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We generalize the theory of electromagnetically induced transpac&th€y and slow group velocity for the
case of the homogeneous and inhomogeneous line broadening in both one- and two-photon transitions which
unavoidably takes place in solid materials with a long-lived spin coherence. We identify regimes of EIT where
the linewidth can be essentially reduced due to inhomogeneous broadening and, moreover, can be proportional
to the amplitude of the driving field rather than the intensity. We suggest also a class of solid materials, namely,
rare-earth ion doped semiconductors or dielectrics with electricdipole allowed transitions, that is very prom-
ising for realization and applications of EIT.
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[. INTRODUCTION driving field providing EIT in solid materials®@i) What is
the EIT linewidth dependence on the intensity of the driving
Electromagnetically induced transparedEyT) is the op-  field and other parameters of the syste(ii) What deter-
tical transparency of a three-level medium at a resonant trarinines the efficiency of nonlinear transformations and quan-
sition induced by application of a coherent electromagnetiéum light storage in solids? In order to answer these ques-
field at an adjacent transition. The accompanying reductiofions, to explain the recent experimental data
of the group velocity of light by orders of magnitude in the [8,11,14,23,25,26 and to identify the optimal regimes and
EIT transparency window has been intensively stuflied3] ~ the most suitable materials for realization of EIT, we here
in connection with many potential applications, especiallygeneralize the theory of EIT for the case of solids with long-
low-intensity nonlinear optick4,5] and quantum information lived coherence. We take into account the major specifics of
storage and processifi§,7]. Most of the theoretical and ex- these materials as compared to gaseous media, namely, ho-
perimental work so fafwith the exception of a few recent mogeneous and inhomegeneous line broadening of both op-
experiments[8—11]) has dealt with gaseous media. Moti- tical and spin transitions as well as the difference between
vated by practical considerations, to implem@aiT) in real ~ the longitudinal T, (spin-lattice and transversé, (spin-
devices one turns to solid materials. Indeed, the obvious adpin relaxation times in a low-frequency transition. In gases
vantages of solids are high density of atoms, compactnes$; and T, are typically indistinguishable, being defined by
absence of atomic diffusiofwhich is especially important the lifetime of the atoms in the light beam.
for optical memory, and simplicity and convenience in ~ The paper is organized as follows. In Sec. Il we derive
preparation and usage. On the other hand, the commongeneral density matrix equations governing the evolution of
known difficulties with realization of atomic interference ef- @ A system, necessary for calculation of the macroscopic
fects in solids are typically very broad optical lines and fastpolarization of a medium. In Sec. Il we derive the linewidth
decay of any coherence. of EIT resonance. In Sec. IV we study the group velocity in
At the moment a few pioneering proof-of-principle EIT the vicinity of the EIT resonance. In Sec. V we analyze re-
experiments have been performed in three different types dfent experimental observations of EIT in solig&11]. In
solid materials: rare-earth ion doped crystals with forbidderSec. VI we discuss the major material requirements and sug-
transitions lying in the band gap of a crysfél, N-V centers  gest a class of promising solid media for EIT and slow group
in diamond[9-11], and quantum wells in semiconductors VelocitySGV) related experiments. In the Appendix we de-
[12,13. Transparency of the order of 100% was achieved irscribe the procedure for determining the polarization aver-
some of then{8-11]. However, this required much higher aged over the inhomogeneous profiles.
intensities than in gaseous media and resulted in larger EIT
linewidths. The obvious difficulty of dealing with semicon-
ductors is the very fast decapicoseconds of electronic
coherence. On the other hand, the spin coherence decay time Let us consider the energy scheme depicted in Fig. 1. In
in EIT experimentg$8,11] is of the same order of magnitude this three-levelA scheme one of the two lower levels) is
(tens or hundreds of microsecondss in experiments with coupled to the upper levéh) by a coherent drive laser and
gased14,15. the transitiona—b is probed by a weak coherent field. The
Several questions arisé) What is the threshold for the atomic decays as indicated ensure that each atom will come
to a steady state condition.
In the present analysis we use the following assumptions:
*Corresponding author. Email address: (1) The decay rates of the transitiors—b(y) and a
ekuznetsova@rainbow.physics.tamu.edu —c(7y') are assumed to be the sam@ }((2) the probe field
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FIG. 1. A scheme under consideration.

is weak so that a first order analysis is val{@) the strong
driving field is on resonance with thee—c transition.

The semiclassical Hamiltonian describing the atom-field
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interaction for the system under consideration can be written

as
V=—tae "|a)(b|-aQe "a)(c|+H.c, (1)

whereQ = u,.E4/2h is the Rabi frequency of the drive field;
the Rabi frequency of the probe field is defined by

= papEp/2h, map, and u,. are the matrix elements of the

dipole moment between leveésandb anda andc, respec-

In terms of these populations,, can be found to first

order in the probe field as
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Let us assume that the drive field is resonant, such AQat

