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Atomic interference phenomena in solids with a long-lived spin coherence
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We generalize the theory of electromagnetically induced transparency~EIT! 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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I. INTRODUCTION

Electromagnetically induced transparency~EIT! is the op-
tical transparency of a three-level medium at a resonant t
sition induced by application of a coherent electromagn
field at an adjacent transition. The accompanying reduc
of the group velocity of light by orders of magnitude in th
EIT transparency window has been intensively studied@1–3#
in connection with many potential applications, especia
low-intensity nonlinear optics@4,5# and quantum information
storage and processing@6,7#. Most of the theoretical and ex
perimental work so far~with the exception of a few recen
experiments@8–11#! has dealt with gaseous media. Mo
vated by practical considerations, to implement~EIT! in real
devices one turns to solid materials. Indeed, the obvious
vantages of solids are high density of atoms, compactn
absence of atomic diffusion~which is especially importan
for optical memory!, and simplicity and convenience i
preparation and usage. On the other hand, the comm
known difficulties with realization of atomic interference e
fects in solids are typically very broad optical lines and f
decay of any coherence.

At the moment a few pioneering proof-of-principle EI
experiments have been performed in three different type
solid materials: rare-earth ion doped crystals with forbidd
transitions lying in the band gap of a crystal@8#, N-V centers
in diamond @9–11#, and quantum wells in semiconducto
@12,13#. Transparency of the order of 100% was achieved
some of them@8–11#. However, this required much highe
intensities than in gaseous media and resulted in larger
linewidths. The obvious difficulty of dealing with semicon
ductors is the very fast decay~picoseconds! of electronic
coherence. On the other hand, the spin coherence decay
in EIT experiments@8,11# is of the same order of magnitud
~tens or hundreds of microseconds! as in experiments with
gases@14,15#.

Several questions arise.~i! What is the threshold for the
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driving field providing EIT in solid materials?~ii ! What is
the EIT linewidth dependence on the intensity of the drivi
field and other parameters of the system?~iii ! What deter-
mines the efficiency of nonlinear transformations and qu
tum light storage in solids? In order to answer these qu
tions, to explain the recent experimental da
@8,11,14,23,25,26#, and to identify the optimal regimes an
the most suitable materials for realization of EIT, we he
generalize the theory of EIT for the case of solids with lon
lived coherence. We take into account the major specific
these materials as compared to gaseous media, namely
mogeneous and inhomegeneous line broadening of both
tical and spin transitions as well as the difference betw
the longitudinalT1 ~spin-lattice! and transverseT2 ~spin-
spin! relaxation times in a low-frequency transition. In gas
T1 and T2 are typically indistinguishable, being defined b
the lifetime of the atoms in the light beam.

The paper is organized as follows. In Sec. II we der
general density matrix equations governing the evolution
a L system, necessary for calculation of the macrosco
polarization of a medium. In Sec. III we derive the linewid
of EIT resonance. In Sec. IV we study the group velocity
the vicinity of the EIT resonance. In Sec. V we analyze
cent experimental observations of EIT in solids@8,11#. In
Sec. VI we discuss the major material requirements and s
gest a class of promising solid media for EIT and slow gro
velocity~SGV! related experiments. In the Appendix we d
scribe the procedure for determining the polarization av
aged over the inhomogeneous profiles.

II. SUSCEPTIBILITY OF A L SYSTEM

Let us consider the energy scheme depicted in Fig. 1
this three-levelL scheme one of the two lower levels~c! is
coupled to the upper level~a! by a coherent drive laser an
the transitiona→b is probed by a weak coherent field. Th
atomic decays as indicated ensure that each atom will c
to a steady state condition.

In the present analysis we use the following assumptio
~1! The decay rates of the transitionsa→b(g) and a
→c(g8) are assumed to be the same (g); ~2! the probe field
©2002 The American Physical Society02-1
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is weak so that a first order analysis is valid;~3! the strong
driving field is on resonance with thea→c transition.

The semiclassical Hamiltonian describing the atom-fi
interaction for the system under consideration can be wri
as

V52\ae2 intua&^bu2\Ve2n0tua&^cu1H.c., ~1!

whereV5macEd/2\ is the Rabi frequency of the drive field
the Rabi frequency of the probe field is defined bya
5mabEp/2\, mab , and mac are the matrix elements of th
dipole moment between levelsa andb anda andc, respec-
tively; and n and n0 are the frequencies of the probe a
drive fields. The equations of motion for the density mat
elements are

ṙab52Gabrab2 ia~raa2rbb!1 iVrcb , ~2a!

ṙcb52Gcbrcb2 iarca1 iVrab , ~2b!

ṙac52Gacrac2 iarbc2 iV~raa2rcc!, ~2c!

ṙcc52wcbrcc1wacraa1wcbrbb2 iV~rca2rac!,
~2d!

ṙaa52~wab1wac!raa2 ia~rab2rba!2 iV~rac2rca!,
~2e!

raa1rbb1rcc51. ~2f!

