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Local-field effects in a dense ensemble of resonant atoms:
Model of a generalized two-level system
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The local-field effects are considered which are feasible in a dense ensemble of resonant atoms modeled by
multilevel quantum systems. Our approach is based on the generalized two-level BysSeButylkin, A.E.
Kaplan, and Yu.G. Khronopulo, Zh.kSp. Teor. Fiz.59, 921 (1970]. Making use of this model, we take
account of the nonresonant polarization and Stark shift of the absorption line due to the difference in linear
polarizabilities of atoms in ground and excited states. With near dipole-dipole interaction and quadratic Stark
effect included simultaneously, new features of the hysteresis behavior of the population difference as a
function of the external-field intensity are predict¢81050-294{@9)01504-9

PACS numbds): 42.65.Pc, 42.25.Gy

[. INTRODUCTION to the renormalization of the local-field amplitude and addi-
tional shift of the resonant absorption line caused by the
In Ref.[1] it was shown that under conditions of resonantquadratic Stark effect. It is remarkable that a dense ensemble
radiation absorption by a dense medium the near dipoleef multilevel resonant atoms gives a chance of reduding
dipole (NDD) interaction or local-field effect is a mechanism (up tob< 1) to attain conditions required for the emergence
that leads to the spectral shift of the absorption line, which if IOB. Our examination presumes the adiabatic character of
equal tonw, wheren=n;—n, is the level population dif- the change in the external-field intensity and is not concerned
ference,w_ = (4m/3)Nou?/# is the Lorentz frequencyy is  with the radiation propagation effects.
the dipole transition moment, andy is the density of reso- To describe the resonant interaction of the fiedd
nant atoms. This inference seemed to be an important impli= Ee™'“! with the multilevel quantum systems under condi-
cation for the prediction of the bistable dependence of poputions of the one-photon resonance, use is made of the model
lation differencen on the radiation intensity or intrinsic  of a generalized two-level system proposed and developed
optical bistability(IOB) [2]. The local-field correction modi- by Butylkin, Kaplan, and Khronopul6]. In the framework
fies the Bloch equations in a nontrivial way, and this is justof this model one can correctly take into account the change
what admits a two-valued solutiam(l). The prediction of in the resonant medium polarization influenced by the qua-
IOB [2] stimulated quite a number of investigations devoteddratic Stark effect related to the difference between the linear
to different aspects of this phenomen(see, for example, polarizabilities of atoms in grounid) and excited?2) states.
Refs. [3-5]). The appearance of IOB is feasible at suffi- It is worthwhile to divide our further treatment of the
ciently high concentrations of resonant atoms. However, insubject as follows. In Sec. Il we address the modification of
creasing the density of resonant atoms by itself does nd8loch equations that are intended for the adequate descrip-
necessarily provide the bistable behavior of the populatiodion of multilevel systems. Section Ill is the principal one,
difference as a function of the external-field intensity. In theWhere the basic idea is formulated into the proper equation
relevant theory there is a Criteric(necessary threshold con- for the pOpulation difference. Section IV illustrates a Variety
dition) that has the fornb=T,w, =4 whereT, is the lateral of feasible situations where the high density of multilevel
relaxation time[4]. Thus parameteb plays the role of the atoms results in novel properties of IOB. In conclusion, in
NDD interaction constant, that has to take on the “magic” S€c. V some experimental points and possible applications
value of not less than approximately 4. The above inequalitjre briefly discussed.
imposes a very rigid restriction on the feasibility of IOB. For
example, for a collision-broadened gas this condition is not
satisfied in principle and the optical bistability is not attain- Il. GENERALIZED TWO-LEVEL MODEL.
able[4]. These considerations to a great extent motivated our MODIFIED BLOCH EQUATIONS
study, the results of which are presented in this paper. Here In the case of the one-photon resonance the Bloch equa-
we show that a dense ensemble of atoms modeled by muIt{.— for th lized tp Jlevel ¢ b - q
level quantum systems displays a more complicét@dom- lons for the generalized two-level system can be written as

parison to ordinary two-level systejngdynamics of |IOB due 6]
*FAX: 375-172-840879. n=— au Im(E} P)— E, 1)
Electronic address: lvp@dragon.bas-net.by fi Ty

