
a-ku,

PHYSICAL REVIEW B 15 APRIL 1998-IVOLUME 57, NUMBER 15
Size-dependent enhancement of nonlinear optical susceptibilities due to confined excitons
in CuBr nanocrystals

Yingli Li, Masaki Takata,* and Arao Nakamura
Department of Applied Physics, and Center for Integrated Research in Science and Engineering, Nagoya University, Chikus

Nagoya 464-8603 Japan
~Received 12 September 1997!

We have investigated the third-order nonlinearity on resonance with the confined exciton level in CuBr
nanocrystals with radii in the range 2.7– 42 nm embedded in glass by means of degenerate four-wave mixing,
time-resolved luminescence, and resonant luminescence measurements. The third-order optical susceptibility
x (3) exhibits resonant behaviors atZ12 andZ3 excitons, which are weakly confined in nanocrystals. The figure
of merit ux (3)u/a increases with increasing radiusR in the whole range studied here. We have measured
homogeneous widths and lifetimes ofZ12 excitons and obtained size dependences of those relaxation param-
eters. Assuming a two-level atomic model for the confined exciton, we have deduced the size dependence of
the oscillator strength ofZ12 excitons from the measured lifetimes, homogeneous widths, andx (3). The
oscillator strength exhibits theR2.0 dependence in the whole range studied here, which reveals the giant
oscillator strength effect on the confined exciton that is coherently generated in the nanocrystal. The oscillator
strength per nanocrystal is enhanced by a factor 1.73103 for R542 nm compared to that of bulk excitons. We
also discuss the derivation ofx (3) in the stationary regime from thex (3) in the transient regime where the
nonlinear time response shows a multiexponential decay.@S0163-1829~98!05215-1#
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I. INTRODUCTION

The potential need for highly efficient optical devic
stimulates the exploration for different materials with hi
optical nonlinearities. The progress in fabrication techniq
of nano-structured semiconductors has enabled us to s
nonlinear optical properties in mesoscopic systems. Opt
nonlinearities especially in GaAs-based semiconduc
quantum-well structures have been extensively studied a
has been known that quasi-two-dimensional excitons g
rise to the strong nonlinear response in the vicinity of
band gap.1 Since the pioneering work on CdSxSe12x

nanocrystals,2 a great deal of effort has been devoted to fa
ricating various kinds of nanocrystals and elucidating
origin of nonlinearity in nanocrystals.

When the crystallite size is reduced to the order of
exciton Bohr radiusaB , quantum size effects appear an
drastic changes of optical properties are expected. The q
tum confinement effects in semiconductor nanocrystals
be classified into two regimes, i.e., strong- and we
confinement regimes, according to the ratio of nanocry
radiusR to aB .3–5 Nonlinear optical properties in nanocry
tals have been also investigated for the corresponding
finement regimes. In the strong-confinement regime, the p
toexcited electron and hole are individually confine
Theoretical and experimental works have revealed that
state-filling effect accounts for the nonlinearity in th
regime.6,7 The size dependence of the third-order suscepti
ity x (3) also has been studied, but the results are inconsis
a larger nonlinear susceptibility for a larger size has b
found for CdSxSe12x nanocrystals by the saturatio
spectroscopy8,9 and degenerate four-wave mixing~DFWM!
measurements,10 while Roussignolet al.have shown that the
largerx (3) values are obtained with decreasing sizes.7
570163-1829/98/57~15!/9193~8!/$15.00
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In the weak-confinement regime, the Coulomb interact
between the electron and hole yields an exciton and the
citon is confined as a quasiparticle. The nonlinearity ari
from the exciton-exciton interaction, which results in the d
viation of harmonicity of the bosonlike exciton within th
nanocrystal, and the size enhancement of nonlinear susc
bility has been investigated theoretically11–14 and
experimentally.15–19 The theoretical studies have shown th
the confinement of the excitonic envelope wave function d
to the infinite barrier potential gives rise to the enhancem
of the oscillator strength for an exciton within the nanocry
tal by a factor ofR3/aB

3 and hencex (3) depends on the
crystallite size.11,12Such a giant oscillator strength effect h
been confirmed for CuCl nanocrystals; the radiative de
rate of confined excitons is proportional toR2.1 for the glass
matrix20 andR3 for the NaCl crystal matrix.21 The validity of
the size-enhancement effect is limited by the lon
wavelength approximation and a nonlocal theory applica
to the mesoscopic system larger than the wavelength
been developed.14 The important role of the giant oscillato
strength effect in the size enhancement of nonlinearity
been experimentally shown for CuCl nanocrystals.17 As the
quantum-confined exciton system can be modeled as a
level atomic system, the imaginary part ofx (3) on resonance
in the low-density regime is given by