Here the Rabi frequencies were assumed real,G i j are defined
as g i j 1 iD i j , wi j are the population relaxation rates,wcb
5wbc so that before the action of the drive field the levelsb
andc are equally populated, andgab5gac5g. TheD i j ’s are
given by Dab5vab2n5D1Dvab , Dac5vac2n05D0
1Dvac , Dcb5vcb2n1n05D2D01Dvcb , and Dvac
5Dvab2Dvcb . Herevab , vac , andvcb are the frequen-
cies of the corresponding transitions,Dvab andDvcb are the
deviations of the atomic frequencies of thea→b andc→b
transitions from the corresponding inhomogeneous line c
ters, andD and D0 are the detunings of the probe and t
drive fields from the line centers.

In the absence of the probe field the steady state solut
for the populations are obtained from Eqs.~2a!–~2f! as

FIG. 1. L scheme under consideration.
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raa
(0)5

2wcbV
2

2D
, ~3a!

rbb
(0)5

4gXwcb12wcbV
212gV2

2D
, ~3b!

rcc
(0)5

4gXwcb12wcbV
2

2D
, ~3c!

where

X5
g21Dac

2

2g
,

D54gXwcb1gV2S 11
3wcb

wac
D .

In terms of these populationsrab can be found to first
order in the probe field as

rab5
2 ia

GabGcb1V2 FGcb~raa
(0)2rbb

(0)!1
V2

Gca
~rcc

(0)2raa
(0)!G .

~4!

Let us assume that the drive field is resonant, such thatD0
50. Thenrab can be written as

rab5
2 ia

Y

1

2D F2~gcb1 iDcb!~4Xgwcb12V2g!

1
V2

g2 iDvac
4gXwcbG , ~5!

where

Y5~g1 iD1 iDvab!~gcb1 iDcb!1V2.

In an inhomogeneously broadened solid system, the
ceptibility should be averaged over the entire range of
frequencies of the corresponding transition, which is de
mined by the inhomogeneity of the crystalline fields in s
ids. Similarly, in EIT experiments in gases the inhomog
neous Doppler broadening at the optical transitions should
taken into account@16#. Inhomogeneous broadening at th
low-frequency~hyperfine or Zeeman! transition, caused by
the residual Doppler effect (k22k1)v, can be neglected a
compared to the homogeneous width of the transition de
mined by the time of flight of an atom through a laser bea
becausevcb!vab ,vac . However, in EIT experiments in
solids ~as well as in gases with largevcb @17#! inhomoge-
neous broadening at both one-photon and two-photon tra
tions plays an important role. Averaging of the susceptibil
over inhomogeneous profiles is described in the Append

III. EIT LINEWIDTH

In order to estimate the linewidth of the EIT resonance
evaluate the imaginary part of the susceptibility, which is t
sum of three termsx95x11

9 1x12
9 1x21

9 , calculated in the Ap-
pendix.
2-2
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FIG. 2. A numerical calculation of susceptibility components under conditionsz!1, x!1, V2>gwcb . An antihole forms inx21
9 and is

clearly seen in the resultingx9 profile.
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The susceptibility strongly depends on two parameter

x5
V2g

2wcb~Wab!2
,

z5
gWcb

wcbW
ab

, ~6!

where 2Wab(cb) is the width of the inhomogeneously broa
ened optical~low-frequency! transition. The parameterx can
be presented in the formx5V2/V inh

2 , where V inh
2

52wcb(W
ab)2/g gives the characteristic value of the driv

field intensity (I inh;V inh
2 ) providing optical pumping for all

atoms within an inhomogeneously broadened optical li
Hence the parameterx defines the degree of optical pumpin
of atoms into the ground state.

The parameterz is defined by the ratio of the relativ
broadenings at the low-frequency and optical transitions.
gaseous medium in theL scheme with copropagating field
where inhomogeneous broadening at the low-frequency t
sition @defined by the residual Doppler effect (k22k1)v] is
negligible ~and henceWcb should be replaced bywcb), this
06380
.

a

n-

parameter takes the formz5g/Wab, i.e., it does not exceed
1. In a Bose-Einstein condensatez51. In a solid medium it
may be either less than or greater than 1, depending on
magnitude of the inhomogenous broadening at the lo
frequency transition characterizing the dephasing betw
spins of different ions.

Usually the inhomogenous broadening at a spin transi
is orders of magnitude smaller than at an optical transiti
Hence the termx12

9 , which is Wcb/Wab times smaller than
x11

9 , can be neglected.
Typical shapes ofx11

9 andx21
9 for different regimes of EIT

are shown in Figs. 2–6.
In order to estimate the linewidth of the EIT resonance

first find that the maximum ofx95x119 1x219 is xmax9
'h/Wab at D'6V. As the next step we calculate the min
mum absorption at zero detuning, of the probe field which
given by the expression

x9~D50!5
h

Wab

x1z/21zAx/2

~11Ax!~x1z/2!~112Ax/z!
. ~7!

Let us define GEIT as x9(D5GEIT)5@xmax9 1x9(D
50)#/2. Then the width of the EIT resonance is obtained
2-3
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GEIT
2 5

2Ax

z
~Wcb!2

@11xAx12x~11x!/z#~11Ax/z1x/z!

x1Ax1112x~11Ax!/z

3F11H 11
z2

4x

~112x/z!2~112Ax/z!2@x1Ax1112x~11Ax!/z#2

@11xAx12x~11x!/z#2~11Ax/z1x/z!2 J 1/2G . ~8a!