Pab™

tively; and » and v, are the frequencies of the probe and =0. Thenp,, can be written as

drive fields. The equations of motion for the density matrix

elements are

bab: — L appab—ia(paa—pob) T1Qpcp, (2a)
bcb: —Leppep—iapeatiQpap, (2b)
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Here the Rabi frequencies were assumed igalare defined
as y;j+i4jj, w;; are the population relaxation rates,,
=W, SO that before the action of the drive field the levels
andc are equally populated, ang,= y,c=y. TheA;;’s are
given by Ap=wap—v=A+Awsy, AscTwac— vo=1Ag
+Awae, Acp=wep— v+ rg=A—AgtAw.,, and Aw,.
=Awup—Awep. Herew,y,, w,e, andwgy, are the frequen-
cies of the corresponding transitiomse ,,, andA ., are the
deviations of the atomic frequencies of the-b andc—b

—ia 1 )
Pab:T 5{ —(Yepti1Acp) (4XyWep+ 2927)
Q2
+ —
y—i Awac4’ychb} ' (5)

where
Y=(y+iA+iAwyp)(yeptiAgy) + Q2.

In an inhomogeneously broadened solid system, the sus-
ceptibility should be averaged over the entire range of the
frequencies of the corresponding transition, which is deter-
mined by the inhomogeneity of the crystalline fields in sol-
ids. Similarly, in EIT experiments in gases the inhomoge-
neous Doppler broadening at the optical transitions should be
taken into accounf16]. Inhomogeneous broadening at the
low-frequency(hyperfine or Zeemantransition, caused by
the residual Doppler effectkp—k;)v, can be neglected as
compared to the homogeneous width of the transition deter-
mined by the time of flight of an atom through a laser beam,
becausew ,<w,,,w,.. However, in EIT experiments in
solids (as well as in gases with large., [17]) inhomoge-
neous broadening at both one-photon and two-photon transi-
tions plays an important role. Averaging of the susceptibility
over inhomogeneous profiles is described in the Appendix.

lIl. EIT LINEWIDTH

transitions from the corresponding inhomogeneous line cen-

ters, andA and A, are the detunings of the probe and the

drive fields from the line centers.

In order to estimate the linewidth of the EIT resonance we
evaluate the imaginary part of the susceptibility, which is the

In the absence of the probe field the steady state solutiorsum of three termg’ = x11+ x12+ x=1. calculated in the Ap-

for the populations are obtained from E¢@a—(2f) as

pendix.
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FIG. 2. A numerical calculation of susceptibility components under conditiefis, x<1, Q%= yw,,,. An antihole forms in)('z'1 and is
clearly seen in the resulting’ profile.

The susceptibility strongly depends on two parameters: parameter takes the form= y/W2®, i.e., it does not exceed
1. In a Bose-Einstein condensate 1. In a solid medium it
0%y may t_)e either less Fhan or greater than 1, erending on the
X= magnitude of the inhomogenous broadening at the low-
2Wep(W™) frequency transition characterizing the dephasing between
spins of different ions.
yWeP Usually the inhomogenous broadening at a spin transition
= W Wab’ (6) is orders of magnitude smaller than at an optical transition.
°b Hence the termy;,, which is W°?W2® times smaller than
where 2/3%¢b) is the width of the inhomogeneously broad- x;;, can be neglected.
ened opticallow-frequency transition. The parametercan Typical shapes o;(’l’l andxél for different regimes of EIT
be presented in the fOI’mXZQZ/QiZnh, where Qiznh are shown in Figs. 2—6.
=2w,,(W3P)?/y gives the characteristic value of the drive  In order to estimate the linewidth of the EIT resonance we
field intensity (;,,~Q2,) providing optical pumping for all  first find that the maximum ofX"=x11F X321 IS Xmax
atoms within an inhomogeneously broadened optical line~z7We® at A~ + (). As the next step we calculate the mini-
Hence the parametardefines the degree of optical pumping mum absorption at zero detuning, of the probe field which is

of atoms into the ground state. given by the expression
The parameter is defined by the ratio of the relative
broadenings at the low-frequency and optical transitions. In a "(A=0) 7 X+ 2/2+2/x/2 @
X = =

gaseous medium in th& scheme with copropagating fields, W (1+ &)(x+z/2)(1+2&/z) '
where inhomogeneous broadening at the low-frequency tran-

sition [defined by the residual Doppler effedt,(—kq)v] is Let us define I'g;r as x"(A=Tgi)=[XmaxtX'(A
negligible (and hencaN°® should be replaced by,,), this =0))/2. Then the width of the EIT resonance is obtained as
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FIG. 3. Susceptibility components under conditiaasl, x>1. EIT resonance is power broadened.

r2__ 2\/§(ch)2[1+x\&+ 2x(1+x)/z](1+ IXlIz+x1z)
BTz X+ X+ 1+ 2x(1+ \X)/z
22 (14 2x/12)2(1+ 2X/2) [ X+ Vx+ 1+ 2x(1+ \X)/z]2] °
X[ 14+ 1+ — . (8a)
4x [1+ XX+ 2X(1+X)/Z]A(1+ xIz+ x/Z)?
w
Let us define also the transmission coeffici€ras transmission coefficient on the intensity are essentially deter-
mined by the parameter Let us analyze two extreme limits:
r{ 27kLy z<1 andz>1.
T=expg —
Wab
A. z<1
% 1+ x+2x/z 8b) This limit might be realized in solids with a relatively
(1+X)(1+2x/2)(1+2X/2) | small inhomogeneous widtWe® of the low-frequency tran-
sition.
wherek= vc is the wave number of the probe fieldjs the For low intensities of the drive lasex{1) the second
length of the medium, angy=Nu2,/2%. term x,, gives an antihol€see Fig. 2 formed due to ab-

