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Nonlinear-optical parameters of various media
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Abstract. A review of investigations of nonlinear refraction
and nonlinear absorption of light in semiconductors, full-
erenes, dyes, metals, and crystals is given. The results of
measurements of the nonlinear refraction coefficients, non-
linear absorption coefficients, saturation intensities, and
nonlinear susceptibilities of these media by using laser
radiation at different wavelengths and the z-scan method
are presented. Methods of preparation of nanoparticles based
on these media and studies of their nonlinear-optical
parameters are discussed. Some media are analysed from
the point of view of their application as optical limiters of
laser radiation. Investigations of higher nonlinearities of some
media are also considered.
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1. Introduction

The third-order nonlinear optical susceptibilities of various
media change in a broad range from 107" cgs units to a
few cgs units. Nonlinearities responsible for variations in
the refractive and absorbing properties are especially
important because they strongly affect the propagation
of intense radiation in media. Numerous investigations
have been performed in this field due to increasing interest
in applications of nonlinear-optical effects in optoelec-
tronics, various nonlinear optical devices, optical switching,
etc. [1-3].

Interest in nonlinearities of different nanostructure
media is also caused by their strong nonlinear-optical
response caused by the quantum size effect. The application
of nanostructures in the above-mentioned fields and optical
computers, storage devices, nonlinear spectroscopy, etc. can
lead to considerable development of the latter.

We present here a review of investigations of nonlinear-
optical parameters of semiconductors, fullerenes, dyes,
metals, and crystals in various spectral regions. Some of
these media are analysed from the point of view of their use

R.A. Ganeev, T. Usmanov Akadempribor Research and Production
Association, Academy of Sciences of Uzbekistan, Akademgorodok,
700125 Tashkent; e-mail: Ivliv@tps.uz

Received 16 August 2006; revision received 14 February 2007
Kvantovaya Elektronika 37 (7) 605—622 (2007)
Translated by M.N. Sapozhnikov

as optical limiters of the laser radiation intensity. The results
of measurements of nonlinear refractive indices y, nonlinear
absorption coefficients f8, and third-order nonlinear suscep-
tibilities 1(3) of these media are presented. The higher-order
nonlinear susceptibilities of some materials are also ana-
lysed.

2. Analysis of nonlinear-optical parameters
of media by the z-scan method

The nonlinear response of media can be measured by
different methods such as nonlinear interferometry, three-
and four-wave mixing, generation of harmonics, polar-
isation-ellipse rotation, probe-beam method, and analysis
of distortions of the beam amplitude—phase profile [4—7].
However, most of these methods cannot provide the
separation of contributions from different nonlinearities.
One of the methods that can do it is the z-scan method,
which is comparatively simple and provides high measure-
ment accuracy [8]. At present, there exist several variants of
this method: two-colour, shadow, reflection, and autocor-
relation z-scan [9—11]. The nonlinear-optical response is
calculated by microscopic and empirical methods [12—14].

The single-beam z-scan method [8, 11] is comparatively
simple and offers a number of advantages over interfero-
metric and other methods [6, 7]. In [8], a new highly
sensitive single-beam method for measuring the nonlinear
refractive index and nonlinear absorption coefficient of
media was proposed. The method is based on the analysis
of variations in the far-field intensity distribution of a laser
beam caused by the nonlinear refraction of a sample
displaced in the focal region along the laser beam direction
(the z axis in Fig. 1). To explain the principle of the z-scan
method, we consider the propagation of focused intense
laser radiation through a medium under study. Consider
nonlinear refraction and assume that the medium gives a
positive nonlinear addition to the refractive index. If the
sample is located at a large distance from the focus (the
region of negative values of z), the radiation intensity in the
medium is insufficient to excite a noticeable nonlinear
refraction, and the transmission of radiation through an
aperture mounted in the far-field zone remains invariable
and close to unity, as shown in Fig. 2. As the sample
approaches the focal point, the radiation intensity increases
and the self-focusing effect appears in the medium. The
beam-waist region is displaced to a lens (see solid straight
lines behind the sample in Fig. 1a). As a result, the far-field
radiation has a larger divergence and, hence, transmission
through the limiting aperture decreases.
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Figure 1. Schemes of propagation of focused intense radiation through a
nonlinear self-focusing medium for a sample located in front of the focus
(a) and behind it (b).
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Figure 2. Normalised transmission in the limiting-aperture scheme for
media with the positive (solid curve) and negative (dashed curve)
nonlinear refractive indices.

As the sample is scanned along the z axis, transmission
will decrease until the point z; is reached (see Fig. 2), where
transmission is minimal. A decrease in the curvature of the
wave front of a Gaussian beam near the focus causes the
general decrease in the far-field radiation divergence, and as
the sample further approaches the beam waist, transmission
through the aperture increases. After the sample passes
through the waist, the following picture is observed. Self-
focusing reduces the far-field radiation divergence (see solid
straight line behind the sample in Fig. 1b). This will
continue until the influence of self-focusing on the radiation
propagation through the aperture will be maximal (at the
point z, in Fig. 2 corresponding to the maximum of the
solid curve). As the sample is further displaced, the influence
of this nonlinear-optical process on the transmission of
radiation through the aperture will decrease because of the
decrease in the radiation intensity until the normalised
transmission achieves its stationary value close to unity.
Thus, if the maximum of the normalised transmission
follows after the minimum during z-scan, the medium

has a positive nonlinear refractive index (y > 0) and, on
the contrary, if the transmission maximum first appears and
then minimum, the medium has self-defocusing properties
(y <0).

We considered above only one type of nonlinearity
(nonlinear refraction), by neglecting the influence of non-
linearities producing variations in the absorptivity of the
medium (such as multiphoton absorption and saturated
absorption). The nonlinearity of the first type (multiphoton
absorption) will lead to the suppression of the maximum
and the increase in the dip depth in the dependence of the
transmission 7'(z) on the sample position. In the case of
saturated absorption, the opposite picture will be observed.
In the presence of both nonlinear-optical processes (non-
linear absorption and nonlinear refraction), we can separate
the influence of one effect by subtraction methods and then
calculate separately the nonlinear refractive index and
nonlinear absorption coefficient. Moreover, taking into
account that the z-scan method allows one to determine
y exclusively due to the presence of the limiting aperture, the
removal of the latter completely eliminates the influence of
self-focusing (self-defocusing) on the dependence 7'(z). In
this case, this scheme becomes sensitive only to nonlinear
absorption. Therefore, the scheme with an open aperture
can be used for measuring the nonlinear absorption coeffi-
cient.

We did not specify above the order of nonlinearity
responsible for the nonlinear-optical process. Note that the
influence of higher-order nonlinearities (for example, five-
order nonlinear susceptibilities) becomes substantial for a
number of media (in particular, semiconductors in which the
appearance of free carriers due to two-photon absorption
and their interaction with the intense field leads to the
higher-order nonlinear response). In this case, the z-scan
method also allows one to determine and separate the
contributions of nonlinearities of different orders by the
shape of the dependence T'(z) and positions of the trans-
mission minimum and maximum.

It is known that under real experimental conditions, the
precise measurement of the radiation intensity in the focal
plane is a nontrivial task due to the difficulties encountered
in the determination of its spatial parameters in a medium.
Note in this connection an interesting feature of the
dependence T'(z) described above. If nonlinear refraction
is caused by the third-order nonlinearities, then for the
sample length L smaller than the diffraction length z, of
laser radiation, the distance Az between the transmission
maximum and minimum is related to the spatial character-
istics of focused radiation in the focal plane by the
expression [8]

Az ~ 1.7z. (1)

Here, zy = 0.5kwg; k = 2m/2; wy is the beam radius at the
1/e? level of the spatial intensity distribution in the focal
plane; and A is the radiation wavelength. Thus, the spatial
parameters of focused radiation can be obtained with good
accuracy from the dependence of the normalised trans-
mission on z upon scanning the sample. This, in turn,
allows one to calculate nonlinear-optical parameters with
good accuracy.

Variations in the refractive index of a medium in the field
of an electromagnetic wave, taking into account only the
third-order nonlinearity, are determined by the relation
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where I, and E, are the intensity and strength of the
electric field of the electromagnetic wave of frequency w.
The nonlinear refractive indices 1, and y, describing the
same process in different measurement units, are related by
the expression n, (in cgs units) = (¢n/40m)y (in SI units),
where 7 is the refractive index of the medium and ¢ is the
speed of light.

The value of y is determined from z-scan experiments in
the absence of nonlinear absorption by using the expression

(8]

0.25| 2nyLy[1 — exp(—al)]

AT = 0.404(1 — 5) . ,
o

)

where AT is the normalised difference of the maximum and
minimum transmission in the limiting-aperture scheme; [, is
the maximum radiation intensity in the waist plane; S is the
aperture transmission (fraction of radiation incident on a
photocathode); and o is the linear absorption coefficient.

