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A four-level system is proposed to produce large index of refraction accompanied by vanishing absorption in
the EF"-doped yttrium aluminum garnet crystal. It is found that the separation of the two absorption peaks and
the maximum value of index of refraction with zero absorption can be adjusted by changing the coherent field
and the incoherent pumping. It is shown that a higher index of refraction with zero absorption can be easily
obtained when the coherent field is off resonance.
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[. INTRODUCTION achieve ultrahigh index of refraction with zero absorption at
resonance in a three-level model. In this paper, we specially
Quantum coherence and interference have led to the olgonsider some cases where the coherent field is off resonance
servation of many new effects and techniques in quantunRecause much high index of refraction can be achieved,
optics and atomic physics. Examples include nonabsorptioWhich has not been studied, and few interesting phenomena
(dark line resonancefil], electromagnetically induced trans- are discussed. Another advantage of this model is that only
parency(EIT) [2], laser without inversiofLWI) [3,4], and  ©ne incoherent pump is used.
so on. The usual dispersion-absorption relations tell us that
the absorption of the light will be large on resonance, where Il. EQUATIONS AND SOLUTIONS
the index of refraction is large. Recently, however, it has
been pointed that there is a way to achieve an ultrahigh index We consider a closed four-level system shown in Fig. 1.
of refraction near an atomic resonance, while the absorptiofhe energy-level scheme is relevant to the*Eions in
could be cancelefb,6]. Several recent experimerfg have ~ EF " :YAG crystal, where level$1), |%>- |3>,4 and|44) cor-
demonstrated the large dispersion of the index of refractiofiéSPond to energy levels of Brions *l1s, “l1g, *“l1asz,
accompanying EIT. Index enhancement, however, allows nd"d "ler2, respectively. In this system, via a fast decay from
only for large dispersion, but also for a large refractive index/3). level|2) is populated by an incoherent pump procass
itself, while maintaining a transparent medium. interacting with the tran3|t|or|11>g>|3>. A coherent driving
In the past years, EIT in an optically dense rare-earth Pr field E_C with Rabi freque_ncch d_nves the|2><—>|4) ator_mc
doped crystal ¥SiO; at 5.5 K has been observéa]. Effi- tran3|t|on,_ and a pI’Ob(.-Z‘.erEp with Rabi frequency(},, in-
cient EIT in solid crystals opens potential applications sucHeracts with the transition labeléd)—|2). I's=I's+T's
as inversionless lasef8], high-density optical memori0],
and enhanced four-wave mixifd@l]. The yttrium aluminum
garnet(YAG) is an excellent optical host material compared
with others, which are sensitive to moisture. Thé Edoped
YAG crystals are efficient active media for lasers operating
in the middle infrared band, coinciding with the telecommu-
nications band. The theoretical study of EIT in*EVAG
has been also reportéd2].
In this paper, we investigate a four-level scheme in I
Er*-doped YAG crystal. It is found that, in this model, a v
high index of refraction with vanishing absorption can be A ;
achieved, and the index of refraction can be controlled by Fz Q
different coherent field and incoherent pumping. The under- v
lying principles are atomic coherence and quantum interfer-
ence. It should be emphasized that the ultrahigh index of “Is/ I1>
refraction with zero absorption in solid material is more re-
alisitic in application than in gasgd3]. As we know, an FIG. 1. Schematic diagram of a four-level system where levels
instrument with high dispersion and zero absorption is im41), |2), |3), and|4) are corresponding to energy levels of Er
portant for dispersion compensation in optical communicaions in EF™:YAG crystal #1155, *l13, *l112, and*lg,, respec-
tion. In Refs.[5,6], Scully and co-workers studied, how to tively.
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+T 43 is the spontaneous decay rate of lej#), I';=T3;
+T'3, is the spontaneous decay rate of ley@}, andI',
=T',, is the spontaneous decay rate of lej@l.

In the framework of the semiclassical theory, by the stan-
dard density-matrix formalism under the dipole approxima-
tion and the rotating wave approximation, the interaction
HamiltonionH, can be represented in the interaction picture

by
Hi=—Ap[2)(2|— (Ap+A)[4)(4]

—(Qp|2)(1[+Q[4)(2[ +c.c), 1)
where the detunings of the probe and the coherent field a
defined as\ ;= w,— (wy— w4), andA .= w— (w4~ w,), re-
spectively; the Rabi frequenci€3. and (), are defined as
Q= paEl2h and Q= unE /27, respectively.

