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Absiract

The dependence on surface environment of laser-induced Juminescence and the nonlinear optical yesponse of Fe,O5
microcrystallites is studied. The luminescence is decreased, the third-order susceptibility enhanced, the excited state
relaxation time is decreased and the reverse saturable absorption enhanced. These phenomena are analyzed in terms of

the surface effect.

1. Introduction

The ‘size dependence of the nonlinear optical
properties of microcrystallites {MC) has attracted
considerable attention recently. For MC in such
a small regime, a large percentage of atoms is on or
near the surface [1]. By modifying this interface by
coating the surface with a layer of organic molecu-
lar, dodecyl benzene sulfonic acid sodium salt
{D3BS3), we find that we can alter the optical proper-
ties greatly. With Fe,O; as example, the laser-in-
duced luminescence intensity decreases by 2 orders
of magnitude; the reverse saturable absorption s
enhanced; the third-order susceptibility is increased
by 2 orders of magnitude and the excited state
relaxation time is decreased greatly in a coated
Fe,0y MC. We will clarify in this paper how
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strongly the nonlinear optical response'is modified
when the surface 15 coated with a layer of organic

_molecules,

2. Surface offect on hmninescence and excited state
relaxation

2.1, Experimental results

To investigate the luminescence of naked and
coated Fe,0; MC, we use 488nm Ar® laser for’
excitation, Figures 1 and 2 show the luminescence
of naked and coated Fe,0, MC with radius of
10nm. It shows that coating with a layer of DBS
decreases the fuminescence by 2 orders of magnitude,

To further investigate the optical process of the
naked and coated Fe,(y MC, the excited state
relaxation time is measured as 9 ps for naked and as
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Fig. 1. Lasersinduced Tuminescence of naked Fe;Os miCro-
crystaliites.
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Fig 2. Lascr-induced luminescence of coated 2,0, micro-
crystailites.

less than 70fs for coated Fe.Oy MO, using time-

delayed four wave mixing with incoherent light.
The surface state relaxation time of naked and
coated Fe,0, MC is measured in the nanasecond
regime using the pump-probe technigue with
a mode-locked 514.5nm Ar® laser, with a pulse
width of 200 ps and repetition rate of 82 MHz.

2.2 Discussion -

We will discuss how the luminescence infensity
and the excited state relaxation time depend upon
the surface environment. The excitons are some-
times trapped at defects on the interface between

the MC and the surrounding medium, When the
Fe,Oy MC is coated with a layer of organic mol-
acules, the molscules could coordinate with the
Fed", forming a strong coordinate bond. Hence
elecironic processes can be greatly changed under
the strong interaction of the polar field. For mater-
ials in the napometer regime, the excited statc relax-
ation time is mainly determined by the creation and
subsequent scattering at the surface of the exciion,
and can be described by [2]

T RE/PD, {!

where R is the radius of the Fe,O, MCand D is the
scattering rate. For naked Fz,05 MC, R~ 10nm.
B~ 100cm?/s, 7~ 7ps, agreement with our ex-
perimental results. For coated FesO; MO, the ex-
citon is scattered and trapped at the surface very
rapidly by the large polar field of the surface coor-
dinate band, so that nonradiative relaxation is
enormously enhanced. This is the reason why the
excited state relaxation time decreases greatly, ac-
companied by a reduction in fuminescence.