An important advantage of the z-scan method is the
possibility to separate processes related to nonlinear absorp-
tion and nonlinear refraction when both these processes
proceed simultaneously in a sample [6]. In this case, the
theoretical dependence of the normalised transmission on z
can be written in the form [15]

4x 2(x% +3)
o )T o 1 1)

T(z)=1+ AY,, (4)

where x = z/zy; A®y = kylyLegy, and AWy = Bl Ly/2 are
the parameters characterising the phase shift in the focus
due to nonlinear refraction and nonlinear absorption,
respectively; and L.y = [1 —exp(—aL)]/o is the effective
length of the sample. By introducing the notation
p = f/(2ky), we can obtain the relation between A®, and
AP, (AP, =pAd;). In this case, the expression for the
normalised transmission can be represented in the form

2(—px? +2x — 3p)
T=1 AD,. 5
TR ®

In the general case, the third-order nonlinear suscepti-
bility is the complex quantity

:Rex(3>+ilmx(3>. (6)

Here, the imaginary part of nonlinearity is related to the
nonlinear absorption coefficient by the expression

2
n-ggch
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and the real part is caused by Kerr nonlinearities and is
related to y by the expression

Re)((3> = 2n’gycy, (8)

where ¢, is the dielectric constant. The value of ;((3) in the
cgs units is represented by the expression ;{(3) (in cgs units)

=(9 x 108/475))5 3 (in SI units). The real part of the Kerr
nonlinear susceptibility in the cgs units is related to the
nonlinear refractive index by a simpler expression [16]

(@) _ 9)
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Below, we describe the automated laser z-scan complex
used for studying nonlinear-optical parameters of various
media [17]. A picosecond Nd:YAG laser with a pulse
repetition rate of 2 Hz was used in experiments. A single
pulse of duration 35 or 55 ps was amplified up to the energy
2 mJ. Nonlinear-optical parameters were studied at the
Nd:YAG laser radiation wavelength of 1064 nm and at the
second- and third-harmonic wavelengths of 532 and 354.7
nm, respectively. Laser radiation was focused by lens (/)
with a focal distance of 25 cm (Fig. 3). Objects (2) under
study were displaced with the help of stage (§) along the
optical axis z, by passing through the focal region. The
system for sample translation included a micrometer drive
and four-phase step motor (7) and provided a translation
step of 20 um per cycle. The focused-beam diameter in the
waist region was 100 um. In this case, the maximum
radiation intensity was 4 x 10'' W cm™ at 1064 nm, 4 x
10" W em™? at 532 nm and 10'° W cm™2 at 354.7 nm and
depended on the optical breakdown and multiphoton
ionisation thresholds of media under study. The pulse-to-
pulse energy fluctuations were ~10%. The laser pulse
energy was measured with calibrated FD-24K photodiode
(4) and recorded with B9-5 stroboscopic voltage converter
(5). The laser radiation energy was varied by using
calibrated neutral filters.

N
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Figure 3. Scheme of an automated complex for measuring the nonlinear-
optical parameters of various media [17]: (/) focusing lens; (2) sample;
(3, 4) photodiodes; (5, 6) stroboscopic voltage converters; (7) four-
phase step motor; (8) micro translation stage; (9) controller; (/0) PC;
(11) limiting aperture.

Aperture (/1) of diameter | mm transmitting ~1 % of
laser radiation was mounted at a distance of 150 cm from
the focal region (the so-called limiting-aperture scheme).
FD-24K photodiode (3) was mounted behind the aperture.
The output signal of the photodiode was fed to B9-5
stroboscopic voltage converter (6). To eliminate the influ-
ence of instability of the output energy parameters of the
laser on the results of measurements, the signal detected
with photodiode (3) was normalised to the signal detected
with second photodiode (4). The limiting-aperture scheme
can be used to determine both the sign and values of y and 8
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as well as the nonlinear susceptibility X(3> of materials.
Nonlinear absorption can be also measured by using the so-
called open-aperture scheme, when the aperture in the z-
scan scheme is removed and all radiation transmitted by the
sample upon its scanning along the z axis is collimated in
photodiode (3). The expression for the normalised trans-
mission in the open-aperture scheme has the form

4
T(z)= m, (10)
where
o(z) = BI(z) Legy

1+ (23/22)'

The digitised output signals from both stroboscopic
voltage converters were fed to controller (9) connected
in series with PC (10). The results were processed by
averaging measurements over the programmable number
of points for the given coordinate z and rejecting individual
measurements in the case of strong fluctuations on the
incident radiation intensity. This reduces considerably the
general measurement error of the sample transmission at the
given point z. The measurement error was reduced by using
a set of 20 individual measurements for a fixed position of
the sample.

The measurements of the nonlinear refractive index were
calibrated by using media with well-known nonlinear
refractive indices (for example, quartz). Thus, the value
of y for quartz measured in our experiments was
(244+0.8) x 107 ecm2 Wl in good agreement with the
value 2 x 1071 cm? W™! obtained earlier [13]. The meas-
urements of y were calibrated similarly by using CS, [18§].

3. Crystals

3.1 Photorefractive crystals

Investigations of higher-order nonlinear-optical processes in
dielectric crystals involve certain problems due to the
closeness of the optical breakdown and multiphoton
ionisation thresholds to the intensities at which higher-
order nonlinearities of these crystals are manifested [19—
23]. Due to various applications of photorefractive media
[24—31], such crystals as Bi;2SiOyp (BSO), Bi;2GeOa
(BGO), Bi|pTiOyy (BTO), BaTiOs;, SBN, etc. attract
considerable interest. To elucidate the potential possibilities
of using photorefractive crystals, it is necessary to study in
detail their optical and nonlinear-optical parameters. While
these parameters in weak optical fields have been studied in
many papers (see [24, 25] and references therein), the
nonlinear-optical response of these crystals in the high-
power IR field has been studied to a lesser degree at present
[32—36]. In particular, picosecond radiation was used to
study the efficiency and decay time of a diffraction grating
induced in a BSO upon degenerate four-wave mixing. The
self-focusing of the 457-nm laser radiation in photo-
refractive media was first observed in experiments with
an SBN crystal [37].

Consider the results of z-scan investigations of self-
focusing and other nonlinear-optical processes in photo-
refractive BSO and BGO crystals [38]. These crystals have
large linear absorption coefficients n (2.55 and 2.44 for BSO

0.8 -

0.7 -

0.6 -

05 1 1 1 1 1 1 1
-6 -4 2 0 2 4 z/em

Figure 4. Dependences of the normalised transmission on the BSO
crystal position (the (110) orientation) with respect to the focus in the
limiting-aperture scheme. The solid curve is the theoretical dependence
[38], circles are experiment.

and BGO, respectively) at a wavelength of 1064 nm. The z-
scan experiments were performed by using 55-ps, 0.6-mJ
pulses from a 1064-nm Nd:YAG laser and its second-
harmonic 532-nm, 0.15-mJ pulses at a pulse repetition rate
of 2 Hz. Figure 4 presents the dependence of the normalised
transmission of the BSO crystal on z at 1064 nm in the
limiting-aperture scheme. The nonlinear-optical parameters
of BSO and BGO crystals measured at wavelengths of 1064
and 532 nm are presented in Table 1. According to the
common practice accepted at present, the values of y are
presented in cm> W', B —in em W', ¥®, Rey®, and
Imy® — in the cgs units.

Earlier [34], the generation of the conjugate wave in BSO
and BGO crystals was treated as a result of considerable
nonlinear absorption. The open-aperture z-scan study
performed in [39] has demonstrated the presence of non-
linear absorption, which was the same within the
experimental error for different orientations of BSO and
BGO crystals. The type of nonlinear absorption was
determined by analysing the width of the dip in the
dependence of the normalised transmission on z.

In the case of a linear dependence on the intensity 7, the
absorption coefficient can be written in the form

O((I) = o + ﬁ2wlv (1 1)

where o, is the intensity-independent linear absorption
coefficient and f3,,, is the two-photon absorption coefficient.
The theoretical dependence T7'(z) calculated from (11)
(dotted curve in Fig. 5) differs from the experimental
dependence obtained by the open-aperture method. One
can see that the experimental dip is narrower than the
theoretical one. This discrepancy can be explained by
assuming that higher-order nonlinear absorption processes
(in particular, three-photon absorption) also take place.
The absorption spectra of BSO and BGO crystals show
that the absorption edge related to impurities and crystal
defects lies at 500 and 450 nm for these crystals, respectively.
The energy gap width for these crystals is 3.2 eV. The ratio
of the energy gap width to the Nd:YAG laser photon
energy (1.17 eV) is equal to 2.7 for BSO and BGO. This
circumstance considerably reduces the probability of two-
photon absorption in these crystals at 1064 nm. Other
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Table 1. Nonlinear-optical parameters of BSO and BGO crystals at 1064 and 532 nm [39].

