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Abstract The third-order optical properties of GeO2–

Bi2O3–PbO–TiO2 glasses at 532 nm and 1,064 nm were

studied to evaluate their potential for optical limiting and

all-optical switching. The Z-scan technique was used to

determine the nonlinear (NL) refractive index, n2, and the

NL absorption coefficient, a2, of samples with different

amounts of the constituent oxides. Values of

n2 & ? 0.7 9 10-14 cm2/W at 1,064 nm and

&?1.5 9 10-14 cm2/W at 532 nm were measured. The

NL absorption coefficient, a2, was smaller than the mini-

mum that our apparatus can measure (a2 \ 0.01 cm/GW)

in the near-infrared (1,064 nm); in the visible region

(532 nm), we obtained a2 & 4.4 cm/GW. The set of NL

parameters measured indicates the potential usefulness of

the GeO2–Bi2O3–PbO–TiO2 glasses for all-optical

switching at 1,064 nm and for optical limiting at 532 nm.

1 Introduction

Nonlinear (NL) optical studies of heavy-metal oxide

(HMO) glasses were first reported about two decades ago

[1, 2] and have been attracting much attention because of

their large nonlinearity and fast response time. From the

basic point of view, studies of HMO glasses were per-

formed to characterize their behavior as hosts for lumi-

nescent ions, the NL propagation of light pulses, NL

refraction, and NL absorption, among other phenomena [3–

5]. From the applied point of view, there is large interest in

HMO glasses for applications in all-optical switching

(AOS), optical limiting (OL), lasers, optical amplification,

and NL optical fibers [4, 6–10]. In particular, the third-

order susceptibility, v(3), of various glasses containing at

least one of the following compounds Bi2O3, PbO, TeO2,

WO3, and TiO2, has been investigated under different

excitation conditions. It is recognized that the high NL

response of HMO glasses is mainly due to the large

hyperpolarizability of the constituent compounds that are

highly influenced by lone-electron pairs in the cations, and

by non-bridging oxygen bonds [4]. The third-order non-

linearity of some promising oxide glasses for NL photonics

such as Bi2O3–B2O3–TiO2 [11], Bi2O3–GeO2–TiO2 [12],

Bi2O3–ZnO–B2O3 [13], NaPO3–WO3–Bi2O3 [14, 15],

Pb(PO3)2–WO3 [16], NaPO3–BaF2–WO3 [17], Bi2O3–

WO3–TeO2 [18], and PbO–Ga2O3–Bi2O3 [19] was inves-

tigated. At 800 nm (100 fs regime), the figure-of-merit,

FOM = n2/a2k (where k is the laser wavelength,

n2 � Rev(3) and a2�Imv(3)) for the glasses in [12, 15] was

larger than 1. At 1,064 nm (17 ps and 80 ps regime), the

glasses Pb(PO3)2–WO3, PbO–Ga2O3–Bi2O3, and NaPO3–

WO3–Bi2O3 present FOM & 1 and the glass Bi2O3–ZnO–

B2O3 presents FOM & 4. More recently, the glass TeO2–

GeO2–K2O–Bi2O3 [20] was developed, and it was mea-

sured FOM = 3.3 at 800 nm and FOM = 2.35 at

1,064 nm.

In this paper, we report NL measurements of GeO2–

Bi2O3–PbO–TiO2 glasses with various compositions that

have better characteristics than it was recently presented in
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[20]. The new glasses, with PbO and TiO2 replacing K2O

and TeO2 in the glass TeO2–GeO2–K2O–Bi2O3, were

fabricated to exploit the larger polarizability of Pb looking

for a composition more suitable for AOS at 1,064 nm and

OL at 532 nm. Films of GeO2–Bi2O3–PbO–TiO2 glass

were previously used to fabricate two-dimensional pho-

tonic crystals [21], but its optical NL response was not

studied before. In Sect. 2, we describe the synthesis method

used for production of the samples and give details of the

measurement techniques used. In Sect. 3, we describe the

NL technique used to characterize the samples and discuss

the results obtained in comparison with previously studied

materials. Finally, in Sect. 4, we present a summary of the

work.

2 Experimental details

Glass samples with compositions (100–x)[0.45GeO2–

0.33Bi2O3–0.22PbO]–xTiO2 (with x = 0, 5, 10, and 20, in

mol %) were prepared using the melting–quenching

method. Germanium oxide (Alfa Aesar Puratronic 99.999

pure), bismuth oxide (Aldrich 99.9 pure), lead oxide (Synth

98.0 pure), and titanium oxide (Aldrich 99.9 pure) were

mixed in a mortar before transfer to a platinum crucible.

