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We report measurements of the nonlinear refractive index, n,, and the nonlinear absorption
coefficient, a,, of Pb(PO3),—WO; glasses. The measurements were performed using 100 fs (17 ps)
laser pulses at 800 nm (1064 nm). Positive values of 1n,~ 107" m?/W and negligible o, were
measured. The results show that the nonlinearity is faster than 100 fs and it is observed an increase
of n, with the increasing of the WO; amount in the samples. The Boling, Glass, and Owyoung
model, based on the semiclassical harmonic oscillator model, was used to predict the values of n,,
with basis on the values of the linear refractive index of the samples. © 2010 American Institute of

Physics. [doi:10.1063/1.3514570]

I. INTRODUCTION

Presently the search of photonic materials to be used in
devices for the near-infrared is very intense and, as a conse-
quence, a large number of promising materials are emerging.
In general, considering the different applications in photon-
ics, these studies are focused on the development of materi-
als for integrated optics with basis on semiconductors and
dielectrics. Although, in terms of optical properties, we can
find similarities between semiconductor waveguides and op-
tical glass fibers requirements, in terms of material process-
ing and manufacturing the requirements are very different.
While for semiconductor integrated optics one looks for
CMOS compatible materials, with fabrication based on mi-
croelectronics processing techniques, the development of
materials for optical fibers requires the fabrication of bulk
glasses with good thermal and mechanical properties.
Among the different promising candidates for integrated
photonics, silicon nitride,"* and Hydex® doped silica films™*
are receiving a special attention due to its high nonlinear
(NL) refractive index, negligible NL absorption, and fully
CMOS compatibility. On the other hand, considering the
glass development studies, a large effort is dedicated to the
characterization of different families of chalcogenide glasses
that also present large NL refractive index, n,, and small
two-photon absorption coefficient, a2.5_9 Unfortunately, most
of chalcogenide glasses that have large n,, present poor
figure-of-merit for all-optical switching, n,/Aa,. Although
these glasses have been largely studied, their preparation is
not easy and samples with good optical quality are not easy
to obtain. Other problems of using chalcogenide glasses are
their photosensitivity to light, low hardness, and high ther-
mal expansion coefficients that may reduce their perfor-
mance in devices.

Other glassy families that present large nonlinearity in
the infrared are the oxide glasses based on antimony,lo’11
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tungsten,u_14 and transition metals. For example, anti-

mony glasses may present n,~10"" m*/W and a,
~0.55 cm/GW at telecom wavelengths.11 The tungsten
based glasses and some transition metal oxide glasses
present similar parameters in the near infrared. However, the
absolute values of n, for most of these glasses are smaller
than the values known for some chalcogenide glasses. There-
fore the search for glasses that present large n, and small a,
in the near-infrared is still active.

Recently we demonstrated improvement in the near-
infrared NL response of tungstate glasses adding bismuth
oxide to their composition.13 Glasses containing NaPOj,
WO; and Bi,0; were characterized in the near-infrared and
present NL parameters comparable to the ones of chalco-
genides.  Values of 7,=107" m*/W  and a,
=0.03 cm/GW were measured for excitation at 800 and
1064 nm, and we obtained 1 = (n,/ a,\) = 10."* However, the
optical quality of the samples is not very good making diffi-
cult their use in practical devices.

In this paper, we report on the NL properties of a lead-
tungstate oxide glass using picosecond and femtosecond
pulsed lasers. The binary glass Pb(PO3),—~WO; studied is
more stable than the glasses of Ref. 13 and the samples have
better optical quality. NL refraction and NL absorption were
studied for samples containing different amounts of lead ox-
ide and tungsten oxide. Using a laser operating at 800 nm we
demonstrated that the NL response of the samples is faster
than 100 fs and determined the corresponding values of n,.
Experiments were also made at 1064 nm using a 17 ps laser
that allowed measurements of n, and a,. A semi empirical
model was used to estimate the values of n, by comparison
with the experimental values. The results indicate that for the
compositions used the third-order susceptibility, ¥, reach
values that correspond to figures-of-merit that are appropri-
ate for all-optical switching. Fibers based on the
Pb(POs),—~WOj5 glass can be obtained and that may help the
future implementation of devices.

