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Effects of higher exciton manifolds and exciton-exciton annihilation on optical bistable response
of an ultrathin glassy film comprised of oriented linear Frenkel chains
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We theoretically analyze the optical response from an ultrathin film built up of oriented molecular aggre-
gates, the operating states of which are represented by Frenkel exciton states. A four-level model, involving
transitions between the ground, one-exciton and two-exciton states, exciton-exciton annihilation from the
two-exciton state as well as relaxation from the annihilation level back to the one-exciton and ground states, is
used for describing the film optical response. It is proved that the exciton-exciton annihilation may act not as
a destructive but, on the contrary, as a constructive factor tending towards the occurrence of bistability. In
particular, the effect of inhomogeneous broadening of the exciton optical transition, preventing the bistable
behavior, may be suppressed considerably due to a fast exciton-exciton annihilation.
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[. INTRODUCTION The latter served for creating a feedback that, combined with
the nonlinearity of the material, led to bistability of the op-
In the middle of the 1930s Jellejl] and Scheibg?2] tical responségfor an extensive review of this type of optical
discovered the effect of aggregation of polymethine dye molbistability, see Refd.31] and[32]). The fact that a collection
ecules in solutions into long linear chains and, as a resul©f identical two-level atoms placed into a volume of linear
drastic changes of their optical spectra: considerable narrovdize less that an emission wavelength may manifest the op-
ing and a red shift. Since that time, these objects receiveHcal bistable behavior without external feedback, engir-
much attention. In the beginning of the 1990s if was foundoriessoptical bistability, was first pointed out in R¢B3]. A
that the spontaneous emission timeJeiggregated systems mirrorless conﬂgurapon is mug:h favored in many cases as
could be dropped by cooling to several tens to hundreds chomp_ared to that using an optical resond@A] .
picosecond$3-5]. Similar effects were found to appear in It is now (;Ne" eStab“Sh?d :jhatbthe unusdual proEer]Eles ?I
conjugated polymerg6]. In addition, it was recognized that J-aggregated systems outlined above are due to the fact that

J-agareaated svstems show extremelv hiah maanitudes c‘gPe states coupled to the light are Frenkel exciton states. In
gareg ystems y hig gni our recent paperf23] we argued that the blueshift of the
nonlinear susceptibilitief7,8] (see for a comprehensive re-

iew Refs [9] and[10)). | . ~ one-to-two exciton optical transition with respect to the zero-
view Refs.[9] and[10]). In recent years, cooperative emis- 4, one exciton optical transition id-aggregate$3s] gives

sion in -conjugated polymer thin filmgl1-13 and super- e opportunity to consider &aggregated sample as an en-
radiant lasing fromJ-aggregated cyanine dye molecules semple of inhomogeneously broadened two-level systems.
adsorbed onto colloidal silic46] and silver[14,15 were  Based on this model, we found that an ultrathin film made up
reported. All these findings make these objects to be vergf oriented J-aggregates may behave in a bistable manner,
promising species from the viewpoint of laser and optoelecdisplaying an abrupt switching of both reflectivity and trans-
tronic applicationgsee a recent review in Rgf16]). mittivity.

Another intriguing option that would be highly desirable  The two-level model seems to be applicable until the sys-
is observation of a bistable optical response from assembliaem follows the lower branch of the bistable output-input
of molecular aggregates. The theoretical aspect of this proleharacteristics where the corresponding Rabi frequency of
lem was intensively discussdd7-25. The conditions for the operating field is smaller than the blueshift. Under such a
such a behavior to occur for a dimt7,20,23, for a single  condition, populating the two-exciton state as well as the
aggregate built up of many moleculgs8,19,2] as well as  accompanying process of exciton-exciton annihilation can be
for a collection of aggregatd23—25 were analyzed. How- neglected. However, after passing the critical point of the
ever, there has been no experimental report of this effect asistable curve, where the reflection of the film drops abruptly
concerned aggregatgdrganio molecular system. Only an (the transmission, on the contrary, rises,upe field ampli-
observation of optical bistability in cooperative lumines-tude inside the film increases in favor of population of the
cence of the YB'-ions pairs in inorganic crystalline two-exciton state and initiation of the exciton-exciton anni-
Cs;Y,Brg: Yb®' was reported in Ref§26,27]. The authors hilation process. In our previous short communicati@a],
attributed the observed effect to a dimerlike bistabil23]. we showed that a fast exciton-exciton annihilation may even