1050-2947/99/6@)/15237)/$15.00 PRA 60 1523 ©1999 The American Physical Society



1524 AFANAS'EV, CHERSTVY, VLASOV, AND VOLKOV PRA 60

boi®En- D [1-i(5-Q 2 N L 9
=i Ein-E[1-i(6-0)], 2 n=— = Im(E*P) - =, ©
whereP is the polarization amplitudd,, is the time of lon- . pd =) _ )
gitudinal relaxation, ands=T,(w— w,) is the normalized P=i—-nE-—{1-i[«+7|P[*+ o Re(E*P)]},
detuning of the frequency of the acting field from the 2 (10)

frequencyw, of resonant transitiohl)« |2). Equation(1)
and(2) are distinguished from the usual Bloch equations forwhere the new symbols introduced are= 35+ abn

the ordinary two-level systeif¥] by the parameter —a2y|E|%, n=—(4mal3)Noul?, o=—ya(8n/
3)Nou; b=(4m/3h)u?N,yT, is the above introduced con-
K17 Ko H i
Q=9|E|?= T,lEL|2. 3 stant of NDD interaction.

Thus in the model of a generalized two-level system the
Stark shift of the absorption line is caused by two mecha-
It determines the Stark shift of the absorption line due to thenisms: the NDD interaction and nonresonant medium-field
nonresonant interaction of the field with a multilevel quan-interaction. Note that whery—0 and a—1 Egs.(9) and
tum system. Here (10) go over into the modified Bloch equations for the ordi-
nary two-level systemil1-5,8,9.

2 @ miPen; (1) ul? @
PRS2 wl—w? (et ) lll. BASIC RELATIONSHIPS

are the tensor components of the linear atomic polarizability -€tUs analyze Eqs9) and(10) in the stationary approxi-
in the jth state {=1,2) at the frequency, w,; and w, mation (=0, P=0). As a matter of convenience we rep-
being the dipole moments and frequencies of nonresonariesent Eq(10) as a system of two equations for two compo-
transitions|n)«<|j). The local-field amplitudéE, involved nentsU andV (P=U+iV):

in Egs.(1) and(2) is defined taking into account the Lorentz-

ion- v U
Lorenz correction: @EnE = =+ —[k+ p(U2+V2) + o(EU+E,V)]=0,
h T, T,
4 11
E=E+ 3P, (5) (11
BByt [kt U%+V?)+o(EU+E,V)]=0
where P is the macroscopic polarization amplitude for an *7% "=~ T, TZ[K 7 o(E, uV)1=0.
ensemble of resonant atoms. As is shown in R&f.in the (12
generalized two-level model of quantum systems the polar-
ization amplitude is Here E=E,+iE, . From stationary equatiof®) it follows
that
No
,P:Pnonr'i_'])res:?[’(l"_K2+(Kl_Kz)n]EL+ILLNOP- A 1—n
© (EV-E,U)= dpa T, (13

In view of Eq. (6) the local-field amplitude is reduced to  and bearing it in mind, after simple algebraic manipulations
from Egs.(11) and(12) one can obtain the relationship

£ —al B+ 2T N P) )
LT BT A 22 N(1=N)
UZ4VEi=—r—, (14)
with
whereA=2T,/T,. Equation(14) is essentially an analog of
2w -t the probability conservation law that holds for time intervals
a=| 1= 75 Nolx1+ kot (K1~ KZ)n]) ’ (8) substantially less thaf; andT,[7], its form in our notation

beingU?+V2+4n?=const . Relationshigl4) enables Egs.
and the inequality (2/3)Ng[ k1 + ko + (k1 — kp)N]<1 takes (11) and(12) to be transformed to the single quadratic equa-
place. Consequently, the influence of the nonresonant pafon for P
Prone results in the renormalization of the local-field ampli-

tude. It is interesting that this renormalization resembles that o_, 2 9 . Ui

of the local field in the case of an ensemble of resonant (EE Pe+II 1= K+ﬁn(l_n)) P

atoms embedded into a hdslackground dielectric medium

[8]. However, in our case because+ «, the renormaliza- YEn i(l—n)+ “#TZ) -0 (15)
tion parametew depends on the population differencef 4A h '

resonant levels. Equatiorid) and (2) can be recast using
Egs.(3) and(7), so that the solution of which has the form
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It should be noted that the second root of Ebp) has no physical meaning, sincexat0 anda—1 it gives a divergent
solution for the polarization. And solutidi6) becomes the well-known expression for the polarization amplitude correspond-
ing to the conventional two-level systef®]. To simplify further analysis, let us reduce the number of parameters by
introducing corresponding physical quantities. In particular, the condfilenl permits us to introduce a constant that
determines the intensity of the Stark field,

