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Abstract Electromagnetically induced transparency
(EIT) and slowdown of group velocity (SGV) in Eu*:
Y,SiO5 were investigated by using density matrix 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.

Keywords quantum optics, quantum coherence effect,
electromagnetically induced transparency (EIT), slow-
down of group velocity (SGV), density matrix equation,
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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.
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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 Pr**:Y,SiOs 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 Eu*":Y,SiOs 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 A model. "Fj is the ground state of
Eu* ion, which has three degenerate hyperfine levels
(+£1/2, +£3/2, +5/2), or the so-called spin sublevels; >D,,
is an excited state of Eu**, which also has three hyperfine
levels. w,, o, o, 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 wp, o, 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 the A model of
the three-level atomic system is

Hy=h(Ap—Ac) 252 +hAp|3)3]
—(hGp|3><1\+th|3><2\+H.C.), (1)
where 1, 2, 3 represent the three levels from high to low,

respectively. A,, A are the frequency detunings of the
probe and coupling fields.
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Fig. 1 Energy level diagram of Eu**:Y,SiOs

G, and G, are the Rabi frequencies of the probe and
coupling fields defined by

Gp = ﬂ13Ep/(2h)a

Ge= i3 Ec/(2N),

(2a)
(2b)

where y;;is the dipolmoment between the i and j energy levels
in the Eu’* ion. E, and E, are the strengths of the probe and
coupling fields. According to the theory of interaction den-
sity-matrix, given the population decay I' and transition
decay y;, the dynamic equations for the density-matrix of
the A model are determined by the principal equation

%:—%[H,p]—%{rap}a (3)

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

P11 =T21(pn—pn) + 51033 +iGp(p3 —p13),  (3)
pn=—T2py+Tap;+Tnpy+iGe(p—px), (3b)

p33=—(31+T32)p33 + 3105
—iGp(p31 —p13) —iGc(p3o— P23)> (3c)
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po1 = [ =721 +i(Ap—Ac+Awnr) | py
—iGpp23 +ich31a (3d)

P31 =[—v+i(Ap+Aws)]py

—iGp(p33—pn) +iGepay, (3e)

P =[—vn+i(Ac+Awsi —Aw)]pa
—iGpp23 +iGC,031, (3f)
P = Pjis (3g)

where Aws; and Aw,; are the differences between the trans-
ition frequency of |3) to |1) and |2) to |1 with respect to the
inhomogeneous line center. The first order of the approx-
imate solution of p3 is

iG, 1 . . .
P31 = ?pﬁ [— (V2l + lAp —IAC +IACU21)(4VAF21
2 G2
2G5 < 4ypAT 4
+ °/+y—i(Aw31—Aa)21+AC) y 21)]’ (4)
where
A= [Vz + (AC +Aws —Ale)z} /(ZV),
B=4yAw, +VG§(1 +3F21/F32),
and

C=(y+iAp+iAws1) (yy +ile + il +iAwn) + G2,

here y3; = 73, =y and '}, = I',; have been assumed. p3; can
be divided into imaginary and real parts, i.e.,

pa =1 +ir (5)

where 7' and y' represent the dispersion and absorption,
respectively. Considering the inhomogeneous broadening
Wl':lh of the rare-earth ion in the crystal, the absorption of
the probe field must be integrated with the linewidth,

7 =t [ (om0 2P a(om)dton) | (6

S()Ep

where 13, =fe*hl./(4neme), e is electron charge, ¢ is light
velocity in vacuum, m, is electron mass, and f is oscillator
strength of the |1 ) — |3) transition,

Flon) =i [ {=]aoi=(wa)| .

as a function of the inhomogeneous line profile, which was
assumed to be a Lorentzian function.
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Table 1 Values of different parameters
v~ '/ms Fil/ms rz—ll/h F/10°8 /nm Vz_ll/h Wﬂm/kHZ Nlem ™3
477 2 24 1.2 578.879 2 100 1.8 x 10"
Absorption coefficient 100
a=Ky, K=2n/l, (7)
The transparency
T=exp(—al), (8) ©
where L is the sample length. E
3 Numerical calculation of EIT
The transparency through the crystal can be calculated 0 . . , ,
from Eqs. (4)—~(8). The values of different parameters for 0 10‘1’9 Rabi 2/0]‘321 3000
Eu*"Y,SiOs, with 0.1% Eu®** concentration, at temper- coupiing Rabl fredueniey 1
?ftugle 11'4 K are given in Refs. [18-20] and listed in Fig. 3  Influence of coherent field intensity on center transmissivity
able 1.

Inserting the parameters into Egs. (4)—(8) and taking
L =9 mm, W} =1 MHz (laser linewidth), the transpar-
ency of the probe field as a function of detuning A, was
obtained, as shown in Fig. 2. Figure 3 shows the trans-
parency at the center (A, = 0) as a function of G. It can be
seen from Fig. 3 that the transparency increases as G,
increases rapidly at the region of G. from 300 to
1000 kHz, and then increases slowly over 1000 kHz.

probe / %

0 — £
500 1500 —"0

probe detuning / kpy,

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

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 W2l (0-100 kHz), and cal-
culating the transparency as a function of W21, the results

are shown in Fig. 4. Taking laser linewidth as 1 MHz and
G, as 500 kHz, it can be seen from the figure that trans-
parency at the center decreases as W71 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 G.. As shown in Fig. 5, the

transparency at the center decreases gradually as the laser
linewidth increases.
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Fig. 4 Influence of inhomogeneous linewidth of spin sub-

levels on probe transmissivity
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Fig. 5 Influence of optical inhomogeneous linewidth on

probe transmissivity
4.3 Influence of Eu*" ion-doped concentration on EIT

According to Ref. [20], the optical inhomogeneous broad-
ening is related linearly with Eu** ion-doped concentra-
tion. Neglecting the effects of other factors, the influence
of Eu*" 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.
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Fig. 6 Influence of different ion-doped concentrations on

electromagnetically induced transparency

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

c

V= 05wy Jdv)’ ®)
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where n=1+0.5y". Therefore, as soon as dy’/dv is calcu-
lated, the group velocity will be obtained from Eq. (9).
Using Eqgs. (4)—(7), we calculated y' as a function of probe
detuning A, and coupling Rabi frequency, as shown in
Fig. 7. According to Eq. (9), when A, =0 we calculated
the group velocity V, 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, V, 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 V, decreases with a decrease of the line-
width of spin sublevels.
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Fig. 7  Susceptibility ' as a function of probe detuning A,
and coupling Rabi frequency
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Fig. 8 Group velocity of different linewidths with different
coupling intensities

6 Conclusion

In this paper, EIT and SGV in an Eu*:Y,SiOs crystal
were studied theoretically with a A model. The investiga-
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Fig. 9 Group velocity of different linewidths of spin sub-
levels with different coupling intensities

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, V, increases as the
laser linewidth increases at the same coupling intensity.
The reverse case reveals that after the minimum, the min-
imum value of V, decreases with a decrease of the line-
width of spin sublevels.
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