It is worth mentioning that optical bistability discussed in act towards improving the conditions for bistability to occur.
all of these papers is intrinsic in nature: it does not require aiThe goal of the present paper is to analyze in detail the
optical resonator. On the contrary, in the initial theoreticalinfluence of the one-to-two exciton optical transitions, the
prediction[29] and experimental demonstratif80] of opti- exciton-exciton annihilation from the two-exciton state and
cal bistability, namely, the resonator configuration was usedrelaxation from the annihilation level back to the one-exciton
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and ground states on bistability of the optical response from w

an ultrathin film built up of oriented-aggregates. The re- /\
minder of the paper is organized as follows. In Sec. I, wel 2} A 7 | 3)

describe the four-level model of the system and derive a se
of truncated equations for the density-matrix elements. In
Sec. Ill, the comprehensive steady-state analysis of this set i
performed in order to find the possible branches of the 1)

hwa Y21 31 1

output-input characteristic of the film. The estimations of
driving parameters and the discussions of the experimenta . o Y30
data are presented in Section IV. We conclude in Sec. V. w10
10)
Il. FOUR-LEVEL MODEL FIG. 1. Schematic representation of all transitions contributing

to the optical response of the film. The input field populates the

In spite of the fact that the number of molecules in a realone-exciton(l) and two-exciton(2) states. The population of the

molecular aggregatey, may achieve thousanfi86,37, itis  |atter is transferredannihilates with a ratew to a high-lying

a widely adopted concept now that only a subsystem Ofjectronic-vibrational molecular ter(8). The next step employs the
rather short aggregate segmefusnstituted of the so-called fast vibrational relaxation within high-lying electronic-vibrational
coherently bound moleculpgontributes to the optical re- sublevels towards the ground vibrational state. Further, this level
sponse of the aggregate. The origin of this peculiarity lies irundergoes a multiphonon relaxation to the one-exciton and ground
localization of the exciton states resulted from disorder. Bestates with the rateg,; and y3,, respectively.

cause of the disorder, the exciton wave functions, being ex-

tended over the whole aggregate in an ideal chain, reduce 12 N kn

their extension to docalization segment of siz&l < A\/[38]. |Ky=| — 2 sin——|1n), k=1,2,...N,
This quantity is fluctuating and characterized by a rather N+1/ =1 N+1

broad distributior{43]. The typical magnitude df, denoted @
hereafter a?N*, depends on the degree of disorder and usu- . .

ally does not excegd 143-5,7.8 33 40 where|1n) is the ket vector of the excited stdtB of thenth

An important finding is that the exciton, localized within a molecule. The energies of the one-dimensional exciton gas

particular segment, has the low-energy structure that is simiay take the valueW= 2 nEy, wheren,=0,1 is the
lar to the structure of an ideal linear chain of lengtfi4l—  occupation number of thieth one-exciton state arigl is the
43). Hence, for our purposes, we will modelaaggregated ~Ccorresponding energy given by
sample by an ensemble of noninteracting stiaith length
smaller than the emission wavelengtideal linear chains
consisting ofN (assumed to be much larger than ujityree-
level molecules, with N being distributed stochastically
within some interval. The lowest levels of molecules formHere, w, is the frequency of the transition between the low-
the ground state of a cha{when all molecules occupy those est and intermediate states in an isolated moledulé&ho-
levels. The intermediate molecular level is assumed to formsen to be positive as it is in the caseJfggregatesis the
the Frenkel multiexciton bands due to a strong resonanmagnitude of the nearest-neighbor dipole-dipole coupling.
inter-molecular dipole-dipole coupling. The highest level is In our present paper, we will restrict ourselves to the case
an electronic-vibrational molecular term through which thewhen not more than two excitons per chain are created by the
exciton-exciton annihilation occurf44—48: we suppose pump. This means that only the ground, one-exciton, and
that the two-exciton optical state is resonantly coupled by awo-exciton states should be involved into the scheme. Re-
interaction V to one of the electronic-vibrational levels call further that the optical transition from the ground state of
which, in turn, undergoes an efficient phonon-assisted relaxhe chain to the bottom state of the one-exciton b#nd
ation with the ratd” to the ground vibronic state, Fig. 1. The =1) has the dominating oscillator strength (81% of the en-
latter can further relax either to the lowest state of the moldtire one; see, for instance, R¢#]). Nearly the same state-
ecule or to the intermediate state. The annihilation processient is true relative to the transitions between the bottoms of
itself consists of transferring the energy from the two-excitonthe one-exciton and two-exciton band&=1)—|k=1k’
state to the high-lying molecular term. The possible channek 2), carrying 70% of the entire oscillator strend#i,53.
of annihilation employing two excitons created within two Therefore, in what follows, we take into account only these
different chains will be neglected as much less probable untwo strongest optical transitions, neglecting the others. It is
der the conditions we will be dealing wif47,48. important to note that the transitions of interest are not reso-
Within the nearest-neighbor approximation we will adoptnant to each other. Indeed, the energies of the one-exciton
hereafter, one-dimensional Frenkel excitons appear to band two-exciton band bottom states eq&al and E; + E,,
noninteracting fermionp49-52. Therefore, any state with a respectively. Thus, the one-to-two exciton transition is blue-
fixed number of excitons,, can be constructed as a Slater shifted with respect to the zero-to-one exciton transition by
determinant oh,, one-exciton states represented by the energy

