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The basics of four-wave mixing (FWM) and recent advances in FWM micros-
copy are reviewed with a particular emphasis on applications in the field of na-
nomaterials. The vast progress in nanostructure synthesis has triggered a need
for advanced analytical tools suitable to interrogate nanostructures one at a
time. The single-nanostructure sensitivity of optical microscopy has solidified
the optical approach as a reliable technique for examining the electronic struc-
ture of materials at the nanoscale. By zooming in on the individual, optical mi-
croscopy has permitted detailed investigations of the linear optical response of
nanomaterials such as semiconducting quantum dots and plasmon active nano-
metals. Besides studying the linear optical properties of nanostructures, optical
microscopy has also been used to probe the nonlinear optical properties of
nanoscale materials. FWM microscopy, a coherent third-order optical imaging
technique, has shown great potential as a tool for investigating the nonlinear
optical response of nanostructures. FWM microscopy not only permits the
characterization of the nonlinear susceptibility of individual nanostructures, it
also offers a route to explore the time-resolved dynamics of electronic and vi-
brational excitations on single structures. In addition, FWM produces strong
signals from nanomaterials that are compatible with fast imaging applications,
which holds promise for biological imaging studies based on nanoparticle la-
bels that are not prone to photobleaching. © 2011 Optical Society of America

OCIS codes: 190.4380, 180.4315, 160.4236.

L. Introduction. . . ....... . ..
2. Four-Wave MiXing. . ... .. .ov i
2.1. Third-Order Susceptibility. .. ........... ... ... ... ........
2.1a. Transparent Materials: Two-Photon Resonances. ..........

2.1b. Direct Electronic Excitations: One-Photon Resonances. . . ..

2.2. Magnitude of x* and Feasibility of Four-Wave Mixing

MICTOSCOPY. « « v vttt e e e e e et e e e e
2.3. Third-Order Nonlinear Emission in the Tight Focusing Limit. .. ..
3. Four-Wave Mixing MiCroSCOPe. . . ..o vt eie e

Advances in Optics and Photonics 3, 1-562 (2011) doi:10.1364/A0P.3.000001
1943-8206/11/010001-52/$15.00 © OSA



4. Four-Wave Mixing of Transparent Materials. . .................... 16
5. Four-Wave Mixing Imaging of Semiconducting Nanostructures. . ... .. 17
5.1. Elemental Semiconducting Materials. . ...................... 19
5.2. Metal Oxide Nanoparticles. .............. ..., 20
5.3. Semiconducting Quantum Dots. .. ............... ... ....... 23
6. Four-Wave Mixing at Metallic Nanostructures. .. ................. 25
6.1. Four-Wave Mixingin Metals. ............................. 26
6.2. Nonlinear Excitation of Surface Plasmon Polaritons. ........... 27
6.3. Nonlinear Excitation of Localized Surface Plasmon Resonances.. 29
6.4. Plasmon-Enhanced CARS. ....... ... ... ... ... .. .. ...... 32
7. Four-Wave-Mixing Signals from Molecular Systems. . ............. 34
8. ConCluSIONS. . .« ottt 37
Acknowledgments. . . ... . ... 38
References. . ... ... 38

Advances in Optics and Photonics 3, 1-52 (2011) doi:10.1364/A0P.3.000001



Four-wave mixing microscopy of
nanosfructures

Yong Wang, Chia-Yu Lin, Alexei Nikolaenko, Varun Raghunathan, and
Eric O. Potma

1. Introduction

Over the past decade the field of material sciences has witnessed an enormous
surge in the fabrication of materials on the submicrometer and nanometer scale
(1 um—1 nm). It has been recognized that materials, including metals, semicon-
ducting materials, inorganic materials, organic and composite materials, on such
small length scales often exhibit properties that are markedly different from bulk
materials. Approaching length scales well below the size of optical wavelengths, the
optical properties are particularly sensitive to the downsizing of materials. Examples
include the strong optical response of semiconducting quantum dots (QDs) [1] and
enhanced optical effects at metal particles due to surface plasmon resonances [2].

Along with the advances in nanostructured material synthesis there is a growing
need for characterizing the optical properties of these novel materials. Optical
spectroscopy of ensemble samples of nanostructured materials often provides a
great amount of information on the nature of the excitations that govern the op-
tical properties of the material. Nonetheless, ensembles of nanostructured mate-
rials generally display a large amount of heterogeneity in terms of size and shape
of the structures. Because the ensemble contains a distribution of such proper-
ties, bulk optical spectroscopy measurements may not suffice in providing a de-
tailed picture of the optical response at the single particle level. In this regard,
optical microscopy of individual particles and structures has proved to be an in-
valuable complement to ensemble optical spectroscopy measurements.

The resolution of the optical microscope is typically limited by diffraction of
light, rendering the spatial resolution in the range of 0.5—0.2 gm. This resolution
is insufficient for resolving the spatial features of most nanostructured materials.
Nonetheless, optical microscopy is the method of choice for characterizing the opti-
cal properties of isolated structures that are spatially separated from neighboring
structures by more than the distance specified by the Rayleigh criterion [3]. In cases
where better resolving power is needed, superresolution approaches and near-field
optical methods can be used to improve the resolution down to the tens of nanom-
eters range [4-6].

Linear optical microscopy has been used extensively to examine nanostructures
on a particle-by-particle basis. For instance, near-field optical microscopy mea-
surements have been used to characterize the surface plasmon resonances on in-
dividual gold nanoparticles [7,8]. Similarly, far field microscopy has been em-
ployed to study the extinction of single metal particles and structures [9,10], and
the time-dependent fluorescence properties (blinking) of semiconducting QDs
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[11,12]. Such measurements provide close-ups of the properties of individual
particles, information that is skewed in ensemble measurements.

In addition to examining the linear optical properties of nanostructured materi-
als, the optical microscope also provides a platform for investigating the nonlin-
ear optical properties of individual structures. The enhanced linear optical re-
sponse of nanostructures is often accompanied by an enhancement of the
nonlinear optical properties as well. The high optical nonlinearity of materials at
the nanoscale has many interesting potential applications, as such materials can
serve as efficient optical frequency converters and as nonlinear optical labels for
biological imaging. Research in this direction has reported efficient second- and
third-harmonic generation (THG) of light at metallic nanostructures [13—15],
two-photon excited emission from inorganic nanoparticles [16,17], and fre-
quency mixing at semiconducting QDs [18]. Beyond characterization of the
static nonlinear optical response of nanomaterials, the nonlinear optical micro-
scope also offers the opportunity to explore the time-resolved optical response
of individual structures on ultrafast time scales.

In this review we will discuss the application of a nonlinear optical microscopy
technique, called four-wave mixing (FWM) microscopy, for the purpose of vi-
sualizing and characterizing nanostructured materials. FWM microscopy is a
third-order nonlinear technique sensitive to the third-order susceptibility x> of
the nanomaterial. The technique is based on three incident laser fields with fre-
quencies w;, ®,, and w;, which interact through the material’s x*) to generate a
signal field at frequency w,. The colors of the incident light can be chosen such
that the emitted light is spectrally separated from the incoming radiation, which
facilitates detection of the signal in an optical microscope. The FWM signal is,
in principle, sensitive to both the electronic as well as the vibrational properties
of the material. A coherent spectroscopic technique, FWM microscopy also of-
fers the possibility of probing the ultrafast evolution and the dephasing dynam-
ics of the optical excitation in nanomaterials. In the bulk spectroscopy configu-
ration, the FWM technique has been widely used for interrogating the ultrafast
excitation dynamics of ensemble nanostructured materials. When applied to mi-
croscopy, such information can be attained while maintaining the submicrome-
ter spatial resolution of far-field microscopy, and along with it the possibility of
examining the ultrafast dynamics of individual nanoparticles.

As a general microscopy implementation, FWM imaging has naturally evolved
from the coherent anti-Stokes Raman scattering (CARS) imaging technique
[19,20]. In CARS, the incoming frequencies w, and w; are typically identical,
while w, is frequency shifted by a characteristic Raman frequency A of the ma-
terial (w,=w;—A). The CARS signal emitted at w,=2w,— w, is enhanced by the
vibrational resonance A and forms an excellent probe for molecules with strong
Raman vibrational modes [21]. The CARS technique is the most common appli-
cation of FWM microscopy, particularly in the field of biological and biomedical
imaging [22—24]. Other examples of Raman sensitive FWM microscopy tech-
niques are stimulated Raman scattering (SRS) [25,26] and optical Kerr effect
microscopy [27]. In all these vibrational FWM implementations, the incoming
and detected frequencies are chosen such as to optimize the sensitivity of the ex-
periment to the vibrational properties of the sample.

While the vibrational sensitivity of FWM microscopy stems from Raman reso-
nances, the technique is by no means limited to the measurement of vibrational
modes. By tuning the incoming or emitted frequencies into an electronic reso-
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nance of the material, selected electronic excitations can be probed. In addition,
electronically resonant excitation of the material is accompanied by an enhanced
FWM response. The electronically enhanced FWM signal facilitates detection
of an otherwise weak nonlinear response. This is particularly relevant to the
study of nanostructured materials, where the amount of material is often so
small that limited FWM may be expected under electronically nonresonant con-
ditions.

In the following sections, we will discuss the principles of FWM microscopy
and its application to the study of nanostructured materials. We will put particu-
lar emphasis on the electronic enhancement of the FWM response and how this
effect can be used to visualize and characterize nanomaterials, including metals,
inorganic nanoparticles, and molecular nanostructures.

2. Four-Wave Mixing

2.1. Third-Order Susceptibility

FWM is a category of light—matter interactions in which three incoming waves,
indicated here as w;, w, and w;, in the material generate a fourth wave of fre-
quency w,. Assuming that the three incident waves have frequencies in the vis-
ible or near-infrared range, the incoming electric fields E(w,) (withi=1,2,3) in-
teract with the material’s electrons to induce a nonlinear polarization P*)(w,) in
the illuminated volume. The magnitude of the polarization is determined by the
strength of the incident fields and the efficiency with which the material can be
polarized. The latter is indicated with the third-order nonlinear susceptibility
X, ameasure of the material’s response to the incoming fields. The components
of the induced polarization at a particular location r in the sample can be written
as

PO wy= 0, + w, + w3;r) = eoxffk)l(— Wy @1, 0y, 03;F) E{01,F)E(02,F) Ef(03,7),

(1)

where €, is the vacuum permittivity and ng)k)l are the components of a fourth-rank
tensor. The indices (i,j,k,/=1,2,3) refer to the Cartesian polarization direc-
tions of the emitted and incoming fields. The first frequency between parenthe-
ses in the notation Xf;k)l(—wét; w|, w,,ws3) corresponds to the emitted field, and the
following frequencies refer to the incident fields in no particular time order. The
sign of each frequency can be either positive or negative. An interpretation of the
sign associated with the field is found in quantized field theory, where a negative
frequency corresponds to an emitted field and a positive frequency to a field ab-
sorbed by the material.

