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Optical nonlinearity in photonic glasses
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A brief review on optical nonlinearity in photonic glasses is given. For the third-order,
relationship between two-photon absorption and nonlinear refractive-index is considered
using a formalism developed for crystalline semiconductors. Stimulated light scattering and
super-continuum generation in optical fibers are also introduced. Prominent resonant-type
nonlinearity in particle-embedded glasses is described. For the second-order, a variety of
poling methods are summarized. Finally, it is pointed out that different photoinduced
changes can appear when excited by linear and nonlinear optical processes, and the
feature is related with glass structures. © 2005 Springer Science + Business Media, Inc.

1. Introduction

With developments of optical fibers and pulsed
lasers, the optical nonlinearity in photonic glasses
evokes increasing interest [1-3]. The third-order
polarization provides several nonlinear phenomena
such as intensity-dependent absorption and intensity-
dependent refractive-index, which can be utilized as
power stabilizers, all-optical switches, and so forth. By
contrast, in high-power glass lasers, self-focusing ef-
fects arising from intensity-dependent refractive-index
increases pose serious problems. On the other hand,
the second-order polarization, which appears in poled
glasses, can be utilized in second-harmonic generators.
The present article provides a brief overall review on
the optical nonlinearity in inorganic glasses. Here, it
should be mentioned that, in many respects, organic
polymers exhibit similar features to those of the glass,
as listed in recent books by Sutherland [4] and Boyd
[5]. In general, the glass is more stable, while the poly-
mer could give greater nonlinearity, so that the two will
be competitive in practical applications.

The glass is also competitive with crystals. A great
advantage of the glass is structural controllability in
three scales. First, the atomic composition can be con-
tinuously tailored [6]. For instance, a nonlinear optical
glass which has any refractive index in a range of 1.4—
3.2 at wavelength of ~1 um is available. Second, the
atomic structure can be modified more-or-less easily
using, e.g., light beams, with minimal scales of sub-
micron meter. Such modifications may be regarded as
photoinduced phenomena, which can be employed for
adding second-order nonlinearity to selected regions.
Lastly, macroscopic shapes can be changed to arbi-
trary bulk forms, fibers, thin layers, and micro-particles
[7, 8].

Here, fiber and film waveguides may be the most
important for nonlinear applications with the two rea-
sons. One is light power density can be increased by
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reducing the lateral size, i.e. film thickness or fiber di-
ameter, to sub-micron meter scales [9—11]. The other is,
in specific, the fiber can provide long lengths for light-
glass interaction, which are not limited by diffraction
[1]. These scale factors provide apparent enhancements
of nonlinear effects in glasses, provided that intrinsic
nonlinearity may be smaller than that in crystals.

Before proceeding further, it would be appropriate
to introduce a nonlinear formula [4, 5]. For simplicity,
we take the polarization P and the electric field E to be
scalar quantities. Then, very simply, P can be written
down in the CGS unit as;

P=xWE+ xPEE+ x®EEE+---, (1)

where the first term x (V' E depicts the conventional lin-
earresponse, and x ® and x ® represent the second- and
the third-order nonlinear susceptibility. As is known,
xD is related with the linear refractive-index ng as
ng = {1 + 4m xV}/2. On the other hand, the second
term provides such time dependence as sin{(w £ w)t},
so that it could produce dc and second-overtone (2w)
signals. In a similar way, the third could modify the
fundamental (w) signal and generate a third-overtone
(Bw). Nevertheless, since a refractive index changes
with frequency, it is difficult in the over-tone genera-
tions to satisfy the so-called phase-matching condition
[4, 5], e.g. ¢35 = 3¢, Where @ is the phase of electric
fields in glasses [12]. Therefore, the fundamental-signal
processing may be the most important. Microscopi-
cally, the nonlinear terms arise through several mecha-
nisms such as electronic, atomic (including molecular
motions), electrostatic, and thermal processes. Among
these, the electronic process can provide the fastest re-
sponse with fs — ps time scales, which will be needed for
optical information technologies. Accordingly, we will
focus on the process hereafter, which is sectioned as
follows.
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Figure 1 Schematic illustrations of (a) one-photon absorption, (b) two-
photon absorption, (c) two-step absorption via a midgap state, and (d)
Raman-scattering process in a semiconductor with a valence (VB) and
a conduction band (CB).

In Section 2, we will treat conventional homogeneous
glasses. These are optically isotropic, and accordingly,
x@® = 0, because the isotropic disordered structure
appears to be centro-symmetric. Then, the lowest non-
linear term becomes to be x EEE. When x®EEE
can be written as x @ IE, where I is the light inten-
sity, we can define an effective refractive-index n as
n = ng+n, I, where n, is sometimes called the second-
order index of refraction [5]. As is known, in nonlinear
optics, the notation poses complicated problems due
to several definitions of physical quantities. Then, a
conversion 7, (cm?/W) ~ 0.04x® (esu)/n% may be
frequently employed [5]. On the other hand, for light
absorption, which is proportional to (EdP /dt), where
() represents a time average, we should take imagi-
nary parts of x(V and x©® into account, which cause
one- and two-photon absorption (see, Fig. 1). In such
cases, an effective absorption coefficient can be writ-
ten down as a(cm™") + ﬂ(cm/W)I(W/cmz). ny and 8
will be connected through nonlinear Kramers-Krénig
relations (see, Equations 6 and 8).