Crystal 2/mm  L/mm  p/107%em> W™ Rex® /107" cgsunits By, /107 em W' Im /107" cgsunits  f5,/1072 cm® W2
0.4 1.6 - - 2.5
BSO 10 0.4 1.7 - - 2.3
1064 73 1 43 - - 44
BGO 11 1 4.3 - - 4.2
17 1 43 - - 43
0.6 2.3 2 20 -
BSO 10 0.7 3.0 1.6 17 -
32 73 1.2 5.1 3.7 38 -
BGO 11 1.1 4.8 2.9 30 -
17 1.2 5.1 3.6 38 -
3
TL r<—". (13)
/Lﬁ_’a(u
Lo By substituting the measured values of the corresponding
parameters into (13), we obtain the intensity
09 | I=(4—-"7x10° W cm™ below which BGO and BSO
crystals can be used as optical switches at A = 1064 nm.
081 k 3.2 Nonlinear crystal converters
R The increase in the intensity of laser pulses due to the recent
0.7 3 F development of the techniques for generating and amplify-
¥ ing femtosecond laser pulses requires the consideration of
0.6 — . . ! . . . the influence of higher-order optical processes on the
-6 -4 -2 0 2 4 z/em second-order optical processes [42, 43]. Despite the fact that

Figure 5. Dependences of the normalised transmission on the BGO
crystal position with respect to the focus in the open-aperture scheme.
The solid curve and dotted curves are theoretical dependences in the case
of three- and two-photon absorption, respectively [39], squares are
experiment.

possible higher-order mechanisms of nonlinear absorption
were considered in [40]. In particular, taking three-photon
absorption into account, the dependence of the absorption
coefficient o on the intensity can be written in the form [41]

o) = oy + Pa I + By 1 (12)
where f;,, is the three-photon absorption coefficient.

The theoretical dependence calculated by (12) is shown
by the solid curve in Fig. 5. Good agreement with exper-
imental data suggests that nonlinear absorption is related to
three-photon processes. Table 1 presents three-photon
absorption coefficients calculated from (12). Three-photon
absorption coefficients measured in our experiments
[(25+08)x 107 cm3 W2 for BSO and (4.4+1.3)
%1072 ecm3 W2 for BGO] are close to these coefficients
measured for some materials at the same wavelength [in
particular, 5, = (1.5 +0.75) x 1072° cm® W for CdS]. At
the same time, these coefficients vary in a rather broad range
depending on the medium (from 6.8 x 107 cm3 W2 for
NaCl [19] to 2.0 x 107! cm3 W2 for InSb [23]).

The measured values of the nonlinear refractive index in
crystals suggest that optical switching can be efficient.
However, three-photon absorption at the wavelength
used in experiments introduces certain limitations due to
a decrease in the effective length of the nonlinear medium.
The optical switching efficiency upon three-photon absorp-
tions can be estimated from the critical condition

nonlinear crystal converters have been long used, their
higher-order nonlinearities have been studied inadequately
so far. The third-order nonlinear susceptibilities were
measured only in some spectral regions and only for
certain crystal orientations (see, for example, [11, 13, 44]).
Therefore, analysis of the third-order nonlinear suscepti-
bilities, nonlinear refractive indices, and nonlinear
absorption coefficients of KDP, LiNbO3, and BBO crystals
at 1064 and 532 nm is of current interest.

The Kerr nonlinearities are estimated from an empirical
model based on a simple assumption about a dominating
influence of one efficient optical transition. The transition
frequency 4o ' and the diagonal matrix element of the dipole
moment operator yu,; are determined from the values of the
refractive index and its dispersion. Unlike approximations
[13, 45] used earlier, the values of the refractive index and its
dispersion at the same transition frequency are used. In the
single-transition approximation, the refractive index is
determined by the known expression

2 flpor, 20, At
ch gt =271

2

n?=1+ (14)

Here, f(ug;, 40, 4) is a factor taking into account the local-
field correction and N is the density of oscillators. We can
obtain from (14) the expression for the third-order non-
linear susceptibility responsible for the self-action, which
has the form

on’
o

y(3) _
K 3213 chN

(n* — 1)i? (15)

Expression (15) allows us to determine the dispersion of
the Kerr nonlinearity from the refractive-index dispersion.
In the general case the Kerr nonlinearity have tensor
properties. Although the individual components of the
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tensor of anisotropic crystals can be estimated from (15), the
calculation of all components requires a more detailed
analysis. A detailed analysis of the components of the
nonlinear susceptibility tensor of a KDP crystal is presented
in [46].

In the dispersionless approximation, the third-order
Kerr nonlinearities of KDP crystals (the symmetry class
42m) and LiNbO3 and BBO crystals (the symmetry class 3r1)
have four independent components. For the extraordinary
wave directed at angles 0 and ¢ to the crystal axes, the Kerr
nonlinearity of a crystal of the symmetry 42m is expressed in
terms of these components as

3
23

Bz + 2n22) + (i — x1122) cos o] cos*

e

3 . .
+ 3;{2233 Sln2 20 + 13333 Sln4 0, (16)
whereas the Kerr nonlinearity for a crystal of the symmetry
3m has the form

X1(<3): 3%1122€08* 0 + 41153 (1— 4 cos” @) sin @ sin O cos” 0

+ % Z22338I0° 20 + 73333 sin* 0. (17)

It follows from (16) and (17) that the anisotropy of the
Kerr nonlinearity is determined by the relation between its
components and can be considerable. The consideration of
the Kerr-nonlinearity dispersion increases the number of
independent components up to five (the symmetry class
42m) and six (the symmetry class 3m).

The nonlinearities of some crystal converters measured
by the z-scan method are presented in papers [46—48]. The
experimental dependences of the normalised transmission of
radiation through a limiting aperture on the sample position
were interpreted by the method of the expansion of a
Gaussian function, which is widely used to analyse the
results of z-scan measurements [8], and by the numerical

tropic media. In anisotropic media with the high second-
order nonlinearity, which is responsible for the second
harmonic generation, a competing channel of the inhomoge-
neous change in the phase and intensity is the second
harmonic generation and the inverse process [51] (second
harmonic and subharmonic generation; this channel can be
called conditionally the cascade channel).

In papers [46—48], nonlinear KDP, LiNbO3; and BBO
crystals of length from 0.8 to 2 cm cut at different angles to
the optical axis were studied. Measurements were performed
for different diffraction lengths Ry. The value of R; was
changed by mounting a telescope in front of a focusing lens.
Table 2 presents the nonlinear susceptibilities and nonlinear
refractive indices of these crystals calculated from the
dependence of the normalised transmission of radiation
at 1064 nm on z by using the processing method proposed in
[8] and paraxial approximation [50].

The phase shift in BBO and LiNbOs crystals is positive,
i.e. these crystals have self-focusing properties. Note that the
phase shift in a LiINbO;3 crystal near 0 = 90° caused by the
self-action channel only slightly exceeds the phase shift
caused by the cascade process. The nonlinear absorption
coefficient was estimated from open-aperture z-scan meas-
urements. It was found that nonlinear absorption in this
case was determined by the four-photon process. The four-
photon absorption coefficient was measured to be
17x 1072 em®> W™, No nonlinear absorption was
observed at 1064 nm in KDP and BBO crystals by the
open-aperture z-scan method within the measurement
sensitivity.

Table 3 presents the values of ;{]23), n,, and y measured at
a wavelength of 532 nm. The diffraction length was the same
and equal to ~1 cm in all measurements. Measurements
with KDP crystals were performed for the same orientation
of the crystals and different intensities of the incident
radiation. The nonlinearity of KDP crystals measured at
532 nm was smaller than that measured at 1064 nm. This
agrees with calculations based on a simple empirical model.

Table 3. Nonlinear-optical parameters of crystal converters at 532 nm
[48].

. o . . . (3) /10— 14 -13 /1016

method in combination with the paraxial approximation  cCrysal  L/em X /10 m/10 7/10 1
[49, 50] cgs units cgs units cm? W™

The physical foundation of the z-scan method is the KDP L8 17 L1 28
inhomogeneous phase change in different regions of the (0=41°) ‘ ’ '
beam with different radiation intensities. A change in the gpp
beam phase in nonlinear media can be caused, apart from (9 = 78°) 19 1.5 0.90 2.5
self-action effects such as self-focusing and nonlinear  ppq
absorption, by other parametric and combination processes. 0 =519 0.8 5.7 3.2 8.0
These processes are typical both for isotropic and aniso-
Table 2. Nonlinear-optical parameters of crystal converters at 1064 nm [48].

