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Progresses in Nonlinear Glass Research
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Nonlinearity of glass had not been remarkably large among all the available nonlinear materials.
However, its superiority in optical and mechanical properties has attracted much attention for the
practical application. To this goal the recent interests in this field have been shifting from the understa-
nding of nonlinear mechanisms to the improvements of nonlinear properties.

I. INTERDUCTION

The nonlinearity of optics has become a familiar te-
rms as the level of available laser power has increased.
In the early 1960’s, research performed was mostly
only theretical!'*. Experimental work started in the
late 1960’s when the accessible intensity from pulsed
lasers reached the multimegawatt level. At that time
emphasis was on reducing nonlinear effects to maintain
the beam quality of high power glass laser systems.

Advantageous application of nonlinear effects came
under considerating with the successful discovery of
optical bistability and phase conjugation in the latter
1970's. Today, potential applications for nonlinear ma-
terials include: image processing, recognition, correla-
tion, targeting, optical limiting, adaptive optics, all-opti-
cal switching, modulation, and optical storage/memory
systems etc.!*

Literally and material could possess nonlinear effe-
cts, but to vastly different degrees. Materials with de-
monstrated nonlinearlity include gases, vapors, poly-
meric media, liquid crystals, biological systems, organic
solutions, water, crystals, and glasses.®’ Among them,
the solid state nonlinear materials are particularly att-
ractive for their ease in handling.

Inorganic crystals and organic polymers are knwon
for their large nonlinear effects. Their problems for
practical application are, for example, cost, optical qua-

lity, and damage threshold etc. Glasses overcome these
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problems, but the magnitude of their nonlinear effects
are, by comparision, not quite as large.

This paper reviews recent progresses in nonlinear
glass research, with special emphasis on the improve-
ments of the nonlinearity to reach the practical applica-
tion. Most of the nonlinear examples discussed here

* value,

are a results of the third order susceptibility, ¥
since glassay materials are in general isotropic and
lack non-centrosymmetric structure, which is essential

for the manifestation of " processes.
1. HOMOGENEOUS GLASSES

2.1. Estimation of Nonlinear Index

Optical glass with a high linear refractive index
usually has a high nonlinear refractive index and the
nonlinearity of this type glass is attributed to non-reso-
nance type electronic origin. Search for the empirical
relationship between linear and nonlinear refractive in-
dices has begun in 1970'** and the equation widely
accepted today is
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where V, is the Abbe number at helium d line, n;
and n, are nonlinear and linear refractive indices res-

pectively.



104 ¥-5%33]% Volume 2, Number 2, June 1991

Actual measurement of nonlinear refractive index
started in the 1970’s using laser materials/!*'Y). Weber
et al'? utilized time-resolved interferometry in order
to obtain nonlinear indices for optical glasses and crys-
tals at 1064 cm. Their work and studies by other
groups''**! have proven the validity of the above em-
pirical equation.

2.2. Ultrafast Photonic Switching

High index glasses were recently evaluated, for the
real application, as a ultrafast photonic switching mate’
rial'’*1%], Friberg and Smith!!> defined a figure of merit

of material for this purpose as below.

n:Cop
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where dn is the index change induced by a tempera-
ture change d7, Cp is the specific heat, p is the density
of material, a is the absorption coefficient of materials,
and t is the duration of the switching pulse. The defi-
ned figure of merit is expressed as the ratio of fast
index change required to produce switching over resu-
Itant thermal index change. Value of F is a rough indi-
cation of the number of switching operations during
the materials’s thermal lifetime.

They calculatd the above defined F values for repre-
sentative nonlinear materials; GaAs, GaAs/GaAlAs mu-
Itiple quantum well, an organic molecule PTS, semico-
nductor doped glasses, and SF-59. The result indicates
that Schott SF-59 glass has the largest F than any
other materials examined here, despite its nonlinear
effect itself is the smallest. This result confirms that
conditions to satisfy good optical properties, such as
low absorptions and thermal stability, play significant
roles in practical application.

