PHYSICAL REVIEW B VOLUME 57, NUMBER 15 15 APRIL 1998-|

Size-dependent enhancement of nonlinear optical susceptibilities due to confined excitons
in CuBr nanocrystals
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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® exhibits resonant behaviors &t, andZ, excitons, which are weakly confined in nanocrystals. The figure
of merit |x®|/a increases with increasing radi® in the whole range studied here. We have measured
homogeneous widths and lifetimes ©f, 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 of;, excitons from the measured lifetimes, homogeneous widths, y&#hd The
oscillator strength exhibits th&?° 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 factok 1 for R=42 nm compared to that of bulk excitons. We
also discuss the derivation gf®) in the stationary regime from the® in the transient regime where the
nonlinear time response shows a multiexponential dd&3163-182@08)05215-1]

[. INTRODUCTION In the weak-confinement regime, the Coulomb interaction
between the electron and hole yields an exciton and the ex-
The potential need for highly efficient optical devices citon is confined as a quasiparticle. The nonlinearity arises
stimulates the exploration for different materials with high rom the exciton-exciton interaction, which results in the de-
optical nonlinearities. The progress in fabrication techniqueiation of harmonicity of the bosonlike exciton within the
of nano-structured semiconductors has enabled us to stu nocrystal, and the size enhancement of nonlinear suscepti-

nonlinear optical properties in mesoscopic systems. Optic lity has been investigated theoreticaly” and
inear op prop . piC Systems. LUpUCa, harimentally>-1° The theoretical studies have shown that
nonlinearities especially in GaAs-based semiconducto

) - the confinement of the excitonic envelope wave function due
quantum-well structures have been extensively studied and ¢ the infinite barrier potential gives rise to the enhancement
has been known that quasi-two-dimensional excitons givef the oscillator strength for an exciton within the nanocrys-
rise to the strong nonlinear response in the vicinity of thetal by a factor ofR3/ag and hencey® depends on the
band gap. Since the pioneering work on CqSe; ,  crystallite size>*2Such a giant oscillator strength effect has
nanocrystalé,a great deal of effort has been devoted to fab-been confirmed for CuCl nanocrystals; the radiative decay
ricating various kinds of nanocrystals and elucidating therate of confined excitons is proportional R for the glass
origin of nonlinearity in nanocrystals. matrix?° andR?® for the NaCl crystal matrix* The validity of
When the crystallite size is reduced to the order of arfhe size-enhancement effect is limited by the long-
exciton Bohr radiusag, quantum size effects appear and wavelength approximation and a nonlocal theory applicable
drastic changes of optical properties are expected. The quaﬁ)—e the mesoscopic system larger than the wavelength has

tum confinement effects in semiconductor nanocrystals cap... developed. The important role of the giant oscillator
P . . y Etrength effect in the size enhancement of nonlinearity has
be classified into two regimes, i.e., strong- and weaky,q

: . : : en experimentally shown for CuCl nanocrystélas the
confinement regimes, according to the ratio of ”anocryStaﬁuantum-confined exciton system can be modeled as a two-

radiusR to ag .~ Nonlinear optical properties in nanocrys- |gye| atomic system, the imaginary partg#) on resonance
tals have been also investigated for the corresponding coR the low-density regime is given by

finement regimes. In the strong-confinement regime, the pho-

toexcited electron and hole are individually confined.

Theoretical and experimental works have revealed that the Im X(3)=(2
state-filling effect accounts for the nonlinearity in this

regime®’ The size dependence of the third-order susceptibilwhere T, and T, are the longitudinal relaxation time and
ity x® also has been studied, but the results are inconsisterttomogeneous width, respectively, ahdandN are the os-