Section 3 will focus upon non-centro-symmetry. It
has been discovered since the middle of ’80s that sev-
eral kinds of poling treatments can add x® to glasses
[13]. For instance, Osterberg and Margulis [14] demon-
strated intense second-harmonic generation in laser-
irradiated glass fibers. Such work began with silica,
and it has been directed to more complicated glasses.
Magnitudes of x ® may be smaller than those in crystals
due to disordered atomic structures in glasses, while the
structural controllability could offer some advantages.

Section 4 introduces the glass which incorporates
fine semiconductor and metal particles. Such nano-
structured glasses are known to exhibit large optical
nonlinearity [4, 5, 15]. However, as will be described,
the overall feature remains to be studied.

In Section 5, we will consider photoinduced phenom-
ena. Intense light, which is needed for providing optical

nonlinearity, is likely to modify glass structures. Actu-
ally, fiber Bragg gratings [1, 16] have already been com-
mercially produced using excimer lasers, in which roles
of nonlinear optical excitation may be important. Three-
dimensional refractive-index modifications can also be
produced by controlling light focusing [17]. If the light
is more intense, it may give some damage, which is
promising for fabrications of three-dimensional inter-
connected hollow structures [18, 19].
Section 6 will give a summary.

2. Third-order nonlinearity

in homogeneous glass
2.1. Experimental
Substantial data are available for n at transparent wave-
lengths [4]. However, to the author’s knowledge, all ex-
periments utilize lasers, and no spectral dependence has
been reported. Since the dispersion of 7, at transparent
regions is relatively small (see, Fig. 5), detailed spec-
tral measurements may not necessarily be required. In
addition, we should also note that, in comparison with
ng measurements, 7, evaluations are much more diffi-
cult [4]. The biggest difficulty, which is common to all
nonlinear experiments, is the light intensity. Normally,
light is pulsed and focussed, in which temporal and
spatial profiles are not simple, so that intensity eval-
uations cannot be straightforward. For instance, if the
profile be Gaussian, can we simply take the peak value
for nonlinearity evaluations? With such measuring dif-
ficulties and also with some specific problems inherent
to glasses, even for a reference glass SiO,, reported n,
values vary at 1-3 x 1072° m?/W [4]. In other glasses,
different values of a factor of ~10 are reported [4, 9,
15, 17, 20].

However, we see in Table I a general tendency for 7.
Halide glasses (BeF;) have the smallest, light-metal ox-
ides (BK-7) and SiO, give similar values, heavy-metal
oxides such as PbO-SiO, (SF-59) are the next, and the
largest is obtained in chalcogenide glasses (As,S3) [4,
9,15, 17,20-25]. The largest value reported so far may
be n, = 8 x 10712 cm?/W in AgroAs3pSeys at wave-
length of 1.05 pm [26], which is ~10* times as large as
that of SiO,. For temperature dependence, it is reported
that dn,/dT < 0 in a silica fiber [27].

Fig. 2 summarizes 8 spectra for SiO;, As,S3, and
two PbO-Si0O; glasses [28]. Bi;03-B,03 glasses [29]
exhibit similar features to those of the lead glass [30].
We see that all the B spectra seem to have maxima
at midgap regions, iw ~ E,/2. However, this is not

TABLE I Linear (Eg, ng, ap) and nonlinear (12, B, Bmax) optical properties and figure-of-merits (2810 /n2, nz /ap) in some glasses. E; is an optical
bandgap energy [17], ng the refractive index [17], «g the attenuation coefficient [28], ny the intensity-dependent refractive-index [4, 5, 17], 8 the two-
photon absorption coefficient [28], and Bmax the maximal value. Except Eg and Bax, the values are evaluated at optical communication wavelengths
of 1-1.5 um. BK-7 is a borosilicate glass and SF-59 represents data for lead-silicate glasses with ~57 mol.% PbO

Glass E, (eV) no ap (cm™1) ny (x10716 cm?/W) B (cm/GW) Bmax (cm/GW) 2Bxr0/n2 na/ag (cm3/GW)
SiO, 10 1.5 10-¢ 2 <1072 1 <10 0.2

BK-7 4 15 3

SF-59 3.8 2.0 30 <10~! 10

As>S3 2.4 2.5 1073 200 1072 50 0.1 0.02

BeF, 10 1.3 0.8
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Figure 2 One- (dashed line) and two-photon (solid line) absorption
spectra, o and B, in SiO; [35, 36], 38Pb0O-62Si0,, 68Pb0O-32Si0; [30],
and As;S3 [31]. For SiO,, « at transparent regions (iw < 8.0 eV) should
be regarded as attenuation coefficients, which are not reproducible, prob-
ably due to impurities, defects, and light scattering. The dotted line for
AsyS3 at iw > 2.0 eV indicates two-step absorption.

conclusive, since As,S; athiw > 2.0 eV possesses two-
step absorption (see, Fig. 1), which masks two-photon
signals [31]. We also see that the maximal B (~10°
c¢cm/GW) in SiO, is substantially smaller than those in
the others. Note that such a marked difference does not
exist in maximal o, which is commonly ~10% cm~! at
super-bandgap regions in SiO; and As;S3 [32]. It may
be valuable to mention here that, in some glasses, two-
photon excitation produces appreciable photocurrents
[33, 34].