The threshold intensity of the driving field providing EIT sorption by the atoms resonantly pumped from the state
and the dependence of the EIT linewidth broadening and théhe ground statb. The width of the antihole is defined by the
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FIG. 4. Susceptibility components in the casel, x<1. There is no EIT in this regime.

magnitude of the maximal detuning for which atoms are op- 2w,
tically pumped for a given intensity\ ,,,= Q' y/W¢,. This Fer=04 :
antihole is imposed on a broad background with the width Y
We® representing the absorption of off-resonant atoms, - according to Eq.(9a) the linewidth of EIT is linearly
which is described by the term,; . proportional toQ), the Rabi frequency of the driving field
The line center absorption in this limit ig”(A=0) (i.e., the square root of the intensgitgnd is independent of
~ pl[W3(1+2\x/z)], so EIT becomes observable as the inhomogeneous widtW2". For very high intensities of
YXIz~1 or Q%~ y(W°®)?/w,,. As long as this condition is the drive laser X>1) when all atoms are optically pumped
satisfied, "(A=0) is vanishingly small asyz/2W?°\/x into the statéb the general formul&8a) takes the form of the

(9a)

whenx<1 and aspz/2W3"x whenx>1. traditional power broadening law:
The linewidth for low drive laser intensity, when only
some of the atoméwith detunings within the antihole width 02
are optically pumped into the statei.e.,x<1, is FEIT=>W- (9b)
, 2 . N . .
rElT:_(\/\/cb)Z(1+ Jx/2) In Fig. 7 the EIT linewidth a_nd_ transmission coefficient de-
z pendence on the characteristic combination of parameters
(1+z/2\/§)2 1/2 2\/;/Z=Q.\/2V\I.cb/'y(\/\/°5)2 in the casaﬁl is _highlighted..
x| 14414 — = The logarithmic plot shows that at low intensity of the drive
{ (1+ &/2)2] ] laser (2/x/z<1) the width is constant, but at higher

(2\x/z>1) intensity it changes along a line with slope 1,
As EIT sets in withyx/z~1, the linewidth isT'g;;~W.  and at even higher intensity (&/z~ 10?) the slope changes
Note that, generally speaking, the threshold intengi®f  to 2.
~ y(We)2/wp] is larger than that in a homogeneously It is worth noting that, with the introduction of an effec-
broadened medium((®>~ yy,,) by a factor W°?)?/y,,We,  tive width de¢ defined as the magnitude of the maximum
>1. For higher intensities, wheyix/z>1 but still x<1, we  detuning for which atoms are optically pumped into the
easily obtain ground staté, the EIT linewidth can always be presented in
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FIG. 5. Susceptibility in the case>1, x=z. EIT sets in when the drive laser intensity exceeds a threshold v&ize YW2°We); EIT
resonance is power broadened.

the formI'g;r=Q?% 8¢, Which is similar to the EIT line- signal field contributing to the line broadeniing

width in a homogeneously broadened medium, wHege We are not aware of any experimental reports of linear

=0?/y. dependence of the EIT linewidth on the Rabi frequency ex-
The physical reason for a linear dependence of the EITept for two recent sets of experiments in a Rb cell by Zibrov

linewidth on() in the casex<1 is thatd,s (which is defined  [20] corresponding, respectively, t¢i) the frequency-

in this range of intensities by the width of the antiole ~ Selective CPT regime described in this work afiid the

proportional to€), i.e., more and more far-detuned atomsSignal-broadened EIT regime {9]. .

become optically pumped into the ground state. On the other The quadratic dependence formi@) was obtained ear-

hand, at very high intensityx&1), when all atoms are op- ler in [21] under Fhe assumption that all atoms were opti-

tically pumped and hence, does not increase any more cally trapped. As is clear from the above analysis, this as-

S ) sumption holds whem>1.
after reaching its maximum value at=1, W2°, the EIT :
. . . N : Apparently, the smaller ratig,./y leads to a smaller EIT
linewidth broadens proportionally to the intensity. PP y Pbc! ¥

width atx<1 and to smaller value d® for which the linear

A similar linear dependence oft [see Eq.(9a)] of the  johandencell,;+~) changes to a quadratic dependence
width of some sub-Doppler resonances was obtained in ea Ew 2 lerr~0) g q P

lier work by Feld and Javan in three-level laser gain systems Note that at an arbitrary fixed value of intensity and given
[18]. In the situation under study 18] the relaxation rates nomogeneous broadening the EIT linewidth in an inhomoge-
at the one-photon and two-photon transitions were of theyusly broadened mediunt'¢,r= Q2 8.¢() is essentially nar-
same order, so that the resonance width was fU”y determinq@wer than in a homogeneous|y broadened medmﬁ'ﬁn(

by the Rabi frequency in the whole range of intensities. A=()?/y). The physical reason for this EIT line-narrowing
linear dependence of the EIT linewidth on the drive fieldeffect is that power broadening of the line is weaker for
Rabi frequency was found ifil6], where inhomogeneous off-resonant atoms. This line-narrowing effect is similar to
broadening at the two-photon transition was ignored, andhat discussed earlier by Feld and Jaya8]. At the same
also in[19] [although in a different regime corresponding to time the EIT linewidth can never be reduced beyond its ul-
trapping of all atoms 4,.=0) and with a relatively strong timate limit defined byw¢®.
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FIG. 6. A numerical calculation of susceptibility under conditials 1, x>z. EIT amplitude is 100%; the resonance is power

broadened.