FIG. 3. Susceptibility components under conditionsz!1, x@1. EIT resonance is power broadened.
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Let us define also the transmission coefficientT as

T5expF2
2pkLh

Wab

3
11Ax12x/z

~11Ax!~112x/z!~112Ax/z!
G , ~8b!

wherek5nc is the wave number of the probe field,L is the
length of the medium, andh5Nmab

2 /2\.
The threshold intensity of the driving field providing EI

and the dependence of the EIT linewidth broadening and
06380
e

transmission coefficient on the intensity are essentially de
mined by the parameterz. Let us analyze two extreme limits
z!1 andz@1.

A. z™1

This limit might be realized in solids with a relativel
small inhomogeneous widthWcb of the low-frequency tran-
sition.

For low intensities of the drive laser (x!1) the second
term x21

9 gives an antihole~see Fig. 2!, formed due to ab-
sorption by the atoms resonantly pumped from the statec to
the ground stateb. The width of the antihole is defined by th
2-4
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FIG. 4. Susceptibility components in the casez@1, x!1. There is no EIT in this regime.
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magnitude of the maximal detuning for which atoms are
tically pumped for a given intensity:Dant5VAg/wcb. This
antihole is imposed on a broad background with the wi
Wab representing the absorption of off-resonant atom
which is described by the termx11

9 .
The line center absorption in this limit isx9(D50)

'h/@Wab(112Ax/z)#, so EIT becomes observable a
Ax/z;1 or V2;g(Wcb)2/wcb . As long as this condition is
satisfied, x9(D50) is vanishingly small ashz/2WabAx
whenx!1 and ashz/2Wabx whenx@1.

The linewidth for low drive laser intensity, when onl
some of the atoms~with detunings within the antihole width!
are optically pumped into the stateb, i.e., x!1, is

GEIT
2 5

2Ax

z
~Wcb!2~11Ax/z!

3F11H 11
~11z/2Ax!2

~11Ax/z!2 J 1/2G .

As EIT sets in withAx/z;1, the linewidth isGEIT;Wcb.
Note that, generally speaking, the threshold intensity@V2

;g(Wcb)2/wcb# is larger than that in a homogeneous
broadened medium (V2;ggcb) by a factor (Wcb)2/gcbwcb

.1. For higher intensities, whenAx/z@1 but still x!1, we
easily obtain
06380
-

h
,

GEIT ⇒VA2wcb

g
. ~9a!

According to Eq.~9a! the linewidth of EIT is linearly
proportional toV, the Rabi frequency of the driving field
~i.e., the square root of the intensity! and is independent o
the inhomogeneous widthWab. For very high intensities of
the drive laser (x@1) when all atoms are optically pumpe
into the stateb the general formula~8a! takes the form of the
traditional power broadening law:

GEIT ⇒ V2

Wab
. ~9b!

In Fig. 7 the EIT linewidth and transmission coefficient d
pendence on the characteristic combination of parame
2Ax/z5VA2wcb /g(Wcb)2 in the casez!1 is highlighted.
The logarithmic plot shows that at low intensity of the driv
laser (2Ax/z,1) the width is constant, but at highe
(2Ax/z.1) intensity it changes along a line with slope
and at even higher intensity (2Ax/z;102) the slope changes
to 2.

It is worth noting that, with the introduction of an effec
tive width de f f defined as the magnitude of the maximu
detuning for which atoms are optically pumped into t
ground stateb, the EIT linewidth can always be presented
2-5
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FIG. 5. Susceptibility in the casez@1, x>z. EIT sets in when the drive laser intensity exceeds a threshold value (V2.WabWcb); EIT
resonance is power broadened.
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the form GEIT5V2/de f f , which is similar to the EIT line-
width in a homogeneously broadened medium, whereGEIT
5V2/g.

The physical reason for a linear dependence of the
linewidth onV in the casex!1 is thatde f f ~which is defined
in this range of intensities by the width of the antihole! is
proportional toV, i.e., more and more far-detuned atom
become optically pumped into the ground state. On the o
hand, at very high intensity (x@1), when all atoms are op
tically pumped and hencede f f does not increase any mor
after reaching its maximum value atx51, Wab, the EIT
linewidth broadens proportionally to the intensity.

A similar linear dependence onV @see Eq.~9a!# of the
width of some sub-Doppler resonances was obtained in
lier work by Feld and Javan in three-level laser gain syste
@18#. In the situation under study in@18# the relaxation rates
at the one-photon and two-photon transitions were of
same order, so that the resonance width was fully determ
by the Rabi frequency in the whole range of intensities
linear dependence of the EIT linewidth on the drive fie
Rabi frequency was found in@16#, where inhomogeneou
broadening at the two-photon transition was ignored, a
also in@19# @although in a different regime corresponding
trapping of all atoms (gbc50) and with a relatively strong
06380
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signal field contributing to the line broadening#.
We are not aware of any experimental reports of line

dependence of the EIT linewidth on the Rabi frequency
cept for two recent sets of experiments in a Rb cell by Zibr
@20# corresponding, respectively, to~i! the frequency-
selective CPT regime described in this work and~ii ! the
signal-broadened EIT regime of@19#.

The quadratic dependence formula~9b! was obtained ear-
lier in @21# under the assumption that all atoms were op
cally trapped. As is clear from the above analysis, this
sumption holds whenx@1.

