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Nonlinear absorption of transparent glass ceramics containing sodium niobate nanocrystals
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We report on the nonlinear (NL) optical absorption of glass ceramics containing sodium niobate (NaNbO3)
nanocrystals measured with nanosecond lasers. The NL absorption behavior, associated with samples with
different volume fractions occupied by the NaNbOj; nanocrystals, was studied using lasers operating at 532,
580, and 610 nm. The intensity response of the samples was understood taking into account the contributions
of two-photon absorption (TPA) and excited state absorption (ESA) due to free carriers and electron trapping
states. Values for the TPA coefficients and the ESA cross sections were obtained for different samples and

excitation wavelengths.
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I. INTRODUCTION

Glass ceramics (GCs) are glasses containing nanometer to
micrometer sized crystalline inclusions. The optical proper-
ties of GCs containing ferroelectric nanocrystals were first
studied at the beginning of the 1970s,! when it was shown
that they were different from those of bulky materials, de-
pending strongly on the nanocrystals’ dimensions and the
volume fraction of the sample occupied by them, the so-
called filling fraction f. Presently, it is known that to obtain a
highly transparent GC, the inclusions must have dimensions
much smaller than the wavelength of light. Also important is
the refractive index mismatch An between the host and the
nanocrystals. Large values of An contribute to increase the
nonlinearity of the GC, but the light scattering cross sections
of the grains increase and the light throughput of the samples
is reduced. Thus, the selection of materials to be used as host
and inclusions is always a challenge.'-

Among the GCs already known, the ones based on alkali
metal niobates are of particular interest because they present
characteristics appropriate for photonic applications, such as
photorefractivity and large second-order nonlinearity when
electric poled.* However, in general, materials preparation
methods lead to poor compositional homogeneity that makes
controlling the performance of these materials difficult. For
instance, reports on the preparation and optical properties of
GC containing sodium niobate nanocrystals (GC-SNN) are
in small number because the traditional methods of prepara-
tion lead to a poor homogeneity of the samples.

Recently, new methods were developed and samples of
good optical quality, containing nanocrystals with size of
~10 nm, were obtained.? In the last years, the nonlinear
(NL) optical properties of GC-SNN and their dependence on
the SNN filling fraction were studied. The optical limiting
behaviors due to two-photon absorption (TPA) at 532 nm
and three-photon absorption at 1064 nm were investigated
when exciting the samples with 10 and 15 ns laser pulses,
respectively.’ Z-scan measurements® were performed to de-
termine the SNN influence on the NL refractive index n, and
the TPA coefficient @, of the GC-SNN using 70 ps laser
pulses at 532 nm.”® In another work, the GC-SNN nonlin-
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earity was measured at 800 nm using 100 fs laser pulses and
revealed its ultrafast response.’ Explanations for the depen-
dence of n, and @, on the excitation wavelength and on the
SNN filling fraction were given, and the prospects for using
the studied samples in photonic devices were presented in
Ref. 8. Optical waveguides were also prepared and charac-
terized for integrated optics applications.'® More recently,
incoherent second harmonic generation was studied via
hyper-Rayleigh scattering from GC-SNN allowing the mea-
surement of the hyperpolarizability per nanocrystal.!!

In the present work, we report on NL absorption measure-
ments for excitation at different wavelengths in the visible
range. The experiments, performed with samples having dif-
ferent filling fractions, allowed the determination of the TPA
coefficient and the excited state absorption (ESA) cross sec-
tion for excitation with nanosecond lasers operating at wave-
lengths in the transparency region of samples.

II. EXPERIMENTAL DETAILS

The samples studied were based on the following
glass composition in mol %: 35Si0,-31Nb,05-19Na,0-
11K,0-2CdO-2B,05. The synthesis’ procedure was the
same as described in Ref. 3: the glass (180 g) was synthe-
sized at 1450 °C with stirring for 2 h in a platinum crucible.
In the batch preparation, only chemically pure and high-
purity grade reagents were used. The melt was poured onto a
preheated brass plate, and the resultant glass was annealed
for 2 h at the temperature corresponding to the glass viscos-
ity equal to 10'2 Pas (~575 °C). After being prepared, the
samples are submitted to a heat treatment at 610 °C to
achieve the nucleation of SNN with dimensions of =10 nm,
as determined by small-angle x-ray scattering measurements.
In this treatment, crucibles with the samples were placed in
preliminary heated furnace; according to our estimations, the
samples reached the fixed temperature (610 °C) in 3—5 min.
Varying the duration of the treatment provided different vol-
ume fractions f of the SNN. After the processing, the
samples were removed from the furnace and from the cru-
cible and cooled in air. The growth of nanocrystals occurs at

©2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.76.134207

OLIVEIRA et al.