B.z>1

Here no EIT is observed untk~z, when x”"(A=0)
~ nl[WaP(1+ 2x/z)]; for x>z absorption at the line center
is small asyz/2Wabx.

The corresponding linewidth for low intensity is

2X
r§|T=7(vvcb)2(1+x/z)

[ (1+z/2x)2}”2]
1+{1+ —222 8|

X
(1+x/2)?

so again EIT starts with g,1~W°P, but in this case with
much higher intensity)2~Wa°We° (x~z). For higher in-
tensities §>2z)

2

FElTiwl

For media with a large inhomogeneous width of the-b
transition, characterized by the conditio® 1, we see that a
considerably highefby the factorWa®We/ yy..) intensity

broadened medium, and there is no linear dependence on the
Rabi frequency of the drive field as we found in the limnit
<1. From the very beginning, when the intensity of the
drive laser exceeds the threshold intensify? WaPWeP)

the linewidth is power broadened.

IV. GROUP VELOCITY IN AN INHOMOGENEOUSLY
BROADENED EIT MEDIUM

The dispersive properties of an electromagnetically in-
duced transparent medium are as interesting as its absorption
characteristics. It has been demonstrated both theoretically
[22] and experimentally14,23—29 that EIT is accompanied
by steep frequency dispersidlarge derivativedn/dv) near
the line center, which leads to a time delay of the probe pulse
and reduction in its group velocity. As is well known the
group velocity of light in a medium is given by

C
Vo= odnidy’

is required for EIT to be observed than in a homogeneouslywheren=ngy+2mx’.
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FIG. 7. Logarithmic plots illustrating EIT linewidth and trans-

mission dependence on the characteristic paramefefz2in the
casez<1.

In the experimental conditions of Refs,14,23—-28 the
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!

7 onp W g 1
WE_WabF_WabFEIT.

V=(A)ab

Ix
v

B.z>1

In this limit EIT becomes observable whanr-z. At this
time

ax' 7 2x/z 1
A WaP (14 2x/z)% WeP
7 2x/z 1
Wb (1+2x/z)2 Vet
For x>z,
ax’ 7 o W g 1
v | ME_Wab?_WabFEIT.
V*(J)ab

As we can see, in general case under EIT conditions the

refractive indexno~1-2 and in the EIT regime we can ne- group velocity and accordingly the time delay of the pulse

glect ny in comparison with vdn/dv,
=c/(2mvdy'/dv).
The time delay for a pulse in a sample of lengtis then

so that Vg

2@l 9y’
c dv’

To=L(1N,—1lc) =

For the inhomogeneously broadened system considered in
Sec. Il the steepness of the dispersion function is given b

the expression

ax' 7 2\xlz
I,y WEPW 1+ \x
><1+\/§+x+4x(1+&)/z+4x2/22
(14 2x/2)2(1+ 2x/z)?

Let us again consider limitg<1 andz>1.

A. z<1

For low drive field intensitiesX<1) EIT becomes ob-
servable when/x~z, and

7 2\/;/2_ n 2Jx 1
Cweb web oweb z T

v:a)ab

ax'
Jv

Whenx<1 and x>z

ax' 7 1 o1
W, Wa O\2wp/y  WRR Leir

b

For high drive laser intensities correspondingxt® 1 the
steepness is

are defined as

Vgle=— I (10
O Nugp
2
- Tl Nugp
CoC AW

Y\lote that it is this last parametdiy, which also defines the
efficiency of the nonlinear transformations. So when the
drive field intensity exceeds a threshold value and EIT sets
in, it is followed by steep dispersion, which is inversely pro-
portional to the EIT linewidthl'g,1. In its turn, the group
velocity of the probe pulse is linearly proportional to the EIT
width. So the smalleF' g7, the slower the group velocity of
light, which is fundamentally limited by the coherence life-
time y.p, In a Doppler-broadened gaseous medium or by the
inhomogeneous broadening of the low-frequency transition
WE® in a solid medium.

Let us note also that the group velocity is proportional to
the parametew, i.e., to the product oN,ugb, and inversely
proportional toW?P, So it is clear that the use of a repump
field, as in the experimeii8], does not allow one to reduce
the group velocity. It does allow one to reduce the inhomo-
geneous linewidth by the factai2®/A vjir . However, at the
same time the effective density of the atoms is reduced by
the same factor.