Gaussian function-expansion approximation Paraxial approximation
Crystal L/em  Ry/cm x](f)/ ny/ y/10716 11(43)/ n/ 7/
10~ cgs units 107" cgs units cm? W! 1071 cgs units 10713 cgs units 107 ecm2 W!

KDP (0 = 59°) 2 0.6 2.0 1.2 3.5 2.6 1.6 4.6
KDP (0 = 59°) 2 1.6 2.6 1.6 4.6 2.6 1.6 4.6
KDP (0 = 78°) 1.5 0.6 2.2 1.4 3.8 2.5 1.6 4.4
KDP (0 = 90°) 1.5 1.6 1.4 0.90 2.5 1.5 0.93 2.6
BBO (6 = 51°) 0.8 1.3 52 3.0 7.4 52 3.0 7.4
LiNbO3; (6 =90°) 0.8 1.3 6.9 2.9 5.4 7.5 32 6.0
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The nonlinearity of the BBO crystal increased with decreas-
ing wavelength, which also agrees with calculations taking
into account the parameters of this crystal.

The dependence of the normalised transmission at 532
nm on the crystal position in limiting-aperture z-scan
measurements exhibited asymmetry for all crystals, which
is explained by the presence of nonlinear losses. Nonlinear
absorption in KDP and BBO crystals is determined by
three-photon processes, whereas nonlinear absorption in
LiNbOj; is determined by the two-photon process [47]. The
three-photon absorption coefficients were 5.4 x 107> and
2.1 x 107" em3 W2 for KDP and BBO crystals, respec-
tively. The two-photon absorption coefficient measured for
LiNbO; crystals (2.1 x 107" cm W) was smaller than that
calculated by expressions from [52] (2.9 x 107 cm W™ 1),
but better agrees with the value obtained in [53]
(1.5% 107 em W1y,

4. Fullerenes

Most of nonlinear-optical studies of fullerenes were perfor-
med earlier by the methods of degenerate four-photon
mixing and third harmonic generation [54—59]. The non-
linear susceptibility X(3> of fullerenes in films and solutions
responsible for phase conjugation at different wavelengths
was investigated by the method of degenerate four-photon
scattering [33, 60]. The nonlinear responses of similar fulle-
rene systems responsible for the second- and third harmonic
generation were studied in papers [61—65] and [61, 66, 67],
respectively. It was found that Cep films have high third-or-
der nonlinear susceptibilities at 1064 nm [ x(3)( 3wy 0,0,0) =
2x 107 cgs units  and (= 2w;w,®,0)=2.1 x 10~
cgs units].

In fullerenes of interest is inverse saturated absorption,
which determines an increase in absorption with increasing

Table 4. Values and signs of Rexm of the Cgo solutions and films [72].

the laser radiation intensity [56, 68]. It is known that this
effect is observed because the absorption cross section in
excited states exceeds that from the ground state. Materials
with inverse saturated absorption are excellent candidates
for using them as optical limiters to protect eyes and other
radiation detectors from intense laser pulses [69, 70].

The nonlinear-optical parameters of fullerenes Cgp and
Cy0 in polyamide films and toluene excited by 35-ps laser
pulses at 1064 and 532 nm were analysed in papers [71—73].
The value of y for the 0.5 % solution of Cep in toluene cal-
culated from experimental data was —4 x 10°"> cm2 W™
The nonlinear susceptibility of this sample was
2 x 107" cgs units at 1064 nm.

Measurements of the nonlinear absorption in samples
showed that, within the accuracy of measurement of their
transmission (2 %), this process was distinctly observed only
in Cgp solutions. Nonlinear absorption in this case could be
caused by inverse saturated absorption due to excitation of
fullerenes to higher-lying levels with absorption cross
sections exceeding the ground-state absorption cross section.
The nonlinear absorption coefficient of the 0.5 % solution of
Cego 1n toluene was 1.5 x 107 cm W' at 1064 nm [71].

The inverse saturated absorption was observed in Cgo
and Cy films [58] and fullerene solutions [47, 68, 74] at the
532-nm second-harmonic wavelength of a Nd: YAG laser.
The possibility of using fullerene-doped samples for optical
limitation at 1064 nm was studied in [59]. The transmission
in a cell with the 0.55% Cgo solution in toluene did not
change with increasing the radiation intensity up to
I=4x10""W cm™2. Above this intensity, a decrease in
transmission was observed. This effect was not observed in
C7o solutions. Thus, it was shown in [59] that Cg solutions
can limit the radiation intensity in the IR region as well.

Similar studies of the nonlinearity of fullerene-doped
structures were also performed at a wavelength of 532 nm.

A / nm Sample Rey @ / cgs units Experimental method Pulse duration References
532 Ceo/toluene —1.7x107% SFWFM 25 ps [54]
532 Cgo/toluene >0 z-scan 19 ps [56]
532 Ceo/toluene <0 z-scan 70 ns V) [56]
532 Ceo/toluene <02 z-scan 13 ps [66]
532 Ceo/toluene +58 x 10712 Ez-scan 15ns 57
532 Cgo/toluene <0 z-scan 30 ns [55]
<950 film Ceo (5.2 pm) <0 z-scan 150 fs [67]
532 Cgo/toluene >0% z-scan 23 ps [68]
520 Ceo/toluene —(34£0.7) x 10719 Zz-scan 15ns [61]
576 Co0/ PMMA <0 shadow method 12 ns [69]
532 Cro/liquid crystal +4.86 x 107% cm? erg™! holographic recording 20 ns, 400 ps [70]
532 Ceo/metalloorganic solution <0 z-scan 8 ns [63]
532 Ceo/metalloorganic solution >00 z-scan 8 ns [63]
532 Ceo/toluene +(1.9£0.38) x 10713 Zz-scan 55 ps [59]
532 film Ceo (100 nm) +(4.8+£0.96) x 107 z-scan 55 ps [59]

Notes: D Pulse train of duration 19 ps (11 pulses in a train) with a pulse period of 7 ns; 2 hyperpolarisability y’ = Rex(3>/N = —4x 107! ¢gs units;
3y =19 x 107" cgs units; 9y = —(9.05£0.21) x 107" cm? W', 9 W =20 pJ; © W = 300 pJ; SFWFM: stimulated four-wave frequency mixing.
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Table 4 presents the values of Re 1(3) measured by different
authors under similar spectral conditions. A great difference
between the values of Re 1(3) and different signs of Re X(3)
can be caused by different experimental conditions (pulse
duration, laser radiation intensity, etc.). In addition, the
influence of nonlinearities of fullerene-doped matrices (tolu-
ene, polymers, and metallorganic compounds) can be also
significant. A change in the radiation energy leads to a chan-
ge in the sign of Rexm for some fullerene-containing struc-
tures [51]. This can be caused by the influence of additional
nonlinear-optical processes (thermal effect, Stark effect, etc.)
proceeding along with the high-frequency Kerr effect.

The fifth-order nonlinearity of thin fullerene films was
studied in [72]. It was shown that at low laser radiation
intensities (Iy = 5 x 10> W cm™?), the self-defocusing proc-
ess is determined by third-order nonlinearities. The self-
action type changed with increasing radiation intensity due
to the increasing role of the higher-order (fifth) nonlinearity.
Under these conditions, the self-defocusing properties of a
thin (60 nm) fullerene film appeared. The nonlinear refrac-
tive indices caused by the third- and fifth-order processes at
532 nm were 2 x 10~ cm2 W and —1.4 x 107" cm* W2,
respectively.

In [73], the third harmonic generation (THG) was
studied in fullerene-doped films. The nonlinear susceptibility
of a polyamide film containing 0.5 % of C7¢ responsible for
THG was 9 x 107" cgs units. The deviation of the depen-
dence I3,(I,) from a cubic dependence observed in
experiments was explained by the influence of the Kerr
nonlinearity on the phase relations between the pump and
harmonic waves. The maximum THG conversion efficiency
was 1076

5. Dyes

5.1 Polymethine dyes

Practical applications of dyes in various problems of laser
physics require the study of their optical parameters [75].
Along with common optical parameters, which have been
already investigated to a great extent, an important
characteristic of dyes is their nonlinear response to the
action of short (picosecond and femtosecond) light pulses.
It has been shown earlier that the nonlinear susceptibilities
of a number of organic dye molecules with conjugated
double bonds are comparable with the resonance nonlinear
susceptibilities of atoms [76, 77]. Such molecules with
double conjugated bonds and delocalised 7 electrons are
very promising as nonlinear-optical media. Note that the
delocalisation of m electrons in fullerenes is also responsible
for the high nonlinear susceptibility of the latter [78, 79].