PHYSICAL REVIEW B 76, 134207 (2007)

TABLE I. Parameters of the samples: ¢ is the heat-treatment time and ¢ is the extinction coefficient. The
reflectivity R was calculated using the measured values of the linear refractive index, considering normal
incidence. E| is the energy gap of the samples. The large values of a; for samples C and D are due to light

scattering by clusters of nanocrystals (Ref. 8).

ag (em™)
t Filling E,
Sample (h) fraction (f) 532 nm 580 nm 610 nm R (eV)
A 2 0.00 0.41 0.21 0.14 0.092 3.6
B 8 0.03 0.40 0.31 0.21 0.092 3.5
C 16 0.08 1.15 0.70 0.54 0.095 3.3
D 33 0.19 1.99 1.28 1.02 0.100 32
E 69 0.36 0.46 0.28 0.22 0.106 32
G 141 0.37 0.17 0.11 0.07 0.107 3.2
H 206 0.37 0.17 0.11 0.07 0.108 3.2
25
532 nm B

temperatures above ~580 °C, and the formation of the SNN
practically coincides with the thermal treatment time.
Samples with different values of f as shown in Table I were
obtained. The f values were found using the known density
of sodium niobate crystal and densitometry data of the initial
glasses, formed glass ceramics, and especially melted set of
glasses with deficit of both sodium and niobium oxides. This
allowed the estimation of the density of the glass part of
glass ceramics after the growth of SNN.? The accuracy of the
filling fraction estimation is the same as the accuracy of den-
sity measurements, i.e., ~0.5% assuming that the volume
fraction of SNN-glass interfacial layer is low in comparison
with the volume of the nanocrystal.

The NL measurements were performed using the second
harmonic of a Q-switched Nd:YAG (yttrium aluminum gar-
net) laser (532 nm, 7 ns, and 5 Hz) and dye lasers, pumped
by the 532 nm beam, emitting linearly polarized light in the
range 570—630 nm. To control the optical power incident on
the sample, the laser beam was made to pass through a half-
wave plate combined with a polarizer. Then, a lens (focal
length of 10 cm) focused the beam on the sample, which was
positioned at the place of smaller beam-waist size, as deter-
mined using the knife-edge technique.'> Two large area pho-
todiodes were calibrated to measure independently the inci-
dent power on the sample and the transmitted intensity. Care
was taken to collect all transmitted light to avoid errors in the
NL measurements. The electronic signal was recorded using
a digital oscilloscope, a boxcar, and a computer.

III. RESULTS AND DISCUSSION

The optical absorption spectra of the samples were shown
in the previous publications.” They exhibit a large transpar-
ency window from the near infrared to the visible, and the
onset of absorption lies in the blue-green region. The optical
gap for each sample is given in Table I.

The results obtained in the NL measurements are shown
in Figs. 1(a)-1(c), corresponding to excitation wavelengths
of 532 nm (for samples B, C, D, and G) and 580 and 610 nm
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FIG. 1. (Color online) Transmitted intensity as a function of the
incident intensity for glass-ceramic samples containing sodium nio-
bate nanocrystals with different filling fractions. Excitation wave-
lengths: (a) 532 nm, (b) 580 nm, and (c) 610 nm. The symbols
correspond to experimental data. The solid lines represent a theo-
retical fit of Eq. (3) to the data.
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FIG. 2. (Color online) Comparison between the results obtained
in the present experiments with the theoretical curves corresponding
to Eq. (3) assuming «, values obtained with 80-ps-long excitation
pulses (Ref. 8).

(for samples A, C, D, and H), respectively. The points illus-
trate the behavior of the transmitted intensity as a function of
the laser intensity with an estimated error of 15% in the
intensity measurements. The behavior of the other samples is
analogous. The NL absorption increases for increasing val-
ues of f, but the NL behavior is less pronounced for wave-
lengths that are more detuned from the samples’ band gap.
Because 610 nm corresponds to photons with larger detuning
with respect to the samples’ band gap, the results of Fig. 1(c)
were obtained with larger laser intensities than Figs. 1(a) and
1(b). For a given excitation wavelength, the magnitude of the
NL absorption is larger for larger SNN filling fractions. The
solid lines in the figures are obtained using a model de-
scribed below.