a larger nonlinear susceptibility for a larger size has beemillator strength and the number density of nanocrystals, re-
found for CdSSe;_, nanocrystals by the saturation spectively. The detailed study measuring the susceptibility
spectroscody® and degenerate four-wave mixif®@FWM) on resonance and the relaxation paramelgrand I', re-
measurement¥,while Roussignokt al. have shown that the vealed that the oscillator strength per nanocrystal exhibits an
larger x(® values are obtained with decreasing sizes. intriguing feature in the size range=1.5—8.0 nm at 80 K,
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i.e., f,cR?>? at 1.9-4.0 nm, and subsequently decreases fadiation (SR) light source at Photon Factory in Tsukuba and a
R=5.0 nm!’ Although theR%? dependence of, indicates conventional x-ray source. The high-intensity SR light and
the giant oscillator strength of coherently generated excitonthe two-dimensional imaging plate made the measurement of
in nanocrystals, the saturation and decreasé,dor larger  wide angle diffraction possible to finish withil h with a
sizes cannot be explained by the two-level atomic modelsatisfactory signal-to-noise ratio.
This result suggests that there exist additional contributions, The mean radius of nanocrystals is estimated from the
such as higher excited states and a two-exciton state, to thgoadening of the diffraction pattern by using the Scherrer
nonlinearity in larger nanocrystals. formula
In CuBr, the exciton Bohr radius is 1.25 nm, which is 2 0.0\
roughly twice that of CuCl, and one can investigate confine- =__ , 2
ment effects and size dependencey& over a wide range 3w cosd
of crystallite sizes from the strong-confinement regime to theynere) is the wavelength of the x-ray radiation adéndw
weak-confinement reginé. The lowest exciton state in are the diffraction angle and the full width at half maximum
CuBr is theZ,, exciton consisting of light and heavy holes in of the diffraction peak, respectively. A careful least-squares
the I's band, while that of CuCl is th&; exciton coming  profile fitting was applied to separate the diffraction pattern
from theI'; band. In addition, &-linear term in thd’g band  of CuBr nanocrystals from that of the glass background. The
is not negligible in CuBr and thus th&;, exciton has a diffraction profiles of(220) and(311) were fitted to Gaussian
multicomponent character. Therefore, we can also investifunctions with the same broadening parameterThe pa-
gate an effect of multicomponent exciton states on the gianfameterw was determined within a fitting error of 10%. In
oscillator strength effect using CuBr nanocrystals. order to confirm the reliability of the radius estimated from
In this paper we report a detailed study of the size-gq, (2), we further performed a small-angle x-ray scattering
dependent optical nonlinearity in CuBr nanocrystals over §SAXS) experiment on two samples.
wide range of sizes. We used samples of CuBr nanocrystals
embedded in borosilicate glasses with radii in the range B. Measurements ofy®, T,, and T',

2.7-42 nm. The third-order nonlinear susceptibiligf>) 3)
) The absolute values gf*®’ were measured by degenerate
around the resonance @f andZ;, excitons was measured o . ' )
. : _ four-wave mixing with the two-beam configuratiéh We
by degenerate four-wave mixing with a two-beam configu- 7 ;
ration. The lifetimes and the homogeneous widthsZej used a XeCl excimer-laser pumped dye(4-biphenyly)-6-
’ 9 henylbenzoxazol-1]3aser with a laser pulse width of 20 ns

excitons for various crystallite sizes were measured by th - =
. 1S cry a by geratlng at a repetition rate of 10 Hz. The two laser beams
time-resolved luminescence and the resonant luminescenc

experiments, respectively. The figure of mégt)|/a mea- with a crossing angle of about 1° were focused onto the
Xp dl t th  fespectiv g 't|gu o Jg ad A dsample. The spatially separated diffraction signal was then
sured at ne resonance {, excitons is size ependent and . 1acteq by a photomultiplier and the signal was averaged
the experimental results were analyzed by takln_g Into aCby a boxcar integrator. The pumping laser intensity was re-
count a two(—gl);avel model. From the measured size depery;coq 1o 4 level that is low enough to ensure that the de-
dences of|x'*)|, T,, andT'},, the size dependence of the

oscillator strengthf, per nanocrystal is derivedk,R20 tected nonlinearity is due to the third-order nonlinear polar-
X "X

i ; : izability.
when 2.7 nm<R=42 nm, without showing a saturation be- 5\ 5,¢ of |[x®)| in esu was calculated using the formula
havior of f, in the size range studied here. We also discuss
X values in the stationary regime and the transient regime nc a\ 7
where the nonlinear time response shows a multiexponential IX®=—= —\ﬁ
decay and point out that the stationary susceptibility is a 327° (1=T)VT V1o
nonlinear parameter characterizing uniquely the nonlinearityvhere ¢ is the velocity in vacuum ana is the refractive
of materials. The paper is organized as follows. In Sec. Il théndex of glasqtaken as 1.5 for the glass used hereandT
sample preparation and the experimental methods are dare the absorption coefficient and transmittance at wave-
scribed. The experimental results and the derived size depefength \, respectively, and, is the intensity of the laser
dence of the oscillator strength are presented in Sec. Ill. Seeam incident on the surface of sample. The diffraction ef-
tion IV is devoted to a discussion and we summarize ouficiency 7 is defined as a ratio of the diffraction signal in-
conclusion in Sec. V. tensity tol 5. Equation(3) is valid only for the cw case where
the pulse duration, of pumping light is much longer than

