significantly by the application ofbased on the coupling scheme shown in the inset of Fig. 1.
resonant electromagnetic fields. In particular, resonant abA/e consider first the optical response to a single applied
sorption can be made very small by the application of &ield at frequencyw; we will later see how this response is
control field leading to electromagnetically induced transparmodified by the application of an additional control field of
ency (EIT) [2-5]. The question thus arises: Is it possible tofrequencyw.. The linear response at frequeneyis given
eliminate the band-gap region by the application of electropy the standard “two-level” model agl2].
magnetic fields? We examine this question in detail and pro-
duce an answer in the affirmative. We examine a model sys- n|513|2
tem that is of relevance in many applications and that could X= AA—IT)’ A=wiz—w. (2
be generalized easily in several ways depending on need. We
take full account of I_ocal-field effect6—9| because band Here, as usualp is the atomic number density of the me-
gaps can occur only in dense systems. We demonstrate that - . " . .
such a band gap can occur in alkali-metal vapors and can ’:Qum, C_j13 is the transmpn dipole matri el_e_ment, afids the
removed by the application of a strong control field, althoug alf W'd.th. at half maximum of the trfins't'°|'1>H|.3>' The .
because of self-broadening effects alkali-metal vapors ar uscepublhty_ as modified by local-field effects is given in
not an ideal system for studying such effects. aussian units by

X
N X1= 2 . 3)
*Also at Jawaharlal Nehru Center for Advanced Scientific Re- 1— am
search, Bangalore, India. 3
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FIG. 1. Contour plots of Re(w)=0 in the band-gap region
(indicated by dashed linalefined by relatior{6). The three curves G /T

from left to right are for increasing values of the collisional param- i
eterT'y/T'=0, 0.5, and 1.0. The region to the right of the plot cor- FIG. 2. Control field dependence of the real part of the complex
refractive index; that is, the real part of the square root of the

responds o positive values of ke where electromagnetic propa- dielectric function(8) for 8/I'=5. Only the region of interest is

gation is allowed. The inset shows the two-level scheme and its .
modification by the application of a control laser of frequeagy. shown. The frame&), (C) [(b),(d)] are for the dephasing parameter

- I'4=0(0.5), whereas the detuning paramelger w,,— w, is cho-
We chooses/T'=5. sen as 0 £2I') for (a),(b) [(c),(d)]. The Rabi frequency of the
control field is Z5.. In all the frames(a)—(d) the curves from
bottom to top are foA/T'=—5,—7, and—9. The framege),(f)
exhibit the behavior of RQ/:, in the full range of the Rabi frequen-
47rn|d|? cies forA/I'=-9, A./T'=0, and forl'4/T'=0 (e), 0.5(f).
T @

Let us introduce théocal-field parametes with dimensions
of frequency

It should be borne in mind that we are concerned with a
region that is distinct from the usual region of electromag-
netic induced transparendyvhich for large |G| and A,
~0 occurs in the regiot ~0). Using Eq.(7) in Eqg. (3), we

On using Eqgs(2)—(4), the dielectric function with the inclu-
sion of local-field effects can be expressed as

36 obtain the control-field-modified susceptibility and the di-
e(o)=1l+amy =1+ +—F . (5  electric response with local-field corrections given by
For I' sufficiently small(in particular, forl'/§<3), Eq. (5) w(w)=1+ 36 )
predicts the existence of a band-gap region in whki¢k) is ne . i|Gg|?
negative. For the limiting case in which is negligibly A_IF_I‘d+iA—iAC_§

small, /() is negative in the region
Note that if local-field corrections were ignored, thén

—26<A<4. ®  would not appear in the denominator in E8). Using Eq.
(8), we can study the extent to which the band gap given by
Eq. (6) can be eliminated by the application of a control field
on the transitior}1)«|2). Let us first make an approximate
estimate by assuming th&t;~0,A, =0, and by dropping

. In that case Eq(8) reduces to

Note that the frequencyw, of Eq. (1) for the response de-
scribed by Eq.(5) is determined by the conditios(w)
=0 and hence is given by, = wy+24.

