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Abstract Electromagnetically induced transparency

(EIT) and slowdown of group velocity (SGV) in Eu3+:

Y2SiO5 were investigated by using densitymatrix equations

of the interaction between light and matter and their

numerical solutions. The relationship of the probe trans-

mission with different probe detuning and coupling Rabi

frequency was obtained. The influence of inhomogeneous

line width on electromagnetically induced transparency

and slowdown of group velocity were analyzed. Such trans-

parency was restrained when inhomogeneous line width

increased. The center transmission did not homogeneously

change with an increase in ion-doped concentration. There

is an optimal concentration which can make the electro-

magnetically induced transparency significant. It is evident

that the group velocity of the probe has a minimum value

for a certain level of coupling field strength.
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electromagnetically induced transparency (EIT), slow-
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1 Introduction

During the last decade, physical phenomena based on

quantum coherence effects such as electromagnetically

induced transparency (EIT) [1–7], lasing without popu-

lation inversion [8], slowdown of group velocity (SGV)

[9], or nonlinear enhancement [10] were given much atten-

tion due to potential applications in optical information

memory [11], optical computing [12], and nonlinear optics

at low light levels [13,14]. However, most studies on

quantum coherence phenomena are focused on atomic

gas media, in which the applications are limited.

Recently, one starts the investigation of quantum coher-

ence effects in solid state materials [15]. Compared with

gas media, these materials have advantages that include

high atomic density, compact construction, and the

absence of atomic diffusion, making development of

devices easier. However, the essential difficulties in per-

forming quantum coherence effects in solid state are wide

optical linewidth and fast coherent decay time.

Ham et al. observed EIT in Pr3+:Y2SiO5 crystal [15] and

used the repumping method to reduce inhomogeneous line-

width in the optical transition. Turukhin et al. in 2002

reported ultraslow group velocity down to 45 m/s in the

same crystal [16]. The general theory of quantum coherence

effects in solids was given by Kuznetsova et al. [17].

In this paper, we analyzed EIT and SGV phenomena in

an Eu3+:Y2SiO5 crystal by using the semiclassical theory of

the interaction between light and medium and discussed

the influence of coupling field intensity, laser linewidth,

inhomogeneous broadening, and ion-doped concentra-

tion on EIT and SGV. The aim of the paper is to establish

the best experimental conditions for implementing EIT

and SGV.

2 Theoretical model

The energy level system used in the theoretical model is

shown in Fig. 1 as a L model. 7F0 is the ground state of

Eu3+ ion, which has three degenerate hyperfine levels

(¡1/2, ¡3/2, ¡5/2), or the so-called spin sublevels; 5D0

is an excited state of Eu3+, which also has three hyperfine

levels. vp, vc, vr are the frequencies of the probe field,

strong coupling field and repumping field, respectively.

The repumping light is used to avoid an empty population

of the lower levels (¡1/2, ¡3/2) due to vp, vc optical

pumping. The repumping field does not enter the inter-

action density matrix. However, it has an influence on the

inhomogeneous linewidth, i.e., the inhomogeneous line-

width of the optical transition is determined by the laser
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linewidth. The interaction Hamiltonian for theLmodel of

the three-level atomic system is

HI~B Dp{Dc

� �
2j TS2jzBDp 3j TS3j

{ BGp 3j TS1jzBGc 3j TS2jzH:C:
� �

, ð1Þ

where 1, 2, 3 represent the three levels from high to low,

respectively. Dp, Dc are the frequency detunings of the

probe and coupling fields.