The magnitude of the third-order susceptibility, and thus the FWM signal,
strongly depends on the incident and induced frequencies. In general, x is high
whenever single or combination frequencies are in resonance with eigenfre-
quencies of the material. Therefore, to quantitatively model the third-order sus-
ceptibility, the quantum mechanical eigenstates of the material have to be taken
into account explicitly. Understanding the resonances contained in the expres-
sion for % is key for relating the detected FWM signals to the electronic and
vibrational properties of the material.
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As shown by Pershan and co-workers, the third-order nonlinear susceptibility in
the weak field limit is best modeled through a perturbation expansion of the sys-
tem’s wave function (or density function) to the third-order in the incoming
fields [28]. Because of the permutation arrangements of the electric field fre-
quencies w; and the number of relevant quantum states in the material, the num-
ber of terms that contributes to the third-order susceptibility can be very large.
For instance, assuming four relevant quantum states of the material indicated in
Fig. 1(a), the number of terms for each output frequency combination (w,=w,
+w,+ ws) is 384 [29]. Under the assumption that initially just the ground state is
populated, and grouping together the terms with indistinguishable structures, the
number of terms for each output frequency reduces to 24 [30,31].

To explore the resonances contained in y*’ we write the third-order susceptibil-

ity of a single output frequency w, in terms of groups with different two-photon

resonances [30]:

gil(w4,w3)ﬁk(w1,w2) f;k(_ ®,~ wz)g;(— w4, @3)
+

B - -
Xijkl( Wy, Wy, W3, W3) =

Wpy — ((1)1 + wz) - irba Wpy + ((1)1 + (1)2) + irba

gik(w4,w2)ﬁl(w1,w3) f;(_ Wy, w3)g;kk(_ Wy, ~ @)

Wpy — (wl + (1)3) - irba Wpy + ((1)1 + w3) + irba

gif{wy, @)y, 3) f;d(_ Wy, w3)g;(— wyg,— 1)

Wpg — (w2 + (1)3) - irba Wy, T ((1)2 + w3) + irba
(2)

where the factors containing the one-photon resonances are defined as

N\ Heantbup Fanktnp
gxy(wi’ (l)/) = ( ) E ( » + 3

23 PN :
h n na ~ Wi lrna Wyq + wj + lrnb

N\ it T
fxy(wi’wj) = (E) E ( © X + . (3)

n na — Wi T lrna Wyq — wj - lrna

Here N is the density of the material considered, ;; is the x component of the
transition dipole between states (i,7), and the I" factors are related to the spectral
width of the resonances. Substituting Egs. (3) into Eq. (2) leads to a total of 24
different terms that contribute to the signal at frequency wj,.

The frequencies can be chosen to be either positive or negative. To simplify the
discussion, we shall consider here the single degenerate case of output frequency
w;=2w;— w,. We will also assume that w, > w,. This particular choice of fre-
quencies includes the CARS type of interaction, which was first demonstrated
by Maker and Terhune in 1965 [21]. Other common FWM frequency combina-
tions are schematically given in Fig. 1. To examine the resonances contained in
X (~w,; 0, w;,—w,) we will first assume that all incoming and induced fre-
quencies are much smaller than any electronic resonance frequencies of the ma-
terial, i.e., that the material is transparent with respect to the frequencies consid-
ered.

2.1a. Transparent Materials: Two-Photon Resonances

In the absence of one-photon resonances, the g(w;, ;) and flw;, ;) factors are
real and relatively small. In this case, the dominant contributions to
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Energy diagrams of several representative FWM processes. In these diagrams,
(a| is the ground state, (b| and (¢#| are intermediate states, and {(n|, (n| are
higher-energy states in the material. Note that all of these states, except for the
ground state, can represent either eigenstates of the material or virtual states. (a)
CARS excitation scheme. If (b| is a vibrational state, then this scheme corre-
sponds to vibrational CARS. (b) TPA-enhanced difference-frequency mixing, an
electronically resonant scheme. This scheme has also been referred to as stimu-
lated parametric emission (SPE). The (¢| level corresponds to a two-photon ac-
cessible eigenstate of the material. (c) TPA-enhanced sum-frequency mixing. (d)
SRS excitation scheme. If {h| is a vibrational state, then this scheme corresponds
to vibrational SRS. The emitted field is at the same frequency as one of the inci-
dent beams (w,). (¢) TPA-enhanced difference-frequency mixing. Like SRS, this
scheme results in emission at w,. (f) THG. The {¢| level corresponds to a one- or

three-photon accessible eigenstate of the material.
______________________________________________________________________________________|

X (—w,; w, w;,—w,) are the terms with two photon resonances. Two types of
two-photon resonances may occur. The first type of resonance occurs when the
frequency combination w;+w; approaches an electronic eigenfrequency w, of
the material. This type of resonance is usually referred to as the two-photon ab-
sorption (TPA) contribution to the third-order susceptibility [30,32]. A second
two-photon resonance is found when the difference frequency w,—w, corre-
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sponds to a material eigenfrequency w,. The latter process is a Raman-type reso-
nance. When all incident fields are in the visible or near-infrared range, the Ra-
man resonances typically correspond to vibrational resonances of molecules or
to phonon modes of solid state materials. Note, however, that in materials with
electronic band structures, Raman-type resonances may occur that are purely
electronic. Based on the above assumptions, the nonlinear susceptibility in sca-
lar form at the output frequency w,=2w; —w, can be summarized as [32]

4, A,
+
w,— 2w, —il', o,+20w, +il,
A,
+2 : (4)

ro @y (wl N (1)2) o lrz

XB)(_ Wy 0, W), ©)) = XS\?}%*’ E
t

where the amplitudes 4, and 4, are proportional to |g(w;,;)|?, a frequency-
independent function when none of the incident and induced frequencies are
close to a one-photon resonance of the material. The first term on the right-hand
side of Eq. (4) contains all the contributions to ¥'*(—w,; w,, ®,,—®,) that do not
contain a two-photon resonance. This nonresonant contribution is real and rela-
tively small, but it is generally not negligible. It corresponds to the intrinsic elec-
tronic polarizability of the material when driven at the incident frequencies,
which is nonzero even in the absence of any nearby material resonances.

The second term on the right-hand side contains the TPA-enhanced resonances.
The summation is over all the two-photon accessible states |f) of the material.
This part of the nonlinear susceptibility closely resembles the two-photon scat-
tering susceptibility x*'(—w,; w;, w;,—w,), the imaginary part of which can be
related to the TPA cross section [30,33]. Consequently, the two-photon absorp-
tivity can be directly assessed with two-photon resonant y*) measurements. This
method has been used extensively to determine TPA cross sections of various
materials [34,35]. The TPA enhancement of x* can also be used as a contrast
mechanism in FWM microscopy. Imaging contrast is derived from chro-
mophores with high TPA cross sections at the 2w, frequency. The TPA-enhanced
FWM imaging method has recently been applied to visualize dye-stained poly-
mer beads [36,37] and red blood cells based on the two-photon resonances of he-
moglobin [38,39].

The third term on the right-hand side of Eq. (4) is the Raman resonant contribu-
tion to the nonlinear susceptibility. The summation runs over all the Raman al-
lowed states |r) of the material. For the frequency combination chosen here
(w;> w,), this term represent the CARS response of the material. Away from
two-photon electronic resonances, the Raman term can dominate the nonlinear
response of the material. The Raman resonant FWM contribution is most com-
monly used to examine materials based on their Raman active vibrational modes
[21,29,40]. The imaginary part of the Raman resonant contribution is directly re-
lated to the cross section for spontaneous Raman scattering [30,41]. Relative to
spontaneous Raman scattering, the Raman resonant FWM signal is coherent and
can be particularly strong whenever the number of Raman scatterers in the prob-
ing volume is high (N> 10°) [42,43]. The higher signal yield makes the CARS ap-
proach to vibrational microscopy very attractive, as it permits shorter pixel integra-
tion times and fast imaging of microstructured samples [44,45]. In this review, we
will call the excitation scheme indicated by the diagram of Fig. 1(a) the CARS ex-
citation process, irrespective of whether the nature of the two-photon Raman process
is electronic or vibrational.
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2.1b. Direct Electronic Excitations: One-Photon Resonances

Close to one-photon resonances of the material, the g(w;, ;) and flw;, ®;) fac-
tors are complex and can be of substantial magnitude [31]. The third-order non-
linear susceptibility can now be written as a sum of three major contributions:

X(3)(_ Wy 01,0, ©)) = Xﬁ)e + X(E3)(_ Wy 0], 01,~ @) + Xﬁf)(— Wy 0], 01,~ ©,)
(5)

The first term on the right-hand side includes all the nonresonant contributions
to the nonlinear susceptibility. All one-photon electronically resonant terms are
included in XS), and the terms that contain a Raman resonance in addition to
one-photon resonances are included in XS)- The Raman resonant terms are of the
following form [31]:

Xg) _ EZ Hantnolon'Bn' o .
#? nn' (wna Ty irna)(wba - ((1)1 - (1)2) - irba)(wn’a T irn’a)

(6)

The term given in Eq. (6) is significant when w, and w, are close to a one-photon
electronic resonance of the material, in addition to a Raman resonance at w,
—w,. In case state b is initially populated, extra terms exist with electronic reso-
nances at w, (instead of w,) as well. The terms contained in XS) are of similar
form but lack the intermediate two-photon resonance. The spectral dispersion of
the one-photon resonances in Xg) can be grouped into a complex function
Ay explifg], where A is defined as the frequency dependent electronic amplitude
and 6y is the corresponding electronic phase. A similarly compressed function can
also be defined for the one-photon resonances in xﬁf), with amplitude A4 and phase
6, which is associated with the Raman mode 7 at frequency w,,. Using this nota-
tion, the nonlinear susceptibility can be written as [46,47]

Ajp expli 6]

X(3)(_ Wy, W, W1, (1)2) = Xﬁ}e +Ag eXP[iHE] + 2 . (7)
ro W= (wl - (1)2) - lrr

Compared with the Raman resonant term relevant to transparent materials [Eq.
(4)], the Raman resonant component in Eq. (7) can be substantially larger owing
to one-photon resonance enhancement. This term is responsible for the high sen-
sitivity of electronically resonant CARS (RCARS), which allows vibrational
spectroscopic interrogations of chromophore solutions with concentrations in
the micromolar range [48,49].

2.2. Magnitude of x® and Feasibility of Four-Wave Mixing
Microscopy

To visualize individual nanostructures in a nonlinear FWM microscope, the
third-order interaction between the incident light and the material needs to be
sufficiently strong to produce detectable signals. Compared with samples
probed in conventional bulk FWM spectroscopy, generating detectable third-
order signals from nanostructures is particularly challenging because the
amount of material probed is smaller by many orders of magnitude. In addition,
rapid imaging requires short pixel integration times, typically of the order of mi-
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croseconds. These conditions put tight restrictions on both the sensitivity of the
FWM microscope and the kind of materials that can be visualized in the nonlin-
ear microscope.

The magnitude of x* of a given material can be determined in a variety of ways.
For nontransparent materials, degenerate FWM (DFWM)[50,51] and reflective-
based THG [52,53] have been used. For transparent materials, CARS-based
schemes [54], the THG fringe [55,56] and ratio [57,58] method, and the Z-scan
technique are commonly applied [59]. Note that these measurements usually re-
fer to the X(131)11 component of the third-order nonlinear susceptibility. Depending on
the symmetry properties of the material, other components of x> can have values
that are significantly different from the X(131)11 component. For more information on
how the tensor elements of ¥®) can be used to examine the structural and orienta-
tional properties of the material, the reader is referred to [60,61].