Im x~3!5S e2

2m0v D 2

\N fx
2 T1

Gh
2
, ~1!

where T1 and Gh are the longitudinal relaxation time an
homogeneous width, respectively, andf x andN are the os-
cillator strength and the number density of nanocrystals,
spectively. The detailed study measuring the susceptib
on resonance and the relaxation parametersT1 and Gh re-
vealed that the oscillator strength per nanocrystal exhibits
intriguing feature in the size rangeR51.528.0 nm at 80 K,
9193 © 1998 The American Physical Society
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i.e., f x}R2.2 at 1.9–4.0 nm, and subsequently decreases
R>5.0 nm.17 Although theR2.2 dependence off x indicates
the giant oscillator strength of coherently generated excit
in nanocrystals, the saturation and decrease off x for larger
sizes cannot be explained by the two-level atomic mod
This result suggests that there exist additional contributio
such as higher excited states and a two-exciton state, to
nonlinearity in larger nanocrystals.

In CuBr, the exciton Bohr radius is 1.25 nm, which
roughly twice that of CuCl, and one can investigate confi
ment effects and size dependence ofx (3) over a wide range
of crystallite sizes from the strong-confinement regime to
weak-confinement regime.22 The lowest exciton state in
CuBr is theZ12 exciton consisting of light and heavy holes
the G8 band, while that of CuCl is theZ3 exciton coming
from theG7 band. In addition, ak-linear term in theG8 band
is not negligible in CuBr and thus theZ12 exciton has a
multicomponent character. Therefore, we can also inve
gate an effect of multicomponent exciton states on the g
oscillator strength effect using CuBr nanocrystals.

In this paper we report a detailed study of the siz
dependent optical nonlinearity in CuBr nanocrystals ove
wide range of sizes. We used samples of CuBr nanocrys
embedded in borosilicate glasses with radii in the ran
2.7242 nm. The third-order nonlinear susceptibilityx (3)

around the resonance ofZ3 andZ12 excitons was measure
by degenerate four-wave mixing with a two-beam config
ration. The lifetimes and the homogeneous widths ofZ12
excitons for various crystallite sizes were measured by
time-resolved luminescence and the resonant luminesc
experiments, respectively. The figure of meritux (3)u/a mea-
sured at the resonance ofZ12 excitons is size dependent an
the experimental results were analyzed by taking into
count a two-level model. From the measured size dep
dences ofux (3)u, T1, and Gh , the size dependence of th
oscillator strengthf x per nanocrystal is derived:f x}R2.0

when 2.7 nm<R<42 nm, without showing a saturation be
havior of f x in the size range studied here. We also disc
x (3) values in the stationary regime and the transient reg
where the nonlinear time response shows a multiexpone
decay and point out that the stationary susceptibility is
nonlinear parameter characterizing uniquely the nonlinea
of materials. The paper is organized as follows. In Sec. II
sample preparation and the experimental methods are
scribed. The experimental results and the derived size de
dence of the oscillator strength are presented in Sec. III. S
tion IV is devoted to a discussion and we summarize
conclusion in Sec. V.

II. EXPERIMENT

A. Preparation of CuBr nanocrystals

Samples of CuBr nanocrystals embedded in a glass m
were obtained by the double heat-treatment procedure
borosilicate glasses doped with CuBr.20,23 The glasses were
heat treated at temperatures of 450– 600 °C for duration
30 min to several days to obtain CuBr nanocrystals w
various sizes. Samples for optical measurements were
pared by polishing to thickness of about 200mm.

The mean radii of CuBr nanocrystals were determined
the x-ray diffraction~XRD! method using a synchrotron ra
or

s

l.
s,
he

-

e

ti-
nt

-
a
ls
e

-

e
ce

-
n-

s
e
ial
a
ty
e
e-
n-
c-
r

rix
of

of
h
re-

y

diation ~SR! light source at Photon Factory in Tsukuba and
conventional x-ray source. The high-intensity SR light a
the two-dimensional imaging plate made the measuremen
wide angle diffraction possible to finish within 1 h with a
satisfactory signal-to-noise ratio.