2.2. Theoretical

For x®, theoretical treatments of glass, liquid, and
crystal could be principally the same. The glass and the
liquid can be treated similarly in a sense that the both
are optically isotropic. Hence, many ideas stemming
from kinds of chemical-bond pictures have been pro-
posed [5]. On the other hand, the magnitude of x® in
glasses appears to be similar to that in the correspond-
ing crystals, since electronic structures are governed
by short-range atomic structures within ~0.5 nm [6],
which is much shorter than the wavelength (~500 nm)
of visible light. Specifically, since ny is governed by
integrated electronic absorption (see, Equation 8), the
magnitudes become to be roughly the same in glass and
crystal. For instance, in crystalline and glassy SiO; at
near infrared wavelength, the difference in n, seems to
be comparable with experimental accuracy; i.e. in crys-
talline and glassy SiO,, x® ~ 1.14 x 10~'3 esu and
0.85 x 10~ esu [4]. Then, using formula derived for
semiconductor crystals, we can apply a kind of band
pictures to glasses [28], as described below.

2.2.1. Estimation of nonlinear refractivity

Several semi-empirical relationships have been pro-
posed for x® or n, [5]. Such relations are useful, since
measurements of nonlinear optical constants are much
more difficult than those of linear constants, as men-
tioned earlier. Naturally, a simpler relation is less ac-
curate. The simplest may be the one given by Wang,
%@ o {x}*, which can be regarded as a generalized

Miller’s rule [5]. Boling et al. [37] have derived several
relations, in which the simplest may be;

ny (10713 esu) ~ 391 (ng — 1)/, 2)

where ngq is the refractive index at the d-line (A = 588
nm) and vq is the Abbe number. This relation contains
only these two linear macroscopic parameters, which
can be evaluated easily, and accordingly, it has been
frequently utilized for estimations of n,. It actually pro-
vides a good approximation for small n,; glasses with
ng < 1.7 [5, 37]. For high nq4 glasses, Lines [20] has
proposed a relation, which contains also the atomic dis-
tance, and others derive more complicated formula [38,
39]. Ab initio calculations for TeO;-based glasses have
also been reported recently [40]. However, these rela-
tions can hardly predict wavelength dependence. That
is, the estimated n, may be regarded as long-wavelength
limit values (see, Fig. 5). In addition, the material is as-
sumed to be transparent, so that relations between n;
and B cannot be known at all.

Nonlinear optical properties of semiconductor crys-
tals have been studied more-or-less deeply [5], and ap-
plications of the concept to glasses appear to be tempt-
ing. Tanaka [28] has adopted a band picture, which is
developed by Sheik-Bahae et al. [41], to some glasses.
Their result gives a universal relationship;

ny = KGhiw/Ey)/(noEy). 3)

for crystals with energy gaps of 1-10 eV, where K is
a fixed constant and G(iw/E,) is a spectral function,
where E, is the bandgap energy. For E, in glasses, we
may take the so-called Tauc gap [6] if it is known, or
otherwise, the photon energy fiw at o ~ 10° cm™'.
As shown in Fig. 3, the universal line gives reasonable
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Figure 3 The Sheik-Bahaes’ relation nyng = KG(liw/Eg)/Eg (solid
line), related data (solid symbols), the Moss rule ngEg = 77 (dashed
line), and related data (open symbols) for the oxide (circles), sulfide (tri-
angles), and selenide (squares). The four data for As,S3 are obtained
from different publications, while those for PbO-SiO, with slightly dif-
ferent E, correspond to different compositions. The illustration is mod-
ified to the previous [28] with additions of AgyoAs32Seag [26], BirO3-
silica glasses [43], 35LaxS3-65Ga,S3 [44], and 15Nay0-85GeO; [45].
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agreements with published data for glasses, while the
agreement is not so satisfactory as in the case for crys-
tals [41]. The worse agreement in the glasses may be
partly due to experimental difficulties including quasi-
stable glass properties. In addition, band-tail states,
which are not taken into account in Equation 3, may
cause larger deviations in smaller bandgap glasses such
as AgyoAsipSess. Incidentally, as shown by a dashed
line in Fig. 3, the Moss rule ngEg = 77 [42], which
has been proposed for crystalline semiconductors, gives
satisfactory fits also for glasses.

2.2.2. Non-linear Kramers-Krénig
relationship

To obtain unified insights into the third-order optical
nonlinearity, n, and 8, we can take another approach.
Here, we start with the absorption, and then calcu-
late the refractive index using Kramers-Krdnig rela-
tionships. As illustrated in Fig. 4, this approach is able
to provide unified understandings of atomic structures
and optical properties, since the absorption spectra can
be related with electronic structures more directly. The
method is recently demonstrated to be useful for under-
standing high optical nonlinearity in PbO-SiO, glasses
[46].

As is known, a(iw) and B(iw) can be written for
glasses, neglecting momentum conservation rules, as
[28];

wli) o | (/| HIg:) / D /(E +Fio)Dy(E)dE, (4)
Blies) o |Sn (@1 H o) @n | H1gi) /(Eni — )]

X fo(E + 2hw)D;(E)dE, 5)

where H is the perturbation Hamiltonian, ¢ is a related
electron wavefunction, and D is a density-of-states, in
which the subscripts i, n, and f represent initial, in-

[ electronic structure

atoms)

Figure 4 Relationship among atomic structure (atoms and bonding),
electronic structure, linear absorption « including bandgap energy Eg,
linear refractive index ng, two-photon absorption 8, and nonlinear re-
fractive index ny. Absorption and refraction are related by linear and
nonlinear Kramers-Krénig relations (double arrows). The Moss rule can
be regarded as a simplified Kramers-Kr6nig relation. The Bolings’ and
the Sheik-Bahaes’ relation connect iy and Eg to ny, respectively.
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termediate, and final states. Here, the energy depen-
dence of the wavefunctions is neglected for simplicity.
These equations show that o and B are connected to the
electronic structure, i.e. wavefunctions and densities-
of-states, which is determined by atom species and
bonding structures [6].