Gp and Gc are the Rabi frequencies of the probe and

coupling fields defined by

Gp~m13Ep=(2B), ð2aÞ

Gc~m23Ec=(2B), ð2bÞ

where mij is the dipolmoment between the i and j energy levels

in the Eu3+ ion. Ep and Ec are the strengths of the probe and

coupling fields. According to the theory of interaction den-

sity-matrix, given the population decay C and transition

decay cij, the dynamic equations for the density-matrix of

the L model are determined by the principal equation

dr

dt
~{

i

B
H,r½ �{ 1

2
C,rf g, ð3Þ

which can be described by density-matrix elements as fol-

lows:

_r11~C21 r22{r11ð ÞzC31r33ziGp r31{r13ð Þ, ð3aÞ

_r22~{C21r22zC21r11zC32r33ziGc r32{r23ð Þ, ð3bÞ

_r33~{ C31zC32ð Þr33zC31r33

{iGp r31{r13ð Þ{iGc r32{r23ð Þ, ð3cÞ

_r21~ {c21zi Dp{DczDv21

� �� �
r21

{iGpr23ziGcr31, ð3dÞ

_r31~ {c31zi DpzDv31

� �� �
r31

{iGp r33{r11ð ÞziGcr21, ð3eÞ

_r32~ {c32zi DczDv31{Dv21ð Þ½ �r21
{iGpr23ziGcr31, ð3fÞ

_rij~ _rji, ð3gÞ

where Dv31 and Dv21 are the differences between the trans-

ition frequency of |3T to |1T and |2T to |1T with respect to the

inhomogeneous line center. The first order of the approx-

imate solution of r31 is

r31~
iGp

C

1

2B
{ c21ziDp{iDcziDv21

��
4cAC21ð

z2G2
ccz

G2
c

c{i Dv31{Dv21zDcð Þ 4cAC21Þ , ð4Þ

where

A~ c2z DczDv31{Dv21ð Þ2
h i.

(2c),

B~4cAv21zcG2
c 1z3C21=C32ð Þ,

and

C~ cziDpziDv31

� �
c21ziDeziDcziDv21ð ÞzG2

c ,

here c315 c325 c and C125C21 have been assumed. r31 can
be divided into imaginary and real parts, i.e.,

r31~x
0
zix

00
, ð5Þ

where x
0
and x

00
represent the dispersion and absorption,

respectively. Considering the inhomogeneous broadening

W
ij
inh of the rare-earth ion in the crystal, the absorption of

the probe field must be integrated with the linewidth,

x
00
~Im

ðð
f v21ð Þf v31ð Þ 2Nm31r31

e0Ep
d v31ð Þd v21ð Þ

� �
, ð6Þ

where m231~fe2Bl
�
4pcmeð Þ, e is electron charge, c is light

velocity in vacuum, me is electron mass, and f is oscillator

strength of the |1TR |3T transition,

f vij

� �
~W

ij
inh

�
p Dv2

ij{ W
ij
inh

	 
2
� �� �

,

as a function of the inhomogeneous line profile, which was

assumed to be a Lorentzian function.

Fig. 1 Energy level diagram of Eu3+:Y2SiO5
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Absorption coefficient

a~Kx
00
, K~2p=l, ð7Þ

The transparency

T~ exp ({aL), ð8Þ

where L is the sample length.

3 Numerical calculation of EIT

The transparency through the crystal can be calculated

from Eqs. (4)–(8). The values of different parameters for

Eu3+:Y2SiO5, with 0.1% Eu3+ concentration, at temper-

ature 1.4 K are given in Refs. [18–20] and listed in

Table 1.

Inserting the parameters into Eqs. (4)–(8) and taking

L5 9 mm, W 31
inh~1 MHz (laser linewidth), the transpar-

ency of the probe field as a function of detuning Dp was

obtained, as shown in Fig. 2. Figure 3 shows the trans-

parency at the center (Dp5 0) as a function ofGc. It can be

seen from Fig. 3 that the transparency increases as Gc

increases rapidly at the region of Gc from 300 to

1000 kHz, and then increases slowly over 1000 kHz.