V. COMPARISON OF THE THEORY WITH THE
EXPERIMENTS ON EIT AND SGV

In this part of the paper we want to compare recent ex-
periments on EIT and SGV with the results of the above
theory. In Refs.[8,11] EIT was observed in a rare-earth
doped crystal (Pf - doped Y;SiOs or Pr :YSQ, and inN-V
color centers in diamond respectively. All relevant experi-
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TABLE |. The experimental parameters. TABLE Ill. The experimental parameters of EIT in gaseous me-
dia experiments.
2web 2web W, Yai Avjy
(GH2  (kH2) (1s) (1s) (MHz) wab weP Yab Wap Wep
(MHz)  (kHz) (MHz) (MHz) (Hz)
Pr:YSO 4 60 164 111 1
N-V 750 55<10° 1.3x10°2 3.3x10°% 100 Ref.[14] 270 10 150 3 16
diamond Ref.[23] 10 20 10 10 1.&10
Wy Yotk A f | Yeb A ! N f
(s (us) (nm) (Wicn?) (Hz)  (m)  (mW/cn?) (cm 3)
Pr:YSO 100 500 605.7 81077 90 Ref.[14]  10° 795 10 2<10%  0.33
N-V 5x10°°% 40 637 0.1 280 Ref.[23] 1.6x10" 589 12 8x 103 1

diamond

with laser jitter was 4.¥10®x10/(4x10°)=1.17

mental parameters are listed in Table I. Hetg ,w,, are the X 10" cm™® or even less depending on the intensity of the
population relaxation ang,;,, ., are the coherence relax- r¢pump Iaser: '
ation times fora—b andc—b transitions;A v, is the laser ~ The experimental and calculated values of the EIT line-
jitter; \ is the linewidth of thea—b transition;f is the op- width and transmissioil and estimates for parameterand

tical transition oscillator strength; ands the intensity of the X are given in Table Il. As we can see, the theoretically

drive laser. calculated values of the EIT linewidth are close to the ex-
Given the oscillator strength, the dipole moment of thePerimental values. There is also good matching for the ex-
optical transition can be estimated as perimental and theoretical values of the transmission coeffi-
cient in Pr:YSO. The discrepancy in the observed and
5 e? 2\ calculated transmissions for R¢fL1] (about seven timéss
Mab:f% 4m,’ (1) probably due to the use of a repump laser, necessary to pre-

vent reorientation of th&l-V centers in the diamond lattice.
and, based on the intensity of the drive field, its Rabi fre- USing the relation between the dipole moment and oscil-
quency is lator strength(11) the ratio of the group velocity to the speed
of light, according to Eq(10), is

Q= V2THa 1 e Zmelhe 1 »
h VCNg [¢] c= whC ? ? N/(FEITWab) ’ ( )

We estimated the Rabi frequency used in R8.to be A group velocity of the order of 1—10 m/s has been achieved
500 kHz forl =90 w/ent; in Ref. [11] the Rabi frequency i, “recent experiments in gases. The parameters and results
160 MHz is mtgd. The density of Prions i8] was N for the group velocity in gases are summarized in Tables |II,
=4.7x 101 cm ~ and the absorption coefficient wae  ang |v. As it is clear from Table IV, they are in good corre-
=10 cm ; for the N-V color centers if11] the density of  gpondence with the theoretical calculations on the basis of
centers wad\=3x 10 cm™* and the peak optical density Eq. (12). Note that in the experimefiz3] the Rabi frequency
was~0.3. ) of the drive laser was an order of magnitude greater than the

In Ref.[8] the system was rather six level than three level,conerent threshold Rabi frequency at which EIT starts, so the
and an additional repump field was used, which made only gesonance was power broadened, which means Faat
small fraction of Pr ions, confined within the laser linewidth, =02?/y,,. If it were not power broadened, the EIT width
interact with the laser fields. For these ions a six-level SyStEI‘Womd be just the coherence relaxation rate of the low-
was reduced to a three-leval scheme with the laser jitter frequency transitiony.,, which would lead toV,/c=1.3
serving as an effective inhomogeneous broadening at the og; 1910 (V4~6 cm/s).
tical transitions. Accordingly, the effective density of Prions |t us compare now the group velocity, observed in a

) o recent experiment in Pt:YSO [26], with the prediction of

TABLE II. The experimental and calculated EIT linewidth, 1he apove theory. The results are given in Table Il and in Fig.

transmission and group velocities for EIT in solid media experi-g | Table Il we list the experimental value of the group

ments.
TABLE IV. The experimental and calculated group velocities
PERE TEe To0t Teale 2 X Ve VES g1 EIT experiments in gaseous media.
kHz) (kH2) (%) (%) (m/s) (m/s)
PR*:YSO 30 46 36 26 X10' 10° 45 8000 Ref. [14] Ref. [23] Ref. [25]
N-V 8500 7800 70 11 5 0.1 470 VgXpt (m/s) 90 17 8
diamond Vg'e (mis) 350 21 5
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Tp/Tp W2, while for solids withz>1 it is proportional to the
inhomogeneous broadening of an optical transition. The typi-
1f ereman, A - . . .
-~ A ""m...Aw cal value of the threshold intensity for gaseous media with
o.s} a 4 . the parameters listed in Table Ill is of the order of mWfgm
A "*-»-.'-—-....,,__'m while in experimental work with solids with the parameters
0.6 4 listed in Table I it is of the order of ¥8-1° W/cn?. The

way to reduce the requirement for the threshold intensity is

01 to use materials with the smallest possible inhomogeneous
0.2 broadening of the spin transition. In the casel it is rea-

