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Nonlocality-induced anomalous input-intensity dependence of optical response
for weakly confined excitons in an ultrathin film
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By means of the nonlocal theory of the nonlinear optical response, an anomalous input-intensity dependence
of the optical response was demonstrated for an ultrathin film confining the center-of-mass motion of excitons.
We showed thati) the inverted type of input-output characteristics arise from the peculiar input-intensity
dependence of the nanoscale spatial structure of the internal field due to the uneven feedback effect of the
different components in the field relevant to the confined excitonic levels(iBrithe nanoscale Fabry-Re
interference of polaritons gives rise to a bistability, even in an ultrathin film with a thickness of about 20 nm.
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One of the most interesting aspects in the optical respondaearity and a certain feedback mechanism should work in a
of confined excitonic systems is that the coherence of distable system. Since the excitonic resonance provides ef-
single quantum state is manifested as the sample-size, shafective nonlinearity, a number of schemes of bistability by
and internal structure dependence of observed quantities. Thexcitonic systems plus some feedback mechanisms have
size quantization is a result of the coherence of quanturbeen proposed, both experimentally and theoreti¢alizor
states in a whole volume of the sample, which has beemore recent works, see Refs. 12).1l8owever, similar stud-
discussed thoroughly for the various types of confinemenies which considered the nonlocal response have been poorly
geometry such as quantum wéll@nd quantum dots, performed, though nonlocality is an essential element of the
through the studies of the size-dependent spectral structurexcitonic resonance in confined systems.
of optical responses. In contrast to this aspect, the nonlocal In this report, we demonstrate an anomalous nonlinear
response, which also arises from the coherent extension afiput-intensity dependence of the optical response by means
the quantum states, has not been studied sufficiently, espef the nonlocal theory of the nonlinear respohSahere the
cially for the nonlinear-response regime. If the coherentanoscale spatial structure of the internal field is properly
length of a quantum state reaches the wavelength of the restreated. The point of this theory is to solve the Maxwell
nant light, the nonlocal response plays an important role, andquations containing the linear and third-order polarizations
a proper description of the induced polarization is necessaryvritten in a nonlocal form. These polarizations can be rewrit-
For the linear response, for example, the induced polarizaten in terms of the quantities defined lag= [ p, (r)E(r)dr
tion should be written and a similar onefl,,, for a (one excitons— two excitong

transition by use of the sz_pé)arable form of the susceptibility in
. o respect to the coordinateswherep,(r) is the dipole den-
P(l)(l’;w)=f XD w)E(rdr, (1) sty relevant to the excitonic state labeled by Using this
result, the Maxwell equations are reduced to the simulta-
wherexy™®) andE(r) are the linear susceptibility and the field neous cubic equations f¢F}, which can be solved together
amplitude, respectively. Since the radiation is determinedvith Maxwell's boundary conditions at the surfaces of the
self-consistently with the induced polarization, the internalmedium (related to the background dielectric consjaand
field generally contains components with a spatial structurell the amplitudes of the internal and external fields are fixed.
similar to that of the wave functions of the excited states. It For a numerical demonstration, we use the simplified
has been shown that a particular component is resonantiyodel of a thin film consisting of a bundle of independent
enhanced due to the nanoscale FabmeP@terference if one-dimensional chains of sid¢(lying perpendicular to the
certain conditions of size and energy are th8tch behavior  surface confining Frenkel-type excitons. The transfer effect
of the internal field brings about anomalous size dependencglong the direction parallel to the surface is neglected in this
of the nonlinear respon$e® in a mesoscopic regime, which model. We assume the normal incidence of beams. The un-
is beyond the previously discussed size dependence of thserturbed Hamiltonian is
nonlinear r(re?s%onse based on the long-wavelength
approximation.”

In addition to the size dependence of nonlinearity, input- H= 20 Sobrbl—b; (br,lb|+b,Tb|,1), @)
intensity dependence for nonlocal media is also expected to
be different from that for local media because of the nanowhereb/ andb, are the creation and annihilation operators
scale Fabry-Pet interference and the uneven feedback ef-of an exciton on théth site, g, is the excitation energy of
fect of the different components of the internal field. One ofeach sitep is the transfer energy, and we suppose the am-
the attracting nonlinear input-output characteristics is the biplitudes of excitons to be zero a&=0 and N+1. The
stability effect, which was extensively studied during theeigenenergies and eigenfunctions are those of typical Frenkel
1980s. As discussed in an early paper by Giébal,'® non-  excitons. Two-exciton states are numerically calculated by