Apparently, the smaller ratiogbc /g leads to a smaller EIT
width atx!1 and to smaller value ofV for which the linear
dependence (GEIT;V) changes to a quadratic dependen
(GEIT;V2).

Note that at an arbitrary fixed value of intensity and giv
homogeneous broadening the EIT linewidth in an inhomo
ously broadened medium (GEIT5V2/de f f) is essentially nar-
rower than in a homogeneously broadened medium (GEIT
5V2/g). The physical reason for this EIT line-narrowin
effect is that power broadening of the line is weaker
off-resonant atoms. This line-narrowing effect is similar
that discussed earlier by Feld and Javan@18#. At the same
time the EIT linewidth can never be reduced beyond its
timate limit defined byWcb.
2-6
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FIG. 6. A numerical calculation of susceptibility under conditionsz@1, x@z. EIT amplitude is 100%; the resonance is pow
broadened.
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B. zš1

Here no EIT is observed untilx;z, when x9(D50)
'h/@Wab(112x/z)#; for x@z absorption at the line cente
is small ashz/2Wabx.

The corresponding linewidth for low intensity is

GEIT
2 5

2x

z
~Wcb!2~11x/z!

3F11H 11
~11z/2x!2

~11x/z!2 J 1/2G ,

so again EIT starts withGEIT;Wcb, but in this case with
much higher intensityV2;WabWcb (x;z). For higher in-
tensities (x@z)

GEIT ⇒ V2

Wab
.

For media with a large inhomogeneous width of thec→b
transition, characterized by the conditionz@1, we see that a
considerably higher~by the factorWabWcb/ggcb) intensity
is required for EIT to be observed than in a homogeneou
06380
ly

broadened medium, and there is no linear dependence o
Rabi frequency of the drive field as we found in the limitz
!1. From the very beginning, when the intensity of t
drive laser exceeds the threshold intensity (V2;WabWcb)
the linewidth is power broadened.

IV. GROUP VELOCITY IN AN INHOMOGENEOUSLY
BROADENED EIT MEDIUM

The dispersive properties of an electromagnetically
duced transparent medium are as interesting as its absor
characteristics. It has been demonstrated both theoretic
@22# and experimentally@14,23–25# that EIT is accompanied
by steep frequency dispersion~large derivativedn/dn) near
the line center, which leads to a time delay of the probe pu
and reduction in its group velocity. As is well known th
group velocity of light in a medium is given by

Vg5
c

n1ndn/dn
,

wheren.n012px8.
2-7
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In the experimental conditions of Refs.@8,14,23–26# the
refractive indexn0;1 –2 and in the EIT regime we can ne
glect n0 in comparison with ndn/dn, so that Vg
5c/(2pndx8/dn).

The time delay for a pulse in a sample of lengthL is then

TD5L~1/Vg21/c!5
2pnL

c

]x8

]n
.

For the inhomogeneously broadened system considere
Sec. II the steepness of the dispersion function is given
the expression

]x8

]n U
n5vab

5
h

WabWcb

2Ax/z

11Ax

3
11Ax1x14x~11Ax!/z14x2/z2

~112Ax/z!2~112x/z!2
.

Let us again consider limitsz!1 andz@1.

A. z™1

For low drive field intensities (x!1) EIT becomes ob-
servable whenAx;z, and

]x8

]n U
n5vab

'
h

Wab

2Ax/z

Wcb
5

h

Wab

2Ax

z

1

GEIT
.

Whenx!1 andAx@z

]x8

]n U
n5vab

'
h

Wab

1

VA2wcb /g
5

h

Wab

1

GEIT
.

For high drive laser intensities corresponding tox@1 the
steepness is

FIG. 7. Logarithmic plots illustrating EIT linewidth and trans
mission dependence on the characteristic parameter 2Ax/z in the
casez!1.
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]x8

]n U
n5vab

'
h

V2
5

h

Wab

Wab

V2
5

h

Wab

1

GEIT
.

B. zš1

In this limit EIT becomes observable whenx;z. At this
time

]x8

]n U
n5vab

'
h

Wab

2x/z

~112x/z!2

1

Wcb

5
h

Wab

2x/z

~112x/z!2

1

GEIT
.

For x@z,

]x8

]n U
n5vab

'
h

V2
5

h

Wab

Wab

V2
5

h

Wab

1

GEIT
.

As we can see, in general case under EIT conditions
group velocity and accordingly the time delay of the pu
are defined as

Vg /c5
1

pv

\GEITWab

Nmab
2

, ~10!

TD5
pvL

c

Nmab
2

\WabGEIT

.

Note that it is this last parameterTD which also defines the
efficiency of the nonlinear transformations. So when t
drive field intensity exceeds a threshold value and EIT s
in, it is followed by steep dispersion, which is inversely pr
portional to the EIT linewidthGEIT . In its turn, the group
velocity of the probe pulse is linearly proportional to the E
width. So the smallerGEIT , the slower the group velocity o
light, which is fundamentally limited by the coherence lif
time gcb in a Doppler-broadened gaseous medium or by
inhomogeneous broadening of the low-frequency transit
Wcb in a solid medium.