3. Surface enhancernént of ¥
3.1, Theoretical analysis of ¥

The model of our electronic system to be con-
sidered is as follows: a ground state g, a single-
exciton state n, and a two-exciton state m. The
exciton i i can relax nosradiatively into the trap-
ped state T under the influence of the surface. The
trapped electron in T is connected te the higher
excited surface state M by a one-photon transition.
Effects of the surface and phonon field are taken
into agcount by longitudinal and transverse reiax-
ation rates. The density matrix p{r} of the-electronic
system obeys the following-equation of motion {3}

s 4 e
Opft = = [Ho + H', plo)] 16p/e0] (2}

deelan”

where H, denotes the Hamiltonian of the electronic
system and ' describes the interaction between the
external field and the electronic dipole moment.
Expanding 1o third order in H' under the rotating
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wave approximation, we have the third-order

optical susceptibility with a number density
N, as

A0, ~ 00

H
iR — o+ M -o-—il

- N,:Pd"{

1
TR -0+ iF)Q - 0 — iR - oo™ il - 2}')}}

x{Z(y+}') Q- w—1il) }’ o)

? (@ o™ +il)
e, -9,
_ NPT, qT
TR -+ DR - - i)
NPl P P T r T
Wl (2 — o) + T2 ~ oyr + i)

' ()
Here I" = y + ' is the transverse relaxation rate, ¥
the phase relaxation rate, 2y the decay rate of the
exciton, I,y and I'r.., the longitudinal decay rates

from n to T and from T to g, respectively, 'y and
Pyr the transverse relaxation rate and the dipole

“moment between T and M, respectively. P, is

the mesoscopic dipole moment as described in
[4). hw'™ denotes the interaction energy of
two excitons. Equation (3) and {4) describe the
contributions of the exciton and of the surface,
respectively.

3.2, Results and discussion

The absolute value of ¥ is found to be
~ 10~ " esu for naked and ~ 1077 esu for coated
Fe,0; MC by DFWM using a Q-switched YAG
laser with frequency doubled 10 ns pulses. Thus the
third-order susceptibility is increased by 2 orders of
magnitude when coated with a layer of organic
molecules. As far as the exciton is considered as an
ideal boson, it cannot contribute to the nonlinear
optical response. Here, however, three factors make
the excitons in MC deviate from an ideal boson: (1)
two excitons interact with each other through the

repulsive interaction ko™, (2) the longitudinal
decay rate of the exciton 2v, and {3) the transverse
decay rate I' = y -+ 7 with the pure phase constant
¥'. In our case, mesoscopic excitonic enhancement
contributes little to the enhancement of ¥**’, and the
main contribution arises from the effect of the sur-
face. In some cases, the trapped electron has a long
decay time. While the electron is in the trapped
state, this electron is missing from the ground state
and the trapped clectron is polarizable torthe high-
er excited surface states. Both of these processes
contribute to the third-order optical susceptibility
and enhance it by the factor I' /Iy, as de-
scribed by the first and second terms of Eq. (4}, We
find that the nonradiative relaxation time is on the
order of several picoseconds for naked Fe, 0O, MC,
on the order of several tens of femtoseconds for
coated ones, and the trapped state relaxation time
is on the order of nanosecond. If these estimates are
correct, ¥ should be enhanced by a factor of
I'yt/Fp.y ~ 10? for naked Fe,0; MCand ~ 10°
for coated ones: i.e. by 2 orders of magnitude when
coated, as observed. These results show that the
enhancement mainly arises from the contribution
of the surface state, We see that the experimental

. results are nearly in agreement with the theory.
Note that the imaginary part of the second term

of Eq. {(4) has a sign opposite to that of the
first term, implying reverse saturable absorption.
For coated Fe,0; MC, more electrons are trap-
ped at the coated surface, and the trapped elec-
trons transit into the higher excited surface state -
under excitation, which resvlts in enhanced
feverse saturable absorption, in agreement with our
experiment.

4, Conclusions

We have studied the dependence on surface envi-
ronment of the laser-induced luminescence and the
nonlinear optical responses of Fe, O3 microcrystai-
lites. We find that when the Fe, 0O, MC are coated
with a laver of polar organic molecules, laser-

" induced lyminescence is decreased, third-order

susceptibility enhanced, excited state relaxation
time is decreased, and reverse saturable absorption .
is enhanced. These results clearly demonstrate the




surface enhancement of the nonlinear optical re-
sponse of Fez0, MC.
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