K
Ey=/iwo—2U co%. @)
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T 372U while I'yg, ', andI', for the dephasing rates of the cor-
- N N=L responding transitionsyyg, v»1, ¥3= Y30+ Y31 are the popu-
lation relaxation constants of the one-exciton, two-exciton,
() e \ L
and high-lying states, respectively. The excitonic nature of
We will consider an ensemble of linear chains oriented inthe states 1 and 2 imposes a certdiscaling of the transi-
the same direction and forming an ultrathin film with thick- tion dipole momentsg,q,d,;~ VN, as well as the radiative
ness less that the emission wavelength. The latter gives usralaxation constantsy;o=0.81y,N,v»;=1.27y,N [51,53,
great advantage in the mathematical description of the modethere y, is the radiative rate of a monomer. The exciton-
taking away the propagation effects along the film normalexciton annihilation is described by the rategiven by[47]
The dipole moments of all transitions are considered to be
parallel to each other as well as to the film plane. Such con- Wy
ditions are achievable for thin films prepared by the spin- szﬁéi ®)
coating method54]. Regarding the incoming field; the
quasi-resonance and normal incidence conditions are chosemherew,=4=V?/4T is the annihilation rate for a chain con-
In addition, we assume that the field polarization is directedsisting of only two molecules ang=5m%/18~270.
along the transition dipole moment. Then, all the observables The field inside the film consists of the incident fiefd
can be considered as scalars. plus the field produced by the molecular dipol&s, which
Under the above limitations, the time evolution of the film in the case of an ultrathin film does not depend on
can be described in terms of thex4 density matrix spatial coordinates. It is calculated(ase, for instance, Refs.
Pap aB=0 (ground statg 1 (one-exciton staje 2 (two-  [55-57)
exciton statg and 3(high-lying molecular staje which de-
termines the state of a single chain of sidgtogether with 2L .
the Maxwell equation for the total fielfl, including the sec- o=——" (6)
ondary field produced by the film. They read

2
E,—E,=2U CO§yFT ~ oK

whereL andc stand for the slab thickness and the speed of
: Cdi€ light, respectivelyP=nZX\ p(N)(dygo19t d21p21+C.C.) rep-
poo=1 == (P10~ Por) + Y10P11+ Y30P33, (48 resents the electric polarization wittbeing the number con-

centration of chains ang(N) being the distribution of

chains over sizes. Thus, the Maxwell equation for the field

| Ay it o |
P11~ ~ Y1oP11 T T(le_ p12) i T(Plo_ po) inside the film reads
2L .
+ ¥21p20 V319335 (4b) E=&— %P. (7

- o€ The incident field is assumed to be of the foréh

p22= = (Yot W)pzo—1 == (P21~ P12y (40) =E,(t)coswit, where w; is the frequency and;(t) is the
amplitude, slowly varying in scale of the optical period
27/ w; . We look for a solution to the set of Eq&l) and(7)

P33= ~ YaPazT Wh22, 4d by passing to the rotating framepig=(—i/2)RyeXp

(iwit),  par=(—i1/2)Ryexp(=iwt), pro=(—1/2)RyeXP

- dq Cdy€ (—i2wt), E=(1/2)E exp(—iwit)+c.c., whereR;g, Ry1, Ry,
p10= ~ (to10+ T'1g)paoti —=(poo= p11) +1 7= p20, and E are the complex slowly varyingn scale of 27/w;)

(4e) amplitude of the off-diagonal density-matrix elements and
the field, respectively. Substitution of these expressions into
Egs. (4) and (7) and neglecting the counter-rotating terms

- . 1 PRt : : .
po1=—|iwy+ T+ EW porti T(Pu—Pzz) gives us the following set of truncated equations:
 dio® o=~ s QR O Rygl+ y1ap1i+ 8
=1 P20 (4f) Poo—4,U~10[ 10 10l + Y10P11+ Y3033, (8a)
: 1
: 1 d,& d S _Z * *
P20~ — ( lwoot oot EW) paoti %Plo_ i %sz P11~ = YaoP11~ 7 #ad URioH 7 Ryol
(49

