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Abstract

In this work, nonlinear light-matter interactions occurring at the focal volume of a

tightly focused laser beam are studied and two new techniques for microscopy are

developed. The techniques are based on the nonlinear phenomenon of second-harmonic

generation, where two photons at the fundamental frequency combine into a single

photon with doubled frequency. A mathematical treatment based on vector diffraction

theory is applied for modelling the optical phenomena occurring at the focus. The

vector treatment also predicts the occurrence of a new kind of multipolar light-matter

interaction, which can lead to considerably large deviations from traditional scalar

diffraction approaches. In order to demonstrate the predicted deviations and the

capabilities of the developed imaging techniques, a nonlinear microscope is built and

utilized.

The first actual microscopy technique is developed to study chiral materials on a micro-

scopic scale. Chirality, or handedness, is a symmetry property which has importance

in several branches of science as well as in nature itself. Chiral objects lack mirror sym-

metry, and can occur in two different configurations, known as enantiomers, which are

mirror images of each other. The optical and chemical behaviour of the enantiomers

can vary drastically from each other. We show that the developed imaging technique

is capable of recognizing chiral objects, such as molecules or nanostructures, from their

enantiomers.

The second imaging technique is developed to characterize the optical responses of

three-dimensional nanostructures. These tiny man-made structures are utilized in the

emerging fields of plasmonics and metamaterials. Recent advances in nanofabrication

have made it possible to realize these nanostructures, which may in the future enable

the control of light in unprecedented ways at the nanoscale. But these fabricated

nanostructures often possess small defects, which may hinder their functionality. We

show that by combining polarization-engineered focused vector beams with second-

harmonic generation microscopy, we can provide an extremely sensitive tool to study

the effects of nanoscale deformations on optical responses. The technique is used to

characterize the optical responses of metallic nanocones, where nanoscale defects and

deformations are seen to sometimes play a substantial role.
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Paper 5 M. J. Huttunen, J. Mäkitalo, G. Bautista, and M. Kauranen, “Mul-
tipolar second-harmonic emission with focused Gaussian beams,” New
Journal of Physics 14, 113005 (2012).

xv



2.5.2013 — 10:30 — Ph.D. Thesis / Mikko J. Huttunen — Trim Size B5 — page 16

xvi



2.5.2013 — 10:30 — Ph.D. Thesis / Mikko J. Huttunen — Trim Size B5 — page 17

Chapter 1

Introduction

Optical microscopy is an almost 400 year-old invention, but it still attracts considerable

scientific attention since the interesting questions in nature as well as in modern science

often occur on microscopic, or even smaller, nanoscopic scale. Optical microscopy is

a branch of natural science which tries to answer some of those questions by optical

means. The field has also been very successful in providing those answers, due to

which numerous applications exist in fields ranging from biological imaging1–3 to the

study of man-made nanostructures, such as metamaterials4,5 or optical antennas6,7.

Key advances in optical microscopy occurred in the late 1950s and early 1960s, when

confocal microscopy were invented8,9. The principle of confocal microscopy enabled

optical sectioning, solving a key issue in bioimaging, but required more powerful light

sources than available at the time. Thus it fully matured to a standard technique only

several decades later.

At the same time, the invention of the laser had another profound effect on optical

sciences. This effect was the birth of nonlinear optics10. In nonlinear optical phe-

nomena, the light-matter interaction depends on several optical fields (or photons in

the quantum picture), giving rise to new optical processes. Perhaps the most well-

known of such nonlinear phenomena is second-harmonic generation (SHG), where two

photons with equal energy combine to form a single photon with doubled energy.

1
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In addition to the fundamental interest, nonlinear optical processes have found a range

of applications, including new imaging techniques. The first SHG microscopes were

built and demonstrated in the 1970s11,12. A true breakthrough occurred in 1990,

when two-photon fluorescence (TPL) microscopy was demonstrated to provide intrin-

sic optical sectioning with reduced photobleching13. A decade later, various nonlinear

processes have been applied for imaging several biologically relevant systems, demon-

strating the feasibility and capabilities of these new nonlinear imaging modalities14–16.

Especially microscopy modalities based on SHG, due to its simplicity17–20, and coher-

ent anti-Stokes Raman scattering (CARS), due to its potential in providing chemical

sensitivity21–25, have attracted considerable attention.

Although nonlinear imaging modalities are starting to establish themselves as use-

ful techniques, they are only the tip of the iceberg on recent advances on optical

microscopy. One such advance has been the surpassing of the far-field diffraction bar-

rier formulated by Ernst Abbe in 1873.26 The first experiments where the diffraction

barrier was beaten were demonstrated by near-field optical microscopy27,28. Other

approaches came later, mostly based on the properties of fluorescent probes, which

are commonly used in optical microscopies for providing contrast1,29–31. But although

these super-resolution techniques are revolutionizing biological imaging, they still have

their limitations and no single technique can surpass the others1,31. In general, these

techniques suffer from slow imaging speeds although progress is on the way32,33. An-

other hindrance is that the most applied super-resolution techniques require labelling,

although also label-free super-resolution techniques have recently been proposed34–40.

This restriction does not in general apply to coherent nonlinear techniques such as

SHG microscopy. In addition, the nonlinear techniques can provide additional con-

trast mechanisms and thus new information on the samples under study making them

interesting imaging modalities.

To conclude, optical microscopy is undergoing interesting developments. The advent

of super-resolution techniques are making their impact on the field. Nevertheless

nonlinear techniques still hold their potential and interest, since they are ideally label-

free and can provide additional contrast mechanisms and thus new information on the

samples under study.

2
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1.1 Aim and Scope of This Work

1.1 Aim and Scope of This Work

In nonlinear optical processes, several photons participate in the light-matter interac-

tion. The simplest nonlinear process is SHG, where two photons are combined into

a single photon. Unlike for example TPL, SHG is a parametric process. This means

that the initial and the final quantum-mechanical states of the material system are

identical and no energy is transferred to the system41. Due to this, parametric pro-

cesses occur sufficiently rapidly and the interacting photons retain their coherence

properties. This is important, since it for example gives rise to the extreme sensitivity

of second-order processes, such as SHG, to the symmetry properties of the material

system. For example, SHG is within the electric dipole approximation forbidden from

centrosymmetric media, but is allowed from surfaces or interfaces41. In general, the

structural symmetry of the material and the polarization of the incident light dictate

the optical responses. Thus, information of the structural properties of the material

can be extracted by techniques based on polarization measurements.

At the beginning of this work in 2009, our laboratory had a strong background in

studying nonlinear light-matter interactions, and had developed several nonlinear char-

acterization techniques to study molecular thin films and nanostructures. We were also

very interested in trying to understand the nonlinear optical processes occuring in very

small length scales, for example to study individual nanostructures, but had no real

expertise in performing microscopy experiments. The aim of this work was thus to de-

velop new polarization-based nonlinear techniques to study materials on a microscopic

scale.

But combining polarization measurements and microscopy is not trivial, since the

measurement geometry in microscopy is more restricted than in traditional techniques.

For example, the field component along the surface normal usually plays an important

role in the polarization-based SHG techniques, and can be easily controlled when col-

limated or weakly focused beams at oblique angles of incidence are used. However, in

microscopy the samples are placed at normal angles of incidence with respect to the

input beam, which limits the degrees of freedom to control the excitation field. Thus

new degrees of freedom to control the excitation field in three dimensions were needed.

To achieve this, we planned to utilize tightly focused and polarized higher-order laser

modes. A known example of such modes is radial polarization (RP)42–46. Unlike with

traditional polarizations, tightly focused RP beam results in a strong field component

3
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along the direction of propagation. Thus we thought it worthwhile to study in more

detail, whether these more exotic modes and polarization distributions could provide

us the tools for three-dimensional (3D) field control. First, we needed to implement the

mathematical tools to model the phenomena occurring at the focal volume of a micro-

scopic setup while using these higher-order modes. Then, a nonlinear stage-scanning

microscope was built. Finally, two new polarization-based techniques for microscopy

were developed and utilized to study molecular thin films and nanostructures.

1.2 Structure of the Thesis

In this Thesis, nonlinear light-matter interactions at the focal volume of tightly focused

laser beams are studied. First, some fundamental aspects of nonlinear optics and the

underlying mathematics are presented in Chapter 2. The emphasis is on second-

order effects, which are especially sensitive to symmetry properties of matter. This

sensitivity to symmetry is the cornerstone of this Thesis, which is utilized in the

developed microscopy techniques.

In Chapter 3, the mathematical treatment to describe the 3D electromagnetic field in

the focal volume of tightly focused laser beams is formulated. The treatment is based

on vector diffraction theory, making possible the full tensorial treatment of nonlinear

light-matter interactions introduced in Chapter 2.

Chapter 4 combines the previously introduced mathematics to formulate a model to

describe the tensorial nonlinear light-matter interactions at the focal volume of a fo-

cused laser beam. Also, the propagation of light out of the focal volume is formulated

by using Green’s function approach. The latter part of Chapter 4 discusses experi-

mental arrangements and briefly reviews the main results of this Thesis.