Next, ng(w) is expressed using the conventional
Kramers-Kronig relation as [5];

no(w) =14 (c/m)P / {a()/(2% — »*)}dQ. (6)

For a nonlinear response An, Hutchings et al. [47] have
derived a relation;

An(w;¢) = (c/m)P / {Aa(2:0)/(Q — 0} dQ,
(7)

where Ac is a nonlinear absorption, which is induced
by an excitation at €2 and probed at {. Note that this re-
lation is derived rigorously from the causality principle
for non-degenerate cases, e.g., two-beam experiments
with different photon energies, €2 and ¢. However, this
relation may be applied to degenerate cases (2 = ¢) as
a rough approximation as [46, 48];

na(w) = (¢/m)P / BQ)(Q* —w?)}dQ.  (8)

Using these formulas, we can predict gross depen-
dences of B and n, upon E,. Equation 5 suggests
B o 1/E2, provided that E, dependence is governed

by |2,1/(E,; —hw)|*. This relation may be consis-
tent with the material dependence shown in Fig. 2,
which is approximately Bpax o 1/ E2, where Bmax is
a maximal 8. Note that this £, dependence is simi-
larto B o 1/ E;, which is theoretically derived and
experimentally confirmed for crystalline semiconduc-
tors [5, 41]. The difference, Eé and Eg, may arise
from evaluations of the transition probability. Then,
putting f l/Eé into Equation 8, and assuming
J{1/(2 — @)} dQ o 1/EZ, we obtain ny o< 1/Eg,
which is consistent with Equation 3. The two rough
approximations seem to be cancelled in this n, ~ E,
relation. We see that the dependence of n; on Ej is
much more prominent than that of ny, i.e., néEg =177.
We also can conclude that the large n; in chalcogenide
glasses is, in essence, due to its small optical gap.

Under some plausible assumptions, we can also cal-
culate the spectral dependence of B8 and n, for an
ideal amorphous semiconductor, which contains no gap
states [49]. Fig. 5 shows that, at iw = E¢/2, B = 0 and
ny is maximal. This is similar in some degree to the fea-
ture at iw = E, for a and ny. The figure also shows that
B becomes maximal at a photon energy between E,/2
and E,. Note, however, that it is not clear if we can
connect this photon-energy dependence with the ex-
perimental results shown in Fig. 2, since the observed
spectra present much sharper peaks.
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Figure 5 Spectral dependence of linear absorption «, linear refractive-
index ng, two-photon absorption 8, and intensity-dependent refractive-
index n in an ideal amorphous semiconductor with energy gap E; [49].
Vertical scales are linear.

2.2.3. Figure of merits

Several figures-of-merit have been proposed for evalu-
ation of optical devices which utilize n,. For instance,
Mizrahi et al. [50] and others [9, 26, 51] emphasize
unfavorable effects of two-photon absorption, provid-
ing a criterion that 28Ag/ny < 1. Then, putting the
above E, dependence, we see 8/n, ~ Eé, so that small
E, materials would be preferred. Actually, as listed in
Table I, in this figure-of-merit, As,S3 appears to be bet-
ter than Si0,. However, the criterion implicitly neglects
the linear absorption «. Lines [20] uses instead n/c.
Here, o arises from the so-called residual absorption,
which is difficult to estimate quantitatively. In addition,
not the absorption «, but the attenuation ¢y, which in-
cludes light scattering, could be decisive. Table I shows
that, in this measure, SiO, behaves better than As;S3.
These figures-of-merit however have presumed only
non-resonant electronic contributions with sub-ps re-
sponses. More recently, Jha et al. [15] utilize ny/(ta),
where 7 is a response time. Nevertheless, theoretical
predictions of T remain to be studied.

Which definition of the figures-of-merit is the most
appropriate naturally depends upon the application of
interest. For instance, for an optical fiber device, the
maximal length could be ~1 m [52], since the device
must be compact and fast. Then, the light absorption,
which arises from « + 81, should be suppressed below
10=2 cm~!, or light propagation loss must be smaller
than ~1 dB/m. However, for optical integrated circuits,
an effective propagation distance may be ~1 cm, in
which the attenuation could be as large as 10° cm™!.

We can suggest another idea by taking the spectrum
dependence in Fig. 5 into account. That is, the best ma-
terial using n, at some/iw is the one which satisfies a
bandgap condition of iw = E,/2, where o and B are
zero and n, becomes maximal, provided that there ex-
ists no gap-state absorption. In practical glass samples,
absorption due to impurities, dangling bonds such as
E’ centers in oxide glasses [6, 16], and wrong bonds in
chalcogenide glasses [6, 49] cannot be neglected. Actu-
ally, we see in Fig. 1 and Table I that residual attenuation
exists at nominally transparent regions, parts of which

are caused undoubtedly by absorption [53]. Note that
these mid-gap states also give rise to two-step absorp-
tion (see, Fig. 1). We cannot also neglect photoinduced
phenomena induced by these photo-electronic excita-
tions (see, Section 5). It is, therefore, not straightfor-
ward to select an appropriate glass for some applica-
tion.