Il. EXPERIMENT the nonlinear response time; involved. In the transient

case, i.e.t,<T;, one must use the following equation to

_ obtain a|x®)| value that can be compared with the®®)|
Samples of CuBr nanocrystals embedded in a glass matrig|ye for the cw cas&

were obtained by the double heat-treatment procedure of
borosilicate glasses doped with Cul87 The glasses were nc  a\ Mobs. T1
heat treated at temperatures of 450—600 °C for duration of IxX®|= 3 JT | Bt—- (4)
30 min to several days to obtain CuBr nanocrystals with 32m* (1=T)NT P
various sizes. Samples for optical measurements were prétere 8 is a dimensionless numerical constant, dependent on
pared by polishing to thickness of about 20M. the temporal shape of laser pulse. If the factosdt, /t, is

The mean radii of CuBr nanocrystals were determined bynot taken into accourt.e., Eq.(3)], the estimateg,(®) value
the x-ray diffraction(XRD) method using a synchrotron ra- from the measuredy,,s under the condition of,<T, is

)

A. Preparation of CuBr nanocrystals

0
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FIG. 2. Absorption spectra of CuBr nanocrystals at 77 K. The

FIG. 1. X-ray-diffraction patterns of CuBr nanocrystals embed- " oL - ¢
rtical arrows indicate absorption energies of the lkandZ,

ded in glass for different crystallite radii and an untreated base-glas$§e't
sample. Two vertical arrows indicate the positions of diffraction €XCItONS.

peaks arising from(220) and (311) planes in bulk CuBr with the .
zinc-blende structure. The mean radii obtained by using the Schergzg ':f?e(zozk())za?nnedd(?;j)ii I:?engﬁovv\(/enrienaFnigl.yf.e'(lj'hL:eSLCv% E(g_r)nples
rer formula are shown in the figure. (R=4.2 and 14 nmwere also set to SAXS measurements.
.. The mean radii obtained by the SAXS method turned out to
always smaller than that measured under the cw excitatioBe 4 2 nm and 15 nm, respectively. The radii determined by
condition ¢,>T,). Such a® value can be only referred to poiy methods agree well within the experimental error of
as an effectivee® in the transient regime because it is de- 1o
pendent on the ratid, /t,. We will discuss a formula to Absorption spectra of CuBr nanocrystals with various ra-
estimate dx'®| value for the case where the nonlinear time g are shown in Fig. 2. At the bottom of the figure a spec-
response exhibits a multicomponent decay in Sec. IV.  trym for the bulklike crystal is shown. The vertical arrows
The longitudinal relaxation time af,, excitons was de- indicate theZ,, and Z; exciton absorption peaks from the
termined from the luminescence decay kinetics measured byer-energy side in the bulk CuBr crystal. Both the absorp-
utilizing a picosecond pulse laser and a time-correlatedion hands exhibit a blueshift with decreasing radii. The size-
single photon counting system. The excitation light of 375gependent behaviors of the absorption spectra can be classi-
nm was generated by the sum frequency of L06-funda-  fied into two regimes according t&. In the size range
mental light and 580-nm dye laser output of a synchronously 7<Rr<5.0 nm, both the,, andZ; bands are shifted to the
mode-locked dye laser pumped by a mode-locked Nd:YAGhjgher-energy side by 50— 120 meV with decreasing radii. In
laser (532 nm(where YAG denotes yttrium aluminum gar- the sjze range 590R<39 nm, the absorption band due to
ned. The pulse width and. the repetition rate were about 10 P$ ., excitons splits into two peaks with an energy separation
and 0.8-4 MHz, respectively. The deconvolution of the lu- of apout 25 meV. The center of mass of the band shifts
minescence decay curve with the apparatus response of thgihe higher-energy sides by 23—50 meV upon a decrease of
laser pulse yielded a time resolution of about 20 ps. We usedize The splitting of th&,, band is not due to a size distri-
resonant luminescence measurements to obtain the homogg;iion because we cannot observe any obvious structure in
neous width of th&Z,, exciton band. Resonant Iummescencethez3 band. It may be attributed to the splitting of light- and
was collected and focused onto a double monochromatqqeavy_hde excitons.
with a spectral resolution of 0.4 meV. Figure 3 shows the excitation intensity dependence of dif-
fraction efficiency in DFWM experiments for CuBr nano-
crystals withR=4.0 nm at 77 K.» was measured at the
absorption peak o ;, excitons. The value measured exhibits
Figure 1 shows the XRD patterns of CuBr-doped glasghe square dependence on the excitation intensity as shown
samples after the heat treatment and a base-glass sample the dashed line up to the excitation level of 20 kwWfcm
without the heat treatment. Distinguishable diffraction peaksand starts to deviate from this dependence at higher excita-
that are superimposed on the broad halo pattern due to th®n intensities. In this study the DFWM experiments were
matrix glass are seen at 28.78° and 33.88° for all the heaperformed at a level low enough to show the square depen-
treated samples. Two vertical arrows indicate the diffractiordence that indicates that the third-order nonlinearity is in-
angles from(220) and(311) planes in the CuBr bulk crystal volved.
with the zinc-blende structure. The agreement of the ob- Figure 4 depicts the photon energy dependence of the
served peak positions with that of the bulk crystal is satis-absolute value of(®) measured at 77 K for CuBr nanocrys-
factory, which indicates that CuBr nanocrystals with thetals with various radii. The magnitude ¢f®)| shown by
zinc-blende structure are obtained. The diffraction profilesopen circles is greatly enhanced in the vicinity of the absorp-