Finally, state of the current work, potential applications as well as possible future

research directions are discussed in Chapter 5.

4
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1.3 Author’s Contribution

1.3 Author’s Contribution

This Thesis consists of five papers. Papers 1-3 deal with the development of a

microscopy technique to distinguish chiral and achiral materials and their enantiomers

from each other. In Paper 4, we demonstrate a technique to optically probe defects

and deformations of 3D metal nanostructures. Paper 5 provides an example of new

phenomena that may arise when light is fully treated as a vector quantity. The subjects

of the articles included in the Thesis and their key results are:

Paper 1 This paper formulates a theoretical description for second-order nonlin-

ear light-matter interactions for chiral and anisotropic surfaces under

tight focusing illumination. Three different microscopic techniques to

probe the chirality of surfaces are proposed. The techniques are shown to

be unambiguous in the sense, that material anisotropy and chirality can

be distinguished from each other. SHG responses are modelled forming

the theoretical basis for the experimental work in Paper 2 and Paper

3.

Paper 2 This paper describes the proof-of-principle experiments and results for

one of the techniques proposed in Paper 1. We measure SHG responses

from two different molecular thin films, both being anisotropic, but only

one being chiral. The proposed technique is demonstrated to be unam-

biguous in the sense that it can differentiate possible in-plane anisotropy

from possible chirality of the sample.

Paper 3 In this paper, we apply the previously developed technique (Papers 1-

2) to perform nonlinear microscopy of chiral metal nanostructures. We

demonstrate that the technique can be used to probe the chirality of

individual nano-objects, and study the role of defects to the measured

SHG signals.

Paper 4 In this paper, the previously found sensitivity of SHG towards defects

in metal nanostructures is studied in greater depth. Gold nanocones

are fabricated and individual cones are imaged by scanning electron mi-

croscopy and SHG microscopy. The measurements are complemented by

rigorous state-of-the-art nonlinear modelling.

5
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Paper 5 In this paper, we demonstrate that full vector treatment of light can

lead to interference phenomena and directional emission, which is not

predicted by traditional scalar treatments. We demonstrate the effect

by measuring strongly asymmetric second-harmonic emission from thin

silicon nitride films. The phenomenon is interpreted as a new form of

multipolar light-matter interactions.

All the results in this work, as is usual in science, arise from collaborations and team

effort. The author’s contribution to each of the Papers is shown in Table 1.1. The

contribution is divided into three categories; Preparation, Experiments, and Re-

porting. Preparation consists of theory, design and evaluation of the experimental

method, experiments includes the implementation of the experimental method and the

actual experimental work. Reporting contains the data analysis and the preparation

of the manuscript.

Table 1.1. Summary of author’s contribution to articles included in this Thesis.

Paper Preparation Experiments Reporting

Paper 1 70 % 90 % 70 %

Paper 2 60 % 80 % 80 %

Paper 3 60 % 80 % 70 %

Paper 4 50 % 75 % 20 %

Paper 5 80 % 90 % 70 %

6
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Chapter 2

Nonlinear Optics

Nonlinear optics is an active sub-field of modern optics. Since the first experimental

demonstration of nonlinear optical phenomena in 1961,10 the field has contributed

enormously to the development of new optical applications. In this Chapter, we intro-

duce the fundamentals of nonlinear optics by starting from Maxwell’s equations and

the parameters that describe the optical responses of materials, the susceptibilities.

In this Chapter, we also describe how different symmetries can influence the nonlinear

optical phenomena.

2.1 Maxwell’s Equations

and the Nonlinear Wave Equation

The propagation of electromagnetic radiation can be described classically by the wave

equation derived from Maxwell’s equations. When radiation propagates inside a

medium, the optical properties of this medium need to be considered. This is taken

into account by introducing proper constitutive relations, which describe how the ma-

terial response depends on the electromagnetic fields. Next, a wave equation is derived

to describe the nonlinear light-matter interaction by starting from Maxwell’s equations

using the notation of the classic Boyd’s book on nonlinear optics41.

7
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Nonlinear Optics

Maxwell’s equations can be written in SI-units as∗

∇ · D̃ = ρ̃, ∇× Ẽ = −∂B̃
∂t
,

∇ · B̃ = 0, and ∇× H̃ =
∂D̃

∂t
+ J̃,

(2.1)

where D̃ and Ẽ are the electric displacement and field, respectively. Similarly B̃

denotes the magnetic-flux density and H̃ is the magnetic field. ρ̃ and J̃ are the free

charge density and the free current density, respectively. By assuming that the medium

is dielectric, the free charge and current densities vanish. By assuming the medium to

be also non-magnetic, the constitutive relations can be written as

D̃ = ε0Ẽ + P̃, and B̃ = µ0H̃, (2.2)

where c = 1/
√
ε0µ0 and P̃ is polarization. Now by taking curl of the ∇× Ẽ and using

Eqs. (2.1) and (2.2), we obtain the expression

∇×∇× Ẽ +
1

c2
∂2Ẽ

∂2t
= − 1

ε0c2
∂2P̃

∂t2
, (2.3)

which is a general form of the wave equation. We can simplify this equation further by

assuming that the electric field is a transverse plane wave, for which ∇ · Ẽ = 0. Then

we can write Eq. (2.3) using the vector identity ∇×∇×A = ∇(∇ ·A)−∇2A as

∇2Ẽ− 1

c2
∂2Ẽ

∂2t
=

1

ε0c2
∂2P̃

∂t2
. (2.4)

Next, we decompose the polarization and the displacement into their linear and non-

linear parts

P̃ = P̃(1) + P̃NL, and D̃ = D̃(1) + P̃NL, (2.5)

where the linear parts P̃(1) and D̃(1) are interrelated through the definition:

D̃(1) = ε0Ẽ + P̃(1). (2.6)

∗We denote quantities that vary rapidly in time by a tilde (∼).

8
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2.1 Maxwell’s Equations
and the Nonlinear Wave Equation

Eq. (2.4) can now be written using Eqs. (2.5) and (2.6) as

∇2Ẽ− 1

ε0c2
∂2D̃(1)

∂2t
=

1

ε0c2
∂2P̃NL

∂t2
. (2.7)

Now by considering first the case of a lossless and dispersionless medium, using a real

and frequency-independent dielectric tensor ε(1) we can write the relation of Eq. (2.6)

into form

D̃(1) = ε0ε
(1) · Ẽ, (2.8)

where ε(1) depends on the properties of the material. Now the wave equation can be

written as

∇2Ẽ− 1

c2
ε(1) · ∂

2Ẽ

∂2t
=

1

ε0c2
∂2P̃NL

∂t2
. (2.9)

From this form of inhomogeneous wave equation, we can see that the nonlinear part

of the polarization acts as a source for new electromagnetic radiation.

In general, the polarization of the medium cannot respond instantaneously. The time-

dependent response can be taken into account by replacing Eq. (2.8) by a convolutional

constitutive relationship:

D̃(1)(t) =

∫ ∞
−∞

ε0ε
(1)(t− t′) · Ẽ(t′)dt′, (2.10)

where due to causality ε(1)(t − t′) = 0 for t′ > t. This also means that the permit-

tivity tensor becomes frequency-dependent, i.e., the medium becomes dispersive. We

therefore must formulate the wave equation separately for each frequency component.

To proceed, we write the electric field, the electric displacement and the nonlinear

polarization as sums of their frequency components by defining the following Fourier

transforms

Ã(t) =

∫ ∞
−∞

A(ω)e−iωtdω, (2.11a)

A(ω) =
1

2π

∫ ∞
−∞

Ã(t)eiωtdt, (2.11b)

where A is any of the field quantities E, D(1), or PNL. Since the fields are physically

measurable quantities, we require E(−ω) = E(ω)∗ where (∗) stands for complex con-

jugation. Now using the convolution theorem and Eq. (2.11b) we get a multiplicative

9
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relationship for Eq. (2.10) in the frequency domain

D(1)(ω) = ε0ε
(1)(ω) ·E(ω), (2.12)

where ε(1)(ω) stands for expression:

ε(1)(ω) =

∫ ∞
−∞

ε(1)(t)eiωtdt. (2.13)

Using Eqs. (2.11) and (2.12) we can then write Helmholtz equation analogous to Eq.