The mean radius of nanocrystals is estimated from
broadening of the diffraction pattern by using the Scher
formula

R5
2

3

0.9l

w cosu
, ~2!

wherel is the wavelength of the x-ray radiation andu andw
are the diffraction angle and the full width at half maximu
of the diffraction peak, respectively. A careful least-squa
profile fitting was applied to separate the diffraction patte
of CuBr nanocrystals from that of the glass background. T
diffraction profiles of~220! and~311! were fitted to Gaussian
functions with the same broadening parameterw. The pa-
rameterw was determined within a fitting error of 10%. I
order to confirm the reliability of the radius estimated fro
Eq. ~2!, we further performed a small-angle x-ray scatteri
~SAXS! experiment on two samples.

B. Measurements ofx „3…, T1, and Gh

The absolute values ofx (3) were measured by degenera
four-wave mixing with the two-beam configuration.23 We
used a XeCl excimer-laser pumped dye@2-~4-biphenylyl!-6-
phenylbenzoxazol-1,3# laser with a laser pulse width of 20 n
operating at a repetition rate of 10 Hz. The two laser bea
with a crossing angle of about 1° were focused onto
sample. The spatially separated diffraction signal was t
collected by a photomultiplier and the signal was averag
by a boxcar integrator. The pumping laser intensity was
duced to a level that is low enough to ensure that the
tected nonlinearity is due to the third-order nonlinear pol
izability.

A value of ux (3)u in esu was calculated using the formu

ux~3!u5
n2c

32p3

al

~12T!AT
Ah

I 0
, ~3!

where c is the velocity in vacuum andn is the refractive
index of glass~taken as 1.5 for the glass used here!. a andT
are the absorption coefficient and transmittance at wa
length l, respectively, andI 0 is the intensity of the lase
beam incident on the surface of sample. The diffraction
ficiency h is defined as a ratio of the diffraction signal in
tensity toI 0. Equation~3! is valid only for the cw case where
the pulse durationtp of pumping light is much longer than
the nonlinear response timeT1 involved. In the transient
case, i.e.,tp!T1, one must use the following equation t
obtain a ux (3)u value that can be compared with theux (3)u
value for the cw case:24

ux~3!u5
n2c

32p3

al

~12T!AT
Ahobs

I 0
b

T1

tp
. ~4!

Hereb is a dimensionless numerical constant, dependen
the temporal shape of laser pulse. If the factor ofbT1 /tp is
not taken into account@i.e., Eq.~3!#, the estimatedx (3) value
from the measuredhobs under the condition oftp!T1 is
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57 9195SIZE-DEPENDENT ENHANCEMENT OF NONLINEAR . . .
always smaller than that measured under the cw excita
condition (tp@T1). Such ax (3) value can be only referred t
as an effectivex (3) in the transient regime because it is d
pendent on the ratioT1 /tp . We will discuss a formula to
estimate aux (3)u value for the case where the nonlinear tim
response exhibits a multicomponent decay in Sec. IV.

The longitudinal relaxation time ofZ12 excitons was de-
termined from the luminescence decay kinetics measure
utilizing a picosecond pulse laser and a time-correla
single photon counting system. The excitation light of 3
nm was generated by the sum frequency of 1.06-mm funda-
mental light and 580-nm dye laser output of a synchronou
mode-locked dye laser pumped by a mode-locked Nd:Y
laser (532 nm! ~where YAG denotes yttrium aluminum ga
net!. The pulse width and the repetition rate were about 10
and 0.824 MHz, respectively. The deconvolution of the lu
minescence decay curve with the apparatus response o
laser pulse yielded a time resolution of about 20 ps. We u
resonant luminescence measurements to obtain the hom
neous width of theZ12 exciton band. Resonant luminescen
was collected and focused onto a double monochrom
with a spectral resolution of 0.4 meV.