1
, o + Zsz[Q R31+ Q% Royl+ v21020+ va1p33, (8D)
where the dots denote time derivativelsy andd,, are the
transition dipole moment&assumed to be reabf the zero-
to-one exciton and one-to-two exciton optical transitions, re- - 1 * *
spectively; w1y, w,;, and wy, stand for the frequencies p22= = (YartW)pzo™ 7 42 QRO Ry, (80
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P33= — Y3paztWpao, (8d)  order of 30 cm? (see, for instance, Reff9)), i.e., 60 times
as large. Even after the system is saturated and the field
i inside the film increases by an order of magnitudg| will
Ri0=— (1A 10+ T10R10— 162 (poo— p11) + = 21Q* Rag, not exceed the offseh,;. This relationship allows us to
2 derive a rather simple equation for the “intensity” of the
(88 field inside the film,|Q|?, and to study the tendency of
changes caused by the population of the two-exciton state
R — 1) _ and by the exciton-exciton annihilation.
21~ #2ifd(p11~ p22) From Eq. (8g) it follows that |Rg~|Q/(iAs+ T
) +w/2)|<1 under the restrictions adopted. Respectively, the
b O*R (8f) terms proportional tdR,, can be neglected in Eq&e) and
2 M1 200 (8f) as they are much smaller as compared to the others.
Taking this into account, one arrives at the following equa-

. 1
R21: - ( | A21+ F21+ EW

_ 1 i tion for | Q|2
Ra0= — (iAlO+iA21+ Lot W Rao— EMlOQRﬂ
+i— QR @8g 12f? 1+ g2, P(N) Mi£(Poo_P11)
2 M2132R10, g N OFiO Aio
L2 Tartwi2 2
QZQi"")’R% P(N) (1 10R10+ 21R21), (8h le(F21+W/2)2+A§1(Pll pz2
where the notations introduced a®®=dE/A, Q;=dE; /% n N 2 A _
with d=(d%+ d2)12; mio=0ao/d, mor=dor/d; Asg Yegs PN) “1°r§0+A§0(p°° P11
= w9 Wi, A21: Wy~ Wi, and ’)/R:27Td2nki|_/ﬁ with ki 9
=w;lc. _ _ o 12 Az (p11—pa2) =02 9
Recall thatyg describes the collective radiatiysuper- M21(F21+w/2)2+A§l P11~ P2 i

radian} damping of an ensemble of two-level molecul&§]

(see for more details the monograf#i7]) and determines

also the characteristic amplitude of the super-radiance fieldhe populationgrgg, p11, andp,, are found from the fol-

emitted by the molecules. Being expressed through the med@wing set of equations:

spontaneous emission constant of an isolated chain, defined

as y=4d%k33h=(y10t vo0)/2 with k=wo/c=~wy/C

~k;, it readsyg=(3/8m) yn\2L, where\ = 27r/k. The ratio

vr!T 1 represents the crucial parameter in the case of the

two-level problem driving bistable behavior. In particular, at

vr!T 10<8, no bistability is manifested by the film built up

of two-level molecule$23,59,6Q. —Spp111+ (1+ S5 p2=0, (10b
The set of Eqs(8) forms a basis for our analysis of the

effects of one-to-two exciton transitions, exciton-exciton an-

nihilation from the two-exciton state and relaxation of the Wp22— ¥3p33=0, (109

annihilation level back to the one-exciton and ground states

on the optical bistable response from an ultrathin film built

Y30
—S10p00t (1+S10)p11t E}Pss: 0, (103

up of orientedJ-aggregates. poot P11t p2atpaz=1, (10d)
[ll. STEADY-STATE ANALYSIS where the notation introduced are
In order to find the stationary states of the system, we
have to analyze the steady-state solutions to Bjssetting, P 02 T
respectively, the time derivatives equal to zero. In our analy- Sio= 10 5 10 > (11a
sis, we will use the fact that the bistability effect results 2y10 A%+T,

from the saturation of the exciton transition by the field

inside the film, i.e., wherQ|~ (y.l10Y% Let us esti-

mate this magnitude using the known experimental data. In s Q2 o +w/2
particular, for J-aggregates of pseudoisocyaning,g 1= > 5"
~(1/70 ps) or 0.5 cm! in wave numberq3,4]. Taking 2(y2 W) A+ (Tt wi2)
I'10~ v10, the saturation amplitude of the field is estimated

as|Q|~0.5 cm 1. On the other hand, the offsat, is of the ~ Resolving Eqs(10), one gets

(11b
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1+ (1+Wysp/ ¥10Y3) Sn
Poo— P11= ) (12a
14+ 2S5+ (1 +Wyse/ ¥10Y3) Sprt (3+W/ y3) S$165,1
S
10 (12b)

Pump2T gy 2S;0+ (L+Wy30/ y10¥3) So1t (3+W/y3) S165,1

In our previous papdi25], we neglected in Eq9) the terms  spective means. This also concerns the offsgt The latter
proportional top11— p,,. This approximation is valid if the approximation is valid if the width of tha ;4 distribution is
exciton-exciton annihilation rate is large compared to the smaller tham\ ;.
other rates and detunings. In other cases, the corresponding Furthermore, we replace the average over size by the av-
terms must be kept in Eq9) because they affect consider- erage over detuning using a Lorentz-shaped distribution
ably the final resulfsee below. function