lll. RESULTS
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FIG. 3. Excitation intensity dependence of diffraction efficiency crystals at 77 K. The straight line indicates the result of a least-
in DFWM for CuBr nanocrystals witlR=4.0 nm. The dashed line Sduares fit, which is th&" dependence.
indicates the square dependence.

ues upon an increase of the radius and the values range from

tion peaks ofZ;, and Z3 excitons, indicating the resonant 8.0x10 ! to 1.1x10"° esu cm forR=2.7—42 nm. When
enhancement with the confined excitons. Note tydt)| is  we apply a least-squares fit, a size dependencB%fis
shown on a logarithmic scale and the width| gf®)| is con-  obtained. There is, however, a noticeable scattering in the
siderably narrower than the absorption bandwidth. Fodata, which implies that théy®)| is dependent on some
R=25 nm,|x®)| exhibits clearly two maxima, while in the parameters other than the size.
absorption spectrum one peak and a shoulder are seen. TheThe laser spectral width used in this stu@02 meV is
sharp resonant behavior p§®)| is consistent with the fact much narrower than the spectral width of thg, absorption
that the higher-order interaction between light and matter i®and that is inhomogeneously broadened because of the size
involved in the third-order nonlinear process compared to thelistribution. Thus, in our experiments we excite selectively
absorption process. The value |qf(3)| at the resonance of the nanocrystals in which the pumping light is resonant with
Z,, excitons is strongly sample dependent and ranges frorthe Z,, exciton level withI',,. The measured diffraction ef-
8.3x10° 9 esu to 2.6¢10 7 esu for the samples shown in ficiency gives g x(®)| value for the nanocrystals with a cer-
Fig. 4, which implies thaty®)| is size dependent. tain size within the size distribution. In this cabgf, is

In order to obtain the crystallite size dependence of theproportional toal'y,, where N, is the number density of
third-order susceptibility, we must take into account the dif-nanocrystals selectively excited aadis the absorption co-
ference in the number density of nanocrystals contained igfficient at the laser frequenéyTherefore, Eq(1) is rewrit-
the samples under measurements. Since the absorption co&#n as
ficient is proportional to the number of nanocrystals in the
sample, we use a value of®|/« for the comparison be- T,
tween the different sizes. Thedependence d§‘®)|/a mea- Im X(s)/a“fxr—- €
sured at the absorption peakof, excitons is shown in Fig. h