III. RESULTS

Figure 1 shows the XRD patterns of CuBr-doped gla
samples after the heat treatment and a base-glass sa
without the heat treatment. Distinguishable diffraction pea
that are superimposed on the broad halo pattern due to
matrix glass are seen at 28.78° and 33.88° for all the h
treated samples. Two vertical arrows indicate the diffract
angles from~220! and~311! planes in the CuBr bulk crysta
with the zinc-blende structure. The agreement of the
served peak positions with that of the bulk crystal is sa
factory, which indicates that CuBr nanocrystals with t
zinc-blende structure are obtained. The diffraction profi

FIG. 1. X-ray-diffraction patterns of CuBr nanocrystals embe
ded in glass for different crystallite radii and an untreated base-g
sample. Two vertical arrows indicate the positions of diffracti
peaks arising from~220! and ~311! planes in bulk CuBr with the
zinc-blende structure. The mean radii obtained by using the Sc
rer formula are shown in the figure.
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due to ~220! and ~311! planes were analyzed using Eq.~2!
and the obtained radii are shown in Fig. 1. The two samp
(R54.2 and 14 nm! were also set to SAXS measuremen
The mean radii obtained by the SAXS method turned ou
be 4.2 nm and 15 nm, respectively. The radii determined
both methods agree well within the experimental error
10%.

Absorption spectra of CuBr nanocrystals with various
dii are shown in Fig. 2. At the bottom of the figure a spe
trum for the bulklike crystal is shown. The vertical arrow
indicate theZ12 and Z3 exciton absorption peaks from th
lower-energy side in the bulk CuBr crystal. Both the abso
tion bands exhibit a blueshift with decreasing radii. The si
dependent behaviors of the absorption spectra can be cl
fied into two regimes according toR. In the size range
2.7<R<5.0 nm, both theZ12 andZ3 bands are shifted to the
higher-energy side by 50– 120 meV with decreasing radii
the size range 5.0<R<39 nm, the absorption band due
Z12 excitons splits into two peaks with an energy separat
of about 25 meV. The center of mass of theZ12 band shifts
to the higher-energy sides by 23– 50 meV upon a decreas
size. The splitting of theZ12 band is not due to a size distr
bution because we cannot observe any obvious structur
theZ3 band. It may be attributed to the splitting of light- an
heavy-hole excitons.

Figure 3 shows the excitation intensity dependence of
fraction efficiency in DFWM experiments for CuBr nano
crystals withR54.0 nm at 77 K.h was measured at th
absorption peak ofZ12 excitons. The value measured exhib
the square dependence on the excitation intensity as sh
by the dashed line up to the excitation level of 20 kW/cm2

and starts to deviate from this dependence at higher ex
tion intensities. In this study the DFWM experiments we
performed at a level low enough to show the square dep
dence that indicates that the third-order nonlinearity is
volved.

Figure 4 depicts the photon energy dependence of
absolute value ofx (3) measured at 77 K for CuBr nanocrys
tals with various radii. The magnitude ofux (3)u shown by
open circles is greatly enhanced in the vicinity of the abso

-
ss

r-

FIG. 2. Absorption spectra of CuBr nanocrystals at 77 K. T
vertical arrows indicate absorption energies of the bulkZ12 andZ3

excitons.
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9196 57YINGLI LI, MASAKI TAKATA, AND ARAO NAKAMURA
tion peaks ofZ12 and Z3 excitons, indicating the resonan
enhancement with the confined excitons. Note thatux (3)u is
shown on a logarithmic scale and the width ofux (3)u is con-
siderably narrower than the absorption bandwidth. F
R525 nm, ux (3)u exhibits clearly two maxima, while in the
absorption spectrum one peak and a shoulder are seen
sharp resonant behavior ofux (3)u is consistent with the fac
that the higher-order interaction between light and matte
involved in the third-order nonlinear process compared to
absorption process. The value ofux (3)u at the resonance o
Z12 excitons is strongly sample dependent and ranges f
8.331029 esu to 2.631027 esu for the samples shown i
Fig. 4, which implies thatux (3)u is size dependent.

In order to obtain the crystallite size dependence of
third-order susceptibility, we must take into account the d
ference in the number density of nanocrystals containe
the samples under measurements. Since the absorption
ficient is proportional to the number of nanocrystals in t
sample, we use a value ofux (3)u/a for the comparison be
tween the different sizes. TheR dependence ofux (3)u/a mea-
sured at the absorption peak ofZ12 excitons is shown in Fig.
5. The data show a general trend of increasingux (3)u/a val-

FIG. 3. Excitation intensity dependence of diffraction efficien
in DFWM for CuBr nanocrystals withR54.0 nm. The dashed line
indicates the square dependence.