Mode locking devices based on polymethine dyes [80],
which are used, as a rule, in problems of this type, are
subjected to irreversible changes with time, which causes, in
particular, variations in their nonlinear-optical parameters
(for example, the saturation intensity and nonlinear absorp-
tion coefficient).

The nonlinear-optical parameters of polymethine dyes of
different ionic characters: cationic (dyes 1-6), anionic (7),
and neutral (8) were analysed in paper [81] by the z-scan
method in the field of picosecond pulses. The numeration of
dyes corresponds to the classification presented in [80]. The
z-scan experiments were performed by using a picosecond
1064-nm Nd: YAG laser emitting 55-ps, 2-mJ pulses with a

pulse repetition rate of 2 Hz. The dye solutions were z-
scanned by using the open-aperture scheme. The value of f§
for the solution of dye 2 (at the concentration
C =2.5x10"* M) was measured to be 3 x 107"* cm W,
Note that calculations performed earlier showed that some
of the dyes (tetracene, paraterphenyl, pentacene) have
considerable Kerr nonlinearities [82].

Similar measurements were performed for all other dyes.
Their nonlinear refractive indices are presented in Table 5,
where are also given coefficients ff measured for these dyes
at different concentrations. One can see that, having rather
low nonlinear refractive indices (at the given concentrations
of solutions), some of the dyes exhibit noticeable nonlinear
absorption. This can be explained both by inverse saturated
absorption and two-photon absorption. It was found that,
unlike other dyes, no nonlinear-optical effects were observed
for dye 7 (the data for dye 7 are not presented in Table 5).

Table 5. Nonlinear-optical parameters of polymethine dyes [81].

I A T
1 2.8 2.6 2.3 -

2 2.5 5.6 3.0 -

3 2 4.5 1.7 -

4 2 - - 4x 108
5 1.3 - - 3.4 x 10°
6 1.6 65 - -

8 4.5 2.7 - -

Dye 5 is of certain interest among polymethine dyes.
This dye is also known as dye 269u. Due to efficient lasing of
this dye in polyurethane matrices and alcohol solutions
observed in a broad range of 80 nm at 1150 nm upon
pumping at 1064 nm [83], the dye is promising not only as a
saturable absorber for passive mode locking but also as a
laser medium for generating ultrashort IR pulses due to a
large width of its lasing spectrum.

Figure 6. Dependences of the normalised transmission of the dye 5
solution on z in the open-aperture scheme for radiation intensities in the
focal plane 1.2 x 107 (1), 4.8 x 107 (2), 1.5 x 10% (3), and 1.2 x 10°
W em™2 (4). The solid curves are theoretical calculations for the
minimal (/) and maximal (4) laser radiation intensities [81], circles
and squares are experiment.




Nonlinear-optical parameters of various media

613

The results of the open-aperture z-scan measurement of
saturated absorption in dye 5 in ethanol at different
radiation intensities are presented in Fig. 6 in the form
of the dependences of the normalised transmission of the
dye 5 solution on z. At low laser radiation intensities, the
normalised transmission increases with increasing radiation
intensity, which is typical for saturable absorbers. As the
radiation intensity was further increased, absorption was
saturated, the envelope of the dependence 7(z) broadened,
and then nonlinear absorption appeared, which was caused
by either multiphoton absorption or inverse saturated
absorption and manifested in a decrease in the maximum
value of the normalised transmission. These dependences
can be used to determine the intensity regions where the
conditions of the maximum bleaching of the dye are fulfilled
and at the same time the influence of other nonlinear-optical
processes, in particular, nonlinear absorption is absent.

In the trivial case of a linear dependence of the
absorption coefficient o on the radiation intensity, this
coefficient can be described by expression (11), where the
linear absorption coefficient can be, in particular, negative
in the case of saturated absorption.

There also exist other models describing saturated
absorption. For a two-level system with the inhomogeneous
broadening, the equation describing the saturation process
can be written in the form [84]

1
= (18)

1+ [/IS)O.S :

Here, I and [, are the laser radiation and saturation
intensities, respectively. Another (‘kinetic’) model is used in
the case of the depletion of the ground-state concentration
and gives the relation [85]

1

TR

(19)

Yet another (‘three-level’) model giving the expression

1

SEAR >

o = 0

was used in [86] to analyse saturated absorption.

The experimental dependence of the saturated absorp-
tion in the dye 5 solution is well described by the three-level
model at low radiation intensities and by the two-level
model with the inhomogeneous broadening at high radia-
tion intensities.

5.2 Organic dye vapours

The nonlinear-optical properties of vapours of organic
molecules were first studied in the benzene C¢Hg vapour
[87], where radiation was converted to the vacuum UV
region, and also in the acetylene C,H» vapour, where THG
in the UV region was performed in a dye laser [88]. The
nonlinear-optical parameters of organic dye vapours were
studied in papers [89, 90], where various schemes for
radiation frequency conversion were proposed.

The frequency conversion of picosecond IR pulses and
UV radiation upon THG in organic dye vapours were
analysed in paper [91]. The dipole moments and nonlinear
susceptibilities of organic dye vapours were calculated by
using the free electron model. Although this model is

simplified [92], it allows one to calculate quite accurately
the optical and nonlinear-optical spectral parameters of
systems with conjugated double bonds [93].

The THG of laser radiation in organic dye vapours was
studied by the example of naphthalene C;oHg. Note that
naphthalene was chosen because its vapour has a high
enough concentration already at relatively low temperatures
(~200°C), which is required to achieve the synchronous
interaction between the pump and harmonic waves. By
using the energy levels, frequencies, and transition dipole
moments calculated for naphthalene and relations presented
in [93], the third-order nonlinear susceptibility X(3 (Bw) was
calculated for a single molecule to be 0.42 x 10~** cgs units
(for the THG of the Nd:YAG laser radiation,
o+ o+ o=73o).

Third harmonic generation in isotropic media can be
performed not only in the scheme w + @ + w = 3w, but also
in the scheme ® + w — w = 3w. The fifth-order nonlinear
susceptibility X<5)(3w) calculated according to the latter
scheme is 1.3 x 107* cgs units.

In [91], a Nd: YAG laser emitting trains of picosecond
pulses was used as a radiation source. The pulse duration
was 35 ps and the energy of the pulse train was 5 mJ. Laser
radiation was focused by a lens with a focal distance of 25
cm to the centre of a cell with naphthalene vapour. The cell
was heated up to 220°C to obtain the naphthalene con-
centration of ~10" cm™. The pump and third harmonic
radiation at 354.7 nm was coupled out through the output
quartz window and directed to a spectrograph.

Figure 7 shows the dependence of the third-harmonic
intensity on the naphthalene vapour temperature. The
maximum intensity of converted radiation was achieved
at 170°C. The maximum THG efficiency in naphthalene
vapour was 107%. Such a dependence is typical for gen-
eration of odd harmonics upon tight focusing (b < L, where
b = 8 mm is the confocal diameter of focused radiation, and
L = 180 mm is the length of the nonlinear medium) in an
isotropic nonlinear medium with the anomalous dispersion
and also for generation of the difference frequency by
neglecting the sign of the medium dispersion.

As mentioned above, THG in naphthalene vapour can
occur through two channels: the direct four-photon
(w + o+ o = 3w) and six-photon generation of the differ-
ence frequency (w+ ® + o + w — o = 3w). The necessary
condition for synchronous THG to proceed through the first
channel upon tight focusing of the incident radiation to the
nonlinear medium is the falling of the third harmonic

600
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Figure 7. Dependence of the third-harmonic intensity of the naphthalene
vapour temperature [91].
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wavelength to the anomalous dispersion region (i.e. the
condition k3 — 3k; < 0 should be fulfilled, where k3 and k;
are the wave numbers of the harmonic and pump radiation,
respectively). Only in this case, the additional phase shift
appearing after the propagation of radiation through the
focal region is compensated by the dispersion of the
nonlinear medium, which provides conditions for the
synchronous interaction of the pump and harmonic waves.
Analysis of one-photon absorption in naphthalene vapour
shows that no absorption bands are observed near the third
harmonic wavelength (354.7 nm) [94]. Naphthalene has the
normal dispersion in this spectral range. For this reason, the
condition of synchronous interaction of the waves in the
channel w + ®w + ®w = 3w for naphthalene vapour is not
fulfilled for moderate output powers of the Nd: YAG laser,
when the influence of the optical Kerr effect is not sufficient
for changing the sign of dispersion.