Assumingf =1 for simplicity, the master equation of mo-
tion for the density operator in an arbitary multilevel atomic
sysem in the interaction picture can be writen as

where vy;;

PHYSICAL REVIEW A 66, 053816 (2002

Yaz= (T g+ Tupt Tzt Dot Tag+ A+ 935N 12,

dph

25 )12,

Y30= (Dot T3+ Tt A+

dph

Y31= (gt Tyt A+ A+ yg;

)12,

yor= (Tt A+ ¥30"/2, (4

dph is the dephasing decay rate of the quantum co-

1]

herence of théi)«|j) transition. In contrast to many atomic
schemes the
roughness, and phonon scattering processes, are the domi-
jaant contributions to they;; and the major obstacle to the
observation of coherent effects such as EIT in solid material.

dph

ij » determined by electron-electron, interface

In the limit of a weak probe, under the steady-state con-

dition, the solutions of Eq(1) for p,; to the first order of the
probe field and for othep;; to the zero order of the probe
field are

AT 3/ (A+T 3+ T 3))

P P22~ 2 P11,
(9—1::—i[HI p1+ Ap. 2 F21+{F41+F43(A+F31)/(A+F31+FBZ)}ﬁ}
By expanding Eq(2), we can easily arrive at their equa- _ D_2 P22
tions of motion p3=| Tt (Pt L g [
) (5)
p11=A(p3z—p10) + 21020+ ['31p331+ T'41p4s D2
. ) P44—EP22'
T, p21—1Qppa,
. . ch(Pzz_ Pasy)
p20= — 2120+ T3p33t T azpastiQpp1 Pa= A
Y42 c
—iQ5ptiQE par—iQcpay, and
b33:_A(PSS_Pll)_F31P33_F32P33+ [ 43044, i (P p11) — i|Qc|29p(Pzz_P44)
. _ _ _ P PR F (A AT (v A
par=—[Va1—1(Ap+Ac) IpartiQepr—i1Qppa, P12= P21~ [Q.2 '

Pao=—(Var—1Ac) pazti Qe po—pas) — Q7 pa,
paz= —[Yaz—1(Ac+Ap) IpaztiQepas, 3
p3r=—(yarti Ap)ps—iQF par—iQcpas,
b31: - 731P31_iQpP32'
p2=— (Y21 Ap)p2rtiQp(p11=p2d) +iQE pas,
p11t P22t past pas=1,

pij:p}ki!

FiAyt ————————
ra P 741+|(Ap+Ac)

(6)
P=2Nu31p12,
|mP=2N,u12|mp12, (7)
ReP=2Nuq,Repq,,

where N is the number of atoms per unit volume,,;
is the dipole matrix element between levél) and
level [2), D1=T4+T g+ Tygt[2]Q|?yanl (Vat AD)],
D2=[2|Q|?ya2/ (Vi A2)].

I1l. ANALYSIS OF THE SOLUTIONS

where I';; designates the population spontaneous damping The indexes of refraction and absorption are governed by

from |i) to|j), while v;; are total coherence relaxation rates
between|i) and|j), given by[14]

dph

Yar=(Ta1tTapt st A+ v0)12,

Yaz= (T ag+ T upt Tzt Doyt y$2"12,

the real and imaginary parts of the complex polarization, i.e.,
by p1,, according to Eq(7). We have written the steady-
state solution op 4, as shown in Eq(6), from which we see
that ImP and Ré& depend on detunings, coherence relax-
ation rates, and the incoherent pumping ratas well as on
the Rabi frequency(),. The absorption of the probe
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FIG. 2. Plots of the dimensionless absorptivePlrfdotted and FIG. 3. Same as Fig. 2=0.0, Q.=0.0, A,=0.0, at pointA
dispersive RBE(solid) parts of polarization versus probe detuning have nonzero IfR and nonzero Re. The other parameters used are
A, /T 5, atincoherent pumping rate=0.0 and the Rabi frequency same as those in Fig. 2.
of the resonant coherent fiefd.=85.0. AtA,=0, both InP and
ReP are equal to zero. The other parameters used I&ge
=239.1s%, I'3;=080,, I';,=10.0",, I';;=08",;, 'y
:O.2q21, F43:0.04F21, Qp=1.OF21.