(2.7) which holds separately for each frequency component:

∇2E(ω) +
ω2

c2
ε(1)(ω) ·E(ω) = − ω2

ε0c2
PNL(ω). (2.14)

2.2 Nonlinear Optical Phenomena

In the previous section we saw how the nonlinear polarization can give rise new elec-

tromagnetic radiation. Here, we focus on the structure and properties of the nonlinear

polarization in more detail. We start by assuming that the incident field E is suffi-

ciently weak so that we can expand the nonlinear polarization into power series. Then

we can write Eq. (2.5) in a general convolutional way47

P̃(r, t) = P̃(1)(r, t) + P̃(2)(r, t) + P̃(3)(r, t) + · · · (2.15a)

=

∫ ∞
−∞

ε0χ
(1)(r− r′, t− t′) · Ẽ(r′, t′)dr′dt′ (2.15b)

+

∫ ∞
−∞

ε0χ
(2)(r− r1, t− t1; r− r2, t− t2) :

Ẽ(r1, t1)Ẽ(r2, t2)dr1dt1dr2dt2 (2.15c)

+

∫ ∞
−∞

ε0χ
(3)(r− r1, t− t1; r− r2, t− t2; r− r3, t− t3)

...

Ẽ(r1, t1)Ẽ(r2, t2)Ẽ(r3, t3)dr1dt1dr2dt2dr3dt3 (2.15d)

+ · · · ,

where P̃(n) and χ(n) are the nth-order polarization and susceptibility, respectively.

The susceptibilities are thus material parameters, which describe the optical properties

10
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of the medium. Next we assume that in our cases of interest the electric dipole

approximation holds47,48. Then χ(n)(r, t) are independent of r and thus their Fourier

transforms

χ(n)(k = k1 + k2 + ...+ kn, ω = ω1 + ...+ ωn)

=

∫ ∞
−∞

χ(n)(r− r1, t− t1; ...; r− rn, t− tn)

×e−i[k1(r−r1)−ω1(t−t1)+...+kn(r−rn)−ω1(t−tn)]dr1dt1...drndtn, (2.16)

are independent of k. The convolutional form of polarization given by Eq. (2.15) can

then be Fourier transformed and simplified to

P(ω) =P(1)(ω) + P(2)(ω) + P(3)(ω) + · · · (2.17a)

= ε0χ
(1)(ω) ·E(ω) (2.17b)

+ ε0χ
(2)(ω = ω1 + ω2) : E(ω1)E(ω2) (2.17c)

+ ε0χ
(3)(ω = ω1 + ω2 + ω3)

...E(ω1)E(ω2)E(ω3) (2.17d)

+ · · · ,

where χ(n)(ω) and E(ω) are the frequency domain representations of the susceptibili-

ties and the electric fields, respectively. From this form we see that, e.g., two incident

fields at frequencies ω1 and ω2 can interact with the medium to create an oscillating

polarization (and thus radiating field) at the third frequency ω = ω1 +ω2. In general,

two different new frequencies are possible

P(2)(ω1 + ω2) = ε0χ
(2)(ω1 + ω2) : E(ω1)E(ω2) , (2.18)

P(2)(ω1 − ω2) = ε0χ
(2)(ω1 − ω2) : E(ω1)E∗(ω2) , (2.19)

where the consequent processes are called sum-frequency generation (SFG) and dif-

ference-frequency generation (DFG). When the frequencies are equal (ω1 = ω2 = ω),

the processes degenerate into SHG and optical rectification, respectively. And since

two interacting fields are responsible for the generated polarizations, the occurring

processes are of second order.

11
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2.3 Second-order Effects and Symmetry

In the previous sections, the susceptibilities were introduced as the material parameters

describing the nonlinear light-matter interactions. Next, we consider the properties

of the susceptibilities in more detail. The emphasis will be on second-order processes

and the effects of symmetries on those processes.

We start by assuming that two electric fields at frequencies ω1 and ω2 interact with

the nonlinear medium and the second-order process of SFG occurs. The interaction

can be described by rewriting Eq. (2.18) as

P
(2)
i (ω1 + ω2) = ε0

∑
jk

∑
(1,2)

χ
(2)
ijk(ω1 + ω2;ω1, ω2)Ej(ω1)Ek(ω2), (2.20)

where i, j and k correspond to Cartesian components (x, y, z). First, we see that since

the interacting fields are vectors, the susceptibility is a tensor consisting of 33 = 27

components†. Due to the mathematical notation, and the physical reality, we can

equate tensor components for which the Cartesian components and the frequency

components are permuted simultaneously, i.e., we can write

χ
(2)
ijk(ω1 + ω2;ω1, ω2) = χ

(2)
ikj(ω2 + ω1;ω2, ω1). (2.21)

This is known as intrinsic permutation symmetry. It is due to the fact that the order of

the fields in Eq. (2.20) should not change the physical outcome. For the case of SHG

the input fields are not separable from each other (ω1 = ω2 = ω), and the condition

of Eq. (2.21) simplifies into

χ
(2)
ijk(2ω;ω, ω) = χ

(2)
ikj(2ω;ω, ω), (2.22)

reducing the number of independent tensor components to 18‡.

Next we consider how spatial symmetry of the medium can affect its nonlinear re-

sponses. If the nonlinear medium remains unchanged under a certain transformation,

such as rotation or reflection, then neither can its physical response change. The

†Compared to linear processes, which can be described by matrices, i.e. using 32 = 9 components.
‡By assuming negligible dispersion ( dn

dω
= 0) for the susceptibility, the same condition applies also

for SFG. In fact, negligible dispersion leads to Kleinman’s symmetry condition, where the indices of
the susceptibility can be freely permuted.

12
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corresponding transformation is then a symmetry operation, which can be utilized to

impose further restrictions to the susceptibility tensor.

Centrosymmetric Medium

We start by considering the second-order response of a centrosymmetric medium, for

which an inversion center exist. Such medium is invariant under parity transformation

(r → −r). For simplicity we assume that the medium responds immediately to the

incident fields and we consider only SHG, but the result holds also for other second-

order processes. The nonlinear polarization is then

P̃(2)(2ω) = ε0χ
(2)Ẽ2(ω). (2.23)

By inverting the excitation field we end up with a similar equation

−P̃(2)(2ω) = ε0χ
(2)(−Ẽ)2(ω) = ε0χ

(2)Ẽ2(ω), (2.24)

where the sign of the polarization is also changed due to the inversion. But since

physically nothing changes, these equations must be equal. This can hold only if

χ(2) = 0, meaning that SHG is forbidden in centrosymmetric media.

Isotropic Surface

As a next example, we assume that our nonlinear medium is an isotropic, achiral

surface in vacuum belonging thus to a symmetry group of C∞v [Fig. 2.1(a)]. Such a

surface is uniform in all directions along the surface, and the corresponding symmetry

operations are thus all rotations with respect to the surface normal, and all mirror

operations in planes including the surface normal. Thus the only thing breaking the

symmetry is the fact that we’re now considering a surface, i.e., an interface exists

between the vacuum and the medium. For the case of SHG the resulting susceptibility

of the surface then consists of only three non-zero independent components, which can

13
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be written as

zzz,

zxx = zyy, (2.25)

xxz = xzx = yyz = yzy,

where z points along the surface normal and x and y along the surface. Thus second-

order processes are always allowed at interfaces49–51, due to which they can be utilized

to study surfaces.

Achiral, isotropic surface

z
x

y

‹

‹

‹

Achiral, anisotropic surface

(a) (b)

Figure 2.1 Achiral, (a) isotropic and (b) anisotropic surfaces. For achiral surfaces, there
exists a mirror operation in planes including the surface normal. For isotropic surfaces, any
rotation with respect to the surface normal (z) is also a symmetry operation. For anisotropic
surfaces, only some of the rotations along the surface normal are symmetry operations.

Anisotropic Surface

We next assume a surface for which some of the rotations with respect to the surface

normal are no longer symmetry operations, making the surface anisotropic. An exam-

ple where the surface has only 180◦ rotational symmetry is illustrated in Fig. 2.1(b).

For anisotropic surfaces, the non-zero components of the susceptibility are

zzz,

zxx , zyy, (2.26)

xxz = xzx , yyz = yzy.

Clearly x 6= y and thus the equality between the zxx and zyy components or xxz and

yyz components no longer holds. Due to this, the number of independent components

14
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increases to five from the case of the susceptibility of isotropic and achiral surfaces.

Chiral Surface

Chirality is another important symmetry property, which to be precise is lack of mirror

symmetry [see illustration in Fig. 2.2(a),(b)]. Chirality is commonly referred to as

handedness, since a hand is a familiar example of a chiral object. Chiral objects and

their mirror images are called enantiomorphs (or enantiomers)¶. Objects possessing

some mirror symmetry are called achiral objects. Chirality is an intriguing property

of nature and is of fundamental interest especially in chemistry and in biology, since

different enantiomers of chiral molecules can have substantially different biochemical

and physiological properties52.

If we consider a chiral isotropic surface [Fig. 2.2(d)], the second-order susceptibility for

the case of SHG consists of four independent and non-zero susceptibility components

zzz,

zxx = zyy,

xxz = xzx = yyz = yzy, (2.27)

xyz = xzy = −yxz = −yzx,

where the last components are due to the surface chirality. An important aspect of

this is that in nonlinear optics the light-matter interactions associated with chirality

are allowed also in the electric dipole approximation48, which does not generally hold

for linear light-matter interactions53. Thus, although in general nonlinear light-matter

interactions are weaker than linear interactions, their relative strength can be consid-

erably higher facilitating development of more sensitive measurement techniques.