2.3. Stimulated light scattering and
super-continuum generation

Recently, stimulated Raman scattering attracts consid-
erable interest, since it provides broad-band light am-
plification [1, 5]. As illustrated in Fig. 1(d), stimulated
Raman scattering can be regarded as a kind of non-
degenerate two-photon processes. However, in contrast
to the two-photon absorption, in the Raman scattering,
one photon is absorbed by virtual states and simulta-
neously one photon is emitted. When the incident light
becomes intense, in a similar way to the conventional
stimulated light emission, the Stokes-shifted light could
be amplified. Related nonlinear polarization is written
down as P®(wy) o i Xl(f) I(wp) E(ws), or emitted light
intensity being Al(wg) X](S)I (wr)I(ws), where wy,
and ws (<wr) are an exciting laser frequency and a
Stokes-shifted frequency.

Most experiments have been done using optical fibers
[1, 52] for obtaining long interaction lengths. For in-
stance, as illustrated in Fig. 6, Raman fiber amplifiers
with 5-10 km lengths of silica can provide broad-band
gains of ~10 dB [54]. Raman lasers using silica micro-
spheres with diameter of ~70 pm [8] are also interest-
ing demonstrations. On the other hand, a few fundamen-
tal studies have been reported for stimulated Brillouin
scattering [1, 4].

Super-continuum generation in silica fibers and other
glasses is now intensively studied [4, 55-58]. When
pulsed or cw light propagates through a nonlinear
medium, it may undergo spectral broadening [5]. For
instance, as illustrated in Fig. 6, a 350-m single-mode
fiber, which is excited by a 2.22-W cw laser with
a wavelength of 1.483 um, can emit a 2.1-W out-
put with a broad spectrum extending 1.43-1.53 um

super-
continuum

Output intensity (arb. unit)

| | |
1400 1450 1500 1550 1600

Wavelength (nm)

Figure 6 Output spectra of a Raman fiber amplifier [54] and a super-
continuum fiber generator [55], which are excited by 1483 nm light
(schematic illustration).
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[55]. Note that, different from the stimulated light
scattering described above, shorter-wavelength light
is also generated in this process. The phenomenon
appears under strong and prolonged nonlinear inter-
actions, and accordingly, several mechanisms such
as intensity-dependent refractive-index changes, third-
harmonic generation, and stimulated Raman scattering
could be responsible [55]. Such a spectral-conversion
fiber could be utilized as a broad-band optical amplifier.

3. Second-order nonlinearity in poled glass

It has been discovered that several kinds of poling meth-
ods can add second-order nonlinearity to glasses [13].
At least, five kinds have been demonstrated, which
are listed in Table II. Note that similar procedures are
employed also for polymers. Most experiments utilize
second-harmonic signals for evaluating x®, and less
commonly, electro-optical effects. Practical applica-
tions remain to be studied, while, for second-harmonic
generations, the optical phase matching between ex-
citing and nonlinearly-generated light is a prerequisite
[59].

The poling methods can be introduced in the order of
discoveries. The so-called optical poling was demon-
strated by Osterberg and Margulis [14] using optical
fibers. They found that an exposure of 70 kW Nd: YAG
laser light (A = 1.06 um) for ~1 h to Ge-doped optical
fibers with ~1 m length could grow a second-harmonic
green signal to 0.55 kW. Stolen and Tom [60] utilized
two light beams (x1 and x2 of Nd:YAG laser light)
for induction, which could reduce the exposure time
to ~5 min. However, the method can apply in prac-
tice only to optical fibers, since induced nonlinearity
is relatively small, x® = 10™* pm/V. Second, the
so-called thermal poling, which was actually electro-
thermal, was demonstrated in bulk SiO, samples by
Myers et al. [61]. The induced nonlinearity, ~1 pm/V,
which was evaluated from second-harmonic signals of
1.06 pm laser light, is a similar magnitude to that in
quartz. Since the nonlinearity was considerably large,
the method has been applied widely to other oxide [62—
64] and chalcogenide [65] glasses. Third, Okada et al.
[66] demonstrated corona-discharge poling at ~200 °C
of 7059 films deposited onto Pyrex glass substrates.
Such a corona-poling procedure has been commonly
employed for organic polymers. Fourth, electron-beam
poling of PbO-silica glass could produce ~1 pm/V [67].
An advantage of this method is a high resolution, which

TABLE II Reported poling methods, applied objects, typical proce-
dure, and induced X(z) in silica. References are found in the text. The
listed @ values are compared with Xl(? = 1 pm/V in crystalline SiO;
and x53' = 5 pm/V in LiNbO5

Method Object Procedure x® (pm/V)
Optical fiber Nd:YAG laser, 1 h 1074
Thermal bulk 4kV,300°C, 1h 1

Corona film 5kV, 300°C, 15 min 1

e-beam bulk 40 kV, 10 mA, 10 min 1

Proton bulk 500 kV, 1 mC, 100 s 1

uv bulk ArF laser, 10 kV 3
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may be promising for fabricating optical integrated cir-
cuits, despite vacuum is needed. Liu et al. [68] ap-
plied the method to chalcogenide glasses, producing
~1 pm/V. Proton implantation into silica can also add
x® of ~1 pm/V [69]. Sixth, Fujiwara et al. [70] have
demonstrated UV-poling in Ge-doped SiO;, which is
subjected to electric fields of ~10° V/cm. The induced
x® is reported to be ~3 pm/V, being comparable to
that in LiNbO5.