Limiting our discussion to materials illuminated with ultrafast radiation, the
third-order nonlinear susceptibility of electronically nonresonant materials in
the condensed phase results from the anharmonic motion of electrons and can be
estimated to be in the 107'* esu range [62]. Measurements on nonresonant trans-
parent materials indeed indicate third-order susceptibilities of such magnitude
[55,63]. For instance, the magnitude of y* of water is 1.3 X 10~'* esu at 1064 nm,
which is comparable with the ¥ of silica (1.4 X 10~'* esu) and borosilicate glass
(2.1 X 107 esu) [64]. The magnitudes of x'* of some typical materials encoun-
tered in biological FWM microscopy are listed in Table 1. Seeing single nanostruc-
tured objects with such nonlinear susceptibilities is extremely challenging and is
generally below the detection limit of a fast scanning FWM microscope. High-
sensitivity FWM imaging of nanostructures is best achieved when the intrinsic non-
linear response of the material is significantly higher. Material properties and
mechanisms that improve the detection of nanostructured materials in the FWM mi-
croscope include the following:

(1) Ahigh intrinsic x'* of the material. Several materials, including inorganic
and semiconducting materials, exhibit third-order susceptibilities that are orders
of magnitude higher than the x* of organic solvents and biological materials.

(2) Electronic enhancement of x'*). As discussed above, one- and two-photon
electronic resonances can significantly enhance the third-order optical response
of the material.

(3) Nanoscale quantum confinement effects. Several materials have been pre-

Table 1. Third-Order Susceptibility of Several Common Materials and Organic

Liquids®
A

Material (nm) X (esu) ny (3w) Ref.
‘Water 1064 1.3x10° 1.35 [64]
Glycine (1M aqueous) 1064 1.2x107 1.35 [64]
Vegetable oil 1064 1.9%x 10714 1.47 (590 nm) [64]
Silica 1064 1.4x 1071 1.48 [65]
BK7 1064 2.1x1074 1.54 [65]
Ethanol 1064 1.7Xx107 1.38 [64]
Cs, 1910 20%10713 1.63 [66]

“The magnitude of ¥**) was determined from THG measurements. The wavelength of ex-
citation (\) and the linear refractive index (n,) are given as well.
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dicted to exhibit enhanced optical nonlinearities due to the confinement of delo-
calized electrons in the nanostructure.

(4) Surface plasmon effects. The collective motion of surface electrons in
several submicrometer and nanoscopic metallic structures produces a local en-
hancement of the electric field, which in turn enhances the nonlinear response of
the metallic structure.

In the remainder of this paper, we will discuss the third-order nonlinear response
from nanostructured materials for the purpose of nonlinear imaging. For a de-
tailed account on the physical origins of the optical nonlinearities in solid state
materials, which falls outside the scope of this work, the reader is referred to
[67].

2.3. Third-Order Nonlinear Emission in the Tight Focusing
Limit

In nonlinear optical microscopy, the incident fields are spatially confined to a
tight focal spot. The size of the focal volume is determined by the diffraction of
light and is typically smaller than 1 um® for high-numerical-aperture lenses
when using visible or near-infrared radiation. The confined probing volume is
the primary attribute of the optical microscope, as it allows the examination of
individual objects that are spatially separated from their neighbors on the mi-
crometer scale. Moreover, the submicrometer probing volume also reduces
background contributions from the surrounding medium, yielding a sensitivity
to submicrometer-sized structures that is superior to bulk optical probing meth-
ods.

A good description of the amplitude and phase of the focal fields can be obtained
from diffraction theory as developed by Richards and Wolf [68]. Assuming no
index mismatch and incident light that is x polarized, the focal field can be writ-
ten in the form shown by Novotny and Hecht as [69]

loo T Ipp cos2¢p
E(p,z) =Ewe ™| Ipsin2¢ | (8)
—2ily; cos ¢

Here, E, is the field amplitude, k& is the wave vector, f'is the focal length of the
lens, ¢ corresponds to the azimuthal angle, and p=(x>+y?)"2. The quantities
1,,, withm=0,1 and n=0, ... ,4, are one-dimensional integrals with respect to
the polar angle # and are written as

L(p?) = J " (0005 ,(6)], (kp sin O)e™ < Isin 6d6,  (9)
0

where /=n if n=m, and /=n—m if n>m. The acceptance angle of the objective
is indicated by 6,,,,. The function f,,(6) is the apodization function [69], which de-
scribes the degree of the filling of the back aperture of the objective. Its value is 1
when the back aperture is uniformly filled. The functions g, are given by g,
=1+cos @, sinf, 1—cos @ for n=0,1,2 and g,,=sin® 6, sin O(1+3 cos 6),
sin (1—cos 6), sin® 6, sin(1—cos 6) forn=0,1,2,3,4, respectively.

A cross-sectional view (xy) of the focal field amplitude of a focused 800 nm la-
ser beam is depicted in Fig. 2(a). The phase of the focal field along the optical axis is
shown in Fig. 2(b). The linear phase due to propagation has been subtracted for clar-

Advances in Optics and Photonics 3, 1-52 (2011) doi:10.1364/A0P.3.000001 11



b

-2, 1 1 1.5
-1. 0.8 0.8
5
: 0.6 0.6
. 0.4 04
-0.5 -0.5
d 0.2 0.2 e
. 0 0 -1.5

1 -1 0 -
X (um) X (um) X (um) X (llm)
Focal fields of a high-numerical-aperture lens (NA 1.1, water immersion). (a)
Focal field amplitude of a 800 nm laser beam. (b) Phase profile of the focal field
given in (a). The propagation phase has been subtracted for clarity. (c) Amplitude of
the CARS excitation field E%E; with A; =800 nm and \,=1064 nm. (d) Phase pro-
file of the excitation field given in (c).
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ity. It is evident that the phase before the focal plane and the phase after the focal
plane (z=0) are not the same. Along the optical axis, the phase undergoes a full
m-phase swing. This phase swing is known as the Gouy phase shift [70,71].

In Fig. 2(c), the FWM excitation field amplitude is plotted for a CARS-type in-
teraction w,=2w,;— w,, which is of the form E%E; For this particular excitation
profile, the lateral full width at half-maximum of the excitation amplitude is
0.45 um, and the axial width is 1.4 um. The longitudinal extent of the excitation
volume is of the order of an optical wavelength, which implies that phase mismatch
between the incident waves and the emitted wave is minimal within the interaction
volume. Consequently, phase mismatching effects due to material dispersion, which
can be prominent in interaction volumes associated with low numerical aperture
lenses, are not a major factor in the signal generation process when high-numerical-
aperture lenses are used [72—74].

The phase profile is given in Fig. 2(d). Similar to the phase distribution of a fo-
cused laser beam, the spatial phase of the excitation field undergoes an ~
phase shift. This implies that the nonlinear polarization within the focal volume
exhibits a focal phase shift roughly similar to that of a forward propagating
beam. Consequently, the FWM radiation of the w,=2w, — w, process is not par-
ticularly affected by a Gouy phase mismatch. A Gouy phase mismatch is, how-
ever, rather prominent for other FWM processes, such as THG, which has a pro-
found effect on the spatial distribution of the emitted third-order signal [75,76].

At locations where the material overlaps with the excitation volume E%(r)E;(r),
a nonlinear polarization is induced in the material according to Eq. (1). The in-
duced nonlinear polarization P(w,,r) at each point r in the material forms the
source of radiation at frequency w,. In the far field, the field amplitude at loca-
tion R can be approximated by spatially integrating over the contributions of all
dipole emitters in the focal volume V-
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explikyR —r|]
E(R)=—JVM(R—r) X [(R—1) X Py(r)]d’r. (10)

Since there is a coherent relation between the dipole emitters within the focal
volume, the emitted waves will interfere. This spatial interference defines the
shape of the emission profile, which can vary drastically with the size and shape
of the illuminated sample structure. A dramatic consequence of the wave inter-
ference is the difference between forward and backward propagating light. For
objects with dimensions below \,/4, the forward and backward radiation is of
the same order. For larger objects, the waves in the forward direction construc-
tively interfere, producing strong signals, while destructive interference among
the backward propagating waves significantly suppresses the signal observed in
the epi-direction. Most nanostructures, however, are of the order of \,/4 or
smaller, and the signal detected in the backward direction can be significant.

In Fig. 3, the FWM emission profile of a 50 nm cube object is shown. The emis-
sion pattern resembles the radiation profile of a Hertzian dipole, and the amount of
signal emitted in the forward and backward channels is roughly similar. Nonethe-
less, for reasons of enhanced collection efficiency and rejection of the incident light,
detection of FWM signals emitted by nanostructures in the epi-direction can often
be achieved with a higher signal-to-background ratio than in the forward detection
scheme.

0.5

i

Far-field emission pattern of the FWM CARS response from a 50 nm nanocube
in the focus of a NA 1.1 water immersion lens. The CARS excitation volume is given
in Figs. 2(c) and 2(d). Note that because of their small size relative to an optical
wavelength, the FWM emission from nanoscale objects resembles the emission of a
Hertzian dipole, resulting in comparable amounts of radiation in the forward direc-

tion and epi-direction.
|
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3. Four-Wave Mixing Microscope

The FWM microscope has two main ingredients: an ultrafast laser light source
and a scanning optical microscope. For electronically resonant FWM processes,
femtosecond lasers are the preferred light sources, as their spectral pulse widths
are compatible with the width of the one-photon absorption bands of the mate-
rial, thus optimizing the efficiency of the FWM process. For THG measure-
ments, a single femtosecond laser is sufficient for examining the third-order
nonlinear properties of individual nanostructures. Due to the high detection sen-
sitivity of detectors like photomultiplier tubes in the visible range of the spec-
trum, the laser wavelength is often chosen such that the third-harmonic radiation
is within the visible spectral range. Near-infrared fiber lasers, Cr:forsterite la-
sers, and Ti:sapphire lasers combined with an optical parametric oscillator are
light sources that can be conveniently interfaced with an optical microscope for
THG measurements [77-79].

In the THG measurements the pump frequency w, and the signal frequency 3w,
are well separated. This facilitates signal detection by spectral filtering. The abil-
ity to isolate the signal spectrally from the incident light is advantageous in
FWM microscopy, as spatial separation of the signal is often impractical when
working with high-numerical-aperture lenses. This is one of the main reasons
why DFWM experiments, where the incident and induced frequencies are simi-
lar, are difficult to implement in a microscope configuration. THG experiments
are well suited to interrogate materials that are transparent at the incident fre-
quency. The method is, however, less practical for examining materials that are
one-photon resonant with the incident frequency. In such cases, an electronic
CARS-type scheme is often preferred. In CARS, the signal frequency is sepa-
rated from the incident light, yet it is often possible to tune the incident frequen-
cies as well as the signal frequency into electronic resonance with the material.
The CARS excitation scheme has been successfully applied to visualize metallic
[80—83] and semiconducting nanostructures [18,84] in a fast-scanning micro-
scope configuration.