Let us note also that the group velocity is proportional
the parameterh, i.e., to the product ofNmab

2 , and inversely
proportional toWab. So it is clear that the use of a repum
field, as in the experiment@8#, does not allow one to reduc
the group velocity. It does allow one to reduce the inhom
geneous linewidth by the factorWab/Dn j i t . However, at the
same time the effective density of the atoms is reduced
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
periments on EIT and SGV with the results of the abo
theory. In Refs.@8,11# EIT was observed in a rare-eart
doped crystal (Pr31- doped Y2SiO5 or Pr :YSO!, and inN-V
color centers in diamond respectively. All relevant expe
2-8
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mental parameters are listed in Table I. Herewab ,wcb are the
population relaxation andgab ,gcb are the coherence relax
ation times fora→b andc→b transitions;Dn j i t is the laser
jitter; l is the linewidth of thea→b transition;f is the op-
tical transition oscillator strength; andI is the intensity of the
drive laser.

Given the oscillator strength, the dipole moment of t
optical transition can be estimated as

mab
2 5 f

e2

\c

\2l

4pme
, ~11!

and, based on the intensity of the drive field, its Rabi f
quency is

V5
A2pmab

\Acn0

AI .

We estimated the Rabi frequency used in Ref.@8# to be
500 kHz for I 590 W/cm2; in Ref. @11# the Rabi frequency
160 MHz is cited. The density of Pr ions in@8# was N
54.731018 cm23 and the absorption coefficient wasa
510 cm21; for the N-V color centers in@11# the density of
centers wasN5331018 cm23 and the peak optical densit
was;0.3.

In Ref. @8# the system was rather six level than three lev
and an additional repump field was used, which made on
small fraction of Pr ions, confined within the laser linewidt
interact with the laser fields. For these ions a six-level sys
was reduced to a three-levelL scheme with the laser jitte
serving as an effective inhomogeneous broadening at the
tical transitions. Accordingly, the effective density of Pr io

TABLE I. The experimental parameters.

2Wab 2Wcb wab
21 gab

21 Dn j i t

~GHz! ~kHz! (ms) (ms) ~MHz!

Pr:YSO 4 60 164 111 1
N-V 750 5.53103 1.331022 3.331023 100
diamond

wcb
21 gcb

21 l f I
~s! (ms) ~nm! (W/cm2)

Pr:YSO 100 500 605.7 331027 90
N-V 531023 40 637 0.1 280
diamond

TABLE II. The experimental and calculated EIT linewidth
transmission and group velocities for EIT in solid media expe
ments.

GEIT
expt GEIT

calc Texpt Tcalc z x Vg
expt Vg

calc

~kHz! ~kHz! ~%! ~%! (m/s) (m/s)

Pr31:YSO 30 46 36 26 33104 105 45 8000
N-V 8500 7800 70 11 5 0.1 470
diamond
06380
-
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with laser jitter was 4.7310183106/(43109)51.17
31015 cm23 or even less depending on the intensity of t
repump laser.

The experimental and calculated values of the EIT lin
width and transmissionT and estimates for parametersz and
x are given in Table II. As we can see, the theoretica
calculated values of the EIT linewidth are close to the e
perimental values. There is also good matching for the
perimental and theoretical values of the transmission coe
cient in Pr:YSO. The discrepancy in the observed a
calculated transmissions for Ref.@11# ~about seven times! is
probably due to the use of a repump laser, necessary to
vent reorientation of theN-V centers in the diamond lattice

Using the relation between the dipole moment and os
lator strength~11! the ratio of the group velocity to the spee
of light, according to Eq.~10!, is

Vg /c5
2me

p\c

1

f

\c

e2

1

N/~GEITWab!
. ~12!

A group velocity of the order of 1 –10 m/s has been achiev
in recent experiments in gases. The parameters and re
for the group velocity in gases are summarized in Tables
and IV. As it is clear from Table IV, they are in good corr
spondence with the theoretical calculations on the basis
Eq. ~12!. Note that in the experiment@23# the Rabi frequency
of the drive laser was an order of magnitude greater than
coherent threshold Rabi frequency at which EIT starts, so
resonance was power broadened, which means thatGEIT
5V2/gab . If it were not power broadened, the EIT widt
would be just the coherence relaxation rate of the lo
frequency transitiongcb , which would lead toVg /c.1.3
310210 (Vg'6 cm/s).

Let us compare now the group velocity, observed in
recent experiment in Pr31:YSO @26#, with the prediction of
the above theory. The results are given in Table II and in F
8. In Table II we list the experimental value of the grou-

TABLE III. The experimental parameters of EIT in gaseous m
dia experiments.

Wab Wcb gab wab wcb

~MHz! ~kHz! ~MHz! ~MHz! ~Hz!

Ref. @14# 270 103 150 3 103

Ref. @23# 10 20 10 10 1.63104

gcb l I N f
~Hz! ~nm! (mW/cm2) (cm23)

Ref. @14# 103 795 10 231012 0.33
Ref. @23# 1.63104 589 12 831013 1

TABLE IV. The experimental and calculated group velociti
for EIT experiments in gaseous media.