The chemical batches were put into an electric furnace and

left to melt during 1 h at 1,200 �C. After homogenization

and fining, the temperature of the furnace was decreased to

1,100 �C before to cast the liquid into a stainless steel

mold, pre-heated at 350 �C. The glasses were left at such

temperature during 2 h for annealing in order to decrease

the internal stress of the samples due to the quenching

process. Latter, the furnace was turned off and left to reach

the room temperature under its natural cooling rate. The

glass transition temperature, Tg, and the onset of crystal-

lization, Tx, were determined by differential scanning cal-

orimetry (DSC). Thin glass pieces were set in platinum

pans under N2 atmosphere and heated at 10 �C/min. The

estimated error for both Tg and Tx is ± 2 �C: The glass

pieces were optically polished using conventional sand

papers with different granulometries. The samples studied

were labeled as follows: sample A—x = 0; sample B—

x = 5; sample C—x = 10; and sample D—x = 20.

The optical absorption spectra were measured using a

commercial spectrophotometer, and the refractive indices

were obtained by the prism coupling technique. The

refractive indices results can be expressed with high pre-

cision, but we considered only two significant digits that

are sufficient to determine the NL parameters.

For the NL experiments, it was used a mode-locked

Nd:YAG laser (Coherent, 1,064 nm; 17 ps; 10 Hz) and its

second harmonic at 532 nm. The measurements were

performed using the Z-scan technique [22] that allows

measurements of n2 and a2.

3 Results and discussion

Figure 1 shows the absorbance spectra of the samples that

present large transparency window from the green to the

near-infrared. The linear absorption coefficient measured

was a0 \ 3 cm-1 for the two laser wavelengths used. The

samples present optical bandgap at &450 nm. The values

of Tg and Tx are presented in Table 1 as well as the thermal

stability parameter DT = Tx - Tg.

Figure 2 shows a scheme of the setup used for the NL

measurements. The Z-scan setup is integrated in a 4f-sys-

tem composed of two convergent lenses with equal focal

lengths (20 cm). The output image of the 4f-system is

acquired in a 1,000 9 1,018 pixels cooled CCD camera

operated at -30 �C with fixed gain. The sample is scanned
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Fig. 1 Absorbance spectrum. Samples thicknesses: A 1.4; B 1.1;

C 1.1; D 1.8 mm

Table 1 TiO2 samples’ composition, characteristic temperatures (Tg

for glass transition; Tx for the onset of crystallization), and thermal

stability parameter DT = Tx - Tg

Sample TiO2 composition

(mol %)

Tg

(�C)

Tx

(�C)

DT

(�C)

A 0 385 470 85

B 5 402 489 87

C 10 425 524 99

D 20 459 567 108
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in the focal region along the beam propagation direction

(Z axis). Open- and closed-aperture Z-scan transmittances

were numerically processed from the acquired images by

integrating over all pixels in the first case and over a cir-

cular numerical filter in the closed-aperture case, corre-

sponding to a linear aperture transmittance S = 0.73 to

optimize the sensitivity and the signal-to-noise ratio [23,

24]. The incident intensity was adjusted by a polarizer–

waveplate system at the entry of the Z-scan setup. The laser

intensity inside the samples was 7.0 GW/cm2 (0.9 GW/

cm2) at 1,064 nm (532 nm), and the calibration was based

on the NL refractive index of CS2 given in Ref. [22].

Figure 3 shows results for the samples A and D. The

closed-aperture Z-scan profiles at 1,064 nm indicated self-

focusing nonlinearity, and the insets, corresponding to the
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Fig. 2 Schematic of the 4f-system for the Z-scan measurements

(f1 = f2). The sample d is scanned in the focal region along the beam

propagation direction. The labels refer to lenses (L1–L3); mirrors (M1,

M2); beam splitters (BS1, BS2)

Fig. 3 Closed-aperture Z-scan profiles at 1,064 nm a sample A

(x = 0); b sample D (x = 20). The insets show the corresponding

open-aperture profiles

Fig. 4 Open-aperture Z-scan profiles at 532 nm a sample A (x = 0);

b sample D (x = 20). The insets show the closed-aperture profiles
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open-aperture Z-scan profiles, show negligible NL

absorption. The other samples present similar behavior.

Figure 4 shows the results for excitation at 532 nm. Self-

focusing nonlinearity is also observed in this case for all

samples; however, large NL absorption is detected.

Because the NL absorption is more important in the

532 nm case, we present the closed-aperture Z-scan profile

as insets of Fig. 4.