5,6.9

© 2010 American Institute of Physics


http://dx.doi.org/10.1063/1.3514570
http://dx.doi.org/10.1063/1.3514570

103523-2 Oliveira et al.

Il. EXPERIMENTAL DETAILS
A. Glass samples

The glass samples were synthesized by a conventional
melting-quenching method. The starting powdered materials
were tungsten oxide, WOj;, and lead orthophosphate,
(PbHPQ,). Initially the powders were mixed and heated at
250 °C for 3 h to remove water and adsorbed gases. Then,
the batch was melted at a temperature ranging from 900 to
1050 °C, depending on the WOj; content. The obtained lig-
uid was kept at this temperature for 40 min to ensure homog-
enization and fining. Finally, the melt was cooled in a metal
mold preheated at 20 °C below the glass transition tempera-
ture, T,. Annealing was implemented at this temperature for
2 h in order to minimize mechanical stress resulting from
thermal gradients upon cooling. Four bulk samples were pre-
pared according to the compositional rule (in mole percent);
(100—x) Pb(POs),—x WOs3, with x=30, 40, 50, and 60. The
bulk samples were cut and polished before performing opti-
cal measurements. All samples yielded from pale yellow to
green homogeneous transparent glasses free of strains.

B. Kerr shutter technique

The Kerr shutter technique allowed measurements of the
time response of the materials nonlinearity. The setup used is
similar to the one described in Ref. 12. It is based on a Ti:
sapphire laser operating at 800 nm, delivering pulses with
100 fs duration at 76 MHz repetition rate. The laser beam is
split into two beams with different intensities (10:1 intensity
ratio) and the electric field of the stronger (pump) beam is set
at 45° with respect to the electric field of the weaker (probe)
input beam. When the pulses of the two beams overlap spa-
tially and temporally at the sample location, the probe beam
polarization rotates due to the NL birefringence induced in
the sample by the pump beam. Therefore, a fraction of the
probe beam intensity is transmitted through a polarizer (ana-
lyzer) with axis perpendicular to the input probe beam elec-
tric field. A photodetector is used to record the probe inten-
sity of the signal transmitted through the analyzer as a
function of the delay time between pump and probe pulses.
The signal is processed by a lock-in and a computer.

It is well known' that when a small phase shift is im-
posed on the probe beam by the pump beam, the dependence
of the Kerr signal intensity, /y.,, with the pump intensity,

Lyump> and the probe laser intensity, Iyope, iS given by Iy
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FIG. 1. (Color online) Absorbance spectra of the samples including the
Fresnel reflections. The samples’ thicknesses are indicated in Table II.

=O.25(kL)2n%Ipr0beI§ump, where k=2/\, with N\ being the
light wavelength inside the sample, and L is the sample

length.

C. Z-scan technique

The experimental setup used was similar to the one de-
scribed in Ref. 16. Excitation is provided by a Nd: YAG laser
delivering 17 ps single pulses at 1064 nm with 10 Hz repeti-
tion rate. The input intensity is adjusted using of a half-wave
plate and a Glan prism maintaining the linear polarization of
the laser beam. A beam splitter at the entry of the setup
allows monitoring fluctuations of the incident beam intensity.
The beam waist of the focused incident beam is =35 um.
The sample is moved in the confocal region of the beam. The
photoreceptor, placed in the far field region, is a 1000
X 1018 pixels cooled (-30 °C) CCD camera with fixed lin-
ear gain. The camera pixels have 4095 gray levels and each
pixel is 12X 12 um?.

lll. RESULTS AND DISCUSSIONS

Figure 1 shows the absorbance spectra of the samples
studied. Samples A, B, and C present large transmittance
window from the blue to the infrared while sample D pre-
sents an absorption band in the green-yellow region that is
attributed to the d-d transitions of tungsten atoms with W*>
state of oxidation.'”'® The refractive indices and the absorp-
tion coefficients were determined using an ellipsometer and a
spectrophotometer, respectively. The values obtained for the
absorption coefficient, «, and the refractive index, n, of the
samples are given in Table 1.