To conlude, second-order processes are strongly affected by the symmetry of the

medium and this fact can be utilized in developing new nonlinear optical characteri-

zation techniques. These concepts related to symmetry and applying that knowledge

were also one of the cornerstones of this Thesis.

¶More precisely, term enantiomer usually refers to chiral molecules, and term enantiomorph refers
to chiral objects in general. The consequent transformation between the two enantiomorphs is the
parity transformation. Electromagnetism is invariant under parity transformation i.e., the laws of
electromagnetism are not handed.
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(a) (b)

(c)

Achiral object Chiral object

(d)

Chiral, isotropic surface Chiral, anisotropic surface

Figure 2.2 (a) Achiral and (b) chiral objects behave differently under reflection operation.
(c-d) Chiral surfaces lack mirror symmetry. (d) For chiral anisotropic surfaces, only some of
the rotations along the surface normal are symmetry operations.
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Chapter 3

Focused Laser Beams

In this Chapter, we introduce the mathematical tools to describe tightly focused laser

beams. When light is tightly focused, the regular scalar diffraction approaches are

no longer accurate, but a full vector description of the propagating electromagnetic

field is needed. We start from the basics of Fourier optics and the well-known angular

spectrum representation (ASR) of optical fields in terms of plane waves, and proceed

to describe the tight focusing of laser beams using vector diffraction theory. For this,

we mainly adopt the approach presented by Novotny and Hecht54.

3.1 Angular Spectrum Representation

We start by taking the wave equation of Eq. (2.4), and assume propagation of light in

a homogeneous and source-free medium, i.e., that P̃ = 0. We assume that the electric

field of interest propagates mainly along z-axis, and is of the form Ẽ(r, t) = E(r)T̃ (t),

which is often the case in optics, and always so for time-harmonic fields. Now the

wave equation simplifies to vector Helmholtz equation54

(∇2 + k2)E = 0, (3.1)
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where k = ||k|| =
√
k2x + k2y + k2z is the wave number and ki is the corresponding

component of the wave vector k in Cartesian coordinates. The possible imaginary

part of kz is assumed positive. After some trivial algebra we see that plane waves

propagating mainly in ±z-direction are solutions for the homogeneous wave equation

E(x, y, z) = Ê(kx, ky; z)ei(kxx+kyy) = Ê(kx, ky; 0)ei(kxx+kyy±kzz), (3.2)

where Ê is the amplitude vector of the plane wave with transverse components kx and

ky. Now a general solution for the Helmholtz equation can be formed by superimposing

all possible plane wave solutions as

E(x, y, z) =

∞∫∫
−∞

Ê(kx, ky; z)ei(kxx+kyy) dkxdky. (3.3)

This equation is known as plane wave spectrum representation or ASR and is the basic

foundation of Fourier optics. It states that an arbitrary electric field distribution can

be described as a superposition of plane waves. In order to understand Eq. (3.3),

we first remember that the Helmholtz equation is linear. Second, we note that plane

waves propagating in either kx, ky or kz directions are orthogonal†. This implies that

proper plane wave solutions can be used to span the complete geometric vector space

R3, i.e., can be utilized to describe an arbitrary electric field distribution.

The beauty of Eq. (3.3) arises from the observation that Ê(kx, ky; z) is a two-

dimensional Fourier transform of field E(x, y, z) in plane z = constant implying that

the well-known mathematical tools of Fourier analysis can be utilized in solving optical

problems. The Fourier transformed field can then be solved using the definition of the

inverse Fourier transform

Ê(kx, ky; z) =
1

4π2

∞∫∫
−∞

E(x, y, z) e−i(kxx+kyy) dxdy. (3.4)

Now if the field in plane z = 0 is known, accounting for the propagation of the field

in z-direction is a simple task of multiplication in the spatial frequency domain.

We next assume a lossless dielectric medium, for which the refractive index n is a

†Orthogonality for functions means mathematically that
∫∞
−∞ φ∗i (r)φj(r)dr = δij for any two

functions φi(r) and φj(r).
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real quantity. Then the wavenumber component kz becomes either real or imaginary

giving rise to two different characteristic solutions to Eq. (3.4)

Propagating plane waves: e−i(kxx+kyy)e±i|kz|z , k2x + k2y ≤ k2, (3.5)

Evanescent waves: e−i(kxx+kyy)e−|kz||z| , k2x + k2y > k2. (3.6)

where the latter exponential factor leads to either oscillatory or exponentially decaying

behaviour as a function of z.

3.2 Far-field Approximation in Angular Spectrum

Representation

In order to utilize ASR in describing tightly focused laser beams, we next show how

Fourier optics and ray optics arise from ASR. We start by solving the electric field in

a far-field point r = r∞. We define a dimensionless unit vector s as

s = (sx, sy, sz) =
(x
r
,
y

r
,
z

r

)
, (3.7)

where r =
√
x2 + y2 + z2 is the distance of r∞ from origin. We then assume that the

point is sufficently far, so that only the freely propagating plane waves contribute and

we can neglect the evanescent waves for which k2x + k2y ≥ k2. Now Eq. (3.3) can be

approximated using the following limit

E∞(sx, sy, sz) = lim
kr→∞

∫∫
k2x+k

2
y≤k2

Ê(kx, ky; 0) eikr(
kx
k sx+

ky
k sy+

kz
k sz ) dkx dky. (3.8)

The integal of Eq. (3.8) can be solved e.g. using the stationary phase method‡

E∞(sx, sy, sz) = −i2πkszÊ(ksx, ksy; 0)
eikr

r
, (3.9)

where by replacing kx → ksx and ky → ksy the Fourier transform of the field at the

object plane (z = 0) now defines the far-field E∞. Then for the unit vector s following

‡Stationary phase or steepest descent method is often used to solve oscillatory integrals. These
kinds of integrals commonly occur in Optics and in quantum field theories. A good introduction to
these methods is given in Chapter 1.2 of ’Quantum field theory in a nutshell’ by Zee55.
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applies

s = (sx, sy, sz) =

(
kx
k
,
ky
k
,
kz
k

)
. (3.10)

The field at the object plane can then be written as

Ê(kx, ky; 0) =
ire−ikr

2πkz
E∞(kx, ky). (3.11)

Now we see that only one plane wave component k = (kx, ky, kz) of the ASR affects

the far-field in point r∞ justifying the approximation used in ray or geometrical optics,

where light is treated as bundle of rays. Finally, Eq. (3.3) can be simplified using Eq.

(3.11) into the form

E(x, y, z) =
ire−ikr

2π

∫∫
k2x+k

2
y≤k2

E∞(kx, ky) ei(kxx+kyy+kzz)
1

kz
dkx dky. (3.12)

Now we see, that in the far-field approximation the field E and its subsequent far-field

E∞ are almost Fourier transform pairs at z = 0. Only the factor 1/ kz separates them

from being perfect Fourier pairs. Thus we arrive at the limit of Fourier Optics where

kz ≈ k, and have now tools to go beyond.

3.3 Tight Focusing

Next we derive the equations to describe the electric field in the focal volume due to

focusing with high numerical aperture (NA) elements. For simplicity, we assume that

the focusing element is aplanatic, i.e., free of spherical aberration. Then we assume the

refracted wavefront after the element to be spherical with point F as the center point

and focal length f as the radius. Let us now denote an arbitrary point near the focal

point F in Cartesian and cylindrical coordinate systems as r = (x, y, z) = (%, ϕ, z) and

a point near the refracting surface by Cartesian and spherical coordinate systems as

r∞ = (x∞, y∞, z∞) = (f, θ, φ) (see Fig. 3.1 for illustration). The unit vectors for the

spherical coordinate systems are denoted as nr, nφ and nθ.

Due to symmetry reasons, also the input field before the focusing element is convenient

to describe using the cylindrical coordinates (%, φ, z) with corresponding unit vectors

as n%, nφ and nz (see Fig. 3.1). The relations between the unit vectors n%, nφ and
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Figure 3.1 Coordinate systems used for describing the focusing of the input field Ein. Also
the cylindrical coordinate system (%, φ, z) used in calculations is shown.

nθ and the unit vectors of the Cartesian coordinate system are then found as

n% = cosφ nx + sinφ ny (3.13a)

nφ = − sinφ nx + cosφ ny (3.13b)

nθ = cos θ cosφ nx + cos θ sinφ ny − sin θ nz . (3.13c)

Now the integral in Eq. (3.12) can be simplified by transforming the components of

the wave vector k into the spherical coordinates using relations

kx = k sin θ cosφ, (3.14a)

ky = k sin θ sinφ, (3.14b)

kz = k cos θ, (3.14c)

and at the same time transforming the differentials of integration as

dkx dky = k2 cos θ sin θ dθ dφ . (3.15)

The integral of Eq. (3.12) can then be written as

E(%, ϕ, z) =
ikfe−ikf

2π

θmax∫
0

2π∫
0

E∞(θ, φ) eikz cos θ eik% sin θ cos(φ−ϕ) sin θ dφdθ, (3.16)
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where E(%, ϕ, z) represents the field near the focus and the limit of integration θmax is

related to the NA of the focusing element through

NA = n sin θmax , where θmax ∈ [0, π/2], (3.17)

and n is the refractive index of the medium.