E 2

ig|E|?

n
K+ ﬁn(l—n)

+20|E|2n(&(1—n)+ '”;:2)]. (16)

Hl—i(;ﬁ%n(l—n)

h
2 _
CE by

_K2|T2'

at which the absorption line shifts by a value of 1/ Another characteristic parameter of the problem is the intensity of the
resonant transition saturation & 0:

E 2_ h ? 1 18
| 0| - z T1T2 . ( )
As will be shown below, the quantity
_ |Eol?
k=sgn(y) —5 (19
|E|St

is, together withe, an additional dimensionless parameter that arises in changing over to the model of a generalized two-level
system. Substitution of Eq16) into stationary Eq(9) results in an equation of the sixth degree for the population difference
of resonant levels:

6
> B.n"=0, (20)
m=0
the coefficients being functions of parameters of our sydtend, A, k, ¢=1—(27/3)Ny(k,+ k), and the normalized
intensity | =|E|?/|Eq|?:

Bo=(—bk+ ¢)[17k?*+ 2kp?(2b%k—1 6) — 4bkep*+ ¢*(1+ 6],

B1=8b*k*A ¢+ 203k[ Ik + p?5+ 4k p?(2—3A) ] — 4b2k {1k (1+kSA) + ¢p?[ 5+ 6k—5kA —kA 5]}
— {172+ 1 p%(1—26k) + p*(1+ 62} +b{I1%k3(2— A) + 1k p?[ 3+ 2kS(3A—2) ]}
+b 25+ 2k(5%+5) —BKA(1+ 62)},

B>=Db1%k3(A—1)—b3(k3+4A%k®) — 2b2pIk?(3A — 4)(1+ KA 8) — b*k2 [ — 3+ 4KA( 5+ 8k—6kA)]
—Ikb@[3—3A+2k5(3A—1)]+b2p>{1+2k[ 12k + 45— 4A(5+k?+5k) +5kA2(1+ 6%)]}
—b¢p*{25+5k+ks?—5kA(1+ 62)} —b3k(— 21k [kSA2+2A— 3]
+3¢2+ 6k 6—25A+4k+KA[ — 12+ A(5+ 5%)]}),

Bs=—b3k3[—4b?+b?A[ 3+ 2kA (4kA — 6—8K) |} —b3k3I[ — 6+ A(8+ 4k SA — 2kSA%—3A)]
+b%k2pI[ —4+6A—3A2+2kAS(3A—2) ]+ k?b*p{ —9+6A —12kSA(A— 1)} + 4k2A[ 12— 18A + A%(5+ 6%) ]}
—b%k¢?{3A—6—6ks— 12k SA(A—2)+ 2k —8+36A —30A2—6A252+5A%(1+ 62)]}
—b2¢3[1+4k5— 8kSA + 8k?— 4k?A(5+ 62) + 10k2A%(1+ 6%)},

Ba=—b3k3(A—1)(2A—2+2kA%5— A%) —b%k3{6— 9A + A?[ 3+ 6kS— 4k SA + 24k%— 24k A + K?A%(5+ 6%) ]}
—b*k?p{—9—3A(A—4)+4kSA[3+2A(A—3)]+k?A[32— 72A + 8A%(5+ §2) —5A3(1+ 62)]}
—b3kp?{3—3A+2K[ 5+ 65A(A—1)+2k+KA(— 12+ 15A+3A 52— 5A%2—5A26%)]},
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Bs=—b%k3[—4+9A+A%[—6—2kS(A—1)(A—3)+A+k* (A—2)(8—8A+A%+A?%5%)]}
—b*k2p{3+3A(A—2)—4kSA(A—1)(2A—1)+k2A[24A —8—4A%(5+ 62) + 5A3(1+ 7)1},

Be=bk3(A—1){1-2A+ A7 1-2kS(A—1)—4k*(A—1)+k2A%(1+ 6%)]}.