The CARS excitation scheme necessitates two spectrally separated incident fre-
quencies w; and w,. This can be achieved by using two separate pulse trains,
which are commonly derived from two synchronized lasers [85] or from a syn-
chronously pumped optical parametric oscillator system [86]. If vibrational in-
formation is desired, a dual-color picosecond light source can be used to provide
the spectral resolution needed to resolve the two-photon Raman process. Al-
though less efficient than femtosecond excitation, the narrow spectral width pro-
vided by picosecond light can be helpful in discriminating the narrowband co-
herent response from the broad incoherent emission that often accompanies the
electronic FWM signal (see Subsection 6.3). An example of a FWM microscope
based on a dual-color light source is shown in Fig. 4. Alternatively, a single fem-
tosecond laser light source can be used with sufficient bandwidth to synthesize
the desired w, and w, pairs for FWM experiments [87—89].

The key components that make up the microscope include the scanner, the high-
numerical-aperture lens, and the detector system. Scanning can be achieved ei-
ther through scanning the sample or by scanning the laser focus. If fast scanning
is required, laser beam scanning is the method of choice. Many commercial con-
focal microscope systems incorporate a fast laser scanning mechanism that can
be readily used for FWM imaging experiments. The high-numerical-aperture
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Schematic of a dual-color FWM microscope based on a synchronously pumped
optical parametric oscillator (OPO) light source. Two detector channels are used,
one in the forward (F) propagating direction and one in the epi-direction (E). M,
mirror; DM, dichroic mirror; SM, galvanometric scanning mirrors; Obj, micro-
scope objective lens; S, sample; L, lens; PMT, photomultiplier tube.

lens is the heart and soul of the microscope. The quality of the lens determines
the quality of the focal volume. For dual-color FWM experiments, optimal trans-
mission at the incident and emission wavelengths is essential, along with mini-
mum chromatic aberrations of the lens system at the relevant optical wave-
lengths. For detection of FWM signals that are different from the incident
wavelengths, such as CARS and THG signals, detectors with single-photon
counting sensitivities are desirable because of the intrinsically low signal yield.
A sensitive photomultiplier tube complies with such requirements. Alternative
schemes in which the signal field is homodyned with one of the incident fields,
as is the case in SRS microscopy [26], or detected through interference with a
strong reference beam, as in heterodyne CARS measurements [90], do not re-
quire single-photon counting detection sensitivities. These detection schemes
benefit from detectors with a large dynamic range and work well with silicon
photodiode detectors.

In an inverted optical microscope, the nanostructured sample is typically
mounted on a glass or quartz cover slip. The weak signal from nanostructures
close to the glass surface can be somewhat enhanced through an interference ef-
fect at the cover slip interface. This effect stems from the nonresonant electronic
FWM signal generated in the cover slip material. Part of this radiation is back-
reflected at the surface, which subsequently interferes with the epi-directed
FWM emission from the nanostructure [43]. When the FWM signal from the
cover slip is substantially larger than the signal from the nanostructure, this in-
terference effect can boost the signal signatures from the structure of interest, as
illustrated in Fig. 5. For nanostructures fabricated on opaque substrates such as
silicon wafers, an upright microscope provides the most convenient imaging so-
lution.

Advances in Optics and Photonics 3, 1-52 (2011) doi:10.1364/A0P.3.000001 15



Figure 5

glass

objective

Interference effects in epi-detection of FWM radiation from nanostructures on a
glass substrate. The nonresonant FWM in the glass substrate is reflected at the
glass/air and glass/nanostructure interface, resulting in a background signal in
the epi-channel (large arrow). The FWM field from the nanostructure itself can
mix coherently with the background FWM radiation. If the background signal is
large, the weak FWM response from nanostructures can be enhanced in a homo-

dyne manner.
|

4. Four-Wave Mixing of Transparent Materials

Far from one or two-photon electronic resonances, the third-order nonlinear re-
sponse of most materials originates predominantly from nonresonant, anhar-
monic electron motion and is relatively small [91]. Nonetheless, a significant re-
sponse can be expected when the volume of the material approaches the FWM
excitation volume. Hence, even though the )((3) of borosilicate, a common mate-
rial for microscope cover slips, is of the order of 107 esu, a detectable signal
from the glass can be easily observed when the material occupies the entire focal
volume. When nanoparticles with high nonlinear susceptibilities are embedded in a
glass matrix, the contribution from the glass host cannot always be ignored.

The nonresonant nonlinear response from SiO, glasses is sufficient for imaging
microscopically structured glass objects. In Fig. 6, a 1 um silica glass sphere is vi-
sualized through two FWM processes, a nonresonant CARS excitation scheme and
a dual-color optical Kerr effect excitation scheme [27]. The x'* signals detected
through either FWM scheme are strong enough for fast imaging of microstructured
glass.

The nonresonant y® of transparent biological materials and water is similarly in
the 10713—107'* esu range. The magnitude of the third-order nonlinearity of water
in the transparency region is governed mostly by the purely electronic hyperpolariz-
ability, but librational modes and nuclear vibrations may contribute to the nonlinear-
ity when broad bandwidth femtosecond pulses are used [92]. In transparent, hetero-
geneous biological materials, the nonlinear susceptibility varies both because of
intrinsic differences in the electronic hyperpolarizability as well as variable two-
photon resonances among the molecular components. The spatially varying nonlin-
ear susceptibility is the source of the vibrationally nonresonant contrast in biological
CARS imaging. While often an undesirable signal contribution in vibrational imag-
ing studies, this nonresonant component is nonetheless a material characteristic and
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can be used to generate images based on contrast derived from the electronic polar-
izability [93]. This nonresonant FWM imaging approach has been used to obtain
structural and morphological information of biological samples [94].

To a good approximation, the electronic polarizability in aqueous samples is iso-
tropic. In samples that exhibit a degree of spatial organization, however, this as-
sumption is no longer valid. In highly aligned biological materials, such as cel-
lulose and collagen fibers for instance, an orientation dependence of the purely
electronic nonlinear susceptibility can be expected. In particular, an anisotropic
electronic response is found in materials that exhibit structural order. For ex-
ample, the directional dependence of x*) has been employed to study the direc-
tor field orientations in liquid crystals by nonresonant FWM imaging, as illus-
trated in Fig. 7 [95].

5. Four-Wave Mixing Imaging of Semiconducting
Nanostructures

The linear optical properties of semiconducting materials are highly dependent
on the excitation energy relative to the bandgap energy of the material. Linear
excitation with photon energies that exceed the bandgap energy results in the ab-
sorption of the photon and the creation of electron and hole charge carriers. Due
to Coulombic interactions between the electron and hole, excitonic states are in-
troduced close to the band edge energy. For photon energies w > w,,,, the non-
linear response is dominated by the carrier related nonlinearities, which include
band filling effects [96—98] and exciton bleaching [99]. Early DFWM studies at pho-
ton energies near the bandgap reported high third-order susceptibilities of the order
of 1078 esu [50,51,100-102]. When excited in the transparency region, no linear ex-
citation of the carriers occurs, and the nonlinear response is governed by the anhar-
monic motion of the valence electrons. At excitation energies lower than the band-
gap energy, away from one-photon resonances, the optical nonlinearity is
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Figure 7

(@)

ellipse

Y

hyperbola

X

Electronic CARS FWM of liquid crystals. (a) Schematic of the director fields in
a smectic A phase of an octylcyano-biphenyl (8CB) liquid crystal. The liquid
crystal molecules have a highly anisotropic electronic response, resulting in ori-
entation sensitive FWM images. The conical morphology is known as the focal
conic domain (FCD). (b), (c) Horizontally sectioned FWM images of the FCD,
indicating highly oriented liquid crystal domains. White arrows represent the la-
ser polarization direction. Reprinted in part with permission from [95]. Copy-

right 2009, American Institute of Physics.
____________________________________________________________________________________|

consequently much weaker. Nonetheless, even in the transparency region, the third-
order susceptibility of semiconductor materials is substantially higher than that ob-
served in many other materials. The relatively high magnitudes of ), in the
1072-107? esu range, render these materials excellent candidates for optical probes
in microscopic FWM imaging studies.

Besides the intrinsically high values for x®), several mechanisms may contribute
to a further enhancement of the third-order response. In particular, when excit-
ing in the transparency region, multiphoton electronic resonances can boost the
optical nonlinearity of the semiconducting material [67,103]. In addition, quan-
tum size effects have been suggested to contribute to an enhanced third-order re-
sponse as well. Quantum size effects are expected to play a role whenever the
dimensions of the material approach the physical size of the exciton wavefunc-
tion, which is usually characterized in terms of the exciton Bohr radius [104].
Whereas quantum confinement has a pronounced effect on the linear optical
properties of semiconducting materials, it is much less clear how these effects
are reflected in the nonlinear response of the material [105].
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Below we discuss several semiconductor materials with large optical nonlineari-
ties sufficient to enable detection of FWM signals from single nanoparticles. In
each case, we briefly consider the different mechanisms that shape the overall
nonlinear response of the nanostructure, and we point toward several applica-
tions of such materials in FWM microscopy.

5.1. Elemental Semiconducting Materials

Elemental semiconducting materials such as germanium and silicon have third-
order nonlinear susceptibilities that are among the highest known for solid state
materials. In as early as 1969, Wynne reported CARS-type electronic FWM ex-
periments on various semiconducting bulk materials including germanium and
silicon, which revealed x'® magnitudes higher than 107" esu [54]. These mea-
surements were performed at energies much lower than the bandgap, in the transpar-
ency region of the materials. Closer to the bandgap of these materials, at energies
corresponding to near-infrared wavelengths often used in biological imaging, one-
and two-photon resonances raise the magnitude of the third-order susceptibility well
into the 10~ esu range. These values of x*) are more than four orders of magnitude
higher than the third-order susceptibilities of typical biological materials. Given
these high optical nonlinearities, it can be expected that nanostructures fabricated
from these materials would provide strong FWM probes for imaging purposes. The
nonlinear susceptibilities of silicon and germanium are given in Table 2, along with
their bandgap energy and linear refractive index.

Many semiconducting materials can be prepared as nanoscopic objects and
structures. Silicon nanospheroids, for instance, can be prepared in a variety of
ways, such as through laser ablation [108] or through chemical vapor deposition
techniques [109], producing silicon particles in the 1-100 nm range. Gold-
assisted chemical vapor deposition has been used to grow silicon nanowires in a con-
trolled fashion, producing nanowires with adjustable diameters and lengths
[110,111]. The exciton Bohr radius of bulk silicon is 4.9 nm [112], and quantum
size effects are expected to become important for nanostructures with radii of the or-
der of a few nanometers. Indeed, strong indications of quantum confinement effects
are found in porous silicon, a material that has been shown to contain wirelike crys-
talline silicon arrays with dimensions in the 2—5 nm range [112]. The band edge in
porous silicon is strongly dependent on the size of the nanocrystallites, and a bright
luminescence is observed for such materials. The luminescent properties of nanosili-
con have already rendered these materials promising candidates for in vivo imaging
applications [113]. Along with the change in the linear optical response of nano-
sized silicon, an enhancement of the third-order nonlinear optical properties has
been predicted [114]. Evidence for enhancement of x** in silicon nanomaterials

Table 2. Third-Order Nonlinear Susceptibility of Elemental Semiconducting

Materials®
}\edge
Material \ (nm) X2 (esu) Eg4 (ev) (nm) n Ref.
Si 1064 2.5%x10710 1.11 1118 3.49 [53,106]
Ge 1064 561071 0.67 1853 4 [53,106,107]

“The magnitude of x> was determined from THG measurements. The wavelength of ex-
citation (), the bandgap energy (E,), band-edge absorption wavelength (\.ge) and the lin-
ear refractive index (n) are given for comparison.
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has come from Z-scan measurements on nanoclusters with particle diameters of
1-5 nm. Measurements of the third-order susceptibility of such silicon nanopar-
ticles indicate a modest increase of the magnitude of x*’ relative to bulk silicon with
decreasing size of the nanocrystallite [109].