Next, we proceed to solve the exact form of the incoming field Ein and relate that to

the far-field E∞ in Eq. (3.16). First we divide the incoming field into two orthogonal

components E
(s)
in and E

(p)
in , where the superscripts s and p correspond to linear polar-

izations parallel and perpendicular to the local plane of incidence, respectively. This

division is performed to facilitate easier description of the refraction at the spherical

surface. In cylindrical coordinates the field components can be described by following

equations

E
(s)
in = (Ein ·nφ)nφ, (3.18a)

E
(p)
in = (Ein ·n%)n%, (3.18b)

using which the refracted far-field E∞ can be written in the form

E∞(θ, φ) =
(
tsE

(s)
in + tpE′

(p)
in

)√
cos θ

= [ts (Ein ·nφ)nφ + tp (Ein ·n%)nθ]
√

cos θ, (3.19)

where the unit vectors of the spherical coordinate system have been utilized and ts

tp are the Fresnel transmission coefficients. The refraction of the far-field at the

spherical surface and the corresponding change from cylindrical coordinate system

of the collimated beam into the spherical one of the focused beam has important

consequences. First, the direction of the p-polarized component changes (n% → nθ).

Secondly, due to the conservation of energy the cosine factors appear.

For simplicity, we next assume that the focusing element is perfectly transparent, so

that ts = tp = 1 applies. Now Eq. (3.19) simplifies to

E∞(θ, φ) = [(Ein ·nφ)nφ + (Ein ·n%)nθ]
√

cos θ. (3.20)

For the case of x-polarized input beam Eq. (3.20) can be written using simple geo-
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metrical arguments as††

Ex
∞(θ, φ) = Ein(θ, φ) [(nx ·nφ)nφ + (nx ·n%)nθ]

√
cos(θ)

= Ein(θ, φ)

− sinφ


− sinφ

− cosφ

0

+ cosφ


cosφ cos θ

sinφ cos θ

− sin θ




√

cos θ

= Ein(θ, φ)
1

2


(1 + cos θ)− (1− cos θ) cos 2φ

−(1− cos θ) sin 2φ

−2 cosφ sin θ


√

cos θ, (3.21)

where Ein(θ, φ) is the scalar field amplitude.

In this work, we were interested in finding tools to control the 3D electric field distribu-

tion at the focal volume. This can be achieved, e.g., by utilizing polarized higher-order

laser modes, which we next show. Since the collimated input beam before the focusing

element can be well approximated using paraxial approximation, it is a simple task to

find the form of the amplitude profile of some higher-order laser mode. We start by

solving the form of the first few orders of Hermite-Gaussian (HG) modes§. Due to the

orthogonality of the HG modes, and linearity of the Helmholtz equation, analogous to

ASR, we can use different HG modes to span a mode space of more arbitrary input

beams and polarizations.

††Remember: sin2 θ = 1
2

(1− cos 2φ), cos2 θ = 1
2

(1 + cos 2φ) and sin 2φ = 2 sinφ cosφ.
§Laguerre-Gaussian (LG) modes would be another interesting choice for basis functions. They

are cylindrically symmetric and have an elegant mathematical reppresentation for orbital angular
momentum in the form of eilφ, l ∈ Z.
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In spherical coordinates the first three HG modes can be written as

HG00 : Ein = E0e−(x
2
∞+y2∞)/w2

0 = E0e−f
2 sin2 θ/w2

0

= E0fw(θ), (3.22a)

HG10 : Ein = E0(x∞/w0)e−(x
2
∞+y2∞)/w2

0

= E0(f/w0) sin θ cosφ fw(θ), (3.22b)

HG01 : Ein = E0(y∞/w0)e−(x
2
∞+y2∞)/w2

0

= E0(f/w0) sin θ sinφ fw(θ), (3.22c)

where w0 is the beam waist and notation is simplified by noticing that the factor

fw(θ) = exp(−f2 sin2 θ/w2
0) appears in all equations. By defining a filling factor f0 as

the ratio of the beam waist to the aperture radius

f0 =
w0

f sin θmax
, (3.23)

we can write the factor fw(θ) in a form

fw(θ) = exp

(
− 1

f20

sin2 θ

sin2 θmax

)
, (3.24)

which is known as the apodization function.

The calculation of Eq. (3.16) can be further simplified by noticing that the integration

over φ can be performed analytically by utilizing the following equations

2π∫
0

cos(nφ)eix cos(φ−ϕ) dφ = 2π(in)Jn(x) cos(nϕ), (3.25a)

2π∫
0

sin(nφ)eix cos(φ−ϕ) dφ = 2π(in)Jn(x) sin(nϕ), (3.25b)

where the integral form of the definition of the Bessel functions of the first kind Jn

is utilized. For future notational convenience, we now adopt short-hand notations for
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the following integrals54

I00 =

θmax∫
0

fw(θ)
√

cos θ sin θ(1 + cos θ)J0(k% sin θ)eikz cos θ dθ, (3.26a)

I01 =

θmax∫
0

fw(θ)
√

cos θ sin2 θJ1(k% sin θ)eikz cos θ dθ, (3.26b)

I02 =

θmax∫
0

fw(θ)
√

cos θ sin θ(1− cos θ)J2(k% sin θ)eikz cos θ dθ, (3.26c)

I10 =

θmax∫
0

fw(θ)
√

cos θ sin3 θJ0(k% sin θ)eikz cos θ dθ, (3.26d)

I11 =

θmax∫
0

fw(θ)
√

cos θ sin2 θ(1 + 3 cos θ)J1(k% sin θ)eikz cos θ dθ, (3.26e)

I12 =

θmax∫
0

fw(θ)
√

cos θ sin2 θ(1− cos θ)J1(k% sin θ)eikz cos θ dθ, (3.26f)

I13 =

θmax∫
0

fw(θ)
√

cos θ sin3 θJ2(k% sin θ)eikz cos θ dθ, (3.26g)

I14 =

θmax∫
0

fw(θ)
√

cos θ sin2 θ(1− cos θ)J3(k% sin θ)eikz cos θ dθ. (3.26h)

Using these notations¶ and simple trigonometric arguments, Eq. (3.16) can be written

¶It is interesting to note the similarity of the defined integrals to Hankel transformations. The
integration is now performed over angle θ instead of the usual variable of radial distance r. One could
transform the integrals into proper Hankel transformations by transforming the Fourier transform
of Eq. (3.3) into cylindrical coordinates instead of the spherical coordinates we chose. That way
one might be able to find some analytical solutions to the given equations, which now need to be
calculated numerically.
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for our example case of x-polarized HG00 beam simply as

Ex
00(r) =

ikf

2
E0e−ikf


I00 + I02 cos 2φ

I02 sin 2φ

−2iI01 cosφ

 , (3.27a)

Hx
00(r) =

ikf

2Zµε
E0e−ikf


I02 sin 2φ

I00 − I02 cos 2φ

−2iI01 sinφ

 , (3.27b)

where Zµε =
√
µ/ε is the wave impedance. The magnetic field H is given for com-

pleteness, and can be derived by applying a 90◦ rotation transformation (φ→ φ′+90◦)

to Eq. (3.27a) and multiplying by Zµε. We proceed to write similar equations also for

x-polarized HG01 and HG10 beams

Ex
01(r) =

ikf2

2w0
E0e−ikf


i(I11 + 2I12) sinφ+ iI14 sin 3φ

−iI12 cosφ− iI14 cos 3φ

2I13 sin 2φ

 , (3.28a)

Hx
01(r) =

ikf2

2w0Zµε
E0e−ikf


iI12 cosφ− iI14 cos 3φ

−iI11 sinφ− iI14 sin 3φ

−2I10 − 2I13 cos 2φ

 , (3.28b)

Ex
10(r) =

ikf2

2w0
E0e−ikf


iI11 cosφ+ iI14 cos 3φ

−iI12 sinφ+ iI14 sin 3φ

−2I10 + 2I13 cos 2φ

 , (3.28c)

Hx
10(r) =

ikf2

2w0Zµε
E0e−ikf


−iI12 sinφ+ iI14 sin 3φ

i(I11 + I12) cosφ− iI14 cos 3φ

2I13 sin 2φ

 , (3.28d)
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which we can utilize to form more arbitrary beams and polarizations.

3.4 Vector Point-spread Function Engineering

Now we have the mathematical tools to rigorously describe 3D vector fields at the

focal volume of tightly focusing, or high NA, elements. Next, we briefly highlight

the possibilities it opens for designing and controlling 3D field distributions by vector

point-spread function (VPSF) engineering56.