. . ) _ . .
5. The data show a general trend of increasieid|/« val As the |x®)| value at the resonance peak is approximately

equal to Imy®, the observed dependence|gf*)|/a shown

107 —5F & R (nm) in Fig. 5 suggests thaf,(T,/T'y) is dependent on t.he
A o &% 0 samples. Consequently, we further need to measure size de-
10 7~' S pendences of ; andI'}, in order to investigate the origin of
_ 8 the size-dependent behavior |f®)|/ a.
7 10°F < Figure 6 shows the decay curve of the luminescence due
< 7] u to Z4, excitons for the sample witR=4.0 nm at 77 K. As
_ 10 Z i i i
- i Z shown in the inset, the decay curve on the time scale up to
S 10°F @ 500 ns exhibits a multicomponent decay. As there exist a
- 1oL 1 3 size distribution of nanocrystals in the sample, the emission
i o, 32 | @ band consists of contributions from different nanocrystals,
10°F ° o which results in the distribution of decay constants. Assum-

29 30 31 32 33

PHOTON ENERGY (eV)
I(t)=a ex
T1

ing the three exponential decay components
-7 oo =5
+bexpg ——|+cexp ——]|, (6
FIG. 4. Photon energy dependencd pf)| for CuBr nanocrys- T2 T3
tals with different mean radii. Open circles and solid curves illus-
trate| x®| and the absorption spectra, respectively. an effective lifetimeT} is defined as
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FIG. 6. Decay curves of luminescence dueZip excitons in it different radii at 77 K. The uppermost spectrum shows the
CuBr nanocrystals witlR=4.0 nm at 77 K. The solid curve Shows |;minescence spectrum f6t=3.6 nm under the interband excita-
the fitted curve with the three-exponential decay. The inset display§o. The two emission bands are due to excitoBg) (and biexci-

the decay on an extended scale. tons (B), respectively. Open circles indicate Lorentzian fittings.
* _ ar tbr+crg 7) the DFWM experiments. The uppermost spectrum shows the
! a+b+c emission spectrum measured by interband excitation for the

sample withR=3.6 nm. The two emission bands are as-
signed toZ;, excitons E,) and biexcitons B). When we
changed the laser wavelength as indicated by vertical arrows,
N . e observed the considerably narrow luminescence spectrum
b? 2.9 ns, which is dominated by the Iast decay Cfmp"”e” the higher-energy side of excitation energy. The spectral
Figure 7 shows the&k dependence of; at 77 K.Ti de-  ghane in the higher-energy side can be well fitted to the
creases from 2 ns to 30 ps with |[1fgeasm<jpr 2.7—42nm. ) grentzian function and we attribute this spectrum to the
The least-squares fit yields tie * dependence, but the (egonant luminescence from the size-selected nanocrystals
data are scattered around this dependence. As the measuigghin the size distribution. When the inhomogeneous width
decay time is governed by the nonradiative recombinationy mych larger than the homogeneous width, half of the half
process as well as the radiative procégs,depends on the igih at half maximum of the resonant luminescence band
samples. _ _ corresponds td',,. I';, was found to be independent of the
The size dependence of homogeneous width was investisycitation intensity between 10 and 100 kwW/&nin Fig. 8
gated by resonant luminescence spectroscopy. Figure @e widths are 2.5, 3.1, and 4.0 meV f@=3.6, 10, and 39
shows the emission spectra for different radii at 77 K. All thepy, respectively. In order to investigate the mechanism that
spectra were obtained under the same excitation level as Ebtermined“h, we measured resonant luminescence for the
" sample withR=3.6 nm changing temperatures between 8
107 ¢ and 170 K. Asl'}, is proportional to the temperature in the
’ range 8-50 K, I'}, is mainly governed by the accoustic-
phonon scattering via piezoelectric coupling and deformation
potential coupling.
The radius dependence bf, at 77 K is shown in Fig. 9.
I',, is weakly dependent on the radius and exhibits Rfié
dependence. The width varies from 2.5 meV to 4.0 meV
whenR is increased from 2.7 nm to 39 nm. The valued'pf
are in agreement with the results that were obtained from the
resonant luminescence spectrosédpgnd persistent hole-
burning spectroscop$ for CuCl nanocrystals embedded in
NaCl crystals. We have also done persistent hole-burning
experiments at the excitation levels 6f100 kW/cn? and
obtained similar result&’
Now we elucidate the size dependence of the oscillator
strength of the confined,, exciton, using the size depen-