I (mW/cm?) sonable also to use electric-dipole allowed optical transitions

20 30 40 50 60 70 80 50 in combination with the smallest possible inhomogeneous

broadening of the optical transition. There is a wide class of
rare-earth doped dielectrics possessing a zero-phonon line at
low temperaturdup to 10 K) at the electric-dipole allowed

. . -d transitions lying in the band gap of a host matrix. Some
velocity of 45 m/s and the corresponding calculated value OFexampIes include Y& LiYE,, Yb2*:MgF,

8000 m/s. Taking into account the very good coincidence’ 3 . i ..

between theoretical predictions and experimental results foqgr; +‘_(\:(Slggachl§3é .. $§GCSCQS£YCC::§S Q (':I'f; *I'ILLiJYPg’

the EIT linewidth and transmission coefficient in Pr:YSO -=, ' = % oy ’ oy ’ oA
(Table 1, the origin of the large difference i, (about 180 Eu4+.CaS Eu +.MgS Eu”":MgF,, Eu™:Cah,
times remains unclear. A possible explanation of this dis-NP™ :£rSrO, P"f. :CZrCls. Although the inhomoge-
crepancy may be the square shape of the probe pulses usedoUs width of a d|polel allowed 9pt|cal tran_s[tlon is usqally
[26]. A pulse of this shape is considerably modified duringdreater than that of a dipole forbidden transition, there is no
propagation in a resonant medium, which may cause an udinear relation between the dipole moment and the inhomo-
certainty in the actual delay time and group velocity. A moregeneous width, so the latter can be reduced by controlling the
detailed comparison with this experiment is shown in Fig. 8 purity of the crystal sample. There are some rare earths,
where calculated and experimentally observed group velocihamely, P¥* [27], Ce" [28,29, E?" [30,31, and TH™

ties (normalized to their maximum valuesre given for a [32], whose dipole allowed-d transitions in different hosts
range of driving field intensities. We can see that the experihave relatively small inhomogeneous optical line broaden-
mentally observed and theoretically calculated curves loolng, ranging from 40 to 300 GHz. Note that inhomogeneous
very similar to each other. Also, in Table Il we give the line broadening can be effectively reduced up to the magni-
theoretical predictions for the possible group velocity in an-tude of the laser beam jittéwhich can be as small as 1 kHz
other solid medium, namelyy-V color centers in diamond, [33]) using an optical repump scheme as was dong8]n
where EIT was observed recenflil], but the group velocity This effectively reduces the requirement for the EIT thresh-

FIG. 8. Experimentally observedtriangles and calculated
(starg time delay for Pt*:YSO [26].

has not been measured yet. old intensity. The price to be paid for this is a corresponding
reduction in the effective atomic density of the dopants par-

VI. SOLIDS VS GASES: POTENTIAL ADVANTAGES ticipating in the EIT. o , ,
OF SOLIDS Let us now compare the dispersive properties of EIT in

gases and solids in order to estimate the potential of solid

As is clear from the above discussion, the minimum valuematerials for the slowing of light and realization of nonlinear
of the EIT linewidth is defined byv°® and it is achieved interactions.
when the intensity of the drive laser is about the threshold On the basis of Eq12) the general recipe for achieving a
value needed to observe EIT. In order to minimize inhomo-slow group velocity is using the highest possible dopant den-
geneous broadening at the spin transition it is preferable tsity, electric-dipole allowed transitions, and the smallest pos-
use hyperfine rather than Zeeman splitting, choosing a latticeible inhomogeneous line broadening at both the spin and
with zero nuclear spin. In some rare-earth doped crygtais  optical transitions.
example, E&":CaF,, PP":Y,SiO;, N-V color centers in One of the major advantages of solids as compared to
diamond WeP can be of the order of 1-10 kHz, i.e., of the gases is the high concentration. The concentration of dopants
same order of magnitude as in some EIT experiments in hdh solids can be much greatébout 168-10°2 cm™3) than
gases[14] and Bose-Einstein CondensatéBEC's) [23], the atomic density in gaseg@bout 10°-10'3 cm™3) for
where it is typically defined by the time of flight of atoms which atomic collisions do not broaden the optical and spin
through a laser beam. Howeva\® in solid materials can- transitions. This is crucial for the slowing of light and for the
not overcome the record value of 1 Hz achieved in experiefficiency of nonlinear processes.
ments with a pharaphine coated Rb ¢&lb]. Taking a combination of favorable parameters such as the

The EIT threshold intensity in an inhomogeneouslydensity of impurity atoms oN~10?2 cm™3, the inhomoge-
broadened medium in general is higher than that in a homogaeous width of the spin transitioW/°°~10 kHz, and the
enously broadened mediumQg>yy.,) by the factor inhomogeneous width of the dipole allowet0.1) optical
(WD) 2y ey if z<1 or by the factorVaPWEP/yy  if z  transition W2P~50 GHz, and assuming that the EIT reso-
>1. Note that for solids witte<<1 it does not depend on nance is not power broadened, one can obtain
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Vg/C:lO_lS (Vg=30 um/s). So far, a large inhomogeneous broadening of the optical

transition in solids has been viewed as a negative factor pre-
Unfortunately in real materials it is difficult to realize such a venting the reduction of both EIT threshold intensity and
favorable combination of parameters. group velocity. However, for certain applications a large in-