The solid lines in Figs. 3 and 4 are drawn using

parameters given in Table 2 (for details of the calculation

procedure see [23, 24]). Notice that the n2 values did not

change much with the samples’ compositions. NL

absorption was not observed in the open-aperture Z-scan

experiments at 1,064 nm indicating that a2 is smaller than

the minimum we can detect (0.01 cm/GW). In the experi-

ments at 532 nm, it was observed large NL absorption as

illustrated in Fig. 4a, b that shows open-aperture Z-scan

profiles corresponding to a2 & 4.4 cm/GW.

The values of n2 at 1,064 nm are &30 times larger than

for silica [25] and 10 times larger than for TeO2–GeO2–

K2O–Bi2O3 [20] measured under the same conditions. The

a2 values (4.4 cm/GW) measured at 532 nm are compa-

rable with the values reported for typical semiconductors

under degenerate two-photon excitation [26, 27]. n2 and a2

are not expected to change much in the samples studied

because the TiO2 hyperpolarizability has the same order of

magnitude than the glass constituents that are substituted

due to the TiO2 addition.

In the 532 nm experiments, the samples presented

photo-induced effects (PIE) when large intensities were

used, but the results reported here were obtained for 0.9

GW/cm2 in order to prevent the influence of PIE. As

reported in [28], the Z-scan apparatus used allows identi-

fication of PIE by performing another Z-scan measurement

in the linear regime (lower laser intensity) after the NL

measurement.

Using the data of Table 2, we may compare the results

obtained in this work and the previous results of [20].

Considering that the values of a2 \ 0.01 cm/GW, we see

that the present glass composition shows an improvement

in the figure-of-merit for all-optical switching, FOM = n2/

a2k, due to the larger n2 values obtained. The values of

FOM for the present samples vary from 6 to 7.5 which are

250 % larger than in [20]. Notice that the FOM was cal-

culated considering a2 = 0.01 cm/GW, but the actual

FOM can be even larger because a2 can be much smaller.

Of course, the good result in the infrared is due to the

simultaneous presence of the heavy cations Bi3?, Pb2?, and

Ti4? that contribute for the larger NL refraction.

The results obtained in the 532 nm experiments are also

better than the ones obtained for NaPO3–BaF2–WO3

glasses [17] that present n2 values & 70 % smaller and a2

values &10 times smaller than for the present glass com-

position. The value of a2 & 4.4 cm/GW reported here

indicates that the GeO2–Bi2O3––PbO–TiO2 glass compo-

sitions are appropriate for optical limiting at 532 nm in the

picosecond regime.

Notice also from Table 1 that the glass compositions

studied present values of the thermal stability parameter

DT = Tx - Tg comparable to the other glasses already

used to fabricate microstructured optical fibers [8, 9, 27]

being a good candidate for integrated photonics in the

visible and near-infrared. In particular notice that the

thermal stability parameters of the glasses studied here are

larger than the ones in Ref. [20].

4 Summary

The 1,064 nm experiments herein reported provide values

for the third-order susceptibility of new HMO glass

compositions that present large NL refractive indices and

small NL absorption. This indicates an improvement in

the figure-of-merit for picosecond all-optical switching

that in the present case corresponds to n2/ka2 [ 6 at

1,064 nm. On the other hand, the values of the NL

absorption coefficient at 532 nm are comparable or even

larger than other HMO compositions previously studied.

The present results indicate the large potential of GeO2–

Bi2O3–PbO–TiO2 glasses for optical limiting in the visible

range.
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P. S. Valle and M. Nalin acknowledge Grant 2013/07793-6, São

Paulo Research Foundation (FAPESP). The work was performed in

the framework of the Photonics National Institute (INCT de Fotônica)
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Table 2 Linear and nonlinear parameters of the samples: n0 is the

linear refractive index, n2 is the nonlinear refractive index, and a2 is

the nonlinear absorption coefficient

Sample n0

1,064/

543 nm

1,064 nm 532 nm

n2

(10-14 cm2/

W)

a2

(cm/

GW)

n2

(10-14

cm2/W)

a2

(cm/GW)

A 2.2/2.3 0.70 ± 0.14 \0.01 1.9 ± 0.5 4.4 ± 0.4

B 2.2/2.3 0.70 ± 0.15 \0.01 1.4 ± 0.4 4.4 ± 0.4

C 2.2/2.3 0.64 ± 0.12 \0.01 1.3 ± 0.3 4.3 ± 0.5

D 2.2/2.3 0.80 ± 0.16 \0.01 1.6 ± 0.5 4.3 ± 0.5
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