Two notable poling mechanisms have been proposed
[13]. One is that space charges produce a built-in elec-
tric field of Ege (~10° V/cm), which induces effective
x@ given as 3E4. x¥ [60]. Here, E4 is governed by
migration of ions such as Na' under applied or gen-
erated electric fields [71-74]. In consistent with this
idea, x® decays with time constants of 10'-10° days
at room temperature, which is connected to alkali ion
mobility [74]. The other idea is that oriented defects
such as E’ centers are responsible. It is reasonable to
assume that UV excitation produces defective dipoles,
which are oriented along an applied electric field.

It may be reasonable to assume that adominant mech-
anism depends upon the poling method. Actually, we
can divide the procedures listed in Table II into the
two, depending upon whether the glass is heated or un-
heated during the poling process. The heating tends to
enhance macroscopic ion migrations, while simultane-
ously, it can relax microscopic defect orientations [6].
Therefore, it seems that the ion migration is responsible
in the thermal and the corona poling, while the defect
orientation is dominant in the other methods. In this
context, for enhancing defect orientation, UV poling at
low temperatures may be promising.

In so-called glass ceramics, embedded crystals seem
to be responsible for prominent x® [64, 65, 75, 76].
For instance, Takahashi er al. [76] have demonstrated
that oriented Ba, TiSi,Og crystals are produced in BaO-
TiO,-SiO; glass by a heat treatment at 760 °C for 1
h, which gives prominent x® of ~10 pm/V. In such
methods, selection of glass composition and how to
orient nano-scale crystals are the two key points. x®
can also be generated at interfaces [77].

4. Particle-embedded system

Glasses which contain nano-particles of metals [78, 79]
and semiconductors [80] attract considerable interest
due to unique third-order nonlinearities. Table III lists
several recent results. Such nano-particle dispersed
glasses can be prepared by a variety of physical and
chemical methods, e.g., vacuum deposition and sol-gel
techniques [4, 78, 81]. For semiconductor systems, a
lot of work have been done also using semiconductor-
doped color glass filters [80], which are commercially
available.

These nano-particle systems work efficiently at
around resonant wavelengths of some electronic ex-
citations. Such a feature provides, at least, three char-
acteristics. First, not the real, but the imaginary part of
%@ could be more prominent. Accordingly, Table IIT
compares the absolute value. Second, the system ex-
hibits strong spectral dependence [4, 88]. For instance,



TABLE IIT Several particle systems recently reported, with the preparation methods, | x ®|, and response time t at a measured wavelength A, and
references. PLD and VE depict pulsed laser deposition and vacuum evaporation

System preparation x| (esu) T A (nm) reference
Au (15 nm)/silica shell structure 10~ 2 ps 550 82
Cu (2 nm)/Al,03 PLD 1077 5-450 ps 600 83
Ag (20 nm)/BaO VE 10-10 0.2 ps 820 84
Fe (4 nm)/BaTiO;3 PLD 10-° 532 85
Sn0;(10 nm)/silica sol-gel 1012 1064 86
CdS (4 nm)/silica sol-gel 10~ 500 87

Au-silica and CdSSe-silica are efficient at ~580 nm
and ~800 nm [4]. Third, the response time t and the
linear absorption « tend to become longer and higher.
Actually, a trade-off between x® and the two, T and o,
seems to exist. For instance, CdSSe-dispersed glasses
show x® =& 107 esu with t ~ 20 ps, while in Au-
dispersed glasses ~10~!'! esu and ~1 ps [4]. Linear
absorption could be as large as 10* cm~! [78], so that
these systems can be utilized as small devices, not
as fibers. Note that, in pure silica at non-resonant in-
frared wavelength, x® ~ 10713 esu, T &~ 10 fs, and
a <107 ecm~! [78].

As is suggested above, the particle-embedded system
should surmount two problems for wide applications.
One is the reduction of linear attenuation, including
absorption and scattering, and the other is the shift of
resonant wavelengths to the optical communication re-
gion, 1.3-1.5 pm. Is such a shift possible? What are the
mechanisms giving rise to the prominent nonlinearity?

When the particle is a semiconductor such as CuCl
and CdSSe, excitons or confined electron-hole pairs are
responsible [80]. Specifically, the exciton in semicon-
ductor particles can be treated as a two-level system,
and at the resonance frequency, | x®| is written as;

P ~Imx® o |u[*NT T7, 9)

where u is the dipole moment of excitons, N the particle
number, 77 (=100 ps) the life time of excitons, 7 (*Af5s)
the dephasing time. A quantitative estimation predicts
that a closely-packed CuCl particles with radius of 40
nm could provide a |x®| enhancement of a factor of
~10° when compared with the bulk value [89]. Nev-
ertheless, the close-packing of such particles without
inter-particle interaction may not be easily attained.

When the particle is metals such as spherical Au with
diameters of 10-50 nm, we can envisage local field en-
hancement and dynamic responses of conduction elec-
trons including plasmon effects [78, 79]. The result is
approximately written as [90];

xP~ pnx®13en/(em + 2e0)*{3en/(m + 26},
(10)

where pp, is the volume fraction of metal particles, Xr(r? )
the bulk nonlinearity of the metal, and &, and &, the
linear dielectric constants of host (glass) and the metal.
Nonlinearity of the host is neglected for simplicity here.
Note that ¢, may be real, while e, is complex. We see
in this expression that the metal nonlinearity Xr(,? ) is

decreased by the volume factor py,, while Xr(f ) may be
enhanced by local fields if Re(ey, +2¢) & 0, which de-
termines the resonance wavelength. In consistent with
this model, an Au-dispersed glass, for instance, gives a
greater x® than that of Au films [5].