FWM experiments on individual silicon nanowires have confirmed the strong
nonlinear optical response of silicon nanomaterials. Using polarization depen-
dent FWM microscopy, Jung et al. observed a very strong FWM response along
the long axis of nanowires prepared through the chemical vapor deposition tech-
nique [115]. As shown in Fig. 8(a), the strong FWM signal provides a unique
signature of the nanowire, as no spurious multiphoton luminescence from the
particles was observed. Unlike the signal from fluorescent probes, the FWM sig-
nal from silicon nanowires was not prone to photobleaching, permitting sus-
tained imaging of the nanowire probes in biological samples. The FWM signal
from these nanomaterials is brighter than the nonresonant FWM contribution
from the biological material itself, which enables identification of silicon nano-
wire probes in live cells and tissues [115]. In addition, the absence of pho-
tobleaching and the high photodamage threshold make silicon nanoparticles
ideal candidates for characterizing the imaging properties of the FWM micro-
scope. In Figs. 8(b) and 8(c), the image of a 30 nm silicon nanoparticle is used to
examine the size and shape of the focal excitation volume.

Similar to silicon nanostructures, germanium nanoparticles have shown promise
as materials with a strong third-order optical response. Compared with silicon,
the exciton Bohr radius of germanium is much larger at 24.3 nm [116], which im-
plies that quantum confinement effects can be expected even for larger sized par-
ticles. A growing blueshift of the bandgap energy with decreasing size of the germa-
nium nanoparticle has provided proof that the linear optical properties of nanosized
germanium are indeed controlled by quantum size effects [117,118]. Similar to sili-
con, a bright visible photoluminescence is observed for small germanium nanocrys-
tallites, which has been attributed to an alternate lattice structure of germanium at-
oms in the nanocluster compared with the bulk [119]. Z-scan measurements of
germanium nanoclusters performed at excitation energies below the bandgap have
shown that x®) is of the order of 10~ esu and have indicated that two-photon reso-
nances are important when exciting below the bandgap [117,118].

The strong nonlinear response of silicon and germanium nanoparticles classifies
these materials as a promising family of FWM probes. The small size
(> 10 nm) of such particles makes them highly compatible for biological labeling
applications. In addition, the toxicity of elemental semiconductor materials is ex-
pected to be reduced compared with several metal nanoprobes. Recent progress in
the synthesis of elemental semiconductor nanomaterials, including the fabrication of
tin colloids [120] and tellurium nanorods [121], is likely to expand the list of FWM
active nanoprobes.

5.2. Metal Oxide Nanoparticles

Compared with elemental semiconductor materials, the third-order susceptibil-
ity in metal oxides is substantially lower, of the order of 107''-107'2 esu
[122,123]. Values of several metal oxide materials are listed in Table 3. Despite the
somewhat weaker optical nonlinearities, metal oxide nanoparticles are attractive
candidates for FWM imaging applications because of relatively simple preparation
methods and their commercial availability. The bandgap of most metal oxides, in-
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Electronic CARS FWM emission from silicon. (a) FWM from nanowires. The
emission maximum from a 40 nm diameter silicon nanowire, illuminated with in-
cident waves @, (\;=790 nm) and w, (\,=1018 nm), coincides with the expected
(w4=2w;— Wy, N\y=645 nm) FWM frequency. The inset shows a FWM image of
several silicon nanowires acquired in 0.5 s. Scale bar is 2 um. Reprinted in part with
permission from [115]. Copyright 2009, American Chemical Society. (b) FWM
from a 30 nm diameter silicon nanoparticle (A;=817 nm and A\,=1064 nm). The
particle size is much smaller than the focal volume of the 1.1 NA water immersion
lens, enabling an effective point spread function measurement, which provides in-
formation about the size and shape of the focal spot. Scale bar is 0.5 gm. (¢) One-
dimensional cross section of the measurement in (b). The width of the profile is

~0.40 ym.
|

cluding ZnO [134], TiO, [135], and CeO, [136], is above 2.0 eV, which implies
that these materials are transparent at near-infrared excitation energies. Additional
enhancement may thus be expected from multiphoton resonances when these mate-
rials are illuminated with ultrafast radiation in the near-infrared range. The effect of
the electronic resonant contributions to ) for several metal oxides is shown in Fig.
9 for the case of THG nonlinear measurements. The '*) shows a clear increase when
the bandgap energies approach the three-photon energy (1.96 eV in this case) [ 124].
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Table 3. Third-Order Susceptibility of Several Metal Oxides”

Material X (esu) E, (ev) Nedge (M) Ref.
a-Fe,04 5.8x1071" 2.1 591 [124]
v-Fe,04 2.1x 107! 22 564 [124]
Fe;0, 4.0x 10710 0.3 4138 [124]
AlLO, 40x107 7.3 170 [125,126]
TiO, (rutile) 4.0x10712 3 414 [127]
Sn0, 3.8%x10712 3.6 345 [128,129]
In, 0, 1.7X 10712 29 428 [129,130]
TeO, 1.4Xx 10712 3.37 368 [131]
Zn0 1.4x10712 3.37 368 [132]
V,05 1.1x10 M 2.5 497 [133]
Nb,Oj5 1.3x 10712 32 388 [133]
Ta,0s5 6.1x10°13 42 296 [133]

“The magnitude of ) was determined by THG measurements using 1900 nm excitation.
The bandgap energy (£ g) and the band-edge absorption ()\edge) wavelength are also given.

In a near-field THG imaging experiment, Johnson et al. demonstrated strong x>’
signals from ZnO nanowires with diameters in the 50—100 nm range [137]. Simi-
larly, individual titanium oxide nanoparticles with diameters of several tens of na-
nometers produce very strong FWM signals. Because the size of the nanoparticle is
much smaller than the resolution of the FWM microscope, these particles have been
used to map out the size and shape of the FWM excitation volume [138]. The mag-
nitude of the FWM signal generated from the TiO, nanoparticles’ response is higher
than that of the typical nonresonant third-order response of biological tissues, which
permits selective detection of the nanoparticles incorporated into the tissue sample
[84,139]. An example is shown in Fig. 10, where the FWM signal from TiO, nano-
particles is high enough to identify their presence in fish gills [139].
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Dispersion of x*) of several metal oxides as a function of the bandgap energy.
The solid curve corresponds to a fit based on a phenomenological model for

THG generation, as detailed in [127].
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(a) )

Electronic CARS FWM imaging of TiO, nanoparticles in fish gill tissue. Fish gills
were exposed to TiO, nanoparticles for a period of one week, resulting in localized
clusters of nanoparticles. (a) Three-dimensional projection of the FWM signal from
a 150 um deep stack in a region of gill tissue containing a large nanoparticles aggre-
gate (white arrow). Detection was in the forward direction. (b) Identical image stack
obtained in the epi-direction. Combined laser power of the \; (924 nm) and \,
(1255 nm) beam was 100 mW. Reprinted in part with permission from [139].
Copyright 2009, Optical Society of America.

Compared with Ti0,, the nonlinear susceptibility of iron oxides is markedly higher.
Z-scan and THG measurements indicate a ® larger than 10! esu for nanoscopic
Fe,O; materials [124,140] and a x*® larger than 107'° esu for Fe;0, [124]. Such
high optical nonlinearities can be exploited for designing efficient FWM probes.
FWM imaging studies of iron oxide nanoparticles injected into cells and tissues have
shown that such nanomaterials can be readily identified in biological specimens
[84].

5.3. Semiconducting Quantum Dofts

QDs are semiconducting materials that are nanometer sized in all three spatial
dimensions. QDs can be prepared from a broad variety of combinations of ele-
ments, most notably combinations of group [I-VI elements, I1I-V elements, or
IV—VIelements. The size of QDs in the 2—20 nm range is close to or smaller than
the exciton Bohr radius of the semiconducting material. Consequently, the optical
properties of QDs are largely determined by size confinement of the excitonic exci-
tations, which modifies the electronic band structure typical of bulk semiconductors
to more discrete electronic states. In addition to the unique linear optical properties
of QDs that follow from the quantum confinement, the nonlinear optical properties
of QDs have also attracted considerable attention.

The first FWM experiments on QDs were performed in 1984, which indicated
that glasses doped with semiconducting nanocrystallites exhibit a very strong
X response [51]. These early experiments spurred subsequent theoretical [141]
and experimental research focused on the nature and origin of the QD nonlin-
earities. An important question that has driven research in this field is whether
the quantum confinement effects produce an enhanced nonlinearity of the nano-
material [142]. Even though recent measurements dispute the role of enhanced
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nonlinearities attributable to quantum size effects [67,143,144], the complex
nonlinear optical properties of QDs are still far from being understood.

Many nonlinear optical experiments on QDs have been devoted to map out the
excitation and subsequent ultrafast evolution of the exciton [145]. Despite ex-
tensive research, questions remain concerning the coupling of the exciton to
other excitons, phonons, and continuum excitations in the QD. A complication
in such nonlinear measurements is the difficulty of discriminating the influence
of the environment, for instance, coupling to neighboring QDs, from the intrin-
sic optical properties of the QD. Another complication is the relative heteroge-
neity among particles in the ensemble. Since the optical properties vary drasti-
cally with size, even a moderate dispersion in QD sizes of the ensemble can blur
essential information. To avoid such problems, nonlinear optical measurements
on single QDs have been carried out. Frequency domain FWM experiments on
individual GaAs QDs revealed important information about dephasing mecha-
nisms, which were difficult to observe in ensemble measurements [146]. Fur-
thermore, the free induction decay of the exciton polarization on a single GaAs
QD was directly observed with time domain pump—probe measurements using a
near-field microscopy approach, which provided clues towards the influence of
several Coulombic interactions on the ultrafast exciton dynamics [147]. Third-
order nonlinear optical microspectroscopy on single QDs has also been used to
shed light on exciton entanglement effects [148].

The experiments discussed above indicate that strong optical signals can be gen-
erated from QDs, strong enough to perform nonlinear optical manipulations of
fundamental excitations on a single QD. Such measurements are possible be-
cause of the intrinsically high nonresonant ®) of semiconducting materials in
addition to a direct one-photon resonant excitation of the QD. The nonlinear
properties of some common semiconducting QD materials are given in Table 4.
The strong x®) response suggests that QD materials are excellent probes for
wide range of FWM imaging applications. Using an imaging optical microscope
configuration, Masia ef al. showed that one-photon resonant excitation of
CdSe/ZnS QDs produces FWM signals that are indeed more than sufficient for fast
imaging applications [18].