FIG. 4. Photon energy dependence ofux (3)u for CuBr nanocrys-
tals with different mean radii. Open circles and solid curves illu
trate ux (3)u and the absorption spectra, respectively.
r

he

is
e

m

e
-
in
ef-

ues upon an increase of the radius and the values range
8.0310211 to 1.131029 esu cm forR52.7242 nm. When
we apply a least-squares fit, a size dependence ofR0.4 is
obtained. There is, however, a noticeable scattering in
data, which implies that theux (3)u is dependent on som
parameters other than the size.

The laser spectral width used in this study~0.02 meV! is
much narrower than the spectral width of theZ12 absorption
band that is inhomogeneously broadened because of the
distribution. Thus, in our experiments we excite selectiv
the nanocrystals in which the pumping light is resonant w
the Z12 exciton level withGh . The measured diffraction ef
ficiency gives aux (3)u value for the nanocrystals with a ce
tain size within the size distribution. In this caseNpf x is
proportional toaGh , where Np is the number density o
nanocrystals selectively excited anda is the absorption co-
efficient at the laser frequency.7 Therefore, Eq.~1! is rewrit-
ten as

Im x~3!/a} f x

T1

Gh
. ~5!

As the ux (3)u value at the resonance peak is approximat
equal to Imx (3), the observed dependence ofux (3)u/a shown
in Fig. 5 suggests thatf x(T1 /Gh) is dependent on the
samples. Consequently, we further need to measure size
pendences ofT1 andGh in order to investigate the origin o
the size-dependent behavior ofux (3)u/a.

Figure 6 shows the decay curve of the luminescence
to Z12 excitons for the sample withR54.0 nm at 77 K. As
shown in the inset, the decay curve on the time scale u
500 ns exhibits a multicomponent decay. As there exis
size distribution of nanocrystals in the sample, the emiss
band consists of contributions from different nanocrysta
which results in the distribution of decay constants. Assu
ing the three exponential decay components

I ~ t !5a expS 2
t

t1
D1b expS 2

t

t2
D1c expS 2

t

t3
D , ~6!

an effective lifetimeT1* is defined as
-

FIG. 5. ux (3)u/a as a function of crystallite radii for CuBr nano
crystals at 77 K. The straight line indicates the result of a lea
squares fit, which is theR0.4 dependence.
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T1* 5
at11bt21ct3

a1b1c
. ~7!

Fitting Eq. ~6! to the decay curve in Fig. 6, we obtained 2
30, and 400 ns fort1 , t2, andt3 and the coefficientsa, b
andc were 1, 0.02, and 0.001, respectively.T1* turns out to
be 2.9 ns, which is dominated by the fast decay compon
Figure 7 shows theR dependence ofT1* at 77 K. T1* de-
creases from 2 ns to 30 ps with increasingR for 2.7242 nm.
The least-squares fit yields theR21.5 dependence, but th
data are scattered around this dependence. As the mea
decay time is governed by the nonradiative recombina
process as well as the radiative process,T1* depends on the
samples.

The size dependence of homogeneous width was inv
gated by resonant luminescence spectroscopy. Figur
shows the emission spectra for different radii at 77 K. All t
spectra were obtained under the same excitation level a

FIG. 6. Decay curves of luminescence due toZ12 excitons in
CuBr nanocrystals withR54.0 nm at 77 K. The solid curve show
the fitted curve with the three-exponential decay. The inset disp
the decay on an extended scale.

FIG. 7. Crystallite radius dependence of the effective lifetim
T1* in CuBr nanocrystals at 77 K. The solid line is the result o
least-squares fit indicating theR21.5 dependence.
,

t.

red
n

ti-
8

in

the DFWM experiments. The uppermost spectrum shows
emission spectrum measured by interband excitation for
sample withR53.6 nm. The two emission bands are a
signed toZ12 excitons (Ex) and biexcitons (B). When we
changed the laser wavelength as indicated by vertical arro
we observed the considerably narrow luminescence spec
in the higher-energy side of excitation energy. The spec
shape in the higher-energy side can be well fitted to
Lorentzian function and we attribute this spectrum to t
resonant luminescence from the size-selected nanocry
within the size distribution. When the inhomogeneous wid
is much larger than the homogeneous width, half of the h
width at half maximum of the resonant luminescence ba
corresponds toGh . Gh was found to be independent of th
excitation intensity between 10 and 100 kW/cm2. In Fig. 8
the widths are 2.5, 3.1, and 4.0 meV forR53.6, 10, and 39
nm, respectively. In order to investigate the mechanism
determinesGh , we measured resonant luminescence for
sample withR53.6 nm changing temperatures between
and 170 K. AsGh is proportional to the temperature in th
range 8250 K, Gh is mainly governed by the accoustic
phonon scattering via piezoelectric coupling and deformat
potential coupling.