We start by considering how a normal Gaussian beam (HG00) behaves when focused

tightly. The mathematical description is given by Eqs. (3.27), from which we al-

ready see that clearly a distribution of non-zero field component in the propagation

z-direction exists (see Fig. 3.2). This contradicts predictions of traditional scalar

approaches, where the electric field distributions are assumed to be purely transverse

with respect to the propagation direction. In order to somehow quantify the mag-

nitude of this deviation, we calculate the maximum value for the ratio between the

transverse (Ex,y) and longitudinal (Ez) field components. This ratio is for example

roughly 3.5 for the previously mentioned focusing conditions, and can be controlled

by changing either the NA, filling factor f0 or the shape of the apodization function

fw(θ). But, interestingly the actual relative shape of the field distribution does not

change, as is known to occur when paraxial approximation holds. Thus the only thing

the focusing condition changes is the relative strength of the distribution of the longi-

tudinal field component. To conlude, tight focusing gives us a tool to study how the

longitudinal field component can affect light-matter interactions, where traditional

scalar approaches assume that the longitudinal field is non-existent.

Next we consider higher-order laser modes, namely HG and LG modes42,54,57, which

are also eigensolutions of the wave equation (and Fourier transform) and thus properly

propagating modes∗. Essentially by utilizing these higher-order laser modes we get

a new degree of freedom to control the apodization function. This new degree of

freedom has been been utilized for example in controlled excitation of higher-order

particle plasmon resonances in nanostructures58. Another very interesting application

is optical resolution enhancement, which has been demonstrated for linear as well as

∗LG modes are eigensolutions of wave equation in cylindrical coordinates (and thus eigensolutions
of Hankel transforms).
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Figure 3.2 Normalized electric field and intensity distributions of linearly polarized (in x-
direction) focused HG00 beam at the focal plane (z = 0). (a) Modulus of total field amplitudes
as well as the (b-d) Cartesian components are plotted. (e) Total intensity and (f-h) the
individual Cartesian components are also plotted. For better visibility Figures (b),(d),(f) and
(h) have been scaled. The scaling factors are indicated in the figures. Focusing conditions of
NA=0.8 and f0=1 were used in the calculations. The scale bars correspond to one wavelength.

nonlinear (THG and CARS) imaging modalities34,36,37,39,40.

Even more controlled field distributions can be achieved by superimposing various

HG and LG modes into cylindrically symmetric vector beams (CVBs), which can also

have spatially inhomogeneous polarization distribution59–61. The most well-known

examples of CVBs are RP and azimuthally polarized (AP) beams42–46. Also higher-

order RP beams have been realized62. The field distributions of RP and AP can be

formed by the following superpositions

ERP(r) = Ex
10(r) + Ey

01(r) =
ikf2

2w0
E0e−ikf


i(I11 − I12) cosφ

i(I11 − I12) sinφ

−4I10

 , (3.29a)

EAP(r) = Ex
01(r)−Ey

10(r) =
ikf2

2w0
E0e−ikf


i(I11 + 3I12) cosφ

−i(I11 + 3I12) sinφ

0

 . (3.29b)
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From Eq. (3.29b) we now see, that the longitudinal (z-direction) electric field compo-

nent of AP is identically zero. But for RP the longitudinal field is moderately strong,

as is illustrated in Fig. 3.3 which shows the calculated and normalized electric field

amplitudes corresponding to focusing conditions of NA=0.8 and f0=1.
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Figure 3.3 Normalized electric field and intensity distributions of a RP focused beam at
the focal plane (z = 0). (a) Modulus of total field amplitudes as well as the (b-d) Cartesian
components (y, x and z, respectively) are plotted. (e) Total intensity and (f-h) the individual
Cartesian components are also plotted. Focusing conditions of NA=0.8 and f0=1 were used
in the calculations. The scale bars correspond to one wavelength.

RP has found more applications than AP, and has been utilized for example in par-

ticle acceleration63, in laser welding64–66, in various microscopy techniques44,67–71,

optical trapping72,73 and in 3D molecular orientation studies46,74–76. CVBs have also

been utilized to achieve 3D polarization control at the focal volumes of high NA ob-

jectives77–79. Recently, similar to previous work with HG beams58, CVBs have also

been proposed for controlled excitation of higher-order particle plasmon modes80. The

main reason why RP has been found useful, is that focused RP beam has a strong

field component in z-direction (Fig. 3.3)46,81–85. Very recently, the predicted phase

difference between the transverse and the longitudinal field components has also been

experimentally verified using a phase-sensitive detection scheme at THz frequencies86.

There are several techniques to realize VSPF engineering and CVBs in practise. CVBs

have been generated using for example fibers,87,88 interferometric approaches43,89,
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laser intra-cavity axicons90, metal gratings91,92, segmented phase- or wave plates93,94,

or liquid-crystals95,96. A particularly elegant way utilizes spatial light modulators

(SLMs), which give even more flexibility to generate different mode and polarization

distributions56,57. So far, two techniques (segmented wave plates and liquid crystal de-

vices) have been commercialized, due to which CVBs have also become more available

to researchers.
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Chapter 4

Second-harmonic Generation

Microscopy

In this Chapter, we finally combine the concepts of the previous Chapters 2 and 3 to

describe SHG using focused vector beams. Then we apply the formalism to polarized

SHG microscopy. The propagation of SHG light is treated using Green’s function

approach and relies heavily on the book by Novotny and Hecht54. We note that

although the following treatment is given only for SHG, it would be straightforward

to generalize the treatment to other nonlinear processes.

4.1 Second-harmonic Generation

Using Focused Beams

In Chapter 2, we described the nonlinear phenomenon of SHG. In the following, the

driving field of the second-order polarization is the focused field at the fundamental

wavelength. The radiated field due to the polarization is described using Green’s

function approach, where for simplicity only free-space functions are considered97–99.
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Figure 4.1 Focused beam at the fundamental frequency ω creates nonlinear polarization in
the vicinity of the focal plane, which further radiates into point R. Spherical coordinates
(R,Θ,Φ) with their corresponding unit vectors are also defined in the picture.

We start by assuming that the indices of refraction for all the media of interest are

unity. The field oscillating at the fundamental frequency ω creates a nonlinear po-

larization P at point r (see more detailed description from Chapter 2) at the second-

harmonic frequency 2ω as41

P
(2)
i (r, 2ω) = ε0

∑
jk

χ
(2)
ijk(r)Ej(r, ω)Ek(r, ω), (4.1)

where the susceptibility χ
(2)
ijk as well as the focused field E are assumed inhomogeneous

and (i, j, k) ∈ {x, y, z}. The local polarization P(2)(2ω) then acts as a driving term

in the inhomogeneous wave equation [see Eq. (2.3)] and creates radiation at the 2ω

frequency. The wave equation and thus the radiated SHG far-field in point R =

(X,Y, Z) = (R,Θ,Φ) due to the local confined source distribution can be expressed in

the form54,98

E∞(R, 2ω) = −8πω2

c2

∫∫∫
V

Ḡ(R, r)P(2)(r, 2ω) dV, (4.2)

where Ḡ(R, r) is the dyadic Green’s function. Although in this work we are mainly

interested in thin films and surfaces, for generality, the integration is performed over

volume V . By neglecting reflections, only the free-space Green’s function needs to be

considered, which can be written as

Ḡ(R, r) =

(
Ī +
∇⊗∇
k22

)
G(R, r), (4.3)

where k2 is the wavenumber of the SHG field and Ī is the dyadic identity tensor of
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second rank. The dyadic operator ∇⊗∇‡ acts on the scalar Green’s function G(R−r)

of the form

G(R, r) =
exp(ik2 |R− r|)

4π |R− r|
. (4.4)

Then by assuming that the point of interest (R) is far from the radiating source,

the relation |R| = R � |r| applies, and the norm |R− r| can be approximated by

R− r ·R/R. The scalar Green’s function then becomes

G(R, r) =
exp(ik2R)

4πR
exp

(
−ik2r ·R

R

)
, (4.5)

which can be used to approximate Eq. (4.3) as

Ḡ(R, r) ≈ G(R, r)G(R) =
exp(ik2R)

4πR
exp

(
− ik2r ·R

R

)

×


(1−X2/R2) −XY/R2 −XZ/R2

−XY/R2 (1− Y 2/R2) −Y Z/R2

−XZ/R2 −Y Z/R2 (1− Z2/R2)

 . (4.6)

Due to the spherical symmetry of the radiation problem, it is convenient to transform

the matrix part G(R) of Eq. (4.6) using spherical coordinates§:

G(R) =


1− cos2 Φ sin2 Θ − sin Φ cos Φ sin2 Θ − cos Φ sin Θ cos Θ

− sin Φ cos Φ sin2 Θ 1− sin2 Φ sin2 Θ − sin Φ sin Θ cos Θ

− cos Φ sin Θ cos Θ − sin Φ sin Θ cos Θ sin2 Θ

 , (4.7)

using which the SHG field of Eq. (4.2) can be calculated.