We next demonstrate that the band gap can be remov
by the application of a resonant electromagnetic fi¢8] on

a suitably chosen transition of the material system, such as 3

the |1)«|2) transition shown in the inset of Fig. 1. Let us “(0)=1+ — 9
denote by &, andA. the Rabi frequency and the detuning Ao |Gl _s

of the electromagnetic control field of frequeney on the A

transition |1)«|2). Let 'y be the dephasing rate of the ~
dipole-forbidden transitiof2)«|3). The modification of the  Clearly for A<0,¢,(w) is positive and greater than 1 if
susceptibility given by Eq(2) as a result of the control field

on has been derived earlig8(a)] and is given by |Gl?>(|A[+8)]A]. (10
B n|d|2 Thus for A negative (but with |A|<26) the band gap is
X= G2 , A= wp—owe. (7) removed by an electromagnetic field whose Rabi frequency
AA—iT-——% obeys Eq.(10). For 6>A>0, the condition for eliminating

Fg+iA—iA. the band gap is
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FIG. 4. Control-field-induced propagation for the situation de-

FIG. 3. Same as in Figs.@, 2(b), 2(c), and Zd) but for the ~ Scribed by Eq(12) with I'q/T'=0, A=6—T, I'/6=1.25, A.=0.
imaginary part of the complex refractive index, i Q’Z Note that forG./I" greater than approximately 0.4, the real part of
B Je is greater than unity. Note also that f@, /T’ greater than
approximately 0.7 the imaginary part gf, becomes quite small.
Under these conditions the propagation of optical fields has been
Ijgduced.

|Ge|2>A(25+A). (11)

In Fig. 1 we show the regions of the parameter space whe
Ree takes positive and negative values. We show in Figs. Der density Re|(min) attains a density-independent value. If
and 3 the behavior of the real and imaginary parts/ef(w)  We e_vlgluate Egs(4) and (12) in this limit, usingd=5.5
for different values of\ and for a control field on resonance <10 ™ esu(the value for the sodium resonance linere
as well as detuned from resonance. The plots are shown &8d that the ratid’/ 5 [mentioned above in connection with

functions of the strength of the controlling field. The bandEd: (5] has the value 1.25 and that Rémin)=-0.21,
. d wh Rg>0 d th . h which hence shows that a band gap exists under these cir-
gap IS removed when 1=, an € region whereé .,mstances. Note, however, that unlike in the idealized situ-

Im\/z remains small is especially of interest. Note that, asation discussed above, where damping was neglected, here
the strength of the control field is changed, the system goehe imaginary part ot is substantial. To study the influence
through a new resonance region in which dmbecomes of damping effects, in the Fig. 4 we show the real and imagi-
large. In the region of larg&s, the collisional dephasing nary parts ofy'e,. We notice the important prediction that in

primarily affects the imaginary part af . the regionG,/T'~1, Im\e~0, whereas the real part is

Let us now explore the experimental feasibility of observ-positive, leading to the propagation of electromagnetic
ing these effects. The primary experimental requirement igvaves. Note that in order to obtain a Rabi frequency as large
that there exist some region near the atomic resonance s 2 GHz so that the conditid®./I'~1 can be satisfied for
which the dielectric function is negative. From E&) we  a medium in which the collisional broadening is comparable
deduce that the real part of the dielectric function reaches |tﬁ) Dopp|er broadening' the laser intensity need be 0n|y as
minimum value for A —5)=—T, at which frequency its |arge as 600 W/cfh

value is given by In conclusion we have shown how the ideas of quantum
38 interference can be used to get electromagnetic wave propa-
Ree (min)=1— —. (12) gation in the regio_n in which it is normally forbidden. Thgse
2r results thus constitute a new example of electromagnetically

induced transparency. In the foregoing, we have demon-
strated this idea by considering/a system. Similar results
Sl apply to others like V andE systems.

For sufficiently large atomic number densitythe linewidth

I' will be dominated by self-broadening effects, such tha
I'=C4n, where Cg is the self-broadening coefficient. For
atomic sodium,Cs=1.5x10"" cm®s; the value for other The authors gratefully acknowledge interesting discus-
alkali-metal atoms is comparabj&4]. Thus for sodium va- sions of these effects with C. M. Bowden, E. Hanamura, S.
por, forn>6x10" cm™? the collisional linewidth will ex-  E. Harris, and M. O. Scully. We also thank A. K. Patnaik for
ceed the natural linewidth of 10 MHz, and far>1 assistance with the figures. The portion of the research per-
x 10" cm~3 the collisional linewidth will exceed the typi- formed at the University of Rochester was supported by the
cal 2-GHz Doppler linewidth. Note from Ed4) that 6 is  Office of Naval Research and by the sponsors of the Center
also proportional tan, and hence for sufficiently large num- for Electronic Imaging Systems.
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