N+1 N+1
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expanding them with the products of the one-exciton stdtes. solutions were obtained, we moved to the higher input inten-
Although the exciton-exciton interaction generally affects thesity and performed the iterative calculation employing the
absolute value of the nonlinear signal at one-exciton resoprevious solutions as zeroth-order solutions. Repeating such
nance through the cancellation effect between the onesSteps, we swept in the input-intensity domain. Interestingly,
exciton and two-exciton contributiort&® we omit it be- ~Wwe can find another set of solutions by sweeping from the
cause we are studying in the small size regime, where thBigher intensity to the lower, if the bistable solutions are
cancellation is ineffective due to the wider level spacing tharPossible. It is difficult to obtain such solutions in a general
that of the peak widths in the spectrum, which allows us toV@y, because the simultaneous equations for unknown pa-
concentrate our attention on the problem of how the spatiﬁ‘meters{':n} have many dimensions, and mathematically a

structure of the internal field affects the intensity dependenct'9e NUmber of solutions exist, . .
of the response. In the following, we show the results with the material

The procedure of the calculation is as follows. First, byparameters for thes exciton in CuCl, which is a typical

; : . single-component exciton with a large binding ene(g$3
use of the eigenvalues and eigenfunctions of one- and tWOrheV) Namel hw-=3202.2 meV. b=57.0 meV
exciton states, we calculated the site represented linear pgf—W|M'|2/00:5 7yr’nev ;b=5 6 ' a0=5,4 A and l"('y),

larization P{" and the third-order polarizatioR* for arbi- _=0.06 (0.02) meV, wheré wr is the energy of the bottom
trary frequencies according to the usual perturbationyf the exciton band foN— = (hwr=go—2b), &, is the
expansion method of the density mattdn this stage, we  packground dielectric constant, aag the lattice constant.
introduced the phenomenological damping constanter Recently, a bistability effect within the total reflection re-
the population decay anid for the phase decay in the usual gion betweeri o and the longitudinal frequencyw, has
way® Among the terms in the nonlinear polarization, we peen discussed with a similar model of linear Frenkel
picked up the contribution of the mo@tiply) resonant terms  chains'?® Although the nonlocality was not considered
for the frequency that is the same as the incident frequencthere, the influence of the spatial structure of the field due to
w. The third-order polarizatioer(s) can be written in the the finite penetration depth was studied. Within the penetra-

following form: tion region, the saturation of the field-dependent refractive
index occurs. This gives rise to multiple reflections within
P](3)(w)|(m res) the same region, which leads to the feedback to increase the
M4 penetration depth. In contrast to this case, we consider the

22 K
N+14 Sl

S F o |2F.Go(n,n’: @) thinner film where the polariton interference occurs even
AR o within the longitudinal and transverse energy splittifhd
splitting). This interference causes the spatial structure re-
* , . flecting the c.m. wave function of excitons, which can be
+§ ; % FoFnFmGi(n,n’,mm "")}’ (3 described only by the nonlocal framework. First, we see the
transmittance spectruM(w) in the linear response and the
whereM is the transition dipole moment per unit cel is  energy dependence Bf,. To discuss the spatial structure of
the unit-cell volume, ani, is the wave number of the quan- the internal field, it is useful to see the behavioiFgfinstead
tized center-of-masgc.m) motion of excitons. Its allowed of the electric fieldt; , whereF,, is nothing but the amplitude
values areK,=n#/(N+1),{n=1,2,... N}. The definition of the component of the internal field relevant to thin
of F, is quantized exciton, which is easily understood if we see the
inverse transformation of Edq4). (Note that&; written in
2 . , such an expansion does not defifieand £y, 1.) Figure 1
Fn= m; sinKn &, (4 shows the spectra df(w) andF, in the excitonic resonance
region for the film withN=42 (226.8 A). Note that the
whereé; is the electric field at sit¢. In Eq. (3), Gy has the  peaks of the transmittance appear below the second and third
poles for one-exciton resonance a@d has those for the excitonic levels. The former peak corresponds to the en-
two-exciton resonance in addition to the poles for one-hancement ofF,|? [Fig. 1(b)]. It should be remarked that
exciton resonancgsee Egs(B1) and(B2) in Ref. 17]. the F, component is relevant to the nondipole-type=2)
Although we can obtain the formal solution of the aboveexcitonic state, namely, the wave function of i) state
Maxwell equations in the form includingF .}, it contains  has a node in the surface normal direction, which is a specific
the internal fields; in itself through the definitiori4). If we  feature to the nonlocal response. The peak position corre-
substitute this solution into the definitidd), we obtain the sponds with the resonance energy of the?2 exciton, in-
simultaneous cubic equations for the unknown parametersluding the radiative correctiohin contrast to the negative
{Fn} which can be solved numerically together with Max- radiative shift of then=2 exciton, the shift of the lowest
well's boundary conditions(See Appendix C in Ref. 1y. exciton is generally positive for the film geomeffyThe
We used the iterative method to solve the cubic equationsorresponding structure ¢F;|?> can be seen between the
of {F,}. In sweeping the input intensity, we started from the=2 andn=3 excitonic levels.
intensity near the linear-response region, employing the so- We noted the energy region just above the first peak of
lutions of {F} for the linear response as the zeroth-ordertransmittance because a strong feedback to increase the in-
solutions, because the deviation of the convergent solutiongrnal field is expected, as in the case of the usual Fabry-
from the linear one is not very large. After the convergentPaot etalon. In Fig. 2, the transmitted intensities as functions
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[If e = T 7 Fig. 4.
3.201 3.202 3.203 3.204 3.205 3.206
Photon Energy (eV) Fabry-Peot-type feedback, even for the considerably thin