3 .
FIG. 7. Crystallite radius dependence of the effective lifetime d€nces of x®|/a, Ty, and Tf . The size dependence of

T* in CuBr nanocrystals at 77 K. The solid line is the result of a|x®|T'n/aT7 , which is proportional td,, , is plotted in Fig.
least-squares fit indicating tHe™° dependence. 10. In the size range 2FR<42 nm, x®)I',/aT} exhibits

Fitting Eq. (6) to the decay curve in Fig. 6, we obtained 2.0,
30, and 400 ns fory, 75, and 73 and the coefficients, b
andc were 1, 0.02, and 0.001, respectively. turns out to

CuBr 77K

(S)

-
<
0
T

EFFECTIVE LIFETIME T,”
3
s

-

:-
-
=y

10" 102
RADIUS (nm)

-
Q
[=]



9198 YINGLI LI, MASAKI TAKATA, AND ARAO NAKAMURA 57

< 10 R/ag
> [
E
- CuBr 77K 1.
= & 107
T »
£
8 . S
H > L
* [ 2
] L ) L
%’ . . g 10
- 0.1 .
~RY" _ [
© 5 108
[@] -~ E
=
2 = i
1 T g, 0%
1 10 100 = E .
RADIUS (nm) 1 10 100

FIG. 9. Crystallite radius dependence of the homogeneous width RADIUS (nm)

pf theZ,, exciton band in CuBr nanocryst.als at77 K. The solidline g5 10. Crystallite radius dependence|gf3)|Fh/aT’l‘ being
is the result of a least-squares fit that indicatesRé dependence. proportional to the oscillator strength a;, excitons in CuBr
o nanocrystals. The solid line is the result of a least-squares fit that
anR?° dependence, indicating an enhancement of more thaggicates therz° dependence.
two orders of magnitude. This dependence is in good agree-
ment with that observed for CuCl nanocrystals, which isin the DFWM, we can derive g®) value defined for the
R2:117 stationary regime from the measured diffraction efficiency in
the following way. The time-dependent scattering efficiency
V. DISCUSSION g)sztgyzrg]easured in the vicinity of the resonance is expressed
As pointed out in Sec. Il, the DFWM measurements may
give different values of® if the relaxation parameters and (D)= Aa(t)*[aerN(D], (8)
the pulse width used in the experiment are not properly takewhereA« ando.¢; are the change of the absorption coeffi-
into account. We first discuss third-order susceptibilities incient and the nonlinear absorption cross section, respectively,
the case of the multiexponential time response before arguandN(t) is the time-dependent carrier density. We use three
ing the size dependence of the oscillator strength. As théecay components to describgt) since the luminescence
laser pulse width used in our DFWM measurements is 20 nsjecay exhibits three-component decay behavior. By integrat-
the slow component&he 30-ns and 400-ns components  ing the transient diffraction efficiency given by E@®), we
the decay curve foR=4.0 nm(Fig. 6) do not satisfy the cw have the following equation, which relates the observed dif-
excitation condition, i.e.75, 73>t fraction efficiencyn,ys to the diffraction efficiencyy, in the
When both transient and stationary processes are involvestationary regime:

€)

70 1 (t t aexg—(t—t")/r]+bexgd—(t—t")/m]+c exd —(t—t')/r3])?
Nobs= dt fdt'
0

(TI)ZQ 0 at+b+c '

