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Optical nonlinearity in PbO-SiO , glass: Kramers—Kronig analyses
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Relationship between nonlinear refractivity and two-photon absorption has been studied for
PbO-SiQ glasses using a nonlinear Kramers—Kronig relation. Nonlinear refractive indices, which
are determined witlz-scan measurements, are consistent with those which are calculated using the
relation from two-photon absorption spectra. This consistency suggests that large
intensity-dependent refractivity in this glass system arises from resonant two-photon electronic
transitions from oxygen 2to lead 6 states. ©2005 American Institute of Physics
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With developments of optical fibers and devices, nonlin-Kramers—Kronig relation to nonlinear absorption spectra.
ear properties in photonic glasses have attracted growing irSince the absorption spectra can be directly connected to an
terests. This is because the optical nonlinearity in glasseglectronic structure of the glass, we will obtain a unified
which may be smaller than that in crystals, appears in submicroscopic picture of the optical nonlinearity in glasses.
stantial magnitudes in fibet€ waveguides,®> and PbO—-SiQ glass ingots were the same as those previ-
microspheredue to long propagation distances. In addition, ously employed for investigating the one- and two-photon
the nonlinearity can be continuously changed by varyingapsorption spectrs. The ingots were polished to thin flakes
glass compositiofi-” The nonlinearity can be induced at se- ity thickness of 80—10@um. Nonlinear refractive indices

Igcted positiong.ln some cases, the nonlinearity is respon-p, ot wavelength of 1.0am (hw=1.17 eV} were evaluated
sible for photoinduced phenome?’PaBecause of these fea- . .
through the conventionat-scan methot! using a pulsed

tures, several applications such as all-optical switches, - . .
optical limiters, and waveguide formation have been extenSI\Id'YAG laser (~5ng, which was also previously

sively explored‘.'n employedl,6 an aberration-corrected focusing lens with a fo-

However, the optical nonlinearity in glasses remains to°@l length of 10 cm, a fast-response photodiode, and a digital
be studied. Specifically, fundamental mechanisms of thé@scilloscope. Note that this lens had a diffraction length of
intensity-dependent refractivityn, (n=ng+n,l+...) in 150 um, being greater than the sample thickness, which is
glasses have been less-well understood than those in simpieded for applying an approximated analysis assuming
systems such as two-level atothsand crystalline small wave-front distortiort’
semiconductor$? For glasses, only empirical or semiempir- Figure 1 shows a typical zscan profile for
ical relationships have been proposéanost of which can- - g8ph0—32SiQ glass. Experimental results were fitted with
not provide spectral dependence. It seems to be very d|ff|culcr‘ theoretical curvé’ shown by the solid line, through the

to predict the magni'gude o, i.n glagses from an expectation least-squared-error method. From a fitted parametehas
value of polarization which is formulated quantum been calculated as described in Ref. 17

mechanically? Ei ) . bsorofi d refractivit .
Here, another way to grasp the intensity-dependent re- lgure 2 summarizes absorption and retractivity spectra

fractivity is to relate it with nonlinear absorption. That is, we [0 the 68PbO-32Si© glass. The one-photon absorption
start with the absorption, which can be connected with phoSPectruma(%iw) shown by open circles iita) is replotted
toelectronic transitions between some electronic energy lerom Ref. 16, and a refractive inder (=1.9 at fiw
els. Then, using a nonlinear Kramers—Kronig relafidme  =1.17 eV in(b) is estimated from linear reflectance. As a
can derive the nonlinear refractivity explicitly. Such a proce-preliminary check of numerical calculations, we first apply
dure has provided satisfactory understanding for crystallinghe conventional Kramers—Kronig relation:

materials'® It should also be noted that this procedure has an

experimental advantage, since absorption spectra can be ob-

tained more easily through transmittance measurements than 1.08
refractivity spectra. To the authors’ knowledge, however, i A
such a procedure has not been applied to glasses. r . %
To obtain a unified insight into the optical nonlinearity in - 1 > «
glasses, we explore the above method in the present work. 096 |
As an example, a PbO system is taken, which is known to be . o
a kind of heavy-metal oxide glasses. We measure the nonlin- 0'91-’1000 50 o0 500 1000
ear refractivityn, using z-scan measurements, and compare Z(tm)

the results with those derived by applying a nonlinear
FIG. 1. Typicalz-scan output, normalized transmittantes a function of

the axial positionZ, obtained for a 68PbO—-32Sj@ample under an irradi-
dElectronic mail: keiji@eng.hokudai.ac.jp ance of 50 GW/crh The solid line shows a theoretical fit.
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s ? W Kramers—Kronig relation can also be employed in degenerate
o 1 — \ cases, and that the nonlinear refractivity at transparent wave-
20 lengths is governed by the two-photon absorption, which is
X o0 1 2 3 4