In going over to the conventional two-level systé@when 1
k—0 and¢—1) Eq.(20) gives the well-known cubic equa-
tion for n[1-5,8,9. 0.8 (a)
IV. DISCUSSION OF RESULTS 06
n
Equation (20) predicts qualitatively new features of the 04
dependence of the population difference on the external-field
intensity. They are due to the nonresonant polarization com-
0.2

ponent and joint exhibition of the NDD interaction of atoms
and Stark shift of the absorption line because of the distinc-
tion in the linear polarizabilities in the ground and excited
states. That is, the more complicated nonlinear behavior of I
the population difference is provided by the renormalization
of the field amplitude and different nature of the absorption
line shift versus the external-field intensity because of NDD
interaction and quadratic Stark effect. ®)
As a result, our theory predicts less rigid conditions of the 08
IOB appearance and substantial change in its properties, de-
pending on parameters of a dense resonant medium and the 06
external field. In Ref[10] ensembles of ions £ in KCI n
crystals and coupledl, excitons in CdS monocrystals are 04
proposed as promising systems for the experimental obser-
vation of IOB. However, such dense disordered ensembles
are similar, in their spectroscopic properties, to gaseous me-
dia where the same mechanism is responsible for both the
local-field effects and absorption line broadenjdd]. As is 0 0 2 10 P
shown in Ref[12], the local-field correction is important at I
the relatively high densityN, of resonant atoms when the
collision broadening is dominant and, respectively, we arrive
at the relation

(=)
—
[ 8]
w
=~
w

<

h
T~ ——, (21)
ncmNou

where, for instance, for transitign=1—j =0 the parameter
nc=2/3. It is easily seen that in this case the NDD inter-
action constanb does not exceed the value72+0.64. Ac-
tually, this is related to the fact that the increase in the den-
sity Np of resonant atoms is compensated by the
corresponding decrease in the lateral relaxation tifge 0
This result is valid in the framework of the binary-collision
approximation wherNop3<1 [13], wherep, is the Weis-

skopf radius. For gases af<10 3¢ ergcn? and the mean

velocity of thermal motionV~10° cms ! this condition FIG. 1. Population difference of resonant levels as a function of
holds up toNy~ 10%° ecm 3. Thus by virtue of the restriction the external-field intensity for different values of the paramgter

on the NDD constant for gaslike media, the theory based orF mNok (k=Tmxo/3A, ¢=1—2x,/3) atb=0.64, 5=—0.5, A

the ordinary two-level model fails to substantiate the I0B=5, andm=0.8: (b) x,=0.41; () xo=0.82. Curve(a) corre-
phenomenon, for the requiremedst=4 cannot be fulfilled. It ~ Sponds to the ordinary two-level model wify=0 (k=0 and ¢

is notable that in the case of the generalized two-level modef 1). With the density of resonant atoms chosen, the maximum
the situation drastically changgand this is corroborated by Value xo=0.82 corresponds ta=5x10"2" cn?’.
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FIG. 2. Same as Fig. 1 but for different values of the coefficierat b=6, 6= -2, $=0.4, andk=0.025: (b) A=4; (c) A=4.5; (d)
A=5; (e) A=10; (f) A=20. As with Fig. 1, curvea) is plotted in accordance with the ordinary two-level mode+Q and¢=1).

the numerical so-lution of Eq20)]; namely, the Stark shift \hile increasingx, the initially monotonic curven(l) dis-
of the absorption line and field amplitude renormalizationp|ays the hysteresiéOB) in the region of comparably small
related to the nonresonant interactions results in the 0B fo{g)ues of the external-field intensity(1<2) atb<1. Our
b<4- ] ) analysis shows that the reason for the IOB appearance is an
'Figure 1 illustrates the curva=n(l) numerically ob-  additional shift because of the quadratic Stark effect. And the
tained from Eq(20) for different values of coefficientsand  |ocal-field amplitude renormalization due to the nonresonant
¢. The parameters chosen are typical for dense gaseous mgg|arization provides a displacement of the I0B region in the
dia: No=5.2x10"cm™3, u?=10"*ergen?, T,=2.9 direction of smaller values df It is important to emphasize
X107'%s. The numerical values of the susceptibility tensorhat in the high-intensity region &2) there occurs a mono-
components for thex; (k;+k,=« and |k;—«,|/k=m  tonic increase in the population difference up to the limiting
<1) are quoted from the monograph by Butylldhal.[14].  (unit) value because of the “system drift from resonance”
As is seen in Fig. 1, with allowance for the nonresonantdue to the Stark shift of the absorption line.
polarization component and quadratic Stark effect, the de- For the IOB observation to be achievable in an ensemble
pendencen(l) undergoes substantial changes. In particularpf two-level atoms ab=4 one might use ordered system-
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where the NDD interaction is responsible for the emergenceorrelate with the formation of near-surface phase transition
of exciton bands. These might be molecular crystald, in ~ layers(domaing. In the case of the bistable curve with two
which case exciton lines must be observed in optical spectraysteresis loopgsee Fig. 2b)] two light-induced interfaces
at low temperaturelsl 5]. The very existence of exciton states and, respectively, two domains of different-level excitation
suggests that the exciton bandwidts o, is greater than the must be formed. Then there will be a double light-induced
reciprocal of lateral relaxation tim@z’l. Accordingly, the sharp discontinuity in the nonlinear permittivity. Of course,
necessary conditiom, T,=b>1 can be realized at low tem- this will have an effect on reflectivity. To be more exact, the
peratureg11]. intensity-dependent light reflection coefficient is expected to
In Fig. 2 we show the hysteresis behaviorngl) in or- have two hysteresis loops too. If<1, i.e., a medium is
dered systems for different values af=2T,/T, atb=6, Virtually rarefied enough, in solving the problem one may
5=-2, ¢=0.4, andk=0.025, which corresponds to the take advantage of the slowly varying amplitude approxima-
following values of physical parameterdyo=1.5x10%°  tion, W!th applicability I!mlts holding good; that is, the ex-
cm 3, k=2x10"2 cm?, m=0.5, u2=10 Bergend, T, amination of propagation effeqts can be. simplified there.
~10%s. As is seen from Fig. 2, accounting for the non_Thls boundary value problem will be considered elsewhere.