Ref. @14# Ref. @23# Ref. @25#

Vg
expt ~m/s! 90 17 8

Vg
calc ~m/s! 350 21 5
2-9
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velocity of 45 m/s and the corresponding calculated value
8000 m/s. Taking into account the very good coinciden
between theoretical predictions and experimental results
the EIT linewidth and transmission coefficient in Pr:YS
~Table II!, the origin of the large difference inVg ~about 180
times! remains unclear. A possible explanation of this d
crepancy may be the square shape of the probe pulses us
@26#. A pulse of this shape is considerably modified duri
propagation in a resonant medium, which may cause an
certainty in the actual delay time and group velocity. A mo
detailed comparison with this experiment is shown in Fig.
where calculated and experimentally observed group vel
ties ~normalized to their maximum values! are given for a
range of driving field intensities. We can see that the exp
mentally observed and theoretically calculated curves l
very similar to each other. Also, in Table II we give th
theoretical predictions for the possible group velocity in a
other solid medium, namely,N-V color centers in diamond
where EIT was observed recently@11#, but the group velocity
has not been measured yet.

VI. SOLIDS VS GASES: POTENTIAL ADVANTAGES
OF SOLIDS

As is clear from the above discussion, the minimum va
of the EIT linewidth is defined byWcb and it is achieved
when the intensity of the drive laser is about the thresh
value needed to observe EIT. In order to minimize inhom
geneous broadening at the spin transition it is preferabl
use hyperfine rather than Zeeman splitting, choosing a la
with zero nuclear spin. In some rare-earth doped crystals~for
example, Eu21:CaF2 , Pr31:Y2SiO5 , N-V color centers in
diamond! Wcb can be of the order of 1 –10 kHz, i.e., of th
same order of magnitude as in some EIT experiments in
gases@14# and Bose-Einstein Condensates~BEC’s! @23#,
where it is typically defined by the time of flight of atom
through a laser beam. However,Wcb in solid materials can-
not overcome the record value of 1 Hz achieved in exp
ments with a pharaphine coated Rb cell@25#.

The EIT threshold intensity in an inhomogeneous
broadened medium in general is higher than that in a hom
enously broadened medium (V2.ggcb) by the factor
(Wcb)2/gcbwcb if z,1 or by the factorWabWcb/ggcb if z
.1. Note that for solids withz,1 it does not depend on

FIG. 8. Experimentally observed~triangles! and calculated
~stars! time delay for Pr31:YSO @26#.
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Wab, while for solids with z.1 it is proportional to the
inhomogeneous broadening of an optical transition. The ty
cal value of the threshold intensity for gaseous media w
the parameters listed in Table III is of the order of mW/cm2,
while in experimental work with solids with the paramete
listed in Table I it is of the order of 102–105 W/cm2. The
way to reduce the requirement for the threshold intensity
to use materials with the smallest possible inhomogene
broadening of the spin transition. In the casez.1 it is rea-
sonable also to use electric-dipole allowed optical transiti
in combination with the smallest possible inhomogeneo
broadening of the optical transition. There is a wide class
rare-earth doped dielectrics possessing a zero-phonon lin
low temperature~up to 10 K! at the electric-dipole allowed
f -d transitions lying in the band gap of a host matrix. Som
examples include Yb31:LiYF4 , Yb21:MgF2 ,
Pr31:Cs2NaYCl6 , Ce31:Cs2NaYCl6 , Ce31:LuPO4,
Ce31:YPO4, Ce31: YAG, Ce31:CaSO4, Tb31:LiYF4 ,
Eu21:CaS, Eu21:MgS, Eu21:MgF2 , Eu21:CaF2 ,
Np41:ZrSrO4 , Pa41:Cs2ZrCl6. Although the inhomoge-
neous width of a dipole allowed optical transition is usua
greater than that of a dipole forbidden transition, there is
linear relation between the dipole moment and the inhom
geneous width, so the latter can be reduced by controlling
purity of the crystal sample. There are some rare ear
namely, Pr31 @27#, Ce31 @28,29#, Eu21 @30,31#, and Tb31

@32#, whose dipole allowedf -d transitions in different hosts
have relatively small inhomogeneous optical line broad
ing, ranging from 40 to 300 GHz. Note that inhomogeneo
line broadening can be effectively reduced up to the mag
tude of the laser beam jitter~which can be as small as 1 kH
@33#! using an optical repump scheme as was done in@8#.
This effectively reduces the requirement for the EIT thre
old intensity. The price to be paid for this is a correspond
reduction in the effective atomic density of the dopants p
ticipating in the EIT.

Let us now compare the dispersive properties of EIT
gases and solids in order to estimate the potential of s
materials for the slowing of light and realization of nonline
interactions.

On the basis of Eq.~12! the general recipe for achieving
slow group velocity is using the highest possible dopant d
sity, electric-dipole allowed transitions, and the smallest p
sible inhomogeneous line broadening at both the spin
optical transitions.

One of the major advantages of solids as compared
gases is the high concentration. The concentration of dop
in solids can be much greater~about 1018–1022 cm23) than
the atomic density in gases~about 1010–1013 cm23) for
which atomic collisions do not broaden the optical and s
transitions. This is crucial for the slowing of light and for th
efficiency of nonlinear processes.

Taking a combination of favorable parameters such as
density of impurity atoms ofN;1022 cm23, the inhomoge-
neous width of the spin transitionWcb;10 kHz, and the
inhomogeneous width of the dipole allowed (f ;0.1) optical
transition Wab;50 GHz, and assuming that the EIT res
nance is not power broadened, one can obtain
2-10
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Vg /c.10213 ~Vg'30 mm/s!.