The results could not be fitted considering only the TPA
process. For increasing laser intensities, the data deviate
from the usual quadratic dependence observed when pure
TPA is present. This is demonstrated in Fig. 2, which shows
the theoretical curves corresponding to a, values obtained
with 80-ps-long excitation pulses® assuming that TPA is the
dominant process. The points are the results obtained in the
present experiments. It is clear that an extra NL absorption
contribution related to the nanocrystals is present. When ex-
citing the samples with nanosecond pulses, the NL absorp-
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tion can be influenced by TPA as well as by the free carriers
generated in the TPA process and electrons trapped in local-
ized states due to defects in the SNN interfaces. The contri-
bution of both types of excited states was previously studied
in semiconductors'® and in glasses doped with semiconduc-
tor nanocrystals."*"” In GC with alkali metal niobate nano-
crystals, it has never been reported. For smaller pulse widths,
as in Refs. 8 and 9, the contribution of the bound electrons
was dominant.

The ESA contribution depends on the laser fluence as well
as on the laser intensity, whereas the bound electronic non-
linearity depends only on the intensity. The magnitude of the
TPA coefficient a, and the ESA cross section opg, were
determined for each sample and for each excitation wave-
length by analyzing the light attenuation through the samples
that is described by

T - PO - oI, (D)
where I(z) is the light intensity along the propagation direc-
tion z and « is the extinction coefficient. The term —a,*(z)
is due to the TPA process. The last term represents the
ESA contribution, with N being the photogenerated carrier
density governed by the equation dN/dt=ayl(z)/hw
+[ayl(z)/2hw]I(z). For a Gaussian laser pulse represented
by the expression 1(z,1)=1(z)exp(~1>/7*), where 7is the laser
pulse  duration, one obtains N=(ayrV7/hw)l(z)
+\s“m(a27'/2hw)12(z). When inserted in Eq. (1), this leads
to

diz_(;) == Lag+(ar + ) + ()2, )

where 6=\'m(ayropgu/fiw) and y=\m/2(y o5/ 2hw).
Thus, an effective intensity dependent NL absorption coeffi-
cient can be defined as a‘i’ff (D=(ay+ )+l

As shown in the Appendix, integrating Eq. (2) and taking
into account the sample reflectivity R in each of its faces, one

obtains a relation between the intensity transmitted through
the sample and the incident intensity given by

(=R Ipe™*Mag+ (ay + Oy + VI, T [y + (e + §)Io(1 = R) + v1,°(1 = R)’T*

I=

— — A ’ (3)
( VA + (ay+ 8) + 29I VA — (ay + 8) = 2yIo(1 = R) )<“z+5>’2‘A

\*’Z— (ay+ 8) =291, \/K+ (ap+ 8) +2yIy(1 = R)

where 1,=1(z=0) and A=(a,+ 8)*~4a,7y. We notice that Eq.
(2) was considered to describe the NL absorption in chalco-
genide glasses,”” where a quasianalytical solution was given.
However, the result presented in Eq. (3) is more general,
being valid for arbitrary values of I, and having the result
presented in Ref. 20 as a limiting case.

Equation (3) has two independent parameters, @, and
Ogsa, that can be found using a NL curve fitting procedure to
obtain the best agreement with the experimental data. How-
ever, the values of a, at 532 nm, shown in Table II, were
previously measured using the Z-scan technique in the pico-
second regime.® Considering that in the picosecond experi-
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TABLE II. Nonlinear parameters obtained by fitting Eq. (3) to
the experimental data (estimated error: 15%). The values for a, at
532 nm were previously reported for 80 ps pulses Ref. 8.

a, (cm/GW) opsa (X10712 cm?)