resonant polarization component and quadratic Stark effect
makes the dependenoél) more complicated. In particular,

at A=4 the functionn(l) is a bistable curve that has two V. CONCLUSION
hysteresis loops in different regions of the field intensity. _ ) _ )
With a relatively small increase i\, the region of the sec- At present we have no information concerning direct ex-

ond hysteresis loop is appreciably extended in the directioRerimental evidence of I0B in dense resonant media. With
of smaller values of the external-field intensity, which leads'espect to the recent highly interesting research reported in
then to the intersection of the hysteresis loop regions. FoRefs.[17,18 where the authors presumably attribute the ob-
A>10 the dependena®(l) is again transformed into a one- served b|s_tab|I|ty to the_ Iocal-fl_eld |r_1fluence, in our opinion,
loop curve, the area thereof being much greater than that of e question of a veritable bistability mechanism here is,
bistable curve corresponding to the ordinary two-levelnevertheless, still open and requires an additional analysis.
model. To our knowledge, to date there are only reliable experimen-
Note that in our calculations the tin®, was assumed to tal data on the exhibition of local-field effects in a dense
be fixed. Then, in fact, a change Animplies a change in the atomic potassium vapor where their influence leads merely
time T, and, as a result, intensity of the resonant transitiorfO & deformation of the profile of the resonant absorption line
saturation[see Eq.(18)]. That is why, when the curves in [19]._The plain fact is that t.he main difficulty in attammg
Fig. 2 for different values ofA are compared, the renormal- IOB in dense resonant media described by the conventional

ization of the external-field intensity(A) should be re- two-level r_nodel Ii_es in the relatively large required value of
garded. the NDD interaction cor)stam (b=4). Our results show

Thus the behavior and properties of a dense ensemble §at preferable media might be ones described by the gener-
resonant multilevel systems is a direct consequence of th@lized two-level model and having a significantly smaller
concerted influence of nonresonant and NDD interactionsthreshold value ob (b<<1).

This gives rise to qualitatively novel bistable effeds:ap- Therefore the successful search for resonant media with

NDD constant b<1); (i) emergence of two hysteresis the rather severe restrictiqn on the'pa.rambtefb'ur estima-

loops; (iii ) intersection of hysteresis loops. tions look qwte_ encouraging for finding desw_able param-
We underscore that in our study of I0B the field intensity €t€rs. The feasible reduction of the constanwhich facili-

is assumed to be a given external parameter. Such a consides the emergence of I0B, is likely to offer a real prospect

eration is valid for thin optical samples where the attenuatiorfor the hysteresis phenomenon observation in relatively di-

of the field propagating therein may be ignored. For densdite resonant mediavith b<<1) and possible applications in

resonant media the absorption lendtg~X/10 (\ is the optical cqmputlng..ln paruqular, the t\_/vo-loop bistability can

wavelength [2] and, respectively, the external-field intensity P€ used in producing multiplexer logic elements and differ-

may be supposed as a given parameter for samples of thicRNt devices of integrated opti¢$6].

nessL<L,. The analysis of propagation effects requires the

solution of the self-consistent Maxwell-Bloch system. We

have restricted ourselves only to the investigation of medium ACKNOWLEDGMENTS

polarization that determines the medium permittivity. The
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