Unfortunately in real materials it is difficult to realize such
favorable combination of parameters.

Let us consider Ce31 doped crystals like YAG, LuPO4,
YPO4, YLiF4, and Cs2NaYCl6. The relatively high oscilla-
tor strengthf ;1024 in these materials is nicely combine
with relatively small inhomogenous broadening of the op
cal transition:Wab;100 GHz @34,35#. Unfortunately, there
is no hyperfine structure~the spin of Ce nuclei is zero! and
inhomogeneous broadening at the Zeeman transition is t
cally rather large:Wcb;1 –10 MHz @36#. At the density of
dopantsN51020 cm23, it would give usVg'200 m/s. The
required intensity to observe EIT in such crystal would
rather high,I thres'5 kW/cm2.

Another example is Eu21 doped crystals like Eu21:CaF2 ,
Eu21:SrF2 , Eu21:MgF2, and Eu21:MgS. In these materials
inhomogeneous broadening of the spin transition is ra
small Wcb;10 kHz @37#, Wab540–60 GHz@30#, and the
density of dopants can be relatively large,N'1019 cm23.
There is also a zero-phonon line at the 4d-5 f electric-dipole
allowed optical transition with the oscillator strengthf
;1024 @30# and the wavelengthl5401–424 nm. Accord-
ing to Eq.~12!, at the density of dopantsN51019 cm23, this
should lead toVg'10 m/s. The EIT threshold intensit
would be I thres'400 W/cm2. In Eu21:MgS the inhomoge-
neous width of the f -d transition is rather large,Wab

;6 THz @38#, but the oscillator strength of the transition
f ;0.01-0.02@38,39#. The wavelength of the 4f -5d transi-
tion is l5578 nm in this crystal. If we assume the width
the spin transitionWcb;10 kHz and the density of dopan
ions N51019 cm23, this gives the group velocity estimat
Vg'20 m/s. The intensity of the drive laser required for E
to be observed would beI thres'600 W/cm2.

It is worth mentioning one more requirement in the pr
posed solid materials. It is desirable that in theL system
under consideration both optical transitions be of compara
strength to avoid using high laser power. In principle, if t
lower levels are different spin levels, both transitions to
common upper level cannot be allowed, since spin is c
served in optical transitions. This restriction can be ov
come either by mixing of spin levels by an applied magne
field @11# or by using atoms or ions with strong spin-orb
coupling in the case of electronic Zeeman lower levels,
strong spin-orbit and hyperfine interactions for hyperfi
lower levels. These interactions lead to mixing of differe
electronic ~nuclear! spin wave functions with spatial one
thus making both optical transitions allowed. The rare-ea
ions doped into dielectric crystals which we discuss ab
possess strong spin-orbit interaction because of their h
atomic numbers, so transitions from Zeeman sublevels
common upper level may be of equal strength@40#. In the
case of hyperfine lower levels it is harder to find transitio
with comparable strength, since the hyperfine interaction
small, and generally only transitions that preserve the nuc
spin I z are allowed. However in hosts where a rare-earth
occupies a site of low symmetry, nuclear state mixing by
crystal field can give rise toDI zÞ0 transitions of compa-
rable intensity@30,41#.
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So far, a large inhomogeneous broadening of the opt
transition in solids has been viewed as a negative factor
venting the reduction of both EIT threshold intensity a
group velocity. However, for certain applications a large
homogeneous broadening can be helpful. Indeed, it has b
widely used in developing optical memory based on
hole-burning technique@38#. It can be used also for quantum
storage ~storage of the quantum statistics and spat
temporal form of optical pulses!. This requires a combination
of the recently suggested so called light storage technique@7#
with the two-photon spin echo technique@26#. The latter is
needed because of inhomogenous broadening at the
transition. This combined technique is the following. First
weak signal pulse along with a strong and long~spatially
uniform! driving pulse is inserted into a medium under E
conditions. When it fully enters into the medium the drivin
field is switched off so that the signal pulse imprint is kept
the spatial distribution of the spin coherence. During a ti
interval t0 shorter than the spin coherence decay time,
spins of different ions diverge until a microwavep pulse~or
two simultaneous optical pulses resonant toa→b and a
→c transitions! converts them back to produce the sam
total spin at the moment 2t0. ~Note that populations of spin
sublevels exchange after such a procedure. They can
switched back by applying anotherp pulse at the momen
when the total spin is restored.! Sending a driving pulse into
the medium at the moment when the total spin is resto
would result in reproduction of the signal pulse. Recent
periments have successfully demonstrated this techn
@26#. Note that its potential advantage in solid materials w
z,1 as compared to the light storage technique realized
gases@7,23# is the large number of information channels d
fined by the ratio of inhomogeneous to homogeneous
broadening. As in BEC experiments~but without involve-
ment of the corresponding technical complications!, it allows
one to get rid of the smearing of information about the sig
caused by atomic diffusion~taking place in gaseous cell ex
periments!.
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APPENDIX

The mechanisms of inhomogeneous broadening at op
and hyperfine transitions in solids, caused by dipole-dip
and spin-spin interactions, respectively, are essentially dif
ent from each other. In particular, inhomogeneous broad
ing of hyperfine transitions typically is smaller than that
optical transitions, which is very favorable for the appe
ance of atomic interference effects. One has to average
susceptibility of aL system over the frequency distribution
of one- and two-photon transitions independently:

x5E d~vab! f ~vab!E d~vcb! f ~vcb!hH rab

a J , ~A1!
2-11
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wherevab and vcb are the frequencies of thea→b and c
→b transitions,f (vab(cb)) is the normalized frequency dis
tribution function,rab is the coherence of thea→b transi-
tion induced by radiation fields, andh5Nmab

2 /2\. The Rabi
frequency of the probe field with frequencyn is defined by
a5mabEp/2\. The matrix element of the dipole mome
between levelsa and b is mab , E is the probe field ampli-
tude, andN is the atomic density.