where the incident laser pulse is assumed to be a rectangulaatensity) of 400 ps(1) and 1000 pg0.01) and the effective
pulse with temporal duration df,. The first integral ort’ lifetime T7 is 406 ps. The diffraction efficiency),s mea-
from O tot describes the increase df(t) and the second sured using the 7-ps pulse laser iS>5320_9., which is much
integral ont from 0 tot, accounts for the accumulation of smaller thany,s=2.3x10"°> measured using the 7-ns pulse
diffraction signal detected within the laser pulse durationlaser at the same excitation level of 10 kw/nif we use
The coefficientsa, b, andc are the same as those used in Eq.Ed. (3), the value of 7, yields 2.3x10°8 esu for|xtY],
(6). Using Egs.(3) and(9), we can obtain thg(® value in  while the value ofy,s yields 1.5<10™© esu for| x'2|. How-
the stationary regime. ever, using Eg93) and(9), we obtain|)(f)3s |=2.3x10"® esu
The transformation of an effective® to a stationarg(®  for 7,s. This value is in good agreement with thf?) value
based on Eqg3) and(9) was experimentally confirmed us- measured in the stationary regime within a factor 1.5. If we
ing CdS;Se _, nanocrystals in glass for which measure- put directly ,s and T =406 ps into Eq(4), we can get the
ments were done in the visible light regidhThe transient same value. Therefore, we can derive a stationdtyvalue
DFWM signal measured by the three-beam boxcar configuthat characterizes nonlinear properties of materials using
ration using a picosecond laser with a duration of 7 ps exEqgs.(3) and(9) even if there exists a multicomponent decay
hibits a two-component decay with time constafrdative  in the nonlinear time response. It is worthwhile to point out
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that when we use a standard reference sample such gs C®onstant. Takinge;=2.981 eV andl',=4.0 meV, the re-
response times of both the reference sample and the samghactive index near the resonance is calculated to be 4.03,
in the study must be much shorter than the pulse widttwhich yields \,,~100 nm. The largest size of the CuBr
used! Only when the stationary grating in the DFWM con- nanocrystal in this study is still smaller than the limit where
figuration is generated for both of the samples do the meahe long-wavelength approximation fails to hold. The nonlo-
sured diffraction efficiencies yield the stationgy$?) values. cal effects might be important in the size ranBe=100
The|x®)| values measured in this study were all calculatechm
using Eq.(3) and were then compared with those calculated The magnitude of the giant oscillator strength is compared
using Egs.(3) and (9). However, the discrepancy was very to that of the oscillator strength of bulk excitons. The value
small and the contribution of the slow components wasof f, is estimated usirg
found to be negligible. For example, in CuBr nanocrystals
with R=4.0 nm, the decay kinetics is decomposed into three 3)_ ; e \?2 aTy
components and the slowest one is even longer than the Im x'¥=1.3x10"% (n2+2)2]\ 2mow “T, "
pulse duration of 20 ns as shown in Fig. 6. The contributions (10)
of 74, 7,, and 73 components estimated by using E§)
were 91.3%, 8.2%, and 0.5%, respectively, and the sloweskaking the value of 1.210 * esu eV cm/s agy®|T'y /o T}
component ofr; was negligible. for R=2.7 nm and 8.3 10 2 esu eV cm/s foR=42 nm, we
We now discuss the size dependence of the oscillatogstimate 0.036 and 24, respectively. Comparing to the oscil-
strength derived from measurements|gf®)|, T*, andI',  lator strength per unit cell in the bulk CuBr, which is
assuming the two-level system. As shown in Fig. 10, it is off z1.2=0.014, the enhancement factigy/ f 71, turns out to be
interest to note that the size-dependent enhancemefy of 1.7X10° for R=42 nm, which is of the same order of mag-
per nanocrystal does not saturate up to the largest size ®ftude as that for CuCl nanocrystafs.
R~34ag studied here. This behavior is different from that  Finally, we discuss the size dependence@? in nanoc-
observed in CuCl nanocrystals, where the decrease of oscilystals and quantum-welQW) structures. For simplicity, let
lator strength is clearly observed for sizes larger than 5.®'s consider the case of the constant volume fractioof
nm” In CuCl nanocrystals, the saturation of the size enanocrystals in glass, i.eN=3r/47R3 in Eq. (1), and as-
hancement was argued in terms of the followingsume thatT, and I, are size independent. In the weak-
mechanism$! First, the energy splitting of the confined lev- confinement regimeR/ag>1) the observed dependence of
els in large nanocrystals becomes smaller and higher corfx is R?°, whereas the theoretical dependenc&isfor the
fined levels are thermally excited. The thermal enekgy  infinite potentia!* Therefore,y®) exhibits the size depen-
corresponds to the confinement enengy for the nanocrys- dence ofR* and R® for f,«R? and R®, respectively. This
tals for which f, has a maximum value. The oscillator enhancement gf®) with increasingdimension in the weak-
strength is then redistributed among the thermally activatedonfinement regime essentially originates from the size-
sublevels, which leads to the decreasd pflefined for the dependent enhancement of oscillator strength per nanocrys-
two-level system. Second, when the longitudinal-transverséal, which results from the coherent superposition of the
splitting A+ becomes comparable to the confinement endipole moment within the envelope function of exciton. In
ergy, the giant-oscillator-strength effect disappears. The urthe strong-confinement regimeRfag<1), on the other
saturated behavior df, observed in CuBr nanocrystals may hand, f, is approximately independent &.° Then Eq.(1)
be explained by both of the mechanisms because both cogives theR™ 2 dependence of®). The enhancement of non-
ditions AE (=21 meV) >kgT (6.7 meV for 77 K and linearity with decreasingsize in the strong-confinement re-
AE (=21 meV)>A 7 (12.5 meV are satisfied for all the gime results from the increase of nanocrystal density under
samples studied here. If we consider fhgvalence band of the condition of the constant volume fraction. This enhance-
CuBr consisting of the light and heavy hole, the multicom-ment can be compared to the well-width dependent enhance-
ponent exciton state may be responsible for the unsaturatedent of Y3 in QW structures. In typical QW structures of
behavior. Nair and Takagahara took into account a twoill-V semiconductors, the well width, is smaller thanag
exciton statebiexciton) that has a giant oscillator strength in and the exciton oscillator strenggier unit surfacds propor-
large CuCl quantum dof€. A pronounced cancellation of tional to 1/77a§. In the exact two-dimensional limit, the Bohr
contributions tox® occurs between the two-exciton state radius is reduced t@g/43* The theoretical calculation of
and the lowest exciton state, which results in the saturatioR(®) shows thelz‘l dependence if we ignore the well-width
behavior in CuCl nanocrystals. On the other hand, such @ependence of; andT'},.>® Therefore, the nonlinearity in
cancellation may be complicated in CuBr nanocrystals probQw structures is enhanced witecreasing dimension,
ably due to the multicomponent nature of the lowest Z which is in contrast to the case of nanocrystals in the weak-
excitons and the corresponding two-exciton stateghis is  confinement regime.
still an open question to be answered; further study is going