532 580 610 532 580 610
Sample nm nm nm nm nm nm
A 0.54 0.21 0.14 — 0.33 0.32
B 0.55 — — 9.80 — —
C 0.60 0.40 0.17 2.98 2.37 0.85
D 0.70 0.58 0.20 0.27 13.8 1.35
E 0.88 0.84 0.29 — 2.19 1.00
G 0.90 — — 28.1 — —
H 0.90 0.86 0.30 — 4.93 1.02

ments there was no contribution of ESA, those values were
used in the analysis of the present experiment to obtain the
value for oggy at 532 nm. Then, the value of ogg, obtained
for 532 nm was used as the starting value in the fitting pro-
cedure to determine the NL parameters at 580 and 610 nm.
The solid lines in Figs. 1(a)-1(c) represent the solution of
Eq. (3) with the best-fit values obtained using the MATH-
CAD® software. The NL parameters obtained are summa-
rized in Table II. We note that «, for each wavelength grows
for increasing f values. As shown in Ref. 8, the behavior of
a, with f can be predicted using the generalized NL
Maxwell-Garnet model.?! According to this model, the
samples are considered as containing spherical inclusions
dispersed in a uniform host with an effective dielectric func-
tion given by

3
seff= 8h|:1+ Bf :|, (4)
1-Bf
where (3 is given by
Ei~ &
=4t 5
gi+2¢, ®)

with g; and g, being the linear dielectric functions of the
NaNbOj; nanocrystals and the host medium, respectively. In
the NL regime, the Maxwell-Garnet model predicts that the
effective third-order susceptibility is given by

o XD+ AC- X =428 + 28 +9BY)/5]}

Xetr = (1-Bp° @
with
P
T+ el 7

where Im ¢; and Im g, were neglected. Xf,s) and X§13) are the
NL susceptibilities of the inclusions and host medium, re-
spectively. The TPA coefficient is determined by a,
=Bw/2cny) Im XS’;
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FIG. 3. (Color online) Two-photon absorption coefficients a,
(given in Table II) for different excitation wavelengths: 532 nm
(triangles), 580 nm (squares), and 610 nm (circles). The results fol-
low a linear dependence with f.

Figure 3 shows that the «, values, given in Table II, are
linearly dependent on f, as predicted by the Maxwell-Garnet
model.® The larger derivative of «, in relation to f for exci-
tation at 580 nm indicates a possible two-photon resonance
with states due to defects. We recall that the presence of
excited states due to defects localized on the nanocrystals
and/or their boundaries, in the 4 eV region, was recently
reported for NaNbOjs films.??

The dependence of opgy on f and the light wavelength
cannot be predicted a priori because the concentration of
surface defects and the number density of electrons trapped
in the defects are unknown. Furthermore, accidental reso-
nances of the light frequency with excited states may occur.
This is clearly illustrated in Table II, which shows a large
dispersion in the oggy values (0.27 < oggy <28.1).

In summary, in this work, the dispersion of the NL ab-
sorption in glass ceramics containing sodium niobate nano-
crystals (with different filling fractions up to =40%) was
studied in the nanosecond regime. The NL absorption pro-
cess was investigated at the excitation wavelengths of 532,
580, and 610 nm. The results show that the nanocrystals play
a prior role in the magnitude of «, and, consequently, in the
behavior of the sample face to TPA. A solution for the laser
beam propagation equation, considering the contributions of
TPA and ESA, was obtained. Only by considering the ESA
term was it possible to get good fits to the experimental
results, showing the importance of this process when excit-
ing the samples with nanosecond pulses.
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APPENDIX
In the presence of significant TPA in a material, excited

state absorption (ESA) can ensue from the two-photon
pumped state. Thus, the attenuation equation for a beam
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propagating through a material is given by Eq. (2) that in-
cludes TPA and ESA contributions. In order to integrate Eq.
(2), let us define some parameters:

P=a+bx+cx?,

a=ay, b=ay+6, c=vy, x=1. (A1)

The introduction of Egs. (Al) in Eq. (2) for a,b,c>0 and
for a sample of length L leads to

Ioe_aoL[ao +(ay+ O + y[L2]+0'5[a'0 +(ay+ 9y + 7102]_0.5
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I f’L dx { 1 1 <x2> b . h<b+2cx)]’L
-L= —=|—1In| — |+ —F=arc ,
w*P [2a \P) ala "\ 2 Iy

(A2)

with A defined as in Sec. Il and I; =I(z=L). The solution for
this integral is given in Ref. 23. After algebraic manipulation
of Eq. (A2), we obtain

(A3)

L= — ~ A
( VA + (ay + 8) + 29I VA = (an + 6) — 2y10)(“2+5)/2‘A

VA - (ap+ 6) — 29I, VA + (ay + O) + 29I,

which relates I(z=L) with the incident intensity I,.
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