) ) film. The inverted type of input-output characteristic usually
_FIG. 1. Spectra ofa) transmittance andb) [F,|* for a CuCl  4nhears in the induced absorption type of nonlinear response.
thin film with N=42 (226.8 A). The parameter values are given in , o present effect, however, this type of nonlinearity is not
the _text. The vertical lines represent the energy positions of ON€x5sential. Actually, the same characteristic can be obtained
exciton levels. qualitatively even if we deliberately omit the two-exciton
o ) ) ) states in the calculation. As for the bistable effect in an ul-
of the incident intensity for the beam withiw  trathin film, the nanoscale spatial structure of the internal
=3.20322 eV are given for the intensity regime where thesig|q js essential, because it allows Fabrydtaype feed-
boson approximation is fairly good, i.e., the averaged intery5ck in the nanoscale thin film.
particle distance is much longer than the excitonic Bohr ra- e apove two effects can be understood by considering
dius (less tha 7 A for CuC). Two curves are obtained by the resonant enhancement of the internal field and the input-
sweeping from the lower input intensity and from the higheriniensity dependence of its spatial structure. In the third-
intensity, respectively. The remarkable points are as followsg,qer polarization, the terms that dominantly contribute to
(i) The inverted region of the input-output characteristic apthe above nonlinear response are proportional to the follow-
pears and(ii) the bistable solutions are obtained due tomg factor’

80.0 @ [A] [B] [C] 4T |F,|? ®)
N ~ (@+il=Ep)[(Bp—w)*+T%]y’
(o]
540 o / whereE,, is the eigenenergy of theth exciton state. When
§ ' / F, is resonantly enhanced near the pole of the Ilmdineex-
= citonic state, the strong nonlinear effect arises due to the
~ L] double resonance in the internal field and the energy denomi-
0.0 T T y nator of the nonlinear susceptibility. Since this enhance-
2.0x10° 4.0x10° 6.0x10°  ment of the internal field originates from the interference of
80.0 ®) polaritons, the positive feedback strongly works to enhance
— F, in the higher-energy side of the peak. Actually, as shown
‘s in Fig. 3, the main component§,|? and|F,|? in the inter-
§40.0— nal field increase in the entire region of intensity in Fig. 2.
< This is consistent with the positive feedback to increase the
~ nonlinearity. However, the inverted input-output characteris-
0.0 . . f[ic is strange .at a glance from the behaviotf|? ind.icated
4.80x102 4.90x102 in Fig. 3. This can be explained from the behavior of the

Ii (cW/em?) spatial structure of the internal field with the change of the
input intensity. Figure 4 shows the position dependence of

FIG. 2. Transmitted intensitl; vs input intensityl; for the beam  the internal field for the values of input intensitigs], [B],

with #w=3.203 22 eV. The parameters are the same as in Fig. 12nd[C] indicated in Figs. 2 and 3. For input intensf#], at

(b) is the enlargement of), whose range of the horizontal axis is Which the input-output characteristic is almost linear, the

the same as the distance of two tick marks on the horizontal axis ofpatial distribution is almost symmetric, but it becomes

(a). The input intensitie$A], [B], and[C] in (a) are referred to in asymmetric as the intensity increases due to the nondipole-

Fig. 4. type contribution fromF,. For[C], the intensity at the back
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3.0x10"3 component, as seen in Fig. 3. In particular, it should be men-
tioned that the nondipole-type contribution frdf is essen-
tial, and that the above effect never occurs if we neglect the

bfl@ 2.0x10'% n=2 exciton in the calculation.