The analytical evaluation of sums presented in @.is .
unlikely in a general case, i.e., when taking into account the 2 p(N)_)J' dA;op(Aqg)
N dependence of all variables. Therefore, we set several sim- —w
plifications allowing us to perform the average over segment
sizes analytically. First, it can be argued that within the spec- * G 1
tral region close to the one-exciton resonance, which is of - f_wdAw; (Ayg—Ag)2+ G2
our primary interest, the main contribution to thedepen-
dence of the summands comes from khdependence of the The parameter§& and A= wy— w; mimic here thel-band
one-exciton resonance detunidg,. From the theoretical width and the deviation of the input field frequensyon the
point of view, it is simply due to the fact that all the relax- pick frequency of thel band, respectively.
ation constants and dipole moments squared scale linearly After the simplifications adopted, it is straightforward to
with N, while A, is inversely proportional tdN?>. Numeri-  evaluate the integrals in Eq9): all of them represent the
cally, this assumption has been proven in R&1]). Thus, in  overlap integrals of Lorentzians. For the sake of simplicity,
what follows, we consider the detunindy;o as the only we present here the result of integration only for a particular
N-dependent variable, setting the other variables to their recase ofA;=0, which holds as well iA;<G). It reads

1+dy
yill+a
Vi+(1+c)y+bygyl+cy+ 1+ (1+c)y+by?]

+a? ey’ =X, (13
[1+(1+c)y+by?][gyVl+cy+ V1+(1+c)y+by?]?

wherey= uid Q% y1ol'10 andx= u3Qf/ y1ol 10 are the di- 1 Wyso  YortW) ¥21 (Tt wi2)
mensionless “intensities” of the output and input fields, re- d= > 1+ + w2 >
spectively. The other notations introduced are Yio¥s - Yo [ YT W A+ Dyt w/ 2214(])
2 YR G
a= = =35 14 1 F
M1orlo g Ty (143 o L 721 . 10821 . (140
2 10 A3+ (T 5+ wi2)
b= }(3+ ﬂ) y21 DTt wi2) (14p  When deriving expressions for the constahis, d, ande,
4 Y3 Y21t W A2 + (T + w/2)2’ we used the relationship2,y1o/ u25y21=1.
By settingb, ¢, d, ande in Eq. (13) equal to zero one
obtains an equation corresponding to the two-level model
1 Wyso! ¥a1 Ty Tortwi2) s@ud|ed_ previously23]. Keeplng thgbc_determs, as is seen,
c=x|1+ > > (140 gives rise to a stronger nonlinearity in Ed.3), originating
2 Y1073 721+W A21+(F21+W/2) from they2 term.
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A. Effect of the one-to-two-exciton transition this equation has only a single-valued real solution and thus
no bistability is present in the system response. As is seen,

First, we intend to gain insight into how the one-to-two- ) o
exciton transition itself influences the bistable behavior. Inthe b dependence oé, is not monotonous. The critical pa-

line with this, we neglect the exciton-exciton annihilation F@meterac, first, slightly increasegfrom 8 to approximately

(w=0) and assume no dispersion of chain sif&s,0. Un- 11) at small values ob and then goes down upon further
der these restrictions, EL3) takes the form increasingb even below the threshold for the two-level

model a,=8. It is easy to check out, taking formally the
2

1+dy e2y? limit of b large compared to unity, that EQL7) is equivalent
yi|l+a 5 +a? P to the corresponding equation of the two-level mogalb
1+(1+c)y+by [1+(1+c)y+by] =c=d=0), only with a renormalized parametar Indeed,

keeping in the fraction of Eq(17) only the terms propor-

=X, 15 . . .
39 tional to b and rescaling the variables as followsg!
where the parametets c, d, ande now are =(b/c)y=(3/2)y, x'=(blc)x=(3/2)x, and a’'=(d/c)a
=(1+ yy1/y100a=2.57a, we obtain
3T 3T
_> 10F21 ~ 101_‘21, (168) ,
4 A5+T%, A%
y'1+a’ =x’. (18
1 'yl 1T 1y’
212 21 This equation has a three-valued real solution whenaver
=a/=8 [59,60 or, in terms of the original parametex,
d= 1 1422 Tiol'an 1 1422 I'10l'21 whenevera=8/(1+ y,/y10) = 3.12. This explains decreas-
2 Y10 A§1+r§l 2 Y10 A%l ' ing a. upon increasingp.
(160 In our general analysis of Eq15), i.e., taking into ac-
count (bcd) ande terms, we selected as a variable param-
1 r 1 r eter as well as assumed tHat,=1"5;. Then the other pa-
- ﬂ% - Ya_ o (160 rameters can be expressed throughas follows: b