TABLE 1. Samples compositions and characteristic parameters (7, is the glass transition temperature, n is the
linear refractive index, and « is the linear absorption coefficient).

@
ny (cm™)
T,
Sample Composition (°C) 800 nm 1064 nm 800 nm 1064 nm
A 70 Pb(PO5),—30 WO, 440 1.78 1.77 0.13 0.005
B 60 Pb(PO;),—40 WO, 467 1.85 1.84 0.48 0.29
C 50 Pb(PO;),-50 WO; 497 1.87 1.86 1.45 1.18
D 40 Pb(PO,),—60 WO, 505 1.95 1.93 2.94 1.16
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FIG. 2. (Color online) Kerr shutter signal versus delay time between pump
and probe laser pulses. (a) Signal corresponding to sample D for different
pump and probe intensities. Open squares: /j,,=508 MW/cm?, Lrobe
=52 MW/cm?; open circles: [y,,=427 MW/cm?, I, =44 MW/cm?;

P
and open triangles: /,,,,=285 MW/cm?, I,,,=30 MW/cm?. (b) Normal-

ized signal measured at the same pump and probe laser intensities. Open
squares: CS, (cell length: 1.0 mm). Open triangles: sample B. Open circles:
sample C (Laser wavelength: 800 nm).

For the Kerr shutter measurements carbon disulfide
(CS,) was used as the reference material considering n,
=3.1X107" m?/W as it was measured in the femtosecond
regime by various authors.'* Figure 2(a) shows the Kerr
signal corresponding to sample D for different pump and
probe beams intensities while Fig. 2(b) shows the data ob-
tained for CS, and samples B and C. The signals have dif-
ferent amplitudes but they were normalized to be shown in
the same figure. The signal profiles corresponding to all glass
samples are symmetric and limited by the laser pulse dura-
tion.

For the assumed hyperbolic secant laser pulse shape, the
symmetric correlation signal width of =150 fs implies that
the samples have a response faster than 100 fs. This means
that the origin of the nonlinearity may be attributed to an
electronic process either alone or in combination with other
processes whose characteristic times are shorter than 100 fs.
The temporal behavior of the CS, signal showing two decay
times, a shorter one (<50 fs) and a slower one (=2 ps), is
well known.”

The Z-scan experiments at 1064 nm were also performed
with the four samples and Figs. 3(a) and 3(b) show the
Z-scan profiles corresponding to the closed aperture and the
open aperture configuration, respectively. The results for
sample A (D) that have the smallest (largest) nonlinearity are
shown to allow evaluation of the signal-to-noise ratio in the
experiment. The values of n, and «,, for all samples, are
shown in Table II. Note that the samples present positive
values of n, that correspond to self-focusing nonlinearity. NL
absorption was not detected in samples A, B, and C but we

J. Appl. Phys. 108, 103523 (2010)
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FIG. 3. Normalized Z-scan transmittance profiles for samples A (solid
circles) and D (open circles). (a) NL refraction (closed aperture configura-
tion) (b) NL absorption (open aperture configuration). The curves were shift
by 0.2 in the vertical scale to prevent overlap. Laser wavelength: 1064 nm.

give a value for a, that is limited by the scattering from the
samples surface. On the other hand, the value of «,
=(3.0£0.7) X 107 cm/GW was measured for sample D in
agreement with the fact that the linear absorption spectrum
of sample D shows an absorption band in the green-yellow
region, as shown in Fig. 1. Table II summarizes the NL pa-
rameters measured.