Next we assume that the radiated SHG field is collimated by a perfectly transparent

and antireflective element. By modifying Eq. (3.20) we can now write the collimated

field as

Eout(2ω) = [(E∞(2ω) ·nφ)nφ + (E∞(2ω) ·nθ)n%]
1√

cos Θ
. (4.8)

Since the radiated electric far-field E∞(2ω) is transverse, we can simplify the calcula-

‡dyadic product: c = a⊗ b, cij = aibj .
§X = R sin Θ cos Φ, Y = R sin Θ sin Φ and Z = R cos Θ.
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tion of Eq. (4.8) by transforming E∞(2ω) from the Cartesian basis into the spherical

one using the following transformation matrix

M =


0 0 0

cos Θ cos Φ cos Θ sin Φ − sin Θ

− sin Φ cos Φ 0

 . (4.9)

The first row is now identically zero due to the transverse nature of the radiated field.

Combining these results with those of Chapter 3 for the tightly focused incident field

allows the collimated SHG signal field to be calculated, providing the theoretical basis

for this work.

4.2 Modelling Work

In the past, several modelling schemes for solving the nonlinear scattering problem

have been formulated. Such approaches include nonlinear Mie scattering100–102, finite-

difference time-domain (FDTD) method103–105, Fourier modal method106,107, finite

element method108, volume integral method109,110 and boundary element method

(BEM)111. Despite the range of developed modelling tools, no single technique sur-

passes the others, and the most suitable technique depends on the nature of the prob-

lem in question.

Not counting the BEM modelling work in Paper 4, all calculational results in this

Thesis are essentially based on the previously introduced formalism, which is a com-

monly utilized approach in nonlinear microscopy98,99,112,113. The crucial assumption

is that we treat the nonlinear medium as weakly scattering at the fundamental wave-

length, which is reasonable assumption for samples of biological origin. The interaction

between various polarizable points can then be assumed to be negligible, after which

the local field equals the incident field. Although the approach is only approximate,

it provides a good starting point for understanding and predicting nonlinear optical

signals in microscopy. Also, a more thorough discrete-dipole approximation (DDA)

implementation has been recently formulated, which takes into account the interpar-

ticle interactions and would thus be more suitable method for modelling nonlinear

responses inside strongly scattering media114,115. Another interesting approach has
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been to combine the simplified DDA approach with Monte Carlo simulations, facili-

tating modelling of nonlinear signals from turbid (i.e., highly scattering) media116,117.

The main advantage of our simplistic approach is its simple and flexible implementa-

tion. Unlike in some approaches (such as in FDTD), the implementation of excitation

using a focused vector field is straightforward. In other words, the approach is well

suited for microscopy. Also, modelling of nonlinear signals as a function of the input

parameters, such as polarization and apodization function, is straightforward and,

more importantly, computationally efficient. Currently, most of the calculations are

performed using normal tabletop computers, and the computation times for a single

measurement point take only a few seconds facilitating even modelling of entire images

recorded by scanning.

But although the formalism introduced in this Thesis might be suitable for treating

the nonlinearities of biological and molecular media, one must be cautious in applying

it to metal nanoparticle systems, where the optical responses can be strongly modified

by the presence of effects such as particle plasmon resonances, local-field effects or

nonlocality of the responses. In addition, the nonlinear optical responses of nanopar-

ticles are not yet very well understood and are an interesting research topic in itself.

For those systems, for example BEM formalism is more appropriate, since it can take

into account several of the mentioned complicating factors111. Nevertheless, often

a qualitative understanding of the responses of nanoparticles can already be formed

by properly considering the vectorial nature of excitation and the symmetry of the

nanoparticle system, as was done in the study reported in Paper 3. These considera-

tions were later combined with the more accurate modelling based on BEM approach,

to provide a more rigorous approach to understand and study nanoparticle systems.

This appoach was introduced in Paper 4 and further work is currently on the way.

4.3 Experimental Arrangements

Next, we briefly explain the practical details of the experimental setup and the samples

used in this work. In a nutshell, the setup in all the experiments was a stage-scanning

confocal microscope. Both biological and fabricated samples were measured in order

to demonstrate the predicted nonlinear effects.
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Stage-scanning Confocal Microscope

For the experiments, a custom-built stage-scanning microscope was constructed and

is schematically shown in Fig. 4.2. A mode-locked Nd:glass laser (Time-Bandwidth

Products) was used as a source of fundamental light. The center wavelength was

1060 nm and pulse width &200 fs. The repetition rate of the laser was 82 MHz and

maximum average output power 300 mW. A beam expander assembly in conjuction

with a pinhole (PH, L1, L2) was used to spatially filter and expand the laser beam.

The beam was then positioned and aligned for the focusing objective by using three

mirrors. In order to maximize the polarization purity of the excitation beam, the optics

to control the polarization was implemented after the steering optics. The resulting

polarized and collimated beam was finally directed to the back-aperture of an infinity-

corrected microscope objective (O1; Nikon LU PLAN Fluor 50 × NA = 0.80), which

focused the beam onto the sample. The objective was chosen to be strain-free in order

to maintain the desired polarization. The resulting focal spot had a waist diameter

of &800 nm. Also a white light imaging arm was implemented to provide wide-field

images of the samples and to ease sample positioning. For the molecular thin film

samples the average laser powers were kept below 20 mW to avoid sample damage.

For metal nanostructure samples, considerably lower average powers of 1-5 mW were

used.
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Figure 4.2 Schematic of the SHG microscope used in this work. The optical setup consisted
of lenses (L1,L2,L3,L4), pinhole (PH), microscope objectives (O1,O2), 3-axis motorized piezo
stage (S), dichroic mirror (DM), flip mirrors, fundamental wavelength-blocking filter (FF),
interference filters (IFs), photomultiplier tubes (PMTs) and a wide-field white light imaging
arm (yellow ray).

The transmitted/reflected SHG signals were collected by either the focusing objective

(O1) or a second objective (O2), which was identical to the first one if not otherwise

mentioned.
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In the very beginning of the work (Paper 2) the focusing and collimation of the beams

was achieved by using aspheric lenses (NA = 0.65), and we did not have the capability

to scan the sample. Only later, proper focusing elements and stage scanning was

implemented to perform imaging (Papers 3-5). In Paper 3, an objective (Olympus

PLAN N 20 × NA = 0.40) was used to collect the transmitted SHG.

Polarization Control

Circular polarizations (CPs) are commonly utilized in techniques to study chiral ma-

terials. In such techniques, polarization purity is very important, since even small

polarization impurities can drastically decrease the accuracy and sensitivity of the

techniques. Considerable effort was thus done to achieve pure CP. This was achieved

by first cleaning up the linear polarization of the fundamental beam with a calcite po-

larizer (P) and then passing the beam through a high quality true zero-order quarter-

wave plate (QWP). The orientation of the QWP was controlled by a motorized rotation

stage.

RP and AP beams were generated by using a liquid-crystal device (ArcOptix). In

order to keep the polarization and the mode quality as good as possible, we first

formed an AP beam with the liquid-crystal device. This beam was further purified by

using a spatial filter, acting also as a beam expander in order to properly fill the back

aperture of the focusing objective. RP was formed by passing the good quality AP

beam through two half-wave plates, whose relative orientation was adjusted to 45◦.

This way the intensity profile of the RP and AP beams could be kept more uniform

than using simply the liquid crystal device for polarization control.

4.4 Chiral Imaging

Chiral materials interact differently with CP light giving rise optical activity (OA)

effects53. The differences in the real part of the susceptibility give rise to optical rota-

tory dispersion (ORD), and the differences in the imaginary part give rise to circular

dichroism (CD). Linear OA effects are nonlocal effects since they require magnetic con-

tributions to the light-matter interaction, and are thus relatively weak effects. This
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limits the sensitivity of the linear chiroptical techniques, due to which several ap-

proaches have recently been proposed based on the concept of increasing the chirality

of the optical field118–120. Even further enhancement of the chiral light-matter inter-

action has been proposed by utilizing plasmonic structures and their related near-field

distributions121–123.

Another approach to increase the sensitivity of the chiroptical techniques is to utilize

nonlinear OA effects, which approach was also pursued in this Thesis. In the past, sev-

eral such chiroptical techniques have been developed based on nonlinear phenomena

analogous to linear ORD and CD, such as second-harmonic generation circular dichro-

ism (SHG-CD) or second-harmonic generation linear difference (SHG-LD)124–131. The

techniques have traditionally been based on surface SHG measurement geometry,

where the fundamental beam at an oblique angle of incidence is used. When light

is treated using paraxial approximation, the oblique angles of incidence are needed in

order to couple light into the surface nonlinearity, since often the tensor components of

the nonlinear susceptibility depend on the surface normal [see for example Eq. (2.27)].