2710 AZ+T2, 2 y10821°

It is important to notice thab, ¢, andd are of the second

=3(y10/ v21)2€%=1.222%, c=2(v10/ v,1)%€?°=0.81e?, and
d=2(14 o1/ v10) (v10! v21)2€?=2.0%2. Plot (b) in Fig. 2
presents dependence of the threshold valueaofAs previ-

order whileeis of the first order of magnitude with respect to ously, the curvea (e) divides the space of pairafe) into

the ratio relaxation-ratdl,,. Because of that, theterm can-
not be neglected in Eq15) whenevew=0. A similar term

two regions: bistabléabove the curveand stablgbelow the
curve. We see that including the term drastically affects

would appear within the two-level model at a nonzero detunyne occurrence of bistability whemranges within 0.063 e

ing Ay [see. Eq.(9) at u,;=0]. Thus, thee term in the

<0.225. First of all, there appear two branchesagf This

present model is effectively equivalent to introducing & NoN-yeans that above both curvéthe shaded argaone gets
zero detuning into the two-level model. Recall that in the«yq ple” bistability. Panel(c), in which we plotted a solu-

latter case, any detuning tends to prevent bistabj&g].
This fact determines the role which plays téerm in the
effect we are dealing with: it will result in rising the critical
value of the parametex driving the bistability.

The first term inside the braces in EG.5) also differs
from that in the two-level model due to the presence oftthe
¢, andd terms. In order to analyze théb¢d) effect, we
simplified Eq.(15), neglecting thee term
1+dy 2

y|1+a =X.
1+(1+c)y+by?

17

According to Eqs.(16a—(16b), the parameters, b, andc

are proportional to each other. After settihgas a variable
parameter, the other can be expressed thrdugh follows:

c=(2/3)b, d=(2/3)(1+ yo1/yig) b, where y,1/y1g

=1.27/0.81.57 .

tion to Eq.(15) computed at particular values af=35 and
e=0.175, illustrates this case. As is seen, yhes x depen-
dence shows twd&shaped fragments formed each one by
three-valued real solutions of E@L5). Note that the regions
of rangingx, where these solution exist, are not overlapped.

Another effect of thee term within the region 0.063e
<0.225 is that the threshold valwe. increases gradually
with e, indicating the dominated role of this term as com-
pared to thébocd terms. It is not surprising becaubec, and
d, being proportional t@?, are very small for those values of
e. Out of that region, howeves,. goes down and becomes
smaller than the threshold value for the two-level model,
a.=8, whenever approaches unity. Here, on the contrary,
the bcd terms start to play major role, aral. follows, in
fact, the curve presented in pl@) for largestb.

Itis to be noted thab,e~ 1 corresponds in physical quan-
tities to I'yg~A5;, which means that the zero-to-one and

Plot (a) in Fig. 2 shows the computed dependence of theone-to-two exciton transitions are nearly in resonance due to

threshold value of as a function ob. Within the range of
pairs @,b) above the curve, Eq17) has three-valued real

the homogeneous broadening. Thus, making these two tran-
sitions resonant to each other works towards improving the

solutions implying the bistable behavior. Below the curve,conditions for bistability to occur.
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FIG. 2. Effect of the one-to-two exciton transition on feasibility
of the bistable behavior in the film optical respon&s.b depen-
dence of the threshold valueay) of the driving parameteia
:Mio'yR/rlo showing the effect oflfcd) terms on the appearance
of three-valued real solutions to Eq(l7) at e=0. b
=3I yo,1/4A%,, c=(2/3)b, and d=(2/3)(1+ yp1/y10b. (b) e
dependence of the threshold valwe.) of the driving parametea
=u25yr/T10. €= ypl'10/27916A51, b=1.228%, c=0.81e?, andd
=2.0%?. (c) An example of the solution to Eq15) at e=0.175
anda=35. y=u?|Q|% y1ol 10 and x=u2,Q2/ y,ol 1o. The other
parameters set in the calculation arb= 1.22?=0.037, ¢
=0.81e%=0.025, andd=2.0%°=0.064.

B. Effect of a fast exciton-exciton annihilation

PHYSICAL REVIEW &5 033821

. v21l'10
a 2y3wW (193
o= 7’21730F10, (19b)
Y10Y3W
r
d=(1+ @)_m =3 (199
Y3/ YioW
2y
o Y21 10A21_ (190)

2
YioW

As is seen, the parameténs ¢, andd now are of the first
order whilee is of the second order of magnitude with re-
spect to the ratio relaxation-rate/ This allow us to neglect
thee term in Eq.(15). The resulting equation is of the form

1+dy 2

a
1+(1+c)y+by?