consistent with a situation in crystalline semiconductdrs.
Z-scan measurements have been done for six composi-
FIG. 2. Linear and nonlinear optical spectra in 68PbO—32%jlass:(a) tions, and the resultésolid circles are compared in Fig. 3
shows one-photofopen circles and two-phptor_(solid circle_s) absorption  with those(squarep calculated from the two-photon absorp-
spectraa(fiw) and B(fiw); (b) shows refractive inder experimentally de- tion spectraw Error bars attached to the experimental data
termined(open circlg and the spectrum(%w) (solid line) calculated from . f ’ . Fi inh |
a(hw); and(c) shows nonlinear refractive index experimentally obtained f"mse romz'scan_ n0|se$see. ig. 1, in OmOQen.eous ass
(solid circle and the spectrum,(fiw) (solid line) calculated from3(fiw). ingots, etc. The figure also includes some previous reglilts
at the wavelength of 1.0am. We seep, increases with the
PbO content. In detail, the increase may be more prominent
n(w) - 1=(c/m)p f [a(Q)/(Q? - »?I)]dQ, (1)  when the PbO content is greater tha50 mol %. We also
see that, taking fairly large experimental errors necessarily

lﬂppearing inn, measurements, the present and previus

to these results, where the integration should be carried o . . .
from zero to infinite frequencies. However, since the mea-values agree more-or-less ;atlsfactory W'.th those depved
sured absorption is limited to an energy region Offrom the two-photon absorption spectra using the nonlinear

2.3-3.1 eV, we extrapolate the spectrum with a Gaussialr@mers—Kronig refation. ,
distribution A exg—(hw—Eg)?/ 02}, where A=10* cm™, E, This agreement provides an explanation for the large

=4 eV, ando=0.45 eV, a part of which is shown i@ by a 1 this glass system. In the previous studi®®’it has been

dashed line. Note that this distribution is compatible with theSnggeSteOI that the two-photon absorption in PbO glasses is

experimentaly(fw) and also with an electronic band struc- 9°Ye”‘ed by electronic transitions from @ ® Pb & states,
which are resonated by Pls 6tates. This resonance seems to

ture, in which optical absorption is assumed to occur fro . : : S
Pb &sto Pb & Stgtesl.ﬁ,lSA caFI)cuIatedn(hw) is shown in(b) mbe enhanced with an increase in the PbO content. Sinte
Igoverned by the two-photon absorption, as we have seen

by a solid line, which is in agreement with the experimenta above, the larg®a, in this glass can therefore be ascribed to

refractive index of-1.9. his resonant photoelectronic transition. In other words, the
Having obtained a satisfactory agreement in the Iinea‘t P : :

properties, we now apply a nonlinear Kramers—Kronig relajargen; is a manifestation of the specific electronic structure

tion to the two-photon absorption spectritf.w). The rela- © 2p, Pb & and Pb @) n this glass system. Su<_:h a con-
o clusion may be generalized to heavy-metal oxide glasses
tion is expressed &%

such as Bi-containing glass&s??
In summary, we have demonstrated that the intensity-
An(w; ) =(clm)p j [Aa(Q; 0)/(Q% - »?)]dQ, (2) dependent refractivity in PbO—Sj@lasses can be quantita-
tively connected to the two-photon absorption through the
where A« is a nonlinear absorption induced by an opticalnonlinear Kramers—Kronig relation. The large nonlinear re-
excitation at() and a perturbation at Note that this relation ~fractivity in this heavy-metal oxide glass seems to be a mani-
is derived for nondegenerate cases such as two-beam expéigstation of resonant two-photon absorption from oxygpn 2
ments with different photon energie®, and {. Accordingly,  t0 heavy-metal f states. The present work provides a uni-
its application to a two-photon absorption spectrum obtainedied and principal scheme for understanding the nonlinear
through degenerate experiments, as in the present case,dBtical properties in glasses, since the absorption spectrum
provisional. However, if calculated,(fiw) is restricted to ~can be connected more directly with an electronic structure,
substantially lower energy region th@: w), applications of ~ Which is determined by atomic energy levels and bonding
the nonlinear Kramers—Kronig relation to degenerate dat&tructures.
may be reasonablé.We then insert a Gaussian spectrum of The authors would like to thank Dr. R. Morita in Hok-

B(hw) with A=12 cm/GW, E,=2.65 eV, ands=0.36 eV,  iq, University for valuable comments and Dr. M. Oto in
which is the best fit to the experimental détas shown in  gpowa Electric Wire and Cable Co., Ltd. for lead-glass in-
Fig. 2@), into Aa(Q)). A numerical integration provides the gots

smooth line shown in Fig.(8), which quantitatively agrees

with the nonlinear refractivityr, evaluated from the resultin = 1. p, Agrawal Applications of Nonlinear Fiber OpticsAcademic, San

Fig. 1. This agreement strongly suggests that the nonlinearbiego, 2003.
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