The radius dependence ofGh at 77 K is shown in Fig. 9.
Gh is weakly dependent on the radius and exhibits theR0.1

dependence. The width varies from 2.5 meV to 4.0 m
whenR is increased from 2.7 nm to 39 nm. The values ofGh
are in agreement with the results that were obtained from
resonant luminescence spectroscopy25 and persistent hole
burning spectroscopy26 for CuCl nanocrystals embedded
NaCl crystals. We have also done persistent hole-burn
experiments at the excitation levels of;100 kW/cm2 and
obtained similar results.27

Now we elucidate the size dependence of the oscilla
strength of the confinedZ12 exciton, using the size depen
dences ofux (3)u/a, Gh , and T1* . The size dependence o
ux (3)uGh /aT1* , which is proportional tof x , is plotted in Fig.
10. In the size range 2.7<R<42 nm,x (3)Gh /aT1* exhibits

ys

FIG. 8. Resonant luminescence spectra of CuBr nanocrys
with different radii at 77 K. The uppermost spectrum shows
luminescence spectrum forR53.6 nm under the interband excita
tion. The two emission bands are due to excitons (Ex) and biexci-
tons (B), respectively. Open circles indicate Lorentzian fittings.
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9198 57YINGLI LI, MASAKI TAKATA, AND ARAO NAKAMURA
anR2.0 dependence, indicating an enhancement of more t
two orders of magnitude. This dependence is in good ag
ment with that observed for CuCl nanocrystals, which
R2.1.17

IV. DISCUSSION

As pointed out in Sec. II, the DFWM measurements m
give different values ofx (3) if the relaxation parameters an
the pulse width used in the experiment are not properly ta
into account. We first discuss third-order susceptibilities
the case of the multiexponential time response before a
ing the size dependence of the oscillator strength. As
laser pulse width used in our DFWM measurements is 20
the slow components~the 30-ns and 400-ns components! in
the decay curve forR54.0 nm~Fig. 6! do not satisfy the cw
excitation condition, i.e.,t2 ,t3.tp .

When both transient and stationary processes are invo

FIG. 9. Crystallite radius dependence of the homogeneous w
of theZ12 exciton band in CuBr nanocrystals at 77 K. The solid li
is the result of a least-squares fit that indicates theR 0.1 dependence.
gu
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in the DFWM, we can derive ax (3) value defined for the
stationary regime from the measured diffraction efficiency
the following way. The time-dependent scattering efficien
h(t) measured in the vicinity of the resonance is expres
by28,29

h~ t !}Da~ t !2}@se f fN~ t !#2, ~8!

whereDa andse f f are the change of the absorption coef
cient and the nonlinear absorption cross section, respectiv
andN(t) is the time-dependent carrier density. We use th
decay components to describeN(t) since the luminescenc
decay exhibits three-component decay behavior. By integ
ing the transient diffraction efficiency given by Eq.~8!, we
have the following equation, which relates the observed
fraction efficiencyhobs to the diffraction efficiencyh0 in the
stationary regime:

th

FIG. 10. Crystallite radius dependence ofux (3)uGh /aT1* being
proportional to the oscillator strength ofZ12 excitons in CuBr
nanocrystals. The solid line is the result of a least-squares fit
indicates theR2.0 dependence.
hobs5
h0

~T1* !2

1

tp
E

0

tp
dtH E

0

t

dt8
a exp@2~ t2t8!/t1#1b exp@2~ t2t8!/t2#1c exp@2~ t2t8!/t3#

a1b1c J 2

, ~9!
e

we

ing
ay
ut
where the incident laser pulse is assumed to be a rectan
pulse with temporal duration oftp . The first integral ont8
from 0 to t describes the increase ofN(t) and the second
integral ont from 0 to tp accounts for the accumulation o
diffraction signal detected within the laser pulse duratio
The coefficientsa, b, andc are the same as those used in E
~6!. Using Eqs.~3! and ~9!, we can obtain thex (3) value in
the stationary regime.