Let us consider C& doped crystals like YAG, LuPQ homogeneous broadening can be helpful. Indeed, it has been
YPQO,, YLiF,4, and CgNaYCls. The relatively high oscilla- widely used in developing optical memory based on the
tor strengthf~10"* in these materials is nicely combined hole-burning techniquEs8]. It can be used also for quantum
with relatively small inhomogenous broadening of the opti-storage (storage of the quantum statistics and spatial-
cal transition:W3°~ 100 GHz[34,35. Unfortunately, there temporal form of optical puls@sThis requires a combination
is no hyperfine structuré&he spin of Ce nuclei is zefand  of the recently suggested so called light storage techrifjue
inhomogeneous broadening at the Zeeman transition is typivith the two-photon spin echo techniq{6]. The latter is
cally rather largeW°P~1-10 MHz[36]. At the density of needed because of inhomogenous broadening at the spin
dopantsN=10?° cm™3, it would give usVy=200 m/s. The transition. This combined technique is the following. First, a
required intensity to observe EIT in such crystal would beweak signal pulse along with a strong and lofspatially
rather high,l ipres~5 kW/cn?. uniform) driving pulse is inserted into a medium under EIT

Another example is B doped crystals like Ei :Cak, conditions. When it fully enters into the medium the driving
EW:SrF,, EP':MgF,, and EG*:MgS. In these materials field is switched off so that the signal pulse imprint is kept in
inhomogeneous broadening of the spin transition is rathethe spatial distribution of the spin coherence. During a time
small W~ 10 kHz [37], W3’=40-60 GHz[30], and the interval t, shorter than the spin coherence decay time, the
density of dopants can be relatively largé=~10 cm 3. spins of different ions diverge until a microwavepulse(or
There is also a zero-phonon line at tha-8f electric-dipole  two simultaneous optical pulses resonantate-b and a
allowed optical transition with the oscillator strength —c transitiong converts them back to produce the same
~10"4 [30] and the wavelengthh =401-424 nm. Accord- total spin at the momenttg. (Note that populations of spin
ing to Eq.(12), at the density of dopant$=10'°cm 3, this  sublevels exchange after such a procedure. They can be
should lead toVy~10 m/s. The EIT threshold intensity switched back by applying another pulse at the moment
would bel,es~400 W/cnt. In ELP":MgS the inhomoge- When the total spin is restorgdsending a driving pulse into
neous width of thef-d transition is rather largew?®®  the medium at the moment when the total spin is restored
~6 THz[38], but the oscillator strength of the transition is would result in reproduction of the signal pulse. Recent ex-
f~0.01-0.02[38,39. The wavelength of the #45d transi- periments have successfully demonstrated this technique
tion is A\ =578 nm in this crystal. If we assume the width of [26]. Note that its potential advantage in solid materials with
the spin transitionV°°~ 10 kHz and the density of dopant z<1 as compared to the light storage technique realized in
ions N=10' cm™3, this gives the group velocity estimate gased7,23 is the large number of information channels de-
V4~20 m/s. The intensity of the drive laser required for EIT fined by the ratio of inhomogeneous to homogeneous line
to be observed would big,,;es~600 W/cnf. broadening. As in BEC experimentbut without involve-

It is worth mentioning one more requirement in the pro-ment of the corresponding technical complicatipitsallows
posed solid materials. It is desirable that in thesystem ©one to getrid of the smearing of information about the signal
under consideration both optical transitions be of comparabléaused by atomic diffusioftaking place in gaseous cell ex-
strength to avoid using high laser power. In principle, if theperiments.
lower levels are different spin levels, both transitions to a
common upper level cannot be allowed, since spin is con- ACKNOWLEDGMENTS

served in optical transitions. This restriction can be over- )
come either by mixing of spin levels by an applied magnetic The authors wish to thank DARPA, the Texas Advanced

field [11] or by using atoms or ions with strong spin-orbit Technology and Research Program, and ONR for financial
coupling in the case of electronic Zeeman lower levels, oSUPPOrt.

strong spin-orbit and hyperfine interactions for hyperfine

lower levels. These interactions lead to mixing of different APPENDIX

electronic (nucleaj spin wave functions with spatial ones, . . . .
thus making both optical transitions allowed. The rare-earth | he mechanisms of inhomogeneous broadening at optical

ions doped into dielectric crystals which we discuss abovénd hyperfine transitions in solids, caused by dipole-dipole
possess strong spin-orbit interaction because of their higﬁnd spin-spin interactions, respectively, are essentially differ-

atomic numbers, so transitions from Zeeman sublevels to 8"t from each other. In particular, inhomogeneous broaden-
common upper level may be of equal strenfdd]. In the N9 of hyperfine transitions typically is smaller than that of

case of hyperfine lower levels it is harder to find transitionsOPtical transitions, which is very favorable for the appear-
with comparable strength, since the hyperfine interaction i&"Ce of atomic interference effects. One has to average the
small, and generally only transitions that preserve the nucleafSceptibility of a\ system over the frequency distributions
spinl, are allowed. However in hosts where a rare-earth iorPf 0n€- and two-photon transitions independently:

occupies a site of low symmetry, nuclear state mixing by the

crystal field can give rise tal,#0 transitions of compa- _ f f Pab
I’ab|e Il’ltenSIty{30,4]] X d(wab)f(wab) d(wcb)f(ﬁ)cb)n o ’ (Al)
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where w,, and o, are the frequencies of the—b andc The susceptibilitf A1) can now be evaluated by two con-
—b transitions,f(wapcp)) is the normalized frequency dis- tour integrations in the complex plane. Let us first integrate
tribution function, p,, is the coherence of the—b transi-  overAw,,. We choose the lower half plane, which contains
tion induced by radiation fields, ang=Nu2,/2%. The Rabi  two poles:
frequency of the probe field with frequeneyis defined by
a= uapEp/2fi. The matrix element of the dipole moment
between levelsa andb is u,,, E is the probe field ampli-
tude, andN is the atomic density.

For simplicity we model the frequency distribution with a
Lorentzian function with full width at half maximum
2WaP(h) gych that

1+ 3WCb/Wab)
2W¢p

QZ
Awap=—iIWD,  —iy=—i \/72+ i

o) = W3L(ED) /7 (A2) S0 x=x1+ x2, Wherey; are the contributions from the two
DT A wapopy) 2+ (WAHED)2' poles. For the polé w,,= —iW2" we have
|
i7 (YepTiA+iAwp)[ Y2+ yQ% Wep+ (IW3P+ A wgp)?]— QAW+ y—iAwp,)
X1= %5

2 [(W3P+ y+iA) (yeptiA+iAwe) + Q[ Y2+ (IW3P+ Awg)?]

792)
Wep

YLOWP)?+ (A wep=iy)?HIy + y+i(A+Awcp)) (yeptiA+iAwg) + Q%

The second pold w,,=Aw.,— 1y Yields

i Wabl Q%(y+ 7)—(7cb+iA+ichb)(72—y2+

X2= — 2

Now we carry on an integration ové&yw.,, choosing again
the lower half plane, since it contains fewer poles.

C11=Q2(y+WaP—Web)

The y, term contains the following poles in the lower half b ab chh2 2 yQ?
plane: A w = — W, — i (Wa+y), and —i(We—y). The F(repT WD) (W= W)= %= 1
last one lies in the lower plane onlyyi<W?P, So there will 5
be either two or three poles, depending on the valug of ~ Q2WaD-+ Web(\Wab)2— ﬁwcb

The x, term multiplied by Eq(A2) corresponding to the cb ’

c—b transition contains the poled\w.,=—iW and

Awcp=—i(W3—y). Again, there are either two or one pole yQ? yQ?

(s) in the lower half plane depending on whetlyds greater Dy=9%+ o (WBP—WeP)2~ W —(Wab)2,
cb

or less tharW@®. It turns out that the contributions t, and cb

X2 from the poleA w,= — i (W3 —y) wheny<W?® exactly
cancel each other, so we are left with only three terps,
and y, stemming from integration of4, and y»; resulting
from the integration ofy,, where

Here the following assumptions were usediV2”
>y, WP WePs> 5 andw,,>w,,,. All of these inequalities
typically hold for EIT experiments in solids.

The second term is

in . .
X11:_TZM(BH_AZ_|AWab)(C11_|AD1]): - i PWeP a2 b
X12= = - ———————[B, TA(2W™+y) ]
2y(y+W)Z,,
A:yZ_(Wab_ch)ZgyZ_(Wab)Z, X(Clz—iADlz),
Z11=[(y+ W) (yep+ W) + 02— A%)2 where

+ A y+ yep+ WA+ WCP)2

_ ab ab 2__A272
WEWED+ (02 A7+ A2 D)2 Z1o=[(y+ W) (y+ yept W) + Q2= A7)

+ A y+ yepty+2WAP)2

B11= (y+ W) (ypt+ WD) + 02~ W2PWEP+ (02, ~[WAP(y+W2aP) + 02— A?]2+ Ay + 2WRP]2,
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Bio=(y+ W) (y+ oo+ W) + Q2 where
~W2P(y + W) + 02, Zor=[(y+y+WP)(yept+ W) + Q%= A?]?
2 chy2
c Qz ,yQZ L 3WCb . +Wab +A [’)/“r‘ ’)/Cb+y+ 2W ]
12= Q5 (y—y) 2Wep Wap (Yebty ) ~[(y+y+WEP)WeP+ 02— A2]2
2 2 b12
vQ + A y+y+2WeP)4,
~02(y=y) = 5 —(y+ W),
. Bor=(7+Y+ W) (ygp+ W) + 02
2 2
Do~ ¥Q (1_ 3ch)~ ¥Q . ~(y+y+ WD) Webt 02
2ch Wab 2ch QZ
Y 3Wep,
i =Q2(y+y)— 1- +Wweb
Finally, Co1=Q%(y+y) 2ch( Wt )(ch )
Yor= i’)?Wab Qz( . ) 702 ch
21 — m~ - )
2y[(W2")2 = (y+W°P)?]Z,; 7T 2w
X[Ba1— AZ=iA(2WP+ yop+ y+y)] 0? 3w, 0?
i ( B cb) Y
X(CZl_iADz]_), 2 2WCb Wab 2WCb.
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