Interesting FWM applications could also emerge for QDs that are transparent at
the fundamental laser excitation energies while resonant at two-photon excita-
tion energies. Multiphoton excitation of QDs has been used in fluorescence mi-
croscopy studies as an efficient means to generate bright signals from fluores-

Table 4. Third-Order Nonlinear Susceptibility of Types II-VI and IlI-V
Semiconducting Materials®

Material Technique X (esu) E, (eV) Nedge (NM) ng Ref.
GaAs THG (1.06 xm) 1.4x10710 1.35 919 3.47 [53,107]
CdSe calculation 3.0x107!1" 1.74 713 2.56 [107,149]
CdTe calculation 54x1071 1.44 862 2.84 [107,149]
7ZnS calculation 2.0%x 10712 3.54 351 24 [107,149]
ZnSe THG (1.06 um) 1.2x10™1 2.58 481 248 [107,149]
GaP calculation 2.1x 1071 224 554 32 [149]

“Magnitudes are for Y*)(—3w;w,», ), as determined in a THG experiment. Calcula-
tions assume the long wavelength limit (Aw— 0 eV, far from bandgap energy). The bandgap
energy (E,), band-edge absorption wavelength (\.gq) and the linear refractive index () are
also given.
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Figure 11

Electronic CARS FWM imaging of semiconducting CdSe nanowires using ps
laser pulses. CdSe wires are 330 nm wide, 60 nm high and were lithographically
fabricated on a glass cover slip. Details on fabrication can be found in [155]. FWM
signals were detected in the epi-direction. The combined laser power of the A\,

(817 nm) and N\, (1064 nm) beam was 10 mW.
|

cent QDs [16], which are particularly useful as labels in biological imaging
[150,151]. FWM excitation of QDs potentially has an important advantage over
multiphoton excited QDs in cellular and tissue imaging. FWM microscopy of
QDs may prove to be less sensitive to blinking, which has limited several fast
imaging applications in fluorescence microscopy. So far, two-photon resonant
FWM imaging QDs has yet to be demonstrated, but its tentative insensitivity to
blinking and photobleaching would extend the use of QDs as bio-labels for stud-
ies that require high imaging acquisition rates or sustained signals over longer
periods. Recent progress in modeling the two-photon resonance contribution to
x® would, furthermore, facilitate the tailored application of QDs for FWM im-
aging [67,152—154].

Similar to QDs, semiconducting nanowires, which exhibit nanosized dimen-
sions along transverse axes of the structure but microscopic to macroscopic di-
mensions along the longitudinal axis, also hold promise as materials with useful
FWM imaging applications. An example is shown in Fig. 11, where a CdSe
nanowire grid is visualized by using FWM microscopy. Strong signals are ob-
served at low excitation densities of less than 1 MW/cm with excitation energies
below the bandgap. The FWM contrast constitutes a promising probe for identifying
spatial heterogeneity along the wire, changes in the electronic properties as a func-
tion of bias and current, or for examining the material properties during light in-
duced conductivity experiments [155].

6. Four-Wave Mixing at Metallic Nanostructures

The optical nonlinearity of bulk metals is several orders of magnitude higher
than the nonlinearity of biological materials and most organic matter. Yet the use
for bulk metals in nonlinear microscopy is limited owing to their nontranspar-
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ency. At the nanoscale, however, the optical properties of several metals are dic-
tated by the presence of surface plasmons, which has opened up many interest-
ing applications for nanometallic structures in nonlinear microscopy. Below we
will discuss several examples of nonlinear FWM excitation of surface plasmon
polaritons (SPPs) at metallic interfaces and localized surface plasmons at nano-
particles.

6.1. Four-Wave Mixing in Metals

To understand the nonlinear optical response from metals, it is useful to separate
the nonlinear contribution from the bulk from the contributions stemming from
extra resonances at the metal surface. We will first consider the bulk response
and then separately discuss the contribution originating from surface reso-
nances.

In the linear regime, the polarization P(w) of the metal material due to an inci-
dent electric field £(w) is

P(w) = ex"(w)E(w), (11)

where x!") is the linear susceptibility. In the weak field limit, the linear suscepti-
bility is related to the dielectric function e(w)=1+4my'"(w). For frequencies w
smaller than the plasma frequency of the metal, the dielectric function is nega-
tive. This condition holds for most metals when the incident radiation is in the
visible and near-infrared range, and has major consequences for the optical
properties of the bulk material.

Assuming an incident plane wave propagating with wave vector k;, along an axis
z normal to the metal surface; the resulting electric field in the metal can be found
from Maxwell’s wave equation as

E(z,w) = Ege n(@) (12)

where k,,(w)=w+\e(w)/c is the complex wave vector in the material. Because
€(w) <0 for visible and near-infrared frequencies, ,, () is imaginary, and the elec-
tric field decays exponentially away from the metal surface. The decay constant is
also known as the skin depth of the metal, which is of the order of /27, i.e., a frac-
tion of the optical wavelength. The limited skin depth of the metal has important im-
plications for the generation of third-order nonlinear signals. First, since the ampli-
tude of the electric field in the metal decays within the first few hundred nanometers,
a nonlinear polarization of the material is induced predominantly close to the sur-
face, within the range of the metal’s skin depth. Second, radiation following from a
nonlinear polarization of the material is subject to attenuation because of the non-
propagating character of the emitted wave in the metal. The attenuation of the emit-
ted light is higher for locations away from the metal surface, deeper into the metal.
Nonlinear x'* signals from the bulk metal thus originate predominantly from the
first d ~ \/2 7 near the metal surface. Unlike the x'* response, which vanishes for
the bulk, the x® response for the metal bulk is nonvanishing. While the y® re-
sponse at the metallic surface originates from a region of the order of a lattice con-
stant away from the surface, the third-order nonlinear signal results from dipolar os-
cillations occurring over a length scale that is evidently much larger than a lattice
constant. Hence, the x® response does not originate solely from dipoles induced at
the surface of the metal, as the bulk metal within the entire skin depth volume is also
a source of FWM radiation.
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The metal’s third-order nonlinearity, the source of FWM radiation, is conve-
niently measured in reflection mode. Reflective-based THG from gold and silver
at 1064 nm revealed bulk ¥ values of the order of 10~'! esu [52,53]. The nonlin-
ear properties of several metals are listed in Table 5.

In the case of nanostructured metals, the dimensions of the material are typically
comparable with or smaller than the skin depth of the metal. This implies that
incident light can relatively effectively penetrate the structure and set up a non-
linear polarization throughout the bulk of the nano-object. Yet the third-order po-
larization of the bulk alone is insufficient to describe the nonlinear response of
the material. The presence of surface plasmon resonances provides an additional
contribution to the nonlinear polarization, which often dominates the overall y'*)
response of the metallic nanostructure. Below we first discuss the nonlinear ex-
citation of SPPs before we focus on the FWM response of metallic nano-objects.

6.2. Nonlinear Excitation of Surface Plasmon Polaritons

SPPs are collective electron oscillations that are bound to planar or cylindrical
metallic surfaces. These surface resonances are characterized by a wave vector
kP that is directed parallel to the metal surface, forming traveling or standing elec-
tromagnetic waves confined to the surface plane [158,159]. The wave vector of the
surface plasmon mode at frequency w is

kP = (wlc){e(w)/[e(w) + 1172, (13)

where c is the speed of light. The momentum of the SPP mode at frequency w is
higher than that of freely propagating electromagnetic radiation of the same fre-
quency. To excite the SPP mode, incoming light is applied in the form of evanes-
cent waves, which can be achieved in a Kretschmann or Otto total internal re-
flection configuration of the incident radiation, or through coupling at gratings
and nanoscopic defects [160—162].

Linear excitation of SPPs has been the subject of intense research, which has re-
sulted in a broad range of applications in nanoplasmonics. The excitation of SPP
modes at planar metal surfaces is particularly relevant for microscopy applica-
tions, as SPPs can be readily excited in thin metal films on glass substrates when
using high-numerical-objective lenses. As shown by Bouhelier et al., the angular
spectrum of a high-numerical-aperture lens contains the wave vectors required
for launching counterpropagating SPP in smooth metal films (see Fig. 12) [163].
For our discussion here, we will focus on the nonlinear excitation of SPP modes,
an excitation mechanism that has received relatively little attention. Plasmon ex-

Table 5. Third-Order Nonlinear Susceptibility of Metals®

Material Technique N\ (nm) X (esu) Ref.
Au (bulk) THG 1064 24x1071 [53]
Au (thin film) Z-scan 532 5.1x10°8 [156]
Au (10 nm colloids) DFWM 532 1.5x10°8 [157]
Ag (bulk) THG 1064 1.9x10™!" [53]
Ag (7 nm colloids) DFWM 400 24%107° [157]
Cu (bulk) (THG)  THG 1064 2.1x1071 [53]
Al (bulk) (THG) THG 1064 1.7x10710 [53]

“The wavelength of excitation (\) used in the measurement is also given.
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Figure 12

(@) (b)

[ 2f

[lluminating a thin metal film with a high-numerical-aperture lens in an inverted
microscope configuration. (a) Schematic for low-NA illumination conditions.
The incident light is normal to the metal surface and is partially backreflected at
the glass/metal interface. In the metal, the electromagnetic field is nonpropagat-
ing, and the field amplitude is exponentially decaying along the axial dimension.
If the metal film is thinner than the skin depth, part of the light will be transmit-
ted through the film. (b) Schematic for high-NA illumination conditions. If the
cone angle of the lens includes the angle needed for coupling to the SPP, coun-
terpropagating surface waves will be launched that will interfere depending on

the defocus from the interface.
|

citation through a nonlinear polarization of the material near the surface was first
reported for second-harmonic generation (SHG). In 1974, Simon ef al. showed
that SHG at a silver/air interface can be enhanced through excitation of SPP
modes [164]. These observations indicate that, next to the SHG radiation in-
duced in the material at the interface, the involvement of the surface mode in-
creases the overall nonlinear polarization near the interfacial region. The SPP
modes were found to modify the SHG emission in two ways. First, the excitation
of surface waves at the fundamental frequency provides an enhanced electric
field near the interface, which in turn enhances the nonlinear polarization in the
interfacial region [165]. Second, under the right phase matching conditions, sur-
face waves at the harmonic frequency are launched [165]. The leakage radiation
from the harmonic surface waves can interfere with the other sources of second-
harmonic radiation at the interface. By angularly resolving the second-harmonic
emission from a gold interface, Palomba and Novotny showed that the contribu-
tions from the harmonic surface waves and the interfacial second-harmonic ra-
diation can destructively interfere [166]. These studies show that in the presence
of surface modes, the nonlinear emission generated near the metal surface is a
complex interplay of regular interfacial emission, plasmon-enhanced interfacial
emission, and contributions from higher-order surface waves.