For simplicity we model the frequency distribution with
Lorentzian function with full width at half maximum
2Wab(cb) such that

f ~vab(cb)!5
Wab(cb)/p

~Dvab(cb)!
21~Wab(cb)!2

. ~A2!
lf

le

06380
The susceptibility~A1! can now be evaluated by two con
tour integrations in the complex plane. Let us first integr
overDvab . We choose the lower half plane, which contai
two poles:

Dvab52 iWab, 2 iy52 iAg21
V2g~113wcb /wab!

2wcb
.

So x5x11x2, wherex i are the contributions from the two
poles. For the poleDvab52 iWab we have
x15
ih

2

~gcb1 iD1 iDvcb!@g21gV2/wcb1~ iWab1Dvcb!
2#2V2~Wab1g2 iDvcb!

@~Wab1g1 iD!~gcb1 iD1 iDvcb!1V2#@y21~ iWab1Dvcb!
2#

.

The second poleDvab5Dvcb2 iy yields

x252
ih

2

WabFV2~y1g!2~gcb1 iD1 iDvcb!S g22y21
gV2

wcb
D G

y@~Wab!21~Dvcb2 iy !2#$@y1g1 i ~D1Dvcb!!~gcb1 iD1 iDvcb!1V2%
.

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

Thex1 term contains the following poles in the lower ha
plane:Dvcb52 iWcb,2 i (Wab1y), and2 i (Wab2y). The
last one lies in the lower plane only ify,Wab. So there will
be either two or three poles, depending on the value ofy.

The x2 term multiplied by Eq.~A2! corresponding to the
c→b transition contains the polesDvcb52 iWcb and
Dvcb52 i (Wab2y). Again, there are either two or one po
~s! in the lower half plane depending on whethery is greater
or less thanWab. It turns out that the contributions tox1 and
x2 from the poleDvcb52 i (Wab2y) wheny,Wab exactly
cancel each other, so we are left with only three terms,x11
andx12 stemming from integration ofx1, andx21 resulting
from the integration ofx2, where

x1152
ih

2AZ11
~B112D22 iDWab!~C112 iDD11!,

A5y22~Wab2Wcb!2'y22~Wab!2,

Z115@~g1Wab!~gcb1Wcb!1V22D2#2

1D2@g1gcb1Wab1Wcb#2

'@WabWcb1V22D2#21D2~Wab!2,

B115~g1Wab!~gcb1Wcb!1V2'WabWcb1V2,
C115V2~g1Wab2Wcb!

1~gcb1Wcb!S ~Wab2Wcb!22g22
gV2

wcb
D

'V2Wab1Wcb~Wab!22
gV2

wcb
Wcb,

D115g21
gV2

wcb
2~Wab2Wcb!2'

gV2

wcb
2~Wab!2.

Here the following assumptions were used:Wab

@g,Wcb;Wcb@gcb andwab@wcb . All of these inequalities
typically hold for EIT experiments in solids.

The second term is

x1252
ihWcb

2y~y1Wab!2Z12

@B122D22 iD~2Wab1y!#

3~C122 iDD12!,

where

Z125@~g1Wab!~y1gcb1Wab!1V22D2#2

1D2@g1gcb1y12Wab#2

'@Wab~y1Wab!1V22D2#21D2@y12Wab#2,
2-12
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B125~g1Wab!~y1gcb1Wab!1V2

'Wab~y1Wab!1V2,

C125V2~g2y!2
gV2

2wcb
S 12

3wcb

wab
D ~gcb1y1Wab!

'V2~g2y!2
gV2

2wcb
~y1Wab!,

D125
gV2

2wcb
S 12

3wcb

wab
D'

gV2

2wcb
.

Finally,

x2152
ihWab

2y@~Wab!22~y1Wcb!2#Z21

3@B212D22 iD~2Wcb1gcb1g1y!#

3~C212 iDD21!,
ev

un

ica

p

lu

.
y,

ys

tt.

tt.

,
v.

06380
where

Z215@~g1y1Wcb!~gcb1Wcb!1V22D2#2

1D2@g1gcb1y12Wcb#2

'@~g1y1Wcb!Wcb1V22D2#2

1D2@g1y12Wcb#2,

B215~g1y1Wcb!~gcb1Wcb!1V2

'~g1y1Wcb!Wcb1V2,

C215V2~g1y!2
gV2

2wcb
S 12

3wcb

wab
D ~gcb1Wcb!

'V2~g1y!2
gV2

2wcb
Wcb,

D215
gV2

2wcb
S 12

3wcb

wab
D'

gV2

2wcb
.

re

tt.

k,

er,

ett.

s.

.

ett.

hys.
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