For THG via the second channel, the situation is
different. The presence of the negative dispersion region
is no longer required for the w +w+w+w—w=3w
process to occur, because the difference frequency can be
generated in the synchronous regime in media with different
signs of dispersion [16, 95]. Therefore, in this case, the most
probable is the fifth-order process. The nonlinear suscep-
tibility 7 of this process, as y*), will be determined by the
presence of lines with large oscillator strengths near the
four-photon resonance. A similar process of the difference-
frequency generation in naphthalene vapour at the second-
harmonic wavelength of a Nd:YAG laser was studied
earlier upon four-photon interaction (2w + 2w — w = 3w)
[90].

6. Metals

6.1 Organometallic structures

Doping metals into polymer structures changes both optical
and nonlinear-optical parameters of these composite
materials [96, 97]. In [96], complexes of polymers with
metals were studied with the aim of using them for optical
switching and optical limitation in the field of nanosecond
pulses. In [97], porphyrin polymers doped with zinc were
investigated for the purpose of using them for optical
limitation. It was shown that these compounds can
efficiently limit the intensity of 500-ps laser pulses at a
wavelength of 532 nm. Note that optical limitation in
polymer metal-containing complexes was mainly studied in
the visible spectral region.

In [98], the nonlinear-optical parameters of polyvinyl
pyrrolidone (PVP) doped with various metals were inves-
tigated. An attractive feature of PVP is that this polymer
does not lose its good optical properties (in particular, weak
scattering of light) upon doping with molecules and atoms.
Note that PVP can be also used as a stabilising reagent for
such nanostructures as metal clusters, which makes it
attractive for the development of stable suspensions used
in nonlinear-optical studies [99].

The aqueous solutions of PVP doped with cobalt at
different concentrations (2%, 5.3%, 6.2%, and 13.5%)
and with iron (4.25 %) and zinc (0.85 %) were investigated.
One gram of a metalllopolymer was dissolved in 100 ml of
distilled water at room temperature. Solutions were studied
in cells of thickness 1 mm (in z-scan experiments) and 2 mm
(in THG experiments). Figure 8a presents the normalised
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Figure 8. Dependences of the normalised transmission of PVP solutions
with the cobalt concentration 2 % (0), 5.3 %(e), 6.2 % (0), and 13.5%
(m) [98] in the limiting-aperture scheme at 1064 (a) and 532 nm (b).

transmissions of organometallic polymers at 1064 nm with
different cobalt concentrations as functions of z. Figure 8b
presents similar dependences obtained at 532 nm. Note that
the nonlinearity sign is constant in the case of these two
wavelengths. One can see from Fig. 8 that transmission
increases with increasing cobalt concentration. This is
explained by the enhancement of defocusing with increasing
Co concentration. Experiments with pure water and pure
PVP (without cobalt) did not reveal the characteristic
nonlinear dependence of T'(z).

The open-aperture z-scan studies showed that nonlinear
absorption at 532 nm was observed for all samples. The
nonlinear absorption coefficient of the PVP solution with
cobalt at a concentration of 13.5% was 9.4 x 107!
cm W', Nonlinear absorption at 1064 nm was not
observed, although high-power radiation was used. A
decrease in transmission at 532 nm was caused by inverse
saturated absorption, which is manifested in many similar
organometallic and polymer structures in the visible spectral
range [100—102]. In [101], nonlinear absorption in metal-
loporphyrins was studied. It was shown that nonlinear
absorption at 532 and 600 nm (in the field of picosecond
and nanosecond pulses) was caused by inverse saturated
absorption. The absence of nonlinear, in particular, two-
photon absorption at 1064 nm is probably explained by the
fact that the resonance line of metalloporphyrin solutions
lies outside the region of the two-photon transition at this
wavelength.

Table 6 presents the nonlinear refractive indices, Kerr
nonlinear susceptibilities, and nonlinear absorption coeffi-
cients of organometallic polymers measured in [98].
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Table 6. Nonlinear refractive indices, nonlinear absorption coefficients,
and nonlinear susceptibilities of Co solutions in PVP [98].
~ . - 10 | A A Ap
Substan A/nm },/10 15 ﬁ/lO 10 X(.%)/IO 14 e : ..
ubstance cem? W' em Wl cgs units * tees . . A ‘.
0.8 (2] [}
PVP 1064 —0.9 6.87 v * *
—0. - —6. v
(2% Co) 4 * A
0.6 v N
PVP
1064 —-1.4 - —11 v
(5.3 % Co)
0.4 +
PVP 1064 1.8 13.8
(6.2 % Co) ' ’ %
0.2+ v
PVP
1064 2.6 - —19.7
(13.5% Co)
0 1 1 1 1
PVP 3 9 10 11 -2
52 -6 2.1 ~118 10 10 10 10" 7/W cm
(2% Co)
PVP Figure 9. Normalised transmission as a function of the radiation
0 532 —-34 4.2 -26.5 intensity at wavelengths 1064 (m,») and 532 nm (e,v) for the cobalt
(5:3% Co) concentration in PVP equal to 2% (m.e) and 13.5 % (a,) [106].
PVP 532 4.6 6.1 35.9
(6.2 % Co) ’ ’ '
PVP Theoretical curves constructed taking into account only
(13.5 % Co) 532 6 9.4 —47 two-photon absorption differ somewhat from experimental

One of the mechanisms providing highly efficient non-
linear absorption is, as mentioned above, the inverse
saturated absorption. Absorption of this type was success-
fully described by the so-called five-level model [103]. The
inverse saturated absorption can be observed if a medium
satisfies the following criteria. First, the excited-state
absorption cross section of the medium should exceed
the ground-state absorption cross section. Second, the
excited-state lifetime should be long enough compared to
the exciting pulse duration. A number of organometallic
materials found recently such as metalloporphyrins [101,
104], metallopolyenes [105], and metallophthalocyanines
[100] satisfy these criteria. It was quite reasonable to expect
the presence of inverse saturated absorption in structures
that we studied (along with other possible optical limitation
mechanisms).

In [106], the optical limitation process was studied in
PVP metal complexes at 1064 and 532 nm. Despite the
absence of nonlinear absorption in the IR region, the PVP
metal complexes, as shown above, exhibit distinct defocus-
ing properties. This circumstance suggested the possibility of
using self-action (in this case, self-defocusing) to obtain
optical limitation in the IR region.

Figure 9 presents the dependences of the normalised
transmission of PVP solutions with different cobalt con-
centrations on the incident radiation intensity at 1064 nm
obtained by the limiting-aperture z-scan method. In this
case, cells with solutions were located in the region of
minimal transmission, i.e. in the region of the dip in the
dependence T(z) (Fig. 8).

A different situation was observed for A= 532 nm
(Fig. 9). In this case, optical limitation was caused both
by self-defocusing (playing a decisive role for IR radiation)
and by nonlinear absorption (to a greater extent). Nonlinear
absorption could be caused by two-photon absorption and
inverse saturated absorption (at high radiation intensities).
However, the contributions of these processes cannot be
estimated due to the absence of data on the spectral
parameters and lifetimes of the excited singlet and triplet
states of metal complexes studied in these experiments.

data (Fig. 9). The experimental curves demonstrate the
gently sloping optical limitation unlike theoretical estimates.
This is explained by the additional influence of inverse
saturated absorption and self-defocusing.

The nonlinear-optical parameters of PVP solutions
doped with iron and zinc were studied in [107] by using
35-ps, 1-mJ third-harmonic pulses from a picosecond 1064-
nm Nd:YAG laser. The laser radiation was focused by a
lens with a focal distance of 25 cm into quartz cells with
solutions of metallopolymers. The 354.7-nm third-harmonic
radiation was filtered from the pump radiation and directed
to a diffraction spectrograph. The aqueous solutions of PVP
doped with iron (4.25 %) and zinc (0.85 %) were studied.

Figure 10 shows the dependence of the third-harmonic
intensity on the pump radiation intensity for the PVP
solution with iron (Fe:PVP). The slope of the dependence
I3, (Iy) was 2.85 over the entire interval of intensities, which
is close to the expected result. A similar dependence was also
obtained for the PVP solution with zinc (Zn:PVP). The
maximum pump-conversion efficiencies for PVP solutions
doped with zinc and iron were 8 x 1077 and 5x 107,
respectively.
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Figure 10. Dependence of the third-harmonic intensity on the laser
radiation intensity for Fe: PVP [107].
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The nonlinear susceptibility responsible for THG is
determined by the expression [108]

op Jimnie?n {sin(AkL/2)

-2
= , 21
256V/3(In*2)n5L212 | AKL/2 } @)

where 4; and [, are the wavelength and intensity of the
fundamental radiation; n; and n3 are the refractive indices
of the medium at the pump and harmonic wavelengths,
respectively; n is the conversion efficiency; Ak = 6m(n;—
ny)/2; is the difference of wave numbers of the harmonic
and pump, respectively. The nonlinear susceptibilities of
Zn:PVP and Fe:PVP, calculated from (21), were 5 X 1071
and 3 x 107" cgs units, respectively.