However, since these systems are complex consisting
of particles and a glass matrix, a variety of situations
arise. For the particle, we should consider, in addition to
particle species, size, size distribution, shape, and con-
centration [91]. Here, needlessly, a narrow size distri-
bution is preferred for investigating fundamental mech-
anisms. The shape may be spherical, ellipsoidal, rod,
and so forth [92]. The concentration determines a mean
separation distance between particles. With concentra-
tion increases, particle-particle electric interaction ap-
pears [82], and then the particles eventually percolate
[83], which may give dramatic changes in nonlinear re-
sponses. On the other hand, the matrix seems to provide
secondary importance. Actually, not only glasses but
also liquids and organic materials have been employed
[4]. However, some reports suggest that the nonlinearity
is largely affected by surface states of semiconductor
particles [93] and by dielectric constants of matrix sur-
rounding metallic particles [4].

Lastly, it may be worth mentioning two pioneering
studies. One is that particles can be arrayed to pro-
duce photonic structures, which exhibit novel nonlin-
ear properties such as light confinement [94]. The other
is generation of second-harmonic signals from ori-
ented ellipsoidal Ag nano-particles [95]. The oriented-
particle structure has been produced in silica through
tensile deformation and simultaneous heating, which
may be regarded as a kind of mechanical poling.

5. Photoinduced phenomena

Intense pulsed light, which is employed for produc-
ing nonlinear effects, is likely to provide also a va-
riety of transitory and (quasi-)stable optical changes
[93, 96]. Photochromic effects induced by sub-gap light
may be known as transitory electronic changes [97].
The refractive-index increase [16,98-101] and struc-
tural modifications [102] in SiO; and other glasses in-
duced by fs—ns laser light withiw =~ 1 ~ 5 eV is
known to arise from quasi-stable structural changes.
Optical poling described in Section 3 can be regarded as
a kind of photoinduced anisotropy [103]. When light is
more intense than 1 GW/cm?—1 TW/cm?, which varies
with the duration of light pulses, permanent damages
are likely to occur [5, 104]. These varieties of changes
are induced by electronic excitations, which may be
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Figure 7 Different relaxation paths induced by bandgap excitation pro-
vided by one-photon (left) and two-photon (right) processes. For in-
stance, the one-photon and two-photon excitations may induce bonding
strains and defect alterations.

triggered by one-photon and multi-photon processes,
depending upon photon energy and light intensity. Af-
ter such photoelectronic excitation, electro-structural or
electro-thermal processes may follow.

Are these photoinduced phenomena really excited
by nonlinear excitation? For instance, it is often as-
serted that, when some photoinduced phenomenon is
induced by exposures to light with photon energy of
hw ~ Eg/m, where m is an integer, m-photon ab-
sorption is responsible [105, 106]. Nevertheless, the
phenomenon may be excited by one-photon absorption
by mid-gap states, which give weak absorption tails
(see, Fig. 2) arising from defective structures in glasses
[6,101]. Otherwise, it may be excited by m-step absorp-
tion processes [107], consisting of successive m-times
one-photon absorption (see, Fig. 1(c)). These processes
have probably been overlooked when analyzing exper-
imental results.

In addition, as schematically illustrated in Fig. 7,
structural changes induced by linear and nonlinear ex-
citation cannot necessarily be the same. Tanaka has
demonstrated using As,S3; that bandgap excitations
produced by one-photon and by two-photon absorp-
tion provide different changes [101]. The one-photon
excitation gives photodarkening, while the two-photon
gives refractive-index increase with no photodarken-
ing. In these phenomena, temperature rises by intense
exposures can be neglected.

Such changes depending upon excitation processes
can appear in glasses. This is because the localized
atomic wavefunction plays important roles, the situa-
tion which is contrastive to extended Bloch wavefunc-
tions in crystals. For instance, as we see in Equation
4, that the one-photon excitation occurs between wave-
functions having different parities, such as from s to
p-orbital, since H is an odd function. In contrast, Equa-
tion 5 shows that the two-photon excitation can occur
between the same-parity states, such as from p to p.
In addition, 1/(E,; —hw) in the equation gives a pos-
sibility of resonant and localized two-photon excita-
tion if E,; —hw = 0 is satisfied for some mid-gap
state. In such cases, the mid-gap state selectively ab-
sorbs the excitation energy, leading to some localized
atomic change around the state. If the change is densely
accumulated, it will appear as a macroscopic photoin-
duced phenomenon. Situations occurring in glasses are
not so simple as those in single crystals.
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6. Summary

We, at present, have a big gap between science and
technology of glasses. In a physical point-of-view, the
glass science remains to be far behind of the crystal
science, the main reasons being due to experimental
difficulty in atomic-structure determination and theo-
retical unavailability of Bloch-type wavefunctions. On
the contrary, we cannot imagine any more a world with-
out photonic glasses such as optical fibers. These con-
trastive science-technology situations require and pro-
mote deeper understandings and wider applications of
nonlinear photonic glasses.