The transformation of an effectivex (3) to a stationaryx (3)

based on Eqs.~3! and ~9! was experimentally confirmed us
ing CdSxSe12x nanocrystals in glass for which measur
ments were done in the visible light region.30 The transient
DFWM signal measured by the three-beam boxcar confi
ration using a picosecond laser with a duration of 7 ps
hibits a two-component decay with time constants~relative
lar

.

.

-
-

intensity! of 400 ps~1! and 1000 ps~0.01! and the effective
lifetime T1* is 406 ps. The diffraction efficiencyhps mea-
sured using the 7-ps pulse laser is 5.231029, which is much
smaller thanhns52.331025 measured using the 7-ns puls
laser at the same excitation level of 10 kW/cm2. If we use
Eq. ~3!, the value ofhps yields 2.331028 esu for uxps

(3)u,
while the value ofhns yields 1.531026 esu foruxns

(3)u. How-
ever, using Eqs.~3! and~9!, we obtainuxps

(3)u52.331026 esu
for hps . This value is in good agreement with thexns

(3) value
measured in the stationary regime within a factor 1.5. If
put directlyhps andT1* 5406 ps into Eq.~4!, we can get the
same value. Therefore, we can derive a stationaryx (3) value
that characterizes nonlinear properties of materials us
Eqs.~3! and~9! even if there exists a multicomponent dec
in the nonlinear time response. It is worthwhile to point o
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that when we use a standard reference sample such as2,
response times of both the reference sample and the sa
in the study must be much shorter than the pulse wi
used.31 Only when the stationary grating in the DFWM co
figuration is generated for both of the samples do the m
sured diffraction efficiencies yield the stationaryx (3) values.
The ux (3)u values measured in this study were all calcula
using Eq.~3! and were then compared with those calcula
using Eqs.~3! and ~9!. However, the discrepancy was ve
small and the contribution of the slow components w
found to be negligible. For example, in CuBr nanocryst
with R54.0 nm, the decay kinetics is decomposed into th
components and the slowest one is even longer than
pulse duration of 20 ns as shown in Fig. 6. The contributio
of t1 , t2, and t3 components estimated by using Eq.~9!
were 91.3%, 8.2%, and 0.5%, respectively, and the slow
component oft3 was negligible.

We now discuss the size dependence of the oscill
strength derived from measurements ofux (3)u, T1* , and Gh

assuming the two-level system. As shown in Fig. 10, it is
interest to note that the size-dependent enhancement of x
per nanocrystal does not saturate up to the largest siz
R'34aB studied here. This behavior is different from th
observed in CuCl nanocrystals, where the decrease of o
lator strength is clearly observed for sizes larger than
nm.17 In CuCl nanocrystals, the saturation of the size e
hancement was argued in terms of the followi
mechanisms.17 First, the energy splitting of the confined lev
els in large nanocrystals becomes smaller and higher
fined levels are thermally excited. The thermal energykBT
corresponds to the confinement energyDE for the nanocrys-
tals for which f x has a maximum value. The oscillato
strength is then redistributed among the thermally activa
sublevels, which leads to the decrease off x defined for the
two-level system. Second, when the longitudinal-transve
splitting DLT becomes comparable to the confinement
ergy, the giant-oscillator-strength effect disappears. The
saturated behavior off x observed in CuBr nanocrystals ma
be explained by both of the mechanisms because both
ditions DE (>21 meV! .kBT ~6.7 meV for 77 K! and
DE (>21 meV!.DLT ~12.5 meV! are satisfied for all the
samples studied here. If we consider theG8 valence band of
CuBr consisting of the light and heavy hole, the multico
ponent exciton state may be responsible for the unsatur
behavior. Nair and Takagahara took into account a tw
exciton state~biexciton! that has a giant oscillator strength
large CuCl quantum dots.32 A pronounced cancellation o
contributions tox (3) occurs between the two-exciton sta
and the lowest exciton state, which results in the satura
behavior in CuCl nanocrystals. On the other hand, suc
cancellation may be complicated in CuBr nanocrystals pr
ably due to the multicomponent nature of the lowest Z12
excitons and the corresponding two-exciton states.33 This is
still an open question to be answered; further study is go
on using nanocrystals consisting of the solid solution
CuBr and CuCl in which the band structure changes w
composition.