6.2 Colloidal metal solutions

Colloidal metal solutions have high nonlinear-optical
coefficients and a fast response [109, 110], especially in
the frequency range of their surface plasmon resonances.
Most of the nonlinear-optical studies of colloidal metal
solutions have been performed by the method of four-
photon mixing. It was shown already in the first experi-
ments on phase conjugation in colloidal gold and silver
[111] that the reflection coefficient of the conjugate wave
considerably increased near the plasmon-resonance surface.
A number of promising colloidal metal solutions were
found for applications in optical limiters.

The authors of paper [112] determined the relation
between associates of small particles in hydrosols of noble
metals and the presence of fractal properties of the latter. It
was shown in [110, 113] that colloidal copper solutions have
a high nonlinear refractive index. Similar results were
obtained for silver [109, 114] and gold [115, 116] solutions.
The nonlinear susceptibility of silver and gold hydrosols was
investigated in [109, 115]. It was shown that the suscept-
ibility varied from 10~ to 107!% cgs units for colloidal gold
depending on the volume fraction of metal particles in the
solvent. At the same time, the nonlinear susceptibilities of
metal silver and gold particles themselves were
(1=5)x 107 and (2 —4) x 107 cgs units, respectively.

In [116], the nonlinear-optical parameters of colloidal
solutions of some metals (silver, gold, copper, and platinum)
prepared by the chemical method were studied. The
absorption spectra of these solutions changed after irradi-
ation by picosecond laser pulses. The absorption spectrum
of gold had the maximum at 525 nm before irradiation, in
accordance with data published earlier [117]. However, the
frequency of the surface plasmon resonance (SPR) of gold
nanoparticles shifted to the red (525—-550 nm) after irra-
diation at 1064 nm. This shift was caused by the aggregation
of gold particles induced by irradiation. A similar picture
was also observed in aqueous solutions of some other
metals, in particular, silver.

Colloidal silver particles are classical objects for studying
optical phenomena in ultradispersion metal systems. The
surface plasmon resonance of silver hydrosols (410—
420 nm) [118] determines the shape of their optical spectra.
Aggregation induced by irradiation, which was earlier
observed in colloidal silver solutions [119], resulted both
in the SRP frequency shift and corresponding variations in
some nonlinear-optical parameters. The appearance of the
long-wavelength wing in the absorption spectrum of the
silver hydrosol was explained in [116] by the aggregation of

silver particles to fractal clusters, accompanied by the
frequency shift of the intrinsic optical resonances of particles
due to dipole—dipole interaction of the photoinduced dipole
moments of each particle with the dipole moments of
nearest-neighbour particles.

The photoinduced formation of aggregates in colloidal
metal systems have been studied in many papers [118, 120],
where changes in the size of aggregates were judged from
changes in the absorption spectrum. A drastic increase in the
photoinduced aggregation rate has been observed in a
number of papers [118, 119]. In the present paper, we
assume that aggregation is caused by photoeffect inducing
the formation of oppositely charged particles due to the
mutual exchange by photoinduced electric charges between
particles of different sizes via a conducting medium. It was
found in [116] that the nonlinear refractive index at 1064 nm
was positive for all colloidal solutions studied except the
gold solution. This picture was also preserved for all
solutions irradiated by the second harmonic of a Nd: YAG
laser at 532 nm except the copper solution, in which the sign
of y changed. Analysis of nonlinear absorption in these
solutions showed that this process was distinctly observed
only for colloidal gold. Nonlinear absorption in this case
could be caused by inverse saturated absorption due to
excitation of aggregates to higher-lying levels with larger
absorption cross sections compared to the ground-state
absorption cross section.

6.3 Solid dielectric matrices doped with metals

Composite materials based on solid dielectric matrices
doped with metal nanoparticles attracted interest more than
two decades ago [121]. The study of these materials still
attracts great attention [122—-125] because they are
promising for applications in fast optical switching systems
and optical limiters. In [126—129], the nonlinear-optical
properties of copper and silver nanoparticles in glass
matrices were studied in the UV, visible, and IR spectral
regions. Silica glasses (SG) containing 100 % of SiO, and
the SLSG silica glass containing 70 % of SiO,, 20% of
NaO and 10% of CaO were used. These glasses were
irradiated by the 60-keV Ag™ m Cu™ beams with doses
4% 10" and 8 x 10'® jon cm 2. The penetration depth of
metal nanoparticles was 60 nm. The average size of Cu
nanoparticles measured by the method of X-ray reflec-
tometry was 3—5 nm. The size of silver nanoparticles varied
in a broader range (from 2 to 18 nm). The formation of
metal nanoparticles was also confirmed by the appearance
of characteristic absorption lines in the ranges from 400 to
450 nm (for silver-doped glasses) and 550—600 nm (for
copper-doped glasses) corresponding to the SPR frequen-
cies of silver and copper nanoparticles.

The nonlinearity of samples in different spectral regions
was studied in [126 — 129] by using radiation of a picosecond
Nd: YAG laser and its second and third harmonics. The
1064-nm Nd:YAG laser emitted 55-ps, 1-mJ pulses with a
pulse repetition rate of 2 Hz. In Cu:SG and Cu:SLSG
samples, self-defocusing and self-focusing was observed,
respectively, thereby demonstrating the important role of
a matrix in the proceeding of a nonlinear-optical process.
The values of f§ for SLSG and Cu:zSLSG were 2.3 x 107!°
and 1 x 1071% cm2 W™!, respectively. The values of § for
Cu:SLSG and Cu:SG (4 = 1064 nm) were 3.4 x 107° and
9 x 107 ecm W', respectively. The nonlinear susceptibility
of Cu:SG was 2.4 x 1073 cgs units [126].
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Figure 11. Dependences of the normalised transmission of Ag:SLSG
(1) and Ag:SG (2) (a) and Cu:SG (b) on z in the open-apertures
scheme at 532 nm. The solid curves are theoretical calculations [127],
circles are experiment.

Self-focusing at 1064 nm was observed for both samples
containing silver. As in the case of copper nanoparticles, the
SPR frequency of compounds containing silver nanopar-
ticles depended on the matrix. Surface plasmon resonances
in Ag:SG and Ag: SLSG were located in the regions of 415
and 440 nm, respectively.

Figure 1la shows the dependences of the normalised
transmission of Ag:SG and Ag:SLSG obtained by the
open-apertures z-scan method by irradiating samples at
532 nm with intensity 2.5 x 10° W cm 2. The transmission
of samples increased with increasing laser radiation intensity
due to saturated absorption. The agreement between the-
oretical and experimental curves was achieved for the
nonlinear absorption coefficients of Ag:SLSG and
Ag:SG equal to —6.7 x 107> and —3.6 x 107> cm W™ 1.

The dependence of the normalised transmission of
Cu:SG on z in this spectral region (Fig. 11b) can be
determined by competition between saturated absorption
and inverse saturated absorption. In this case, the nonlinear
absorption coefficient responsible for the latter process was
equal to 6 x 10°® ecm W', It was found in [128] that
nonlinear refractive indices and the real parts of the
nonlinear susceptibilities of samples containing silver nano-
particles were —4.1x 107 ecm> W™ and —24x107%
cgs units at 532 nm, respectively, for Ag:SLSG and
—62x 1071 cm2 W™ and —3.5 x 10® cgs units, respec-
tively, for Ag:SG.

Nonlinear-optical studies of metal nanoparticles were
earlier performed, as a rule, in the visible and near-IR

regions. However, these structures can have interesting
nonlinear-optical properties in the UV region [128]. In
[129], silver and copper nanoparticles doped into various
glass matrices were studied upon irradiation by 55-ps, 0.1-
mJ, 354.7-nm third-harmonic pulses from a Nd: YAG laser.
The dependence of the normalised transmission on z
obtained by the limiting-aperture z-scan method showed
that Ag:SG has the negative values of the nonlinear

refractive index and saturated absorption (y = —7.6x
100 cm?2W! and f=-14x10"cm W!). Similar
measurements for Cu:SG samples gave y = —1.7 x 107"°

em®> W ! and f=—-6.7x107° cm WL

7. Semiconductors

7.1 Chalcogenide films

The large nonlinearity, high transparency in the IR region
and the possibility of simple processing of chalcogenide
structures stimulated extensive investigations on nonlinear
refraction and nonlinear absorption in these structures
[130—132]. The nonlinear refractive indices and nonlinear
absorption coefficients of a number of chalcogenide glasses
have been studied in [133, 134]. The nonlinear parameters
of these glasses strongly depend on the wavelength. Thus,
the nonlinear refractive index and nonlinear absorption
coefficient of As»S3 at 633 nm are 7.6 x 107> cm? W~! and
1.6 cm W', respectively [135], whereas these quantities in
the IR region are 5.7 x 10™* cm®> W™! and 2.6 x 107!°
em W', respectively [136] (at 1064 nm) and 1.7 x 101
em W' [137] (at 1319 nm).