In addition to SHG, excitation of metal SPP modes has also been shown to affect
the generation of other nonlinear optical signals at metal surfaces, including
FWM. In as early as 1976, De Martini et al. predicted theoretically [167] and
demonstrated experimentally [168] that surface plasmon waves can be excited at
combination frequencies of the incoming light at frequencies w; and w,. In this
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process, the surface waves at frequencies w; and w, with wave vectors k}" and
kP, respectively, enhance the nonlinear polarization and subsequent emission at
FWM frequency w;=2w,— w, in the vicinity of the surface. In addition, a surface
wave at frequency w, is launched if wave vector matching is fulfilled at the interface.
Similar to SHG generation in thin metal films on glass substrates, interference phe-
nomena between the different sources of radiation at w, may occur depending on the
sample geometry and the angle of illumination and detection [166]. Other than
SHG, which is intrinsically confined to the interface due to the centrosymmetry of
the metal bulk, the FWM radiation originates from a larger region near the interface.
The plasmon-mediated FWM emission extends over the penetration depth of the
surface plasmon mode into the material and is thus a good probe for the bulk x'*.
Chen et al. used this phenomenon to measure the SPP-enhanced coherent anti-
Stokes Raman response from liquid benzene at a silver metal surface, which consti-
tutes the first example of surface-enhanced CARS [169]. In addition to the surface
plasmon mediated FWM emission, intrinsic FWM generation in the metal bulk as
well as in the glass substrate can contribute to the signal. The work by Chen and co-
workers shows that if the experimental configuration is properly chosen, the detected
signal is dominated by the SPP-enhanced FWM response near the metal surface.
Similar results have been reported for THG at metal surfaces [170].

Recently, Renger et al. clearly demonstrated that SPP modes can be nonlinearly
excited without launching plasmon modes directly at the frequency of the inci-
dent waves [171]. By choosing the incident angles such that only the wave vector
associated with the FWM frequency w;=2w,—w, is phase matched with the
SPP mode, surface bound modes of frequency w, were generated. This nonlin-
early excited evanescent radiation was then coupled with a nanograting to a
propagating mode, resulting in fully coherent radiation at the FWM signal fre-
quency [172]. The FWM scheme thus enables free-space excitation of SPP
modes, which can be achieved both in thin films and at surfaces of bulk metals.

The nonlinear experiments on smooth and thin metal films performed since the
1970s make clear that the excitation of surface plasmon modes can dominate the
FWM response of metals. In particular, upon excitation of SPP modes at w; and
w,, the amplitude of the electric fields near the surface is increased, enhancing
the nonlinear polarization of the material and the subsequent FWM emission
from the interfacial region. Similar effects are expected when localized surface
plasmon modes are excited, which dominate the optical response of a variety of
nanostructured metals, including gold and silver, which will be discussed in the
next section.

6.3. Nonlinear Excitation of Localized Surface Plasmon
Resonances

Similar to metallic interfaces, nanostructured metals exhibit collective electron
resonances of conduction electrons. Unlike surface plasmon polaritions on
smooth surfaces, which can propagate in the surface plane, the plasmon reso-
nances at the surface of the nanostructure are nonpropagating local waves. Such
plasmon resonances are commonly called localized surface plasmons. Although
all electrons in the nanosized metal structure oscillate with respect to the atomic
lattice, the charges created at the surface provide a surface polarization that is the
main restoring force, thus dressing the system with eigenfrequencies. The fre-
quency of the surface plasmon resonances depends strongly on the dielectric
function of the metal and on the size and the shape of the structure. For gold and
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silver spheres with diameters in the 10—50 nm range, the surface plasmon reso-
nances are found in the visible range of the spectrum.

The evanescent electric field amplitude associated with the plasmon modes is
highest near the surface of the metal nanoparticle. The local electric field
strength, within a nanometer from the surface, can be very substantial, both in-
side as well as outside the metal. For gold and silver nanostructures, for instance,
the local field amplitude can be several orders of magnitude higher than the am-
plitude of the driving field. The enhanced local field, in turn, enhances the non-
linear polarization in the metal and provides a source for increased nonlinear
emission from the nanostructure.

The enhancement of a field with driving frequency w in the vicinity of the metal
surface can be expressed in terms of a local field correction factor L(w). The cor-
rection factor can be determined by solving Maxwell’s equations for the illumi-
nated nanostructure and comparing the calculated local electric field near the
surface with the incident electric field density. For select shapes of the nano-
structure, including spheres [173—175], spheroids, and rectangles [176], analyti-
cal solutions for the electric field can be found. A useful analytical model for cal-
culating the local field factor of spheroid-shaped objects was developed by Shen
and co-workers and is briefly explained in Box 1. For more complicated shapes
of the metal structure, numerical methods such as finite difference time domain
methods can be used [177].

Within the framework of Maxwell-Garnett theory [178], the nonlinear polariza-
tion in the metal for CARS-type FWM processes can be modeled as

P(wy) = L(wy) €,x% (— w4501, 01, 0){L(0) PL*(0)) E* (@) E*(w,),
(14)

where Y®)(—w,; 0, ®;,—,) is the nonlinear susceptibility of the bulk metal. In
this model, the enhanced nonlinear response of the metal nanostructure origi-
nates solely from the enhanced local electric field in the metal. In 1983, Chemla
et al. showed for the first time that the FWM from nanostructured silver was sig-
nificantly enhanced relative to signals attained from the bulk metal [179]. This
enhancement was interpreted as resulting from the enhanced local field inside
the silver nanostructures, which is expected to be the dominant enhancement
mechanism for silver structures in the 10—100 nm range. However, for smaller
particle sizes (<5 nm) additional enhancement can be expected from size-
dependent changes in the material’s nonlinear susceptibility [180]. In 1985, using
DFWM measurements, Ricard et al. reported values of x*' for silver nanoparticles
that were significantly higher than the bulk nonlinear susceptibility of silver [157],
which was attributed to a modified dielectric function due to the limited mean free
scattering path of the electrons [180,181]. Effective nonlinear susceptibilities of sil-
ver as high as 10~ esu were measured. Similar effects were observed for nanosized
gold [182,183] and copper [184].

As demonstrated by Danckwerts and co-workers, the plasmon-enhanced
X (—w,; w, w;,—w,) response is strong enough to generate detectable nonlin-
ear optical signals from single metal nanospheres [80,185]. The feasibility of
FWM-based imaging of metallic nanostructures is illustrated in Fig. 13, which
depicts the emission spectrum of a single gold nanowire when illuminated with
a picosecond (ps) pulse pair (w; , w,). The spectrum shows a broad emission and
clearly defined peaks that correspond to frequency combinations of the incident
waves. The narrow peaks, whose width matches the convolved spectral width of
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Figure 13
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Frequency mixing at a rectangular gold nanowire. Emission spectrum of a single
gold nanowire (180 nm wide, 25 nm high) when illuminated with two ps pulses at
\; (817 nm) and X\, (1064 nm). Electronic CARS, SHG and SGF are clearly ob-
served. The blue curve is measured when the laser beams are polarized perpendicu-
lar to the long axis of the nanowire (parallel to the traverse surface plasmon mode).
The red curve is obtained when the excitation beams are polarized orthogonal to the

transverse surface plasmon mode.
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the laser pulses, occur at the FWM frequency 2w, — w,, the SHG frequency 2 w,,
and the sum-frequency generation frequency w; + w,. Other frequency combina-
tions fall outside the spectral range of the detector system. The narrow lines cor-
respond to the plasmon-enhanced third- and second-order coherent response of
the metal. The broad emission, on the other hand, results from plasmon-
enhanced TPA by the gold, exciting d-band electrons to the sp band [186]. Sub-
sequent relaxation to the Fermi level produces a broad (incoherent) lumines-
cence, which has been used to probe gold nanostructures in biological imaging
applications [187-189].

Using spectral filtering and optimized excitation conditions, the FWM signal
can be reliably separated from the two-photon excited fluorescence. Under such
conditions, the FWM signal generated in the metal can be used as a direct probe
of the local field enhancement in nanostructured metals. This method has been
used to map out plasmonic hot spots in structured gold nanowires, as illustrated
in Fig. 14 [82]. The FWM signal also forms a convenient probe for gold nano-
rods dispersed in biological specimens [81]. Other than the two-photon excited
fluorescence signal from nanorods, which is determined by the luminescence
emission spectrum of the gold material, the FWM emission wavelength can be
chosen anywhere in the vicinity of the plasmon absorption band. This allows for
selective tuning of the emission wavelength, which can be helpful in multicolor
microscopy applications. The selectivity of the FWM response relative to other
nonlinear signals generated in gold nanoparticles can be further improved by
three-beam excitation and heterodyne detection. Masia et al. demonstrated se-
lective visualization of gold nanoparticles associated with secondary antibodies
for imaging of organelles in cells (see Fig. 15) [83].
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Figure 14

Electronic CARS FWM imaging of gold nanowire structures. (a) FWM image
of a zig-zag gold nanowire. Dimensions of the image are 10 um X 10 um. (b)
Atomic force microscopy image of the zig-zag wire. The tall plateaus are ~80 nm
high, and the shallow plateaus are ~20 nm high. Note that the strongest FWM sig-
nals are obtained from the shallow plateaus, indicating much stronger local fields in

those areas.
|

6.4. Plasmon-Enhanced CARS

The strong FWM signal from nanostructured metals results predominantly from
the plasmon-enhanced local fields in the metal. The observation that the field en-
hancement inside the metal is sufficient to mediate a detectable signal through
the x¥® of the material suggests that the local field outside the nanostructure may
induce an appreciable third-order response from molecules or materials in the
direct vicinity of the metal’s surface. When applied to molecules tethered to the
surface, an enhanced molecular response can be expected in a vibrationally reso-
nant CARS excitation scheme. Such an experiment would constitute a nonlinear
analog of the surface-enhanced Raman scattering technique [193—-197].

Although both surface-enhanced Raman scattering and surface-enhanced
CARS (SE-CARS) involve a vibrational Raman interaction at a surface-
plasmon active surface, several important differences between the techniques
exist. First, the CARS response is composed of both the electronic FWM re-
sponse from the metal nanosubstrate and the third-order response of the mol-
ecule. The electronically enhanced ' of the metal is generally larger than the
vibrationally resonant x> of the molecule, and the metal volume that partakes in
FWM signal generation is typically much larger than the number density of mol-
ecules tethered to the surface. This implies that an electronic FWM signal can be
expected that is many orders of magnitude stronger than the molecular CARS
response. When the CARS excitation scheme is used, suppression of the elec-
tronic background may thus be necessary, which can be achieved, for instance,
with polarization-sensitive detection [198,199], time-resolved detection [200]
or phase-sensitive detection techniques [201,202]. Second, the CARS signal is
coherent, whereas the surface-enhanced Raman scattering emission is incoher-
ent. Note that, because of the coherence, the electronic FWM from the metal
may actually amplify the molecular CARS field in a homodyne matter. Third, the
heating characteristics of the metal when illuminated with ultrafast pulses are
different from the heating mechanisms under continuous wave illumination. Ex-
periments indicate an increased photothermal heating of the nanoscopic metal
when shorter pulses are used at constant fluence rates [203,204]. An example is
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Figure 15

Images of cells (HepG2) in which the Golgi apparatus is stained with an Al-
exa488 fluorescent immunostain, and a secondary antibody with gold nanopar-
ticles. (a) Epifluorescence image overlaid with a phase contrast image of a cell
labeled with 10 nm diameter gold nanoparticles. (b) Close up of the Golgi appara-
tus based on electronic FWM contrast of the gold nanoparticle of the dashed square
area in (a). (c) Epifluorescence image overlaid with a phase contrast image of a cell
labeled with 5 nm diameter gold nanoparticles. (d) Close up of the Golgi apparatus
based on electronic FWM contrast of the gold nanoparticle of the dashed square area
in (¢). (e) yz image taken at the dashed line in (d). Reprinted with permission from
[83]. Copyright 2009, Optical Society of America.

shown in Fig. 16, where photothermal melting introduces shape changes to the
nanoparticles [205].