It is worth noting that the nonlocal effect does not work
the crystallite sizes studied here. The light wavelengthlm
near the resonance ofZ12 excitons in the 40-nm nanocrysta
is estimated from the dispersion relation of the dielec
S
ple
h
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constant. TakingET52.981 eV andGh54.0 meV, the re-
fractive index near the resonance is calculated to be 4
which yields lm;100 nm. The largest size of the CuB
nanocrystal in this study is still smaller than the limit whe
the long-wavelength approximation fails to hold. The non
cal effects might be important in the size rangeR>100
nm.14

The magnitude of the giant oscillator strength is compa
to that of the oscillator strength of bulk excitons. The val
of f x is estimated using17

Im x~3!51.3310173F n

~n212!2G S e2

2m0v D 2

\ f x

aT1

Gh
.

~10!

Taking the value of 1.231024 esu eV cm/s asux (3)uGh /aT1*
for R52.7 nm and 8.331022 esu eV cm/s forR542 nm, we
estimate 0.036 and 24, respectively. Comparing to the os
lator strength per unit cell in the bulk CuBr, which
f Z1250.014, the enhancement factorf x / f Z12 turns out to be
1.73103 for R542 nm, which is of the same order of mag
nitude as that for CuCl nanocrystals.17

Finally, we discuss the size dependence ofx (3) in nanoc-
rystals and quantum-well~QW! structures. For simplicity, let
us consider the case of the constant volume fractionr of
nanocrystals in glass, i.e.,N53r /4pR3 in Eq. ~1!, and as-
sume thatT1 and Gh are size independent. In the wea
confinement regime (R/aB@1) the observed dependence
f x is R2.0, whereas the theoretical dependence isR3 for the
infinite potential.5,11 Therefore,x (3) exhibits the size depen
dence ofR1 and R3 for f x}R2 and R3, respectively. This
enhancement ofx (3) with increasingdimension in the weak-
confinement regime essentially originates from the si
dependent enhancement of oscillator strength per nanoc
tal, which results from the coherent superposition of t
dipole moment within the envelope function of exciton.
the strong-confinement regime (R/aB!1), on the other
hand, f x is approximately independent ofR.5 Then Eq.~1!
gives theR23 dependence ofx (3). The enhancement of non
linearity with decreasingsize in the strong-confinement re
gime results from the increase of nanocrystal density un
the condition of the constant volume fraction. This enhan
ment can be compared to the well-width dependent enha
ment ofx (3) in QW structures. In typical QW structures o
III-V semiconductors, the well widthl z is smaller thanaB
and the exciton oscillator strengthper unit surfaceis propor-
tional to 1/paB

2 . In the exact two-dimensional limit, the Boh
radius is reduced toaB/4.34 The theoretical calculation o
x (3) shows thel z

21 dependence if we ignore the well-widt
dependence ofT1 and Gh .35 Therefore, the nonlinearity in
QW structures is enhanced withdecreasing dimension,
which is in contrast to the case of nanocrystals in the we
confinement regime.

V. CONCLUSION

We have investigated the size-dependent optical non
earity in CuBr nanocrystals over the wide range of sizes
means of DFWM, luminescence lifetime, and resonant lu
nescence experiments. The measurements of the dispe
of ux (3)u reveal that the nonlinearity is governed by reson
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enhancement of confined excitons. The figure of me
ux (3)u/a at the resonance withZ12 excitons exhibits the size
dependent enhancement. The measured lifetime and ho
geneous width show the size dependences ofR21.5 andR0.1,
respectively. The size dependence of the oscillator stren
of Z12 excitons was derived from the measured relaxat
parameters. An unambiguous size enhancement of the o
lator strength per nanocrystal was elucidated in CuBr na
crystals, i.e.,f x}R2.0 for 2.7<R<42 nm. The giant oscilla-
tor strength exhibits the enhancement by the factor of 2.6
1.73103 depending on the crystallite radius from 2.7 nm
42 nm. The size dependence of oscillator strength does
exhibit the saturation behavior for the larger sizes, which
unlike the case of CuCl nanocrystals. This result suggest
important role of the valence-band structure in the si
dependent enhancement of nonlinear polarization in the re
nant regime. We have also pointed out that DFWM measu
ments in the transient regime yield an effectivex (3), which is
dependent on the pulse duration used in the measurem
and the effectivex (3) can be transformed to the stationa
rit

mo-

gth
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cil-
o-

to
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an
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so-
re-

ent,
y

x (3) by the formula that takes into account the transien
generated nonlinear grating in the sample. To characte
the third-order nonlinearity of nonlinear materials, it is bett
to use a stationaryx (3) that is independent of the experimen
tal parameters.
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