Recently, thin chalcogenide films have attracted great
attention. The parameters of these films depend both on the
growth conditions and external factors. The influence of
irradiation on the optical properties of thin amorphous
AS>S; films has been studied in [138].

The influence of nonlinear refraction and nonlinear
absorption in a number of chalcogenide films on the optical
limitation of the intensity of picosecond laser pulses was
studied in [139]. Chalcogenide films As>S3, As20Sg0, 2As2S3/
As,Ses, and 3As,S3/As;Ses were investigated. The films were
deposited on the surface of BK-7 glass plates by vacuum
evaporation of the crushed components of chalcogenide
glasses (As2S3, As20Sg0, AszSes). Amorphous multilayer
films 2As,S3/As>Ses and 3As,S3/As>Ses were prepared by
evaporating by turn As;S; and As;Ses. The ratio of
thicknesses of film monolayers was 20 nm:10 nm (for
2As,S3/As>Ses) and 30 nm: 10 nm (for 3As;S3/AsySes).
The thickness of all the films was 10 um. The films were
irradiated by 1064-nm picosecond pulses from a Nd: YAG
laser and its second harmonic at 532 nm.

The z-scan studies showed that the nonlinear refractive
index of the 2As;S3;/As>Se; and 3As;S;/As;Ses films is
negative, resulting in self-defocusing in these films, whereas
this parameter for chalcogenide As»S; and As;oSgo films is
positive and self-focusing occurs in them. The third-order
nonlinearity at low laser radiation intensities was caused by
nonlinear refraction related to bound electrons [140]. At
high radiation intensities, the influence of nonlinear refrac-
tion caused by free carriers generated upon two-photon
absorption becomes noticeable. The authors of paper [141]
assumed the influence of the fifth-order nonlinearity corre-
sponding to the negative nonlinear addition to the refractive
index. For this reason, the nonlinear refractive index was
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determined in [139] by using laser radiation intensities at
which the influence of nonlinear absorption was insignifi-
cant. In particular, the value of y was determined by using
the intensity 7 =2 x 10° W cm ™ at which a change in the
refractive index was caused only by the third-order non-
linearity. The absence of the influence of free charge carriers
on the change in the refractive index was indirectly
confirmed by the symmetric dependence T'(z) in the limit-
ing-aperture scheme (for all films, except As20Sgo).

It was shown in [139] that the value of y for some
chalcogenide films is quite large. Thus, the nonlinear
refractive index of an As»oSgo film was 5 x 107" em2 w!
at 532 nm. The greatest value of 7y equal to
—1x107%cm2W! at 1064 nm was observed for a
2As,S3/As,Ses film. Two-photon absorption was observed
in all semiconductor structures studied. The values of f
measured for chalcogenide films AsySgo (f =3 % 10¢
cm W1 at 532 nm) and 3As;S3/AsxSes (ff = 1077 cm W
at 1064 nm) show that thin chalcogenide films have also
large nonlinear absorption coefficients.

It was found that the nonlinear refractive index of As,Ss
films for radiation intensities used in experiments has the
same sign as for bulk structures (as expected). This also
corresponds to the model based on the Kramers—Kronig
relations, which predicts that semiconductors for which the
relation hw/E, < 0.69 is fulfilled should have the positive
nonlinear refractive index [142]. Here, E, is the energy gap
width. The value of E, for As,S; is 2.37 eV, and the
corresponding value of hw/E, at 1064 nm is 0.49.

A different situation was observed for an As,oSego film.
The value of E, for this film is 2.5 eV. The parameter hw/E,
at 532 nm in this case is 0.93, and therefore the film should
have self-defocusing properties. However, experiments
showed that the value of y for this film is positive.

A similar situation was also observed for multilayer films
2As,S3/As,Ses and 3As,S3/AsySes. The calculated energy
gap widths of multicomponent films 2As,Sg/As,Se; and
3As>Sg/Ass>Ses (taking into account the extrapolation of
data [143]) were 1.97 and 1.99 eV. Having these values of E,
and the corresponding values of the parameter hw/E, equal
to 0.59 for 2As,S3/As;Ses and 0.58 for 3As;S3/As,Ses, these
films should have self-focusing properties (y > 0) at 1064
nm. However, experiments showed that 2As>S3;/As>Se; u
3As>S3/AssSes films exhibit self-defocusing.

The reason for such behaviour is not clear. It was
assumed in [139] that free carriers affected the general
picture of phase relations for radiation propagating through
the film (due to two-photon absorption, this influence,
although weak, could be manifested at radiation intensities
used in experiments). It is known that a change in the
refractive index is determined in the general case by the
relation

An =yl 4+ o.N. (22)

Here, the second term of the sum is the additional change in
the refractive index caused by the influence of free charge
carriers. The parameter o, characterises a change in the
refractive index caused by a single free charge carrier
formed in various processes of photoexcitation and
ionisation, which produce the cloud of charge carriers of
density N. The parameter o, for most of the semiconductors
is negative and can compensate and even exceed the

positive addition to the refractive index due to the influence
of bound electrons. The latter circumstance can change the
behaviour of laser radiation propagating through the
medium (from self-focusing to self-defocusing). Another
possible reason for the observed picture can be interference
in thin films resulting in the increase in the local-filed factor,
two-photon absorption, and the influence of free charge
carriers on the refractive index of the medium.

Optical limitation in semiconductors was studied by the
open-aperture z-scan method. Figure 12 presents the
dependences of the transmission of a number of films on
the laser radiation intensity. The sample position corre-
sponded to the transmission minimum, i.e. it was located at
the focal point. Optical limitation in this case was caused by
two-photon absorption. The strongest limitation (by 25
times) was observed in As,Ss.
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Figure 12. Dependences of the normalised transmission of chalcogenide
films ASzoSgo (I), 2ASQS3/A52563 (O), ASzS} (A), and 3Ast3/ASQSC3 (A)
on the incident radiation intensity at 1064 (0, a, ) and 532 nm (m) in the
open-aperture scheme.

7.2 Colloidal semiconductor solutions

Colloidal solutions are often prepared by chemical methods
[144, 145]. Laser ablation (i.e. sputtering of an initial
material by a focused laser radiation) can be also efficiently
used to prepare various colloidal solutions of nonlinear-
optical materials [146]. Laser ablation has been mainly
applied to noble metals. At the same time, the extension of
a scope of promising materials is of certain interest.
Semiconductor structures can be one of such materials
[147].

The aqueous colloidal solutions of the As»S; and CdS
semiconductors obtained by the laser ablation method were
studied in [148, 149]. The colloidal solutions of semicon-
ductor nanoparticles were prepared by using a Q-switched
1064-nm Nd: YAG laser emitting 20-ns, 15-mJ pulses at a
pulse repetition rate of 10 Hz. Samples (As»S3 chalcogenide
glass or crystalline CdS) were placed into a 5-cm-thick
quartz cell filled with distilled water or organic solvents
(xylene, toluene, ethanol). The laser radiation was focused
by a lens with a focal distance of 8 cm on the surface of a
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sample located near the rear wall of the cell to avoid
breakdown on the front wall. The sample was irradiated
for 15 min. Semiconductor nanoparticles produced due to
laser ablation were sputtered in the liquid. The weight
fraction of semiconductor nanoparticles produced by this
method was 4 x 107°.

The nonlinear refractive indices of the solutions of CdS
and As>S; nanoparticles measured by using 532-nm, 55-ps
laser pulses were 5 x 107> and 7 x 107"° cm? W™, respec-
tively, these values decreasing with increasing laser radiation
intensity. The main reason for low values of the nonlinear-
optical parameters of semiconductor solutions is a low
concentration of nanoparticles. Taking into account the
volume concentration of nanoparticles, the nonlinearities of
nanoparticles themselves were calculated, which proved to
be two orders of magnitude higher than those for bulk
samples. The calculated value of y for CdS nanoparticles
was 1.2 x 107 cm® W™!. The high values of nonlinear-
optical parameters of semiconductor particles are caused by
the local-field effect [147].

8. Conclusions

We have presented a review of the z-scan studies of
nonlinear-optical parameters of various media (crystals,
fullerenes, dyes, metals, and semiconductors) in different
spectral ranges. The mechanisms of the nonlinear response
of media to the action of high-power laser radiation are
different for different materials. However, the self-action
caused by the high-frequency Kerr effect, the saturation of
excited states, inverse saturated absorption, and multi-
photon absorption play a decisive role and cause variations
in the refractive index and absorption coefficient of media.
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