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1 Introduction

Nonlinear optical (NLO) effects originate from high-intensity electric fields (such

as those from laser beams) interacting with matter. These interactions can result in

the electromagnetic field components of the incident light beam being modified,

and new components (differing in phase, frequency, etc.) being generated. These

effects can have a range of applications in laser technologies, optical signal

processing, multiphoton information storage and retrieval, microscopy, and multi-

photon photodynamic therapy, for example.

It can be challenging to meet the demands on prospective materials for device

applications. Apart from the obvious requirement that NLO responses be sufficient

for the specific application, the material needs to tolerate the device manufacturing

and operating conditions (e.g., it needs to possess a sufficiently high damage

threshold), as well as having acceptable photochemical and thermal stability or

fluorescence efficiency (depending on the application). While crystals of inorganic

salts and glasses currently dominate the market for second- and third-order NLO

applications, respectively, there are shortcomings with aspects of their performance

that have focused attention on organics and, more recently, organometallics as

potential NLO materials. In particular, organometallics have the potential to com-

bine the advantages of organics (such as fast response, ease of processing, and

considerable design flexibility) with the benefits that may flow from incorporation

of a metal center (such as variable oxidation state and coordination geometry).

In contrast to second-order nonlinearities, for which considerable success defin-

ing structure-property relationships has been achieved, considerably less is known

of how to optimize third-order effects. Third-order optical nonlinearities of organo-

metallic complexes were first reported in the mid-1980s. The promising early

studies stimulated considerable interest, and an ever-increasing number of reports,

the results from which have been summarized in several reviews that also include

introductions to the background theory of nonlinear optics [1–8]. This chapter

includes a brief overview of theory relevant to cubic NLO and a summary of

experimental procedures to measure cubic nonlinearities, followed by a brief

review highlighting the significant advances in the field over the past few years;

while theoretical studies of the NLO properties of organometallics have attracted

interest [9, 10], the emphasis here is on experimental outcomes.

2 Theory and Experiment in Third-Order NLO

of Organometallics

2.1 Theory of Third-Order NLO Effects

When a molecule is exposed to an electromagnetic field, it is usually the electric

component of the field that is of much greater significance than the magnetic

component, and the response of the molecule is usually treated within a dipolar
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approximation in which the whole interaction is described as the time evolution of a

point dipole. Both of these approximations have limited value; for example,

neglecting the magnetic interactions does not allow for the description of chirooptic

effects, and assuming a point character of the dipole and neglecting the multipolar

character of the effects may be inappropriate for large molecules such as dendri-

mers. However, the traditional approach to explaining the origin of NLO effects

on the molecular scale is by simply assuming that an electric field of magnitude

E creates a point dipole m in a molecule, and this dipole can be expanded in series

against the powers of E. Because m and E are vectors, the equation relating them

must take into account dependences of all of the Cartesian components of both

vectors. Using Einstein’s convention of summing over repeated indices and

employing the esu system of units, one can write1:

mi ¼ mið0Þ þ aijEj þ bijkEjEk þ gijklEjEkEl þ . . . ; ð1Þ

where mi are components of the total dipole moment, mi(0) is the dipole moment at

low field strengths (the permanent dipole moment), aij is the molecular polariza-

bility, bijk is the first hyperpolarizability (also called the second-order or quadratic

polarizability), and gijkl is the second hyperpolarizability (also called the third-order
or cubic polarizability)2. The order of expansion in Eq. (1) determines the naming

of the effects that are due to the consecutive terms: linear optical effects are those

that are described by the linear polarizability a, quadratic NLO effects are due to b,
and cubic NLO effects to g.

Strictly speaking, Eq. (1) is only valid for static electric fields. For any field that

is time dependent, i.e., E(t), the molecular response m(t) will always lag behind

somewhat. This is taken into account by assuming that a, b, and g are complex

quantities, and that they relate Fourier components of the time-varying dipole

moment to Fourier components of the time-varying electric field. In effect,

Eq. (1) needs to be rewritten for the combination of field amplitudes and field

frequencies that are of interest. Limiting the following to cubic NLO effects, such

an equation will have the following form:

mð3Þi ðo4Þ ¼ gijklðo4;o1;o2;o3ÞEjðo1ÞEkðo2ÞElðo3Þ; ð2Þ

where an interaction of three fields at three frequencies o1, o2, and o3 leads to an

induced nonlinear component of a dipole oscillating at o4 ¼ o1þ o2þ o3.

1Note that the equations describing nonlinear optical effects can have different forms depending on

the system of units used (esu or SI), the inclusion of the 1/n! factors of the power expansion in the
coefficients or using them in front of the coefficients, and inclusion (or not) of the degeneracy

factors that may appear in the equations, depending on the number of identical fields in a given

nonlinear interaction. See, for example, [11].
2Note that some authors refer to b as the first-order hyperpolarizability and g as the second-order
hyperpolarizability. While this is formally correct, in the opinion of the present authors such

nomenclature should be avoided since it can lead to confusion as to the order of the nonlinear

process that is being described.
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It should be noted that g is a tensor with four indices, and thus has 81 compo-

nents; the values of these components can depend on any of the frequencies in

Eq. (2). Fortunately, symmetry considerations can reduce the number of indepen-

dent tensor components considerably. In addition, the dispersion of g can some-

times be simplified when specific NLO interactions are considered.

Cubic NLO processes can be termed four-wave mixing processes, because in

each case described by Eq. (2), one deals with three input fields and an output field

(oscillating at o4), the latter being generated by the nonlinear component of the

induced dipole moment. Among the examples of wave mixing that are of practical

importance, the simplest one occurs when only a single frequency field originating

from a single light beam is present. In this case, the field is described by:

EðtÞ ¼ 1

2
EðoÞ½exp ð�iotÞ þ exp ðiotÞ� ð3Þ

and the cubic nonlinear interaction has only two forms: either the frequencies of the

three amplitudes in Eq. (2) sum to form the third-harmonic of the fundamental

frequency, i.e., o4 ¼ 3o ¼ o þ o þ o, or the interaction involves one of the

amplitudes taken with the reverse phase (or, formally, as a negative frequency –o),
so o4 ¼ o ¼ o � o þ o. The former case is called third-harmonic generation

(THG). The latter case is sometimes called self-action, and only introduces changes

to the amplitude and phase of the existing electromagnetic field ato. These changes
are nevertheless of great practical significance, since they lead to effects such as

self-focusing, soliton formation, all-optical switching, and nonlinear absorption

processes such as two-photon absorption.

To extend the discussion of cubic optical nonlinearity from the molecular scale

to the macroscopic (bulk) scale, one needs to consider the additivity of the

individual molecular tensors and their respective orientation in space, as well as

local field corrections. Dealing with hyperpolarizability tensors is greatly simpli-

fied when the nonlinear material under consideration is a collection of randomly

oriented molecules, such as those in a liquid solution, or those in a solid solution,

e.g., a molecularly-doped polymer, a polymer with nonlinear chromophores pres-

ent as side groups, a sol–gel glass or ormosil containing chromophores, etc.

Averaging of the gijkl tensor over all orientations leads to an average hgi; for the
case of a single electric field component acting on an assembly of nonlinear

chromophores, hgi is given by [12]:

gh i ¼ 1

15
gijklðdijdkl þ dikdjl þ dildjkÞ; ð4Þ

where dij is the substitution tensor (unity if i¼ j, zero otherwise). When the g tensor
is dominated by a single component g1111, this expression gives hgi ¼ 1/5g1111. It
should be noted that it is the average value of g that is normally quoted as the

measurement result when experiments are carried out on solutions of chromo-

phores. The appropriate macroscopic measure of the cubic optical nonlinearity

is the cubic nonlinear susceptibility w(3)(o4;o1,o2,o3), which can be defined
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by macroscopic equations analogous to Eqs. (1) and (2) by considering the

macroscopic analogue of the dipole moment, the polarization vector P, and its

appropriate Fourier components. For a solution, the relation between w(3) and hgi
can be written as:

wð3Þ ¼ L4
X
r

Nr gh ir; ð5Þ

where the index r extends over all components of the solution (the solvent as well as

the solutes), Nr represents the concentration of a component molecule (in molecules

cm�3), and L is the local field correction factor, usually approximated by a Lorentz

expression L ¼ (n2+2)/3, n being the refractive index. Similar to g, w(3) is generally
complex, i.e., it has real and imaginary parts:

wð3Þ ¼ Reðwð3ÞÞ þ iImðwð3ÞÞ ¼ wð3Þreal þ iwð3Þimag: ð6Þ

The third-harmonic generation (THG) process that is due to the cubic suscepti-

bility w(3)(3o;o,o,o) is a general effect, i.e., it is exhibited by all matter, the

contribution to THG from air being of particular importance in some experiments.

Although THG may lead to up-conversion of laser beam frequency (e.g., from

infrared at 1,064 nm to ultraviolet at 355 nm), the practical use of the process is

difficult because of the near impossibility to equalize the velocity of the fundamen-

tal and third-harmonic waves in typical NLO materials. In practice, the third-

harmonic of laser beams is obtained by a different route: doubling of frequency o
and then frequency summation of 2o and o in two subsequent quadratic NLO

processes. However, THG is of importance, not only for testing of NLO properties

of molecules, but also for laser diagnostics and for microscopic imaging of various

objects including biological ones.

In contrast, the degenerate cubic NLO interaction, i.e., one in which the result of

the interaction of three field components at o is also at the same frequency o, has
numerous important applications. The notion that this interaction modifies ampli-

tude and/or phase of the existing wave may be rephrased taking into account that

the change in amplitude occurring at a certain distance is equivalent to absorption of

light while the change in phase means slowing down or speeding up the wave, or,

indeed, modification of the effective refractive index of the medium. Therefore, two

practical effects of the degenerate cubic NLO interaction are described in terms of

two simple quantities: the nonlinear refractive index n2, defined by:

nðIÞ ¼ n0 þ n2I ð7Þ

and the nonlinear absorption coefficient a2, defined by:

aðIÞ ¼ a0 þ a2I; ð8Þ

where I represents the light intensity (related to the square of the electric field

amplitude), and n0 and a0 are the refractive index and the absorption coefficient at
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low light intensities, respectively. It can be shown that the nonlinear refractive

index is related to the real part of w(3) by [13]:

n2 ¼ 4p
n0c

n02 ¼
12p2

n20c
Re wð3Þxxxxðo;o;�o;oÞ

h i
: ð9Þ

[Note that n2
0 is a differently defined nonlinear index that relates the refractive

index change to the square of the electric field amplitude]. The nonlinear absorption

coefficient is related to the imaginary part of w(3) through [13]:

a2 ¼ 48p3

n20cl
Im wð3Þxxxxðo;o;�o;oÞ

� �
: ð10Þ

It is often convenient to treat the refractive index of a medium as a complex

quantity n̂ ¼ nþ ik; the real part of it being responsible for refraction and

the imaginary part being responsible for absorption. Extending this to non-

linear phenomena, one can also treat the nonlinear index as complex and

describe nonlinear refraction as being due to the real part of n2 and nonlinear
absorption as due to the imaginary part. An alternate way of expressing the

nonlinear absorption properties of a molecule is by defining its nonlinear absorption

cross-section. The two-photon absorption cross-section s2 is related to the imagi-

nary part of g of a molecule, and can be calculated from the nonlinear absorption

coefficient a2:

s2 ¼ ho
N

a2; ð11Þ

where N is the concentration of the absorbing molecules.

2.2 Experiment in Third-Order NLO Studies

Determination of cubic NLO properties of molecules is most often carried out in

liquid solutions, but it is possible to use solid samples made by (for example)

dispersing the chromophore in a host polymer, or as thin films of the pure com-

pound under investigation, if the optical quality of the samples is sufficiently high.

Depending on the method of measurement, the real and imaginary parts of w(3)

(or n2 and a2) may be determined, but in some cases only the modulus |w(3)| is
measured. The experimental techniques have been described in detail elsewhere

[13], so only a short description of them is given here.

62 M. Humphrey et al.



2.2.1 Third-Harmonic Generation

THG experiments remain popular for the estimation of cubic molecular nonlinea-

rities. The experiment is usually carried out by recording the intensity of the third-

harmonic generated by a beam from an infrared laser. Because of the many

uncertainties related to the details of the generation of the third-harmonic, an

often-adopted version of the experiment is carried out by recording fringes that

appear when a thin film sample deposited on a glass plate is rotated out of the plane

perpendicular to the laser beam. The resulting changes in the optical paths for the

fundamental and third-harmonic beams lead to constructive or destructive inter-

ference. The fringe pattern thus obtained can be compared with one obtained for

the glass plate alone, to evaluate both the amplitude and phase of w(3)(3o;o,o,o)
for the thin film sample, which lead to the real and imaginary parts of w(3). A serious

limitation of the THG technique when applied to organometallics is that

w(3)(3o;o,o,o) may be quite different from w(3)(o;o,�o,o), which as discussed

above has more practical significance – this is due to the fact that different

resonances of the molecule contribute to these two susceptibilities (resonances

close to o and 3o in the case of THG and resonances near o and 2o in the case

of the degenerate susceptibility).

2.2.2 Z-Scan

Z-scan [14] (Fig. 1) is by far the most popular technique for investigations of

the cubic molecular nonlinearities of organometallics, and is typically undertaken

Laser

Reference
Detector

Open apert.
Detector

Closed apert.
Detector

Beam Splitter

Beam Splitter

Lens LensSample

Aperture

w0

–Z +Z0

Fig. 1 Scheme of the Z-scan experiment in which the closed-aperture scan and the open-aperture

scan are carried out simultaneously
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with the organometallics in solutions of organic solvents. This ingenious technique

consists in focusing a laser beam with a lens, scanning the sample to be investigated

along the beam axis (the z-axis, hence the name Z-scan) in the range from a few

Rayleigh lengths before the focal plane to a few Rayleigh lengths after the focal

plane, and observing changes in the transmitted beam in the far field as a function of

the position of the sample, z (the Rayleigh length is given by zR ¼ pw0
2/l, where w0

is the laser beam spot size at focus). A very simple way of detecting distortion of the

beam due to the self-focusing/self-defocusing effects imposed on it by the sample is

by placing a small aperture in the far field and recording the power transmitted

through this aperture as a function of z. The sample starts its travel at the point

where the beam is still relatively large and therefore the light intensity is low, but as

it comes closer to the focal plane at z¼ 0, the intensity increases and is then reduced

again. These intensity variations lead to formation in the sample of an induced

positive (self-focusing, n2 > 0) or negative (self-defocusing, n2 < 0) lens whose

effect is to add to that of the primary lens and to modify the shape of the beam in

the far field. As the beam becomes larger or smaller through focusing/defocusing,

the aperture transmittance increases or decreases, and these variations (in the so-

called closed-aperture scan) can be compared to those predicted from a theoretical

computation.

While self-focusing and self-defocusing are manifestations of the refractive

part of the degenerate cubic optical nonlinearity, the absorptive part results in

variation of the total power of the beam transmitted through the sample as a

function of z. This can be monitored with a detector that integrates the power in

the whole beam, and the changes of such power as a function of z (in the so-called

open-aperture scan) can be directly related to the nonlinear absorption coefficient of

the sample, a2.

2.2.3 Nonlinear Absorption and Nonlinear Absorption-Induced

Fluorescence

Open-aperture Z-scan is often used to measure nonlinear absorption alone, particu-

larly in cases where such absorption is more complicated than a simple two-photon

process. Alternatively, one can simply measure the transmittance of a sample as a

function of the incident laser power (by attenuation of the laser beam, without

changing its focusing), and then deduce the nonlinear absorption parameters from

the deviation from linearity of the transmission vs power plot. A very convenient

method of measuring two-photon absorption cross-section is where the degree of

nonlinear absorption is judged from the amount of two-photon-induced fluores-

cence emitted by a sample exposed to short laser pulses in a wavelength range

where there is no one-photon absorption. This popular technique is, however,

seldom applicable to organometallics, for which fluorescence is commonly strongly

quenched by the metal atoms.
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2.2.4 Degenerate Four-Wave Mixing and Pump-Probe Measurements

One of the crucial problems in the determination of cubic optical nonlinearity

parameters is whether the effects measured are really due to the electronic hyper-

polarizabilities of molecules, or if they are a result of more complicated NLO

processes which may involve such effects as multistep multiphoton absorption

(i.e., one-photon absorption followed by excited-state absorption), nonlinear refrac-

tion due to the presence of short or long-lived excitation, or even thermal effects

due to the deposition of heat by linear and nonlinear absorption processes occurring

in the sample under investigation. The Z-scan technique is not suitable for resolving
issues of this kind (although it is often assumed that the use of low repetition rate

femtosecond laser pulses minimizes the contribution of the unwanted cumulative

effects). Time-resolved techniques can be employed instead. The principle of these

techniques is that a beam (or a pair of beams) carrying short (femtosecond or

picosecond) laser pulses is directed onto a sample and produces a transient change

in the optical properties of the sample, i.e., it changes either its refractive (refractive

index) or absorptive properties. In the case of degenerate four-wave mixing

(DFWM), the two beams used as the pump interfere in the sample, and actually

create a volume grating of the absorptive and/or refractive properties modification.

A probe beam is directed at the sample after a delay, the delay being produced by

passing the probe beam through a slightly longer path than that of the pump beam(s).

The effect on the probe beam is that its transmission may vary depending on the

degree of the change induced in the sample, or it may be diffracted to a certain

degree, both depending on the strength of the existing induced grating in the sample.

The measurements of these changes in the probe beam or the diffracted beam, as a

function of the delay of the pump compared to the probe, allow one to estimate the

magnitude of the nonlinear effects and to evaluate their temporal evolution, and

thereby allow one to conclude whether the effects are essentially instantaneous or if

they are due to processes having a certain lifetime.

3 Structure-Property Developments Since 2000

There has been considerable activity in correlating structural changes to the magni-

tude of optical nonlinearities for various types of organometallics in the past few

years, but ferrocene complexes and metal alkynyl complexes continue to be the

most intensively studied classes of organometallics in NLO. While earlier studies

focused on simple compounds coupling ferrocenyl groups to organic p-delocaliz-
able groups, ferrocenyl units have now been used to construct organometallic-

coordination hybrid complexes such as 1 [15]. Z-scan studies at 532 nm using

8 ns pulses for 1, the ferrocenyl ligand, and related mercury- and cadmium-contain-

ing derivatives suggest that the nonlinearity derives from the ferrocenyl ligand and
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that there is little contribution from the posttransition metal. The reported g values

are five to six orders of magnitude larger than previously reported data for ferro-

cenyl complexes obtained with femtosecond pulses, so there are likely to be

contributions from thermal effects, photochemical changes, and other cumulative

effects, particularly excited-state absorption.

Most of the earlier studies of ruthenium alkynyl complexes bearing acceptor

substituents involved 4-nitrophenyl groups on the alkynyl ligand. This has now

been extended to complexes 2–4 bearing barbiturate acceptor groups, which were

assessed by DFWM at 532 nm using picosecond pulses [16]. As is the case with

4-nitro-containing complexes, nonlinearity increases on p-bridge lengthening, with
complex 4 the most active of the complexes examined.

There has been enormous interest in the optical limiting properties of transition

metal clusters in the past decade. Most data result from Z-scan studies with ns pulses
at 532 nm. For example, the half-open cubane-like clusters WCu3(m3-S)3(m-Br)
Br(EPh3)2(Z

5-C5Me5) (E ¼ P, As (5)) show similar threshold limiting values, with

the phosphine-containing cluster revealing somewhat greater nonlinear absorption

at the same concentration [17]. The cyclic complex (Z5-C5Me5)(S)W{(m-S)Au
(m-S)2W(Z5-C5Me5)(m-S)}Au(m-S) (6) in which the metal atoms are held together

solely by bridging sulfido ligands was examined by a combination of ps DFWM and

ns Z-scan studies [18]. While the reported nonlinearities are large, these data were

collected at 532 nm, a wavelength that corresponds to moderate linear absorption
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for this compound and indeed most of the clusters to have been examined thus far.

Studies of clusters over a broad wavelength range are lacking. Since the optical

limiting phenomenon occurring in the nanosecond domain is most often due to a

combination of processes, involving among others one-photon absorption, two-

photon absorption, and excited state absorption, the lack of wide wavelength and

time-resolved studies restricts the possibilities of any generalization of the results

or, in fact, correlation between the structural features of the investigated molecules,

their photophysical properties, and the power limiting merit.

4 Spectral Dependencies

The vast majority of reports of the third-order NLO properties of organometallics

have focused on results from a single laser irradiation wavelength. These data are

most useful when comparing efficiency for specific applications at that wavelength.

The problem with this approach is that contrasting data obtained for a range of

complexes at a single wavelength rarely affords a structure-property outcome similar

to that obtained from a comparison of the maximal values from a wide-spectral range

study. Difficulty in access to wide-spectral range NLO data has retarded the develop-

ment of this area. Almost all of the spectral dependencies as currently exist for

organometallics have been obtained from a tedious point-by-point data collection

using the Z-scan technique and a tunable light source. The recently-developed

techniques of white-light continuum Z-scan and white-light continuum pump-

probe have been applied to organic molecules [19–24], inorganic complexes [25–

27], inorganic semiconductors [28, 29], and organic polymers [30, 31], but the only

application to organometallics thus far is to (Z5-cyclopentadienyl)(Z6-cumene)iron

(III) hexafluorophosphate (Irgacure 261), a commercially-available photo-initiator,

whose maximal 2PA cross-section was found to be very low and could only be

defined in terms of an upper bound (<20 GM) [20]. It can confidently be anticipated

that application of this new technique to organometallics will expand in the future.

Thus far, there has only been one study of a systematically-varied series

of organometallic complexes. Femtosecond Z-scan measurements of the plati-

num-terminated polyynes trans,trans-{(p-MeC6H4)3P}2(p-MeC6H4)Pt(C�C)nPt

(p-C6H4Me){P(p-C6H4Me)3}2 (7) (n ¼ 3–6, 8, 10, 12) afforded two-photon

absorption maxima that were shown to red-shift upon chain lengthening [32].
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Extrapolation of the sp-carbon chain length dependence of nonlinear absorption

maxima permitted an estimate (neglecting saturation) of 1,000 nm for that of the

infinite carbon chain, carbyne. The maximal values increase superlinearly on chain

lengthening, and can be fitted to a power law with an exponent of ca. 1.8, suggesting

that longer chain examples than are currently experimentally accessible will have

extraordinarily large s2 values.

Two similar alkynylruthenium dendrimers with nitro groups at the periphery

have been shown to have very different nonlinear absorption behavior. Dendrimer 8,

which possesses ligated ruthenium units at the outermost branches only, revealed

dispersion of the cubic nonlinearity that could be modeled by simple relations

assuming competition between two-photon absorption and absorption saturation

[33]. Dendrimer 9 has ligated ruthenium groups at both the core and periphery of

the dendrimer. While the short wavelength behavior (625–950 nm) corresponds to a

two-photon absorption process, the longer wavelength profile (1,000–1,300 nm) is

consistent with the dominance of three-photon absorption, and the dendrimer

possesses a record 3PA coefficient [34]. The advantages that accrue from exploiting

Pt
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multiphoton processes (superior resolution for applications requiring spatial con-

trol, and the opportunity to use longer and therefore technologically-desirable

wavelengths) are accentuated when proceeding from two-photon absorption to

three-photon absorption, but little is known of how to optimize the 3PA coefficient.

This field is still in its infancy – it is to be hoped that further reports of such fifth-

order (quintic) nonlinearity are forthcoming for organometallics in the near future.

5 Switching

The magnitudes of optical nonlinearities of organometallics approach those of the

best organics, but to justify the possible additional costs associated with organo-

metallics (such as potentially expensive metals and ligands, less stable compounds,

lower-yielding and longer synthetic procedures) necessitates ‘‘value-adding’’ to

what is possible with purely organic compounds. One area in which organometal-

lics may be superior to organics is modulating or switching nonlinearity. The most

popular approaches to reversible switching of molecular NLO properties are by

protonation/deprotonation, oxidation/reduction, or photoisomerization procedures

[35]. Of these three approaches, the ready accessibility of metals in multiple stable

oxidation states suggests that redox switching of optical nonlinearity may be an area

O2N
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NO2

Ru
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in which organometallics are preferred. The cubic nonlinearities of several rutheni-

um alkynyl complexes and dendrimers have been switched in situ in a modified

optically-transparent thin-layer electrochemical (OTTLE) cell [36–39], with sever-

al examples corresponding to reversing the sign and magnitude of nonlinear

refraction and nonlinear absorption, and a specific example corresponding to a

cubic NLO ‘‘on/off’’ switch. Incorporation of metals with widely differing oxida-

tion potentials into the one NLO-active molecule affords the prospect of multiple

NLO states. Applying an appropriate potential to the heterobimetallic complex 10

allows one to access the FeII/RuII, FeIII/RuII, and FeIII/RuIII states, all of which have

distinct linear optical and NLO properties; at 790 nm, open-aperture Z-scan studies
reveal that the FeII/RuII, FeIII/RuII, and FeIII/RuIII states correspond to effectively

zero nonlinear absorption, two-photon absorption, and saturable absorption, respec-

tively, or zero, positive, and negative values of the imaginary component of the

cubic nonlinearity [40].

Switching the cubic nonlinearity of ruthenium alkynyl complexes by a proton-

ation/deprotonation sequence (via a vinylidene complex) was demonstrated by fs

Z-scan studies at 800 nm several years ago [41]. Recently, protic and electrochemi-

cal switching were demonstrated in the ruthenium alkynyl cruciform complex 11

for which distinct linear optical and NLO behavior were noted for the vinylidene

complex and the Ru(II) and Ru(III) alkynyl complexes [42]. Because the oxidation/

reduction and protonation/deprotonation procedures are independent, this system

corresponds to switching by ‘‘orthogonal’’ stimuli.
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6 Materials

The major focus of third-order NLO studies with organometallics over the past few

years has continued to be solution measurements, which permit assessment of

molecular nonlinearities and development of structure-property relationships; reports

of bulk susceptibilities of organometallic-containing films are comparatively rarer.

Bis(arene)chromium complexes have been incorporated into cyano-containing poly-

meric matrices and very high purely electronic third-order NLO susceptibilities of the

resultant polymeric films have been noted from Z-scan and spectrally-resolved two-

beam coupling studies [43]. The molar ratio of Cr:monomer was as high as 1:4, and

the resultant homogeneous oligomeric product, which is produced by cyanoethyla-

tion of the metal-bound arene rings, was assessed as containing ca. eight monomer

units. The Z-scan studies (utilizing 40 ps pulses at 1,064 nm or 3 ps pulses at 1,054

nm) afforded w(3) values as high as �1.7 � 10�10 esu, of the same order as the best

organic polymer materials. Spectrally-resolved two-beam coupling using fs pulses

and a central wavelength of 795–800 nm confirmed that the test composites exhibit

significant ultrafast electronic nonlinearity.

The alkynylruthenium complexes 12–14 were spin-coated from dichloro-

methane solution and the resultant ca. 0.2 mm thick films assessed by THG using

15 ps pulses at 1,064 nm, with a ca. 50% increase in w(3) value noted on proceeding
from 12 to 13 and 14 consistent with an extended p-system for the latter complexes

involving the trans-disposed alkynyl ligands [44].

7 Conclusion

In contrast to the rapid development of structure–property relationships for qua-

dratic optical nonlinearities of organometallics, the effect of molecular variation

on cubic NLO properties has been slow to be systematized, a shortcoming that

access to broad-wavelength-range fs sources should progressively address. While

initial emphasis with organometallics was in using the metal center to stabilize

reactive organics and afford unusual geometries and thereby charge distributions,

recent studies have focused on exploiting access to multiple stable oxidat-

ion states, thereby affording access to new types of molecular NLO switches.
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Materials development exploiting cubic NLO properties of organometallics has

been slow, reflecting the fact that the focus is still on molecular rather than bulk

material properties. It is to be hoped, however, that future studies will involve the

organometallics with the most promising molecular NLO properties and will

attempt to use these to meet the NLO material challenges of nanophotonics and

biophotonics, e.g., the need for highly efficient nonlinear absorbers for use in

nanofabrication, 3D memories, and bioimaging.
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