= In conclusion, an anomalous input-intensity dependence
: of the optical response with the inverted type of input-output

W 1.0x10'™ characteristics and the bistability arises in an ultrathin film

due to the peculiar intensity dependence of the nanoscale
spatial structure of the internal field, where uneven feedback
0.0x10° occurs on the different components in the field relevant to the
Site 42 confined excitonic levels. Although we treated a particular
model system for the numerical demonstrations, a similar
FIG. 4. Spatlal distributions of the intensity of the internal field effect is genera”y expected for nonlocal Systems where the
for the beam intensities indicated in Figs. 2 and 3[B, [B],  npanoscale spatial structure of the internal field plays a central
and[C]. role. Thus, we believe that similar studies for the various
types of model systems will provide important contributions
surface is less than that fB], which means that the trans- to the comprehensive understanding of the nonlocal response
mitted intensity for the former case is less than that for thein a nonlinear regime.
latter case. Namely, we have a condition in which the inten-
sity of each componerf,, increases, which leads to an in-  The author is grateful to Professor K. Cho for his fruitful
crease in the averaged internal field over the film and nondiscussions and support. Thanks are also due to Dr. Y.
linearity, while the intensity at the back surface decreasedphfuti, Dr. Y. Nomura, and Dr. H. Sugimoto for their useful
which leads to a decrease of the transmitted intensity. Suctliscussions. This work was supported in part by Grants-in-
variation of symmetry of the spatial structure with the inputAid for Scientific ResearcliGrant No. 14540301and for
intensity originates from the uneven feedback strength on th€OE ResearcliGrant No. 10CE2004from the Ministry of
different componenf,,, which changes the weight of each Education, Science, Sports, and Culture of Japan.

*Electronic address: ishi@mp.es.osaka-u.ac.jp EJOB Project, edited by P. Mandel, S.D. Smith, and B.S. Wher-
1For an example, seBxcitons in Confined Systenedited by R. rett (North-Holland, Amsterdam, 1987
Del Sole, A. D’Andrea, and A. LapiccirelléSpringer, Berlin, 12V A. Malyshev and E. Conejero Jarque, J. Opt. Soc. AmL23
1988, Vol. 25. 1868(1995; 14, 1167(1997.
?S. V. GaponenkoQptical Properties of Semiconductor Nanocrys- 13y,z. Tronciu and A.H. Rotaru, Phys. Status SolidiZ&2, 383
tals (Cambridge University, Cambridge, England, 1898nd (1999.
references therein. 14V.A. Malyshev, H. Glaeske, and K.-H. Feller, J. Chem. PHyi§
3K. Cho, H. Ishihara, and Y. Ohfuti, Solid State Comma@, 1105 1170(2000.
(1993.

. - 15H. Glaeske, V.A. Malyshev, and K.-H. Feller, J. Chem. PHygl
H. Ishihara and K. Cho, Phys. Rev.38, 15 823(1996.

1966 (2001).

5 .

H. Ishihara, T. Amakata, and K. Cho, Phys. Rev6% 035305 16 Conejero Jarque and V.A. Malyshev, J. Chem. PhyS. 4275
(2002. (200,

8H. Ishihara, K. Cho, K. Akiyama, N. Tomita, Y. Nomura, and T.
Isu, Phys. Rev. Lett89, 017402(2002.
"T. Takagahara, Phys. Rev. 35, 9293(1987.

17H. Ishihara and K. Cho, Phys. Rev.4B, 7960(1993.
184, Ishihara and K. Cho, Phys. Rev. 2, 1724(1990.

8E. Hanamura, Phys. Rev. &, 1273(1988. zZH. Ishihara and T.. Amakata, Int. .J. Mod. P.hysl.B 3809(2001).
9T. Takagahara, Phys. Rev. 39, 10 206(1989. Y.S. Shen,The Principle of Nonlinear OpticéWiley, New York,
'°H.M. Gibbs, S.L. McCall, and T.N.C. Venkatesan, Phys. Rev. 1984, p. 13. '

Lett. 36, 1135(1976. H. Ishihara, H. Asakawa, and K. Cho, PhysicdAmsterdam 7,
11See From Optical Bistability Towards Optical Computinghe 671(2000.

113302-4