on using nanocrystals consisting of the solid solution of V. CONCLUSION
CuBr and CuCl in which the band structure changes with '
composition. We have investigated the size-dependent optical nonlin-

It is worth noting that the nonlocal effect does not work in earity in CuBr nanocrystals over the wide range of sizes by
the crystallite sizes studied here. The light wavelength means of DFWM, luminescence lifetime, and resonant lumi-
near the resonance df;, excitons in the 40-nm nanocrystal nescence experiments. The measurements of the dispersion
is estimated from the dispersion relation of the dielectricof | x(®)| reveal that the nonlinearity is governed by resonant
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enhancement of confined excitons. The figure of merity(® by the formula that takes into account the transiently
[x®)|/« at the resonance with;, excitons exhibits the size- generated nonlinear grating in the sample. To characterize
dependent enhancement. The measured lifetime and homthe third-order nonlinearity of nonlinear materials, it is better
geneous width show the size dependenceRdf° andR%%,  to use a stationary(® that is independent of the experimen-
respectively. The size dependence of the oscillator strengttal parameters.
of Z,, excitons was derived from the measured relaxation

parameters. An unambiguous size enhancement of the oscil-

lator strength per nanocrystal was elucidated in CuBr nano-
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tor strength exhibits the enhancement by the factor of 2.6 t@lass Co., Ltd. for preparing CuBr-doped glasses and N.
1.7x 10% depending on the crystallite radius from 2.7 nm to Sakabe, A. Nakagawa, N. Watanabe, S. Adachi, and S. lke-
42 nm. The size dependence of oscillator strength does netizu for their experimental help at Photon Factory. The au-
exhibit the saturation behavior for the larger sizes, which ighors are also grateful to M. Sakata, T. Takagahara, T. Tok-
unlike the case of CuCl nanocrystals. This result suggests anaki, and M. Ichida for helpful discussions. Y.L. thanks
important role of the valence-band structure in the sizeAichi Science & Technology Foundation for financial sup-
dependent enhancement of nonlinear polarization in the res@ort. This work was supported by a Grant-in-Aid for Scien-
nant regime. We have also pointed out that DFWM measuretific Research from the Ministry of Education, Science and
ments in the transient regime yield an effect/@, whichis  Culture of Japan, the New Energy and Industrial Technology
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