the incoherent pumping and the coherent field are in action
or not, where the polarization is in the unit oz, and the
detuning of the probe field is in the unit of 'y
, , ~ =239.1s' WhenA=0.0 andQ.=0.0, it can be seen im-
[<Im(p12)] is contributed by two terms, the population dif- negiately in Fig. 3 that a high refractive index is always
ference term = (pz;—p11) ], and the atomic coherence term 5ccompanied by nonzero absorption at péinThe situation
[ —[Qc|*(p22—pad]. Without the incoherent pump, the is completely different, however, if multilevel schemes are
system is commonly known as an EIT ladder type. In suctyonsidered in which atomic coherence is established or
case, the absorption of the probe can be reduced, and th@antum-interference effects occur. When a resonant coher-
index of refraction is zero but has a large slope where abgnt field(),=85.0 is exerted between stat@s and|4) only,
sorption vanishes, as shown in Fig. 2. With the increasing; \yas found that both IR and Ré® vanish[5] at the same
incoherent pumping rate, the population differenge,,(  detuning, i.e., at the point,=0 in Fig. 2. The main differ-
—p11) Will get larger and larger because of the fast decayence between the present model and that of [&fis that
from level|3) to metastable stai@) in which the population  gne incoherent pumping is used only. The incoherent pump-
can be kept. When the contribution from population differ-jng and the coherent driving field are two crucial ingredients
ence —p11) equals to that of atomic coherendes  pecessary for having zero Prand large RE. If there is no
—[Qc|*(p22— pas)], the high dispersion with zero absorption jncoherent pumping, both Ifiand R vanish atA,=0 as
can be obtained in the steady-state condition. shown in Fig. 2, in agreement with the results of Refs.
In the following, by numerical calculation, we discuss [5,18]. When the incoherent pumping rate=2.50, and the
how to combinate the incoherent pump and the coherent fielgy 5 frequency of the resonant coherent fiflg=20.0, as
to realize the enhancement of the index of refraction accomspown in Fig. 4a), it immediately becomes obvious that
panied by vanishing absorption. _ there is a test-field frequency that experiences both vanishing
Based on Refd15,16, we can get the pODljr'aF'O” SPON- absorption and a high index of refraction at poBitWhen
taneous emission probabilitieB;; of the EF* ions in  the incoherent pumping rate increasete=2.75, as shown
Er’":YAG crystals containing 0.52 at.% concentrations ofin Fig. 4(), the system shows gain because the contribution
Er* ion at room temperature. So it is reasonable that Werom the incoherent pump can be larger than that of atomic
always chose the parameters d3;,=0.80"z;, I's;  coherence. So with a fixed Rabi frequency, only in a proper
=10.0'y, I'4=0.86";, TI'p=02%%, and I'y3  region of the incoherent pumping rate, can the test field
=0.04",; in the following. In Ref.[17], we have found the experience both zero absorption and a high index of refrac-
dephasing time of Ef : YAG crystal with an E¥* concen- tjon. If we fix the incoherent pumping =2.50, with the
tration of 0.1%,T,="75 us on the*l 5, 13 transition of  jncreasing of Rabi frequendf),, as shown in Fig. &), the
EP™ at 1526.97 nm, the homogeneous linewidf,  separation of the two gain peaks increases, but at the same
=4.286 kHz. So it is reasonable for us to estimate thQ|me’ the value of R at the pointE with Vanishing absorp_
dephasing decay rate agsP"=y5P"=y35"=v4P"=+30"  tion decreases in comparison with Figay
= yighz 15I',;. In this paper, all the parameters have been From the above disscussion, it is found that the present
scaled byl',;=239.1 s'1, system provides a high refractive index accompanied by per-
To observe how atomic coherence and interference effectect transparency only for a very narrow frequency region.
lead to complete absorption cancellation and an ultrahiglBut in Fig. 5, compared with curve [which is the same as
index of refraction, we depict I and Ré of the probe Fig. 4a)], a high index of refraction with low or zero absorp-
field versus the detuning of the probe in Figs. 2—6 whethetion can be achieved in a much broader spectral region, as
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FIG. 5. Same as Fig. 2. The curvesandn correspond tq1)
A =250, Q.=20.0, andA.=0.0, at pointB have zero In® and
nonzero R®; (2) A=2.75,Q.=60.0, andA.=0.0, respectively.
The other parameters used are same as those in Fig. 2.
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‘ of the two symmetric gain peaks becomes higher than be-

fore, while the other one changes from positive to negative.
Simultaneously, a higher index of refraction with vanishing
absorption is obtained. In Fig. 6, with =2.50 and (),
=20.0, we find that, when the detuning of the coherent field
A. is changed from 0 te- 10.0, the index of refraction with
zero absorption at poin® in curve n becomes much higer
than that at poinB in curvem. So the high index of refrac-
tion with zero absorption can be modified by the incoherent
pumping rate\, the detuning\. and the Rabi frequencf .

of the coherent field.
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In the present paper, a four-level system is constructed in

order to enhance the index of refraction inEa®*-doped
YAG crystal accompanied by vanishing or low absorption. It
is found that the high index of refraction with zero absorp-
tion can be provided by adjusting the incoherent pumping
and the coherent field. Furthermore, both the separation of
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point B have zero Il® and nonzero Re. (b) A=2.75, Q. S 00008+
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zero InP and nonzero RR. The other parameters used are same as‘% 0.0000 Jomm =TT
those in Fig. 2. T&
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shown by curven. The necessary conditions for this situation 4
include the large enough incoherent pumping rate and the ] .
large enough Rabi frequency of the coherent field. The large  *“* L & & 2+ & & & o
incoherent pumping rate makes it possible to achieve gain ir
the whole spectral region, and the strong coherent field
makes it possible to seperate two gain peaks away from each F|G. 6. Same as Fig. 2. The curvesandn correspond tq1)
other. A=2.50, Q,=20.0, andA.=0.0; (2) A=2.50, Q.=20.0, and

Next, we consider the case where the coherent field is nat ;= — 10.0, respectively. The other parameters used are same as
at resonance with the transiti¢®)<|4). It is found that one  those in Fig. 2.
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