(20

y| 1+

In analyzing this equation, we assume that there is no drastic
difference between the rateg;; and y3;, SO thatysy/vs

~1, and take also into account thg{y~ v»1. Then we find
thatc<1 as a result of smallness bfy/w. Due to this fact,

the corresponding terms in Eq20) can be neglected.
Whether the coefficienb is small or not depends on the
relationship between the rates, and y3. If y,;=1vy3 then
b<1, and the corresponding term in HO) is also negli-
gible. In such a case, EqR0) is equivalent to the equation
found within the two-level model. Thus, a fast exciton-
exciton annihilation compensates the negative effect of the
one-to-two exciton transition, however, it does not give any
advantage over the two-level model in the limit we are dis-
CuSSINg: v,1~ v30~ v31- It is not surprising because if the
relationshipy,1~ y30~ ¥31 IS held, the population, taken out
of the operating channel 0, will be returned back despite

a fast annihilation process.

In the limit of y3<<y,, (a slow depopulation of the high-
lying molecular leve), one may in principle arrive at values
of b of the order of magnitude of unity and even larger. If so,
theb term has to be kept in Eq20). Figure 3 illustrates the
b effect. Plot(a) of this figure shows an example of tlyerss
x dependence obtained by solving Eg0) at a=6 (below
the two-level-model thresholda.=8) and choosingc=d
=0 andb=1. As is seen, within some domain of changing
X, EQ.(20) has three-valued real solutions implying a bistable
behavior. Plot(b) show theb dependence of the threshold
value ofa. Again, within the region of pairsa;b) above the

We turn now to the question to what extent a fast excitoncurve the system is bistable, while below the curve it is

exciton annihilation from the two-exciton states may influ-
ence the bistable behavior of the ultrathin film optical re-

sponse. We assume that the
annihilationw is large compared to any relaxation ratg,
v21, I'19, @andl'»y) as well as the offsek,;. Keeping then in
Egs. (14b—(140 only the terms proportional tw, one ob-
tains

stable. It is remarkable that. may be dropped considerably
due to the combining action of a fast exciton-exciton annihi-

rate of exciton-excitofation and a slow depopulation of the high-lying molecular

level. The physical meaning of such a behavior is rather
simple and consists of transferring a large amount of popu-
lation from the ground state to the slow relaxing state. Then,
the system can be much easier made transparent.
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FIG. 4. Effect of the inhomogeneous broadening on feasibility
sl ' ' ' . of the bistable behavior in the film optical response. The curves

were obtained by the numerical solution of Efj3) and represent
the inhomogeneous widthg&EG/T';;) dependence of the critical
value (@) of the driving parametea:,uioyR/F. The solid line—
the three-level model ab=1c=d=e=0; the dashed line—the
two-level model b=c=d=e=0).

also depicted in Fig. 4 the similar dependertttee dashed
1 curve obtained within the two-level modelb&c=d=e
1 1 1 :0)

0 0.5 1 1.5 2 Observing the results presented in Fig. 4, we see first of
b all that the minimal value of. (at g=0) drops off from

eight (the critical value ofa in the two-level modeglto ap-
proximately three for this particular magnitudelof 1 used

in the calculations. However, the main conclusion, which can
be derived from the data depicted in Fig. 4, is that the effect
of inhomogeneous broadening, being fairly strong within the
two-level model(the dashed curve, vs g goes gradually
up), is considerably suppressed within the generalized ver-
sion of the theorya, rises much slower upon increasing the
inhomogeneous width as compared to the two-level model.
3n other words, the combining action of a fast exciton-
exciton annihilation from the two-exciton states and a slow
depopulation of the high-lying molecular level, populated

FIG. 3. Effect of the exciton-exciton annihilation on feasibility
of the bistable behavior in the film optical respon& A sample of
the numerical solution to Eq20) obtained aia=6 and settingh
= yo1'19/27ysw=1. The other parameters ace=d=0. (b) b de-
pendence of the threshold valua.) of the driving parametea
:Mio'}’erlo atc=d=0.

The lower limit for the critical value, as a function ob
can be found analytically. At large, compared to unity value
of b, Eq. (20) is simplified as follows:

2 due to the annihilation, works towards improving the condi-
y| 1+ e ate (21 tions for the occurrence of bistable behavior in the film op-
y tical response.
The critical value ofa is found from equalizing the deriva- IV. ESTIMATES OF THE PARAMETERS

tive dx/dy to zero. In doing so, we obtaia.= 16/9.
First, we estimate the super-radiant damping consjant