But the situation gets complicated if the sample has also in-plane anisotropy. The

whole experimental setup can then become chiral, depending on the mutual orien-

tations of the surface normal, the in-plane anisotropy axis and the direction of the

incident beam132. The problem can be overcome by increasing the overall symmetry

of the experimental setup, but leads to complicated measurements where the azimuthal

orientation of the sample is varied133,134.

To overcome the limitations of the traditional techniques, in Paper 1 we proposed

three SHG techniques based on tightly focused laser beams. A nonparaxial treat-

ment was formulated, which predicted coupling of light into the surface nonlinearities

even at normal angles of incidence. This ensured that high overall symmetry for the

setup could be maintained making the techniques insensitive to the possible in-plane

anisotropy. The handedness of the input beams was obtained either by using CP

beams or handed superpositions RP and AP beams. Although more complicated to

realize experimentally, the handed superpositions of RP and AP beams were predicted

to have an almost 10-fold more efficient overall SHG compared to the CP beams and

could thus be used to increase the signal-to-noise ratios of experiments.‡ Differences

‡In addition, RP and AP beams and their superpositions possess full rotational symmetry with
respect to the propagation axis. For handed CP beams, only the amplitude (and not the phase)
distribution has full rotational symmetry.
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in SHG responses for chiral samples were then expected when the handedness of the

input beam was changed. The normalized change in SHG powers was quantified as128

SHG− PD =
∆PSHG−PD

Pave
=

P+ − P−
(P+ + P−)/2

, (4.10)

where P corresponded to the measured SHG signal and (±) represented the funda-

mental beams with different handedness.

This was an important result, since the artifacts due to the sample anisotropy are a

common hindrance in linear as well as in nonlinear CD spectroscopies132,135. In addi-

tion to spectroscopic applications, the proposed technique could also facilitate nonlin-

ear chiral or CD imaging, a new tool to study chirality in microscopic scale. Potential

applications for the chiroptical imaging tool are numerous, since linear and nonlinear

CD measurements are commonly utilized to study for example protein folding and

dynamics136–138. To the best of the author’s knowledge, the very first demonstration

of performing SHG-CD microscopy on a biologically relevant system was very recently

presented by Chen et al.139. Also other similar nonlinear chiral imaging modalities

have lately been demonstrated, utilizing nonlinear processes of SFG and TPL140–144.

In addition to traditional normal incidence microscopy setups, also oblique angle of

incidence arrangements were earlier demonstrated to possess imaging capabilities, but

were unfortunately limited in applicability only to isotropic surfaces129,141,145.

Unambiguous Probes of Surface Chirality

We performed our first SHG-CD experiments on two molecular samples, which were

fabricated in the department of Chemistry and Bioengineering of our university (Pa-

per 2). The samples were Langmuir-Blodgett (LB) thin films, consisting of 16 molec-

ular layers deposited on glass. The first LB-film sample consisted of 2-docosylamino-

5-nitropyridine (DCANP) molecules, which were synthesized according to literature

procedures146–148. The DCANP films are known to form anisotropic and achiral molec-

ular layers acting thus as an achiral reference sample. The second sample consisted of

chiral tetradodecyloxy-helicenebisquinone (THBQ) molecules, which form anisotropic

and chiral thin films134,149,150.

SHG responses as a function of the rotating QWP were measured from both samples
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Figure 4.3 SHG responses from (a) DCANP and (b) THBQ thin films were measured
as a function of the rotation angle of the QWP. The angles 45◦ (225◦), and 135◦ (315◦)
correspond to oppositely handed CP input beam. The calculated SHG-CD responses from the
achiral DCANP reference sample were practically zero, irrespectively of the relative sample
orientation (0◦, 30◦, 60◦ and 90◦). But chiral THBQ sample exhibited non-zero SHG-CD
responses, confirming the theoretical prediction that the non-zero SHG-CD responses indicate
chirality.

and some example measurements are shown in Fig. 4.3. In order to verify the un-

ambiguity of the technique for separating the contributions due to possible in-plane

anisotropy from the contributions due to chirality of the sample, we repeated the mea-

surements for various relative orientations for the samples. The relative orientation

of the samples did not affect the SHG-CD responses, which for the achiral DCANP

sample were measured to be less than 0.03 [shown in Fig. 4.3(a)]. The maximum

measurement error for the SHG-CD responses was estimated to be less than 0.05 for

the achieved SHG count levels of at least 2000 counts/s. On the other hand, the

measured SHG-CD responses of the chiral THBQ thin film were above 0.24 for all the

orientations, demonstrating the capability of the technique.

Chiral Imaging of Twisted-cross Nanodimers

The third step was to apply the developed technique to study chiral responses of

invidual nano-objects. Altough the nonlinear optical responses of such systems are not

yet very well understood, we were interested to study if a qualitative understanding

of the effective responses could be formed based on properly considering the overall

symmetry of the nano-objects and the vector nature of excitation. For this, a sample

consisting of chiral metal nanodimers was utilized, which were known to give rise to
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strong linear OA effects151. In Paper 3 we performed chiral imaging of these twisted-

cross nanodimers, scanning electron microscopy (SEM) images of which are shown in

Fig. 4.4.

150 nm

lh nanodimer

(b)

rh nanodimer

(a) (c)

2 mm

Figure 4.4 SEM images of the (a) fabricated nanodimer array and individual (b) left-handed
and (c) right-handed enantiomers. From the close-ups one can see the twisted-cross nano-
dimers consisting of two achiral crosses on top of each other.

As previously demonstrated, nonlinear microscopy techniques can be very sensitive

towards small-scale defects and features of the fabricated nanostructures152–154. We

achieved similar results by measuring strong variation of total measured SHG signals

from individual nanodimers as is shown in Fig. 4.5. The SHG images were then further

analyzed by calculating the normalized SHG-CD responses for each pixel. The results

are shown in Fig. 4.5(i)-(l), and present more uniform images than the SHG scans.

This result suggested, that the overall chiral responses of the nanostructures were

not compromized by the defects introduced into the structures during the fabrication.

The result also showed the feasibility of using polarized SHG microscopy and especially

SHG-CD microscopy to study the optical properties of individual nano-objects.

Finally we note that since the total measured SHG signals were now considerably

smaller than for the previous study (&50-300 counts/pixel compared to the minimum

of 2000 counts/pixel in Paper 2), the measurement error for the SHG-CD responses

was consequently larger. This can be seen in the calculated standard deviations for

the SHG-CD responses shown in Fig. 4.5(k) and 4.5(l). Although the achieved mea-

surement precision was adequate for the reported study, the accuracy and precision of

the SHG-CD measuresments could naturally be increased, if needed, for example by

increasing the averaging and the pixel dwell times.
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Figure 4.5 SHG microscopy images (a-d) of arrays of twisted-cross nanodimers. Both left-
and right-handed enantiomers were measured using either LHCP [(a) and (c)] and RHCP [(b)
and (d)] input beams. The line profiles (e-h) illustrate the signal variation. SHG-CD images
of (i) left-handed and (j) right-handed enantiomers were calculated. The average SHG-CD
values (red dotted lines) from arrays left-handed and right-handed nanodimers were calculated
to be -0.32 and 0.35, respectively. Stacked composite line profiles are also shown [(k) and (l)],
which illustrate the homogeneity of the measured SHG-CD responses. Calculated standard
deviation bars, average signal levels (black dotted lines) and the standard deviation error
bars are also shown.

4.5 Vector Beams in Imaging

Although various vector diffraction theories have been formulated several decades

ago155–157, implementation of those treatments to nonlinear optical phenomena has

been sparse98,99,158,159. Although light is in some applications, such as in confocal mi-
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croscopy, strongly focused it is still usually treated as a scalar field∗. In the latter part

of this work, we studied how vector beams and VPSF engineering could be utilized in

SHG microscopy.

Cylindrical Vector Beams

Our laboratory is interested in studying optical properties of metal nanostructures.

But optical characterization of individual nano-objects is not trivial, due to their

nanoscale dimensions. Additional difficulties arise if one wants to study the tensorial

responses of 3D structures with an optical microscope, since one must resort to VPSF

engineering.

Nanocones are intriguing 3D nanostructures84,160–162, which can be used for enhanc-

ing optical interactions at the nanoscale due to high local-field enhancements near

their tips28,54,97,163. The high field enhancements are due to both the lightning-rod

effect and the occurrence of plasmon resonances54,164. The lightning-rod effect arises

from the fact that the electric charges accumulate at the geometrically sharp and

pointed features of metal objects. The field enhancement at the nanoscale is relevant

for example in sensing, lab-on-chip, photovoltaics and near-field microscopy applica-

tions28,54,165–167.

Although nanocones show promise as near-field probes, several obstacles still remain.

First, the coupling of far-field radiation into the localized near-field requires an os-

cillating field component along the cone161. Second, in most applications, the field

enhancements near