4 Influences of various parameters on EIT

4.1 Influence of inhomogeneous linewidth between spin

sublevels on EIT

Keeping other parameters constant, changing only the
inhomogeneous linewidth W 21

inh (0–100 kHz), and cal-

culating the transparency as a function ofW 21
inh, the results

are shown in Fig. 4. Taking laser linewidth as 1 MHz and

Gc as 500 kHz, it can be seen from the figure that trans-

parency at the center decreases as W 21
inh increases.

4.2 Influence of inhomogeneous linewidth of optical

transition on EIT

Keeping other parameters constant and changing only the

inhomogeneous linewidth of the optical transition (i.e.,

laser linewidth in this model), the calculated results are

shown in Fig. 5. In the calculations we took the values

100 kHz for the inhomogeneous linewidth of spin sublevel

transition and 500 kHz for Gc. As shown in Fig. 5, the

transparency at the center decreases gradually as the laser

linewidth increases.

Table 1 Values of different parameters

c21/ms C{1
31

�
ms C{1

21

�
h F/1028 l/nm c{1

21

�
h W 21

inh

�
kHz N/cm23

477 2 24 1.2 578.879 2 100 1.86 1019

Fig. 2 Transmissivity of probe with different coherent fields
and probe detuning

Fig. 3 Influenceofcoherentfield intensityoncentertransmissivity

Fig. 4 Influence of inhomogeneous linewidth of spin sub-
levels on probe transmissivity
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4.3 Influence of Eu3+ ion-doped concentration on EIT

According to Ref. [20], the optical inhomogeneous broad-

ening is related linearly with Eu3+ ion-doped concentra-

tion. Neglecting the effects of other factors, the influence

of Eu3+ ion-doped concentration on the transparency of

the probe field was obtained, as shown in Fig. 6. As can be

seen from the figure, the transparency is not a simple

function as the concentration, but it shows the best con-

centration for EIT.

5 Preliminary investigation on SGV

In the region of the EIT, the medium refractive index will

change rapidly, resulting in slowing group velocity that

could even lead to stopping. The general expression for

group velocity is

Vg~
c

nz0:5v dx0=duð Þ , ð9Þ

where n< 1 + 0.5x9. Therefore, as soon as dx9/du is calcu-
lated, the group velocity will be obtained from Eq. (9).

Using Eqs. (4)–(7), we calculated x9 as a function of probe

detuning Dp and coupling Rabi frequency, as shown in

Fig. 7. According to Eq. (9), when Dp5 0 we calculated

the group velocity Vg as a function of coupling intensity

with different laser linewidths and the inhomogeneous

linewidth of the spin sublevels, as shown in Figs. 8 and

9. It can be seen from Fig. 8 that before arriving at the

minimum, Vg increases with the laser linewidth at the

same coupling intensity, while the reverse case is revealed

after the minimum. From Fig. 9 we can see that the min-

imum value of Vg decreases with a decrease of the line-

width of spin sublevels.

6 Conclusion

In this paper, EIT and SGV in an Eu3+:Y2SiO5 crystal

were studied theoretically with a L model. The investiga-

Fig. 5 Influence of optical inhomogeneous linewidth on
probe transmissivity

Fig. 6 Influence of different ion-doped concentrations on
electromagnetically induced transparency

Fig. 7 Susceptibility x9 as a function of probe detuning Dp

and coupling Rabi frequency

Fig. 8 Group velocity of different linewidths with different
coupling intensities
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tion indicated that EIT evidently strengthened with an

increase of the coupling field and was restrained by the

laser linewidth and the inhomogeneous linewidth of the

spin sublevels. Moreover, there is an optimal doped ion

concentration which can make EIT significant.

Calculation of the dependence of light group velocity on

the coupling field showed that the group velocity has a
minimum value for certain coupling fields. The influences

of laser linewidth and inhomogeneous linewidth of the

spin sublevels on group velocity were analyzed, showing

that before arriving at the minimum, Vg increases as the

laser linewidth increases at the same coupling intensity.

The reverse case reveals that after the minimum, the min-

imum value of Vg decreases with a decrease of the line-

width of spin sublevels.
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