As is well known the results of Z-scan experiments are
influenced by the laser temporal and spatial characteristics.
The use of a characterized reference NL sample allows de-
termining precise values of n,, not affected by the beam
profile. Therefore CS, was used as a reference standard since
it has been adopted by a large number of authors. Hence we
considered 7, (CS,)=3X 107" m?/W (Ref. 24) at 1064 nm
to calculate the values given in Table II. We recall that the n,
value of CS, measured in Ref. 16 was 7.5 times smaller than
the result of Ref. 24. If the result of Ref. 16 is considered, the
values given in Table II should be reduced by a factor 7.5. It
has to be added that the Pb(PO3),—~WO; glasses have a NL
refraction coefficient that is one order of magnitude higher
than fused silica whatever is the n, absolute value of CS, that
is considered.

The figure-of-merit, 1,/ a,\, assumes values between 2
and 6 that indicate good potential of the glasses for all-
optical switching. Notice that for any calibration based on
the CS, values the figures-of-merit obtained do not change.

To understand the large NL response of the samples we
recall that the Pb?* ion has a lone s? electron pair that origi-
nate large hyperpolarizability of lead compounds even for
excitation wavelengths off-resonance with one-photon elec-
tronic transitions. On the other hand, the increase of the NL
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TABLE II. NL parameters measured (1, is the NL refractive index and «, is the NL absorption coefficient).

Femtosecond regime (800 nm)

Picosecond regime (1064 nm)

Thickness n, ny a,
Sample (mm) (107" m2/W) (107 m2%/W) (1073 cm/GW)
A 245 0.8+0.1" 3.0£04° <5°
B 2.55 1.0+£02° 35+0.7° <11°
C 2.45 1.1+02% 35+0.7° <22?
D 245 12+02% 45+08° 2+5°

“Assuming the CS, NL reference NL sample parameters as in Refs. 19-22.

bAssuming the CS, NL parameters as in Ref. 24.

response of the samples due to the increase in the WO;
amount is attributed to the high polarizability associated with
the W-O bonds.'>™*

The values of n, were calculated using the semiempirical
method due to Boling, Glass and Owyung (BGO-model)?
which assumes that the NL polarizability is proportional to
the linear polarizability squared and the optical dispersion of
the material is determined by a single resonance at Zw,. The
laser frequency, w, is considered to be off-resonance
(w<w,) and n, is given by

(5)([noN) T +2)*([ng(\)]* = 1)*
12[ny(\) PPchwg(NS)

n,(m*/W) = ) (1)
where c is the speed of light, NV is the density of NL oscilla-
tors, S is the effective oscillator strength, g is a dimension-
less parameter given by g=uS#i/mw,, where u is the NL
coupling coefficient, (274) is the Planck’s constant, and m is
the electron mass. The linear refractive index for light wave-
length X\ is denoted by ny(\) and satisfies the expression

[no(\) T +2 _ wp — w?
3o =1 (e/meg)(NS)’

2)

where e is the electron charge and g is the vacuum permit-
tivity. The parameters NS and w, can be obtained from the
measured values of ny(\) for each sample. Then, NS and w
are introduced in Eq. (1) for the calculation of n,. The value
of g§=4.6 was determined through the best data fitting and is
close to previous values measured for oxide glasses.zs’26 The
values of n, calculated via the BGO model are summarized
in Table III. The agreement with the experimental values for
samples A, B, and C is very good but the theoretical result
for sample D is larger than the experimental value probably
because the assumption of w << w, is violated and the relevant
two-photon absorption process is not considered in the BGO
model.

TABLE III. Experimental results and theoretical predictions with basis on
the BGO model (Ref. 25).

n5®, 1064 nm ngGO, 1064 nm

Sample (107" m?/W) (107" m?/W)
A 3.0+04 2.9
B 3.5+0.7 2.9
C 3.5*+0.7 2.9
D 4.5+0.8 8.1
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In summary, we characterized the third-order nonlinear-
ity of a binary lead-tungstate glass in the near-infrared. By
changing the relative composition of the lead and tungsten
oxides we observed small changes of the samples’ third-
order nonlinearity because the hyperpolarizabilities of the
two constituent compounds are large. The optical response of
the samples was in the sub-picosecond range (=100 fs) and
their figures-of-merit, n,/ a,\, were very appropriate for ul-
trafast all-optical switching as proposed in Ref. 27.
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