=(3/87)yn\°L basing our considerations on the low-
temperature experimental data fdraggregates of polyme-
The chain size fluctuationéa nonzero inhomogeneous thine dyes. For these species, typicaiy=0.01 ps?! and
width g) are expected to tend towards worsening the condiA=0.500 nm. Choosing=\/27 (or kL= 1) that guarantees
tions for bistable behavior to occur, similar to what occursthe applicability of the mean-field approach for the descrip-
within the two-level mode[23]. We present here the results tion of the thin-film optical responsgsee, for instance, Ref.
of numerical solutions of Eq13) dependent on the inhomo- [55]), we arrive at the following estimate:yg~2
geneous widthy under the condition of the combining action X 10 *'n cm’ps 1. Recall thatn is the number density of
of a fast exciton-exciton annihilation and a slow depopulathe linear chaingor of the localization segmentsit is re-
tion of the high-lying level 4. When making calculations, we lated to the number density of moleculag as np=nN*,
setb=1 andc=d=e=0. The solid curve in Fig. 4 shows whereN* is the mean size of the chaior the localization
the g dependence of the critical value of the driving param-segment At low temperature the quantity* is of the order
eter a within the generalized model. The system responsef several ten$3—5,39,40. Using these data in the estimate
behaves in a bistable and stable fashion within the regionebtained above we now gegr~10 n, cm®ps i. The
above and below the curve, respectively. For comparison, wgypical width of theJ band(and the blueshift as welis of

C. Effect of the chain size distribution
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the order of several tens of ¢rh or approximately 1 pst (i) The one-to-two exciton transition may result in a stron-
in frequency units. In particular, theband of pseudoisocya- 9ger limitation to the occurrence of bistability as compared to
nine bromide at the temperature of liquid helium is of inho-the two-level model, involving only the ground-to-one-

mogeneous nature and of 34 chin magnitude. Hence, exciton transition, whenever the exciton-exciton annihilation
according to the results shown in Fig. 4, the observation ofS SIOW-

optical bistability in such species requires the number den- (i) A fast exciton-exciton annihilation may tend towards
sity of molecules to be of the order or even larger thanimProving the conditions for the occurrence of bistability as

9 _3 Y . .~ compared to the two-level model: the critical value of the
1.01 | C.T ' \t/)Ve ngte tzakt) It IS a ramerf_rlg?h_vell(lu& ;]n prin parameter driving the bistable behavior of the system re-
CIPIE, 1t can be reduced by raising the fim thicknessiow- sponse can be dropped off considerably. Respectively, the
ever, in this case the mean-field approximation is no |0nge§witching intensity of the input signal also does so. This
an gdeql{[gte ?pprt(r)]aoﬁhee.rll?'left{24]).m d the data for °MeS into role if the rate of depopulation of the high-lying
H orestima ';‘/9 Nf a””(; ILa/'f” ra ;}"’e need! fe atafor ayel, through which annihilation occurs, is low. This finding
the parameter ’ , andl. AS We have no in Om.‘a.“of‘ is important from the viewpoint of the experimental verifi-
relative to the magnitude of interaction in the ann|h|lat|onCation of our theoretical predictions
chznnel\/zdwaa?s;:me Itas bgmg ]?f the c_hpgle-dmgledr_lattljre (iii ) Inhomogeneous broadening of the exciton absorption
and considew of the same order of magnitude as the dipole-p,, 4 5 ¢tg strongly towards worsening the conditions for the
g|poée mkt‘eractllonU relsgggs'bl,elfqr the fo"rmatlon Ofdﬂ}b occurrence of bistability. Its effect, however, may be consid-

and. The valueU~ ) cm” 1S _usually reportg or erably suppressed due to a fast exciton-exciton annihilation
J-aggregates of polymethine dyg%-5,9,39,40 The size of from the two-exciton state
a localization segmer{l* varies within the interval 20—50 Any source of reducingi the inhomogeneous broadening
[3-5,9,39,4Q As an estimate for the relaxation constdnt  geems 1o be highly desirable. From this point of view, thin
the interactiorV itself can be adoptefB9,40. From Eq.(5) . films comprised of different types of oligomers, the sizes of

e the i AL e annilatn e ares o 3PPTOKunich can be precsely contolgS2-5g, represent very
1ately LU0 . P X g promising candidates to achieve this goal: at least one of the
hilation limit. It is worth noting that the low-temperature important sources of inhomogeneitgispersion of sizes

femtosecond-scale experiments performed in R&8} and 5 e dropped down. It is also to be noted that the authors

[40] identified, namely, such a behavior. To the best of oury¢ paf [66] reported the room-temperature formation of po-

knowledge, the experimental data relative to the relaxationy, jion states in ordered thin films built up of the cyanine dye
rate_ Y3 (_)f high-lying molecular states respon5|b_le for the_l,7-bi3dimethylamin()heptamethine, BDH. This fact un-
annihilation process are unknown. One may believe that 'Embiguously means that dye molecules are strongly coupled
turns out to be relatively slowyg< ;1) to get the constant 1, gach other by the electromagnetic field, the property being
bin Eq. (13) of the order of unity. This would then allow one ¢cja| for the mechanism of optical bistability we are deal-

to drop the number concentration of moleculgsto a rea- g with [23]. Thus, these species can also be put into the list
sonable level at which optical bistability is indeed realizable. promising, from the viewpoint of our findings, objects.
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