The third-order optical nonlinearity in homogeneous
glasses has been studied in some details. Substantial ex-
perimental data are available for n,, which have been
analyzed using empirical relations such as Bolings’. In
contrast, less work has been done for nonlinear absorp-
tion B. In the present article, therefore, we have tried
to understand in a coherent way the absorption and the
refractive index using semiconductor terminology. The
approach can connect these nonlinear properties to the
energy gap. However, little work has been done for dy-
namics. For instance, it is difficult to theoretically pre-
dict the response time 7 in a glass at some excitation
energy.

Two inhomogeneous systems arouse growing inter-
ests. One is the poled or crystallized glass. Greater
second-order nonlinearity has been reported, some of
which can be added to selected regions. The other
is the particle-embedded system, which can provide
greater third-order, and in some cases, second-order
nonlinearity. However, the mechanism remains to
be studied. An experimental problem is the method
which can reproduce fixed-size and -shape parti-
cles with arbitrary concentration. These two inho-
mogeneous systems can be combined with photonic-
structure concepts, which will be interesting for future
applications.

Finally, in a variety of photoinduced phenomena in
glasses, nonlinear optical excitations appear to play
some important roles. However, fundamental studies
are still lacking. The phenomenon may just seemingly
be nonlinear, and alternatively, linear excitation of gap
states could trigger successive changes. Understand-
ings of the nonlinear photo-electro-structural process
will be challenging problems.

Appendix: Defining terms
Abbe number: A number vq which is a measure of the
dispersion (wavelength-dependence) of refractive in-
dex n of transparent materials at visible wavelengths.
vg = (ng —1)/(ng —nc), where d = 587 nm, F = 486
nm, and C = 656 nm. vq4 takes values of 80 - 20, which
decreases with increasing ng from 1.5 to 1.9.
All-optical switch: Optical inputs are switched by
other optical signals. The switching is produced in
many cases by refractive-index changes. Comparing
electronic devices such as transistors, in which an elec-
trical input is controlled by an electrical current, we
expect that the all-optical switch can work faster, be-
ing free from electrical noises. However, at present, in



contrast to the um scale of a transistor, an all-optical
switch may have cm scales.

Centro-symmetric: A crystal structure in which a cen-
ter of inversion exists is called as centro-symmetric.
There are 32 crystal classes, among which 11 are
centro-symmetric.

Corona discharge: When a high voltage of 5-10 kV
is applied to sharp edges or fine wires of metals, the
gas such as air surrounding the metal is ionized and
discharged. If the voltage is dc, ions having the same
polarity with the dc voltage move toward a grounded
electrode.

Dangling bond: A kind of point-like defects which
is produced by breaking covalent bonds. The dangling
bond may have an unpaired electron, paired two elec-
trons, or no electrons. These dangling bonds were de-
noted as D°, D~, and D* by Mott, the superscript rep-
resenting the charge state.

E’ center: A kind of unpaired-electron dangling
bonds in oxide glasses. In SiO,, an Si atom which
is bonded to three O atoms may have one E’ cen-
ter. The center, which may be produced by radi-
ation, gives ESR signals and optical absorption at
ho ~ 6eV.

Exciton: An electron-hole pair, which behaves as a
H atom, with binding energy of 10-100 meV and life
time of ~1 ns. The wavefunction, in principle, extends
over the whole crystal.

Miller’s rule: An empirical rule proposed by Miller
in 1964, which suggests that x® /{x"}3 is nearly con-
stant for all non-centrosymmetric crystals.

Photochromic: Temporal coloring induced by (UV)
light illumination. For instance, photo-structural
changes of Ag particles, which are dispersed in oxide
glasses, are responsible.

Photodarkening: Quasi-stable darkening induced by
light illumination. In chalcogenide glasses, it occurs
with a red-shift of optical absorption edge, which is
induced through athermal photo-structural processes.
The process, however, is speculative.

Photonic glass: High-purity glasses in which im-
purities are controlled or suppressed at ppm levels.
An example is the optical fiber glass developed at the
end of 20 century, which is very recent when com-
pared to a long history of artificial glasses for 5000
years.

Plasmon: Quantized collective motions of electron
gas in a metal. In a bulk metal, the plasmon propa-
gates as a longitudinal wave, which may be probed
by an electron beam. In a metal nano-particle, a
transversal surface plasmon can be excited by light
waves.

Power stabilizer: An optical device which can pro-
vide a fixed output intensity upon varying input inten-
sity. The principle may be based on multi-photon ab-
sorption, which becomes efficient when light is more
intense.

Short-range atomic structure: Atomic bonding struc-
tures within a scale of ~0.5 nm, which are character-
ized by coordination number (the number of nearest
neighbor atoms), bond length, and bond angle. It is
demonstrated for such simple glasses as SiO, that the

short-range structure is nearly the same with that in a
corresponding crystal.

Tauc gap: Tauc discovered that, in many chalco-
genide glasses such as As,S3, optical absorption spec-
tra o around the fundamental edge can be fitted as
oo < i — Eg)z, where E, is called as Tauc gap. The
energy is often used as a measure of optical bandgap,
while its theoretical interpretation is not conclusive.

Two-step absorption: A successive one-photon ab-
sorption via a gap state (Fig. 1(c)). Since the gap state
has some cross section, the absorption is assumed to
occur as functions of light intensity and pulse duration
as well.

Wrong bond: Homopolar bonds in stoichiometric
glasses, such as As-As in As;S3. The defective bond
nominally does not exist in the corresponding crys-
tal. However, specifically in covalent glasses such as
As»S3, the bond exists with a concentration of ~1%,
which depends upon preparation methods and so forth.
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