In relation to this application, higher index glasses
were also investigated for non-commercial composition.
Such experimental compositions include high content
of lead and bismuth oxides!’®®) and titanium and nio-
bium oxidexs!'®??l, The degree of nonlinearity in these
glasses would be useful when laser output becomes
higher in the near futuret®),

The efforts to fabricate, fibers and waveguides with
these nonlinear glasses'®2’ brought out successful ob-

servation of special soliton?’®! as well as newly disco-
vered provlems; two-photon absorption?3?! and absor-
ption by color center which mimics two-photon absorp-
tion™". both phnomena could place a fundamental limi-
tation on waveguide all-optical switching devices, thus,
Mizrahi et al.®®! formulted the criterion
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where £ is a two photon absorption coefficient.

They experimentally evaluated g value for lead glass
fiber, using SF-6 as a core and SF-56 as a cladding.
The calculated criterion value is 1.4 at 1060 nm, which
still violates the set criterion but only at marginal level,
compared to the value of 1.3X10* at 532 nm. This
trend suggests that opration at longer wavelengths may
avoid excessive nonlinear absorption. Also DeLong et
al. state that the same absorption can still be useful
for optical limiting at milliwatt power levels at short
wavelengths®.

2.3. Third Harmonic Generation

Nasu et al!®* have measured the non-resonant
part of the third order susceptibility for some chalcog-
nide glasses. Selected compositions are in combination
of Ge-As-S-Se. Experimentals were carried out by third
harmonic generation (THG) with IR region coherent
wavelengths. The highest »® value is obtained for an
As-S-Se composition in the renge of 10! esu, which
is the three orders of magnitude larger than that of
silicate type glass and is comparable with those of non-
linear organic compounds. This degree of nonlinear
effect is large enough to operate an optical shutter
of a semiconductor laser. Current empirical law sugge-
sts that high ¥® values are obtainable by combining
heavy elements as glass constituents.

2.4. Second Harmonic Generation

Although glassy materials are usually centrosymetric,
successful observations of second harmonic generation
(SHG) have been reported in germania doped optical
fiberst® %71, The phenomenon has not fully understood,
yet it is believed that there involves a symmetry-brea-
king organizational process which gives non-zero x®

necessary for frequency doubling. Since the SHG is
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the application which has been denied for glass, deve-
lopments in this area will lead to new possibilities for

nonlinear glasses.
HI. HETEROGENEOUS GLASSES

3.1. Semiconductor Doped Glasses

Semiconductor doped glasses are known as colloida-
lly colored, longpass filter glass in the glass industry
and they are readily available from filter glass catalo-
gues'®. The colorants in thes glasses are rendered
effective by a secondary heat treatment (striking pro-
cess) of the initially colorless glass. CdSSe doped glas-
ses present yellow, orange, and red with very steep
absorption edge, of which wavelength strongly depend
upon the thermal history during the secondary heat
treatment, as well as on the characteristics and the
concentration of colorants and base glass compositions.

The active research on this material started in the
1980's, at that time Lind and Jain measured nonlinear
refractive index for this type glasses by their four-wave
mixing experiments!®). Other measurement techniques

40!

reported are direct interferometric method *' and very

simplified degenerate four-wave mixing setup'*!' as

42! demonstrated theoretical

some examples. Nasu et al
calculations for this type of glass compositions.

The active research on this material started in the
1980’s, at that time Lind and Jain measured nonlinear
refractive inex for this type glasses by their four-wave
mixing experimets' ™. Other measurement techniques
reported are direct interferometric method™" and very
simplified degenerate four-wave mixing setup!®! as
some examples. Nasu et al’**' demonstrate theoreticl
calculations for this type of glasses.

The high nonlinearity in this type glass is now attri-
buted to electronic resonance within semiconductor
microcrystallities, which are isolated by insulator, ie.,
glass matrix. Two different nonlinear mechanisms have
been proposed depending upon microcrystalline parti-
cle sizes; band-filling effect for larger particles and
quantum confinement effect when particle size is smal-
ler than its Bohr radius. More detaild review for these

two mechanisms was given in the previous paper'*

3.1.1. Ultrafast All-Optical Switching

When semiconductor-doped glasses are evaluated for
a ultrafast all-optical switching material, their figure
of merit value was not quite as large as those for high
index glasses, as discussed in section 2.2. The smallr
F value, despite the larger nonlinearity, is caused by
high absorption due to the nature of resonance nonli-
nearity.

Fabrication of semiconductor-doped glass wavegui-
des started in 1986'**! lon-exchange is the effective
method 1 increase refractive index!**™! and it is app-
lied to both bulk and thin-filmed glass samples. Cotter
et al.® successfully fabricated fibers from CdSSe-do-
ped glasses, however, the demonstration of complete
optical switching was prevented by the saturation of
index change near the band gap energyy region.

They recently shifted their attention to the off-reso-
nance regime for photon energies well below the band
gap'™!. This is based on their discovery that certain
seiconductordoped glasses display substantial refractive
nonlinearity (up to 40 times greater than silica) even
at 1 um wavelength. In order to utilize this off-resona-
nce nonlinearity, optical fiber must be prepared with
sufficiently long path lengths while controlling microcr-
yystallite size.

3.1.2. Other Semiconductor Dopants

Semiconductor dopants other than CdS and CdSe
have been studied in search of higher nonlinearity.
These dopants are; Bi,S; PbS, HgSe, In,Se;, and AgI™
" Stegeman et al'®! presented all-optical switching
material figure of merit for this type of glasses and
they calculated material figures of merit for several
semiconductors and identified ZnTe, CdTe, and GaAs
as better materials.

Researchers in University of Arizonal®' reported op-
tical nonlinearity of CdTe quntum dots in glass since
CdTe has the largest Bohr radius of any semiconductor
successfully grown as quantum dots in glass. Therefore
quantum confinement effects can be seen in larger dots
making CdTe dots especially sensitive to electric fields.

The next generation of nonlinear optical mateirial
project in Japan disclosed™! of CuCl and CuF doped
glasses as new materials, which have, 1000 times larger
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light sensitivity than insufficiently slow response time.
Ruller et al™®® are investigating the CuCl doped glas-
ses; metal halides dispersed glasses have been known
to show photochromism. This may relate to photodar-
kening, which has shon to affect the speed of nonlinear
response.

Increased nonlinearity is reported by Omi et al!
who doped glass with 100 times higher concentration
CdSe than that of conventional filter glass. Such high
concentration doping became possible by employing
low melting glass matrix. Their degenerated four wave
mixing experiment showed »* of such a glass to be
in the order of 107 esu near the resonance.

3.2. Other Types of Heterogeneous Glass

Metallic particles doped glasses!®%! and organically
doped glasses!®®! are also known as nonlinear mate-
rials. The nonlinearity of the former is assigned to
the local field effect enhanced near the surface plasma
resonance. This type of nonlinear material became
even interesting since Neeves and Birnboim!®! showed
theoretical calculation for the model composites of na-
nospheres with a metallic core and nonlinear shell or
vice verse. The result indicated possible enhancement
in nonlinearity by 10* times.

The nonlinearity of the latter type relies on doped
organics. This type material takes advantages of high
nonlinearity from organic materials and stability and
optical quality of glass. When organic compounds are
doped into molten glass, low melting glass matrix must
be developed!®, Glass-organic compound composites
are also being prepared by a solgel method®, Organic
polymer film on glass substratel™ is also in progress
with electric field to pole polymer molecules for maxi-

mum nonlinearity.
IV. CONCLUSIONS

Nonlinearity of glasses has been known for more
than a quarter of century. After years of basic research
accumulation, the research interests in this field are
now apparently focusing on practical application. This
review showd the recent advancemments in the area
particularly increasing nonlinear effects in various ty-

pes of glass materials. In several situations the nonli-

near effects in glass are being sufficiently large enough
to fabricate functional devices.
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