Evidence of SE-CARS effects have come from experiments on SPP excitation at
smooth silver surfaces [169], silver colloidal solutions [206], gold particles em-
bedded in a polymer host [207] and from tip-enhanced FWM on DNA clusters
[208]. Although the detailed mechanism that underlies the vibrational SE-CARS
signal is currently poorly understood, the reported experiments show that, under
optimized conditions, SE-CARS experiments may be used to interrogate the
nonlinear vibrational response of low-density molecular samples.
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Photothermal heating of gold nanorods when illuminated with femtosecond ra-
diation. (a) Modification of the two-photon excited fluorescence emission spec-
tra of a single gold nanorod (aspect ratio 3.3) with increasing average excitation
power. (b) Shift in the photoluminescence with increasing excitation power for
the same nanorod, indicating a change in the morphological shape of the particle
as shown in the series of AFM images. Reprinted with permission
from [205]. Copyright 2005, the American Physical Society
(http://prl.aps.org/abstract/PRL/v95/i126/e267405).

7. Four-Wave-Mixing Signals from Molecular
Systems

Similar to metallic and inorganic nanomaterials, nanostructures composed of
molecular building blocks can have high third-order optical nonlinearities.
Much research has been devoted to characterizing and optimizing the nonlinear
optical response of organic molecules and polymers [209]. Numerous organic
microsized and nanosized crystals with large third-order nonlinearities have
been synthesized [210-212]. For our discussion here we will focus on the pos-
sibility of generating detectable x'* signals from systems as small as single mol-
ecules.

Recent advances in single-molecule spectroscopy have consolidated the notion
that probing molecular systems one at a time reveals important information
about stochastic dynamics that would otherwise remain hidden in ensemble-
averaged experimental observables [213-215]. In particular, single-molecule
fluorescence methods have successfully contributed to the fundamental under-
standing of conformational dynamics of enzymes and macromolecules down to
the microsecond time scales [216—218]. Such measurements are facilitated by
the strong optical response of the fluorescence probing process, which can be
conducted with quantum efficiencies approaching 1.
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Box 1. A simple model based on the lightning rod effect
can be used to qualitatively understand the FWM de-
pendence on the aspect ratio of the metallic nanostruc-
ture. In the lightning rod model, the local field correc-
tion factor is factored into a material-dependent
surface plasmon correction factor Lg,(w) and a light-
ning rod factor Lig, which depends on the aspect ratio
(a,b) of the nanostructure alone [190-192]:

L((x)) :Lsp(w)LLR' (Bl)

The lightning rod factor describes the concentration of
the field as function of geometry and plays an impor-
tant role in determining the magnitude of the optical
enhancement. Analytical expressions for the local field
correction factor can be obtained if the nanostructure
is modeled as an elliptical spheroid. Within this as-
sumption, the local field correction factors are written
as

1 4V .
Lsp(w) - Em(w) -1+ Z 1+ 3)\3 (1 B Gm((,())) )

Lig=1/4, (B.2)

where w is the photon frequency, €,,(w) is the complex
permittivity of the metal, V is the volume of the nano-
structure that is illuminated, and \ is the wavelength of
the incident light. With the laser light polarized along
the a axis of the wire, the depolarization factor A is
given as

ab? foo ds

2 Jo (S+a2)3/2 . (S_|_b2)' (B3)

The fluorescence process has also been used as the probing event in time-
resolved pump—probe measurements to uncover the ultrafast dynamics of single
molecules [219]. The single-molecule approach circumvents ensemble average
related contributions to excited state dynamics (inhomogeneous broadening)
and is expected to produce new information about how stochastic fluctuations
affect single quantum systems on the ultrafast time scales. Time-resolved third-
order optical spectroscopy is the preferred method for probing quantum coher-
ences in molecular systems. Nonetheless, the sensitivity of y*-based tech-
niques is many orders of magnitude less than the sensitivities attained in
fluorescence detection techniques. With a material response of y* ~107'* esu
under electronically nonresonant conditions, the excitation intensities needed to in-
duce nonlinear radiation from systems as small as single molecules impose experi-
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mental limitations in terms of photodamage of the compound and substrate. A stron-
ger, nondestructive material response is required at lower excitation densities to
bring single molecules into the realm of feasible FWM targets. One route to this goal
is to select molecules with a very high x®) response, aided by the presence of elec-
tronic resonances.

By using a broadband femtosecond laser tuned into one-photon resonance with
the electronic transitions of a strongly absorbing chromophore, Min et al. were
able to generate electronic FWM signals from molecular solutions in the 1 uM
range using sensitive heterodyne detection [220]. As shown in Fig. 17, this
FWM approach is capable of visualizing endogenous chromophores in biologi-
cal materials, such as hemoglobin and cytochrome ¢, without the use of fluores-
cent labels. In this triply resonant scheme, as few as 50 molecules could be de-
tected in the microscopic probing volume. These results indicate that y*-based
measurements on strongly resonant molecular systems can approach the detec-
tion sensitivities needed for single-molecule FWM measurements.

Recent experiments have shown that electronically resonant FWM measure-
ments can be used to study the nonlinear optical response of individual single-
walled carbon nanotubes. Carbon nanotubes are quasi-one-dimensional molecu-
lar systems with enhanced electronic properties along the main tube axis that are
absent in bulk carbon materials [221]. The enhanced delocalized electronic ex-
citations dress carbon nanotubes with a very high x® [222]. Degenerate FWM
experiments on films and dilute solutions indicate a third-order nonlinearity
higher than 107!! esu on the nanosecond time scale [223,224]. FWM imaging ex-
periments indicate that under electronically resonant conditions, detectable signals

Figure 17

Electronically resonant FWM imaging of red blood cells. A broad continuum
was used for excitation, which was truncated at the blue side of the spectrum.
Difference-frequency mixing components within the band induce electronic
CARS-type blueshifted components that can be spectrally isolated and detected.
Strong signals are observed when the laser spectrum in this (nondegenerate)
FWM scheme is tuned to near-resonance with the (@ band of
(de-)oxyhemoglobin. The donut shape of red blood cells is clearly illustrated.
Reprinted in part with permission from [220]. Copyright 2009, American

Chemical Society.
_____________________________________________________________________________________|
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can be observed from individual nanotubes dispersed on a quartz substrate [225]. In
these experiments, ps pulses were used to visualize the carbon nanotubes through a
dual-color (w,, w,) CARS excitation scheme. Figure 18 shows that the FWM signal
is maximized when the polarization of the excitation fields is aligned with the long
axis of the nanotube, in the direction where maximum electronic enhancement is ex-
pected. Even stronger FWM signals are expected when femtosecond excitation
would be used in such measurements of carbon nanotubes. These experiments show
that time-resolved third-order optical measurements, which have been used to exam-
ine the ultrafast dynamics of electronic excitations in nanotube ensembles
[226-229], could possibly be conducted on a single-nanotube level.

With single-molecule x'* measurements on the horizon, several fundamental
questions concerning nonlinear light-matter interactions will need to be an-
swered in order to model this emerging class of experiments. Recent theoretical
work has brought forth the notion that the x®) quantity is not a good descriptor
of the material response when the nonlinear optical signal is deduced from one-
electron transitions on a single molecule [230]. A description based on quan-
tized electric field interactions was found to be more useful for interpreting
third-order nonlinear experiments of single-molecular systems [231,232].

8. Conclusions

Although FWM techniques have been around since the dawn of nonlinear opti-
cal spectroscopy, the recent application of the FWM scheme as a contrast
mechanism in microscopy has opened up new opportunities for investigating the
nonlinear properties of microscopic and nanoscopic structures. The FWM tech-
nique, in the form of a CARS excitation scheme, has gained popularity as a vi-
brational imaging tool in biology and materials sciences. It can be expected that
by expanding the FWM palette with contrast based on electronic resonances, a
new domain of materials will be opened up for examination with FWM imaging
techniques.

Figure 18

Electronically resonant FWM imaging of carbon nanotubes. (a) FWM image of
an individual carbon nanotube of'a 3.9 nm multiwalled nanotube. The polarization
direction of the incident beams is indicated by the white arrow. A strong signal is ob-
served when the polarization of the excitation beams is aligned with the enhanced
electronic excitations along the long axis of the nanotube. (b) FWM image of the
same nanotube when the beam polarization is orthogonal to the long axis of the
nanotube. Without direct excitation of the enhanced electronic transitions in the

nanotube, no discernible FWM signal is observed.
|
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Nonlinear optical tools are particularly relevant to the development and applica-
tion of nanomaterials. Many nanomaterials exhibit strong optical nonlinearities
due to quantum confinement effects or strong electronic resonances. Such en-
hanced optical properties enable the detection of nanostructures with FWM
techniques on a single-particle level, which facilitates detailed studies aimed at
understanding the electronic properties of nanomaterials. FWM measurements
on individual nanostructures will be important for the characterization of the re-
lationships between magnitude of y'* and the shape and size of the structure.
Time-resolved FWM studies provide avenues for examining the ultrafast dy-
namics of excitations of single nanoparticles, which, without the effects of en-
semble averaging, has the potential to establish fundamental correlations be-
tween dephasing dynamics and phonon coupling, exciton—exciton coupling,
lattice defects, and morphological factors. Ultrafast FWM experiments may also
play a role in determining the mechanisms of photoinduced electron transfer be-
tween nanostructures and their surroundings, which is directly relevant to the
fabrication of nanomaterial-based solar cells.

The unique nonlinear optical properties of nanomaterials can be exploited in a
variety of applications. Several nanostructures, including semiconducting QDs
and metallic particles, have already found their way as efficient FWM active
markers in biological imaging studies. The nonphotobleaching character of such
FWM probes makes these materials ideal candidates for sustained biomedical
imaging applications [36]. In addition, several FWM processes, including
CARS, provide a mechanism for synthesizing spectrally shifted tunable radia-
tion at nanostructures. This form of controlled and localized frequency genera-
tion has been proposed as a light source for near-field imaging applications
[80,185]. Finally, the application of nonlinear nanomaterials in functional de-
vices is highly promising. For instance, several nanoengineered structures have
been proposed as nonlinear elements in light-based computational circuits.

FWM microscopy is a relatively new field, and its application to nanomaterials is
still in its infancy. Nonetheless, as illustrated by the examples in this review, the
combination of single-particle sensitivity and the ability to tune into specific ma-
terial properties make the FWM approach particularly promising for examining
nanostructures. The studies summarized in this work are undoubtedly just a pre-
lude to a more extensive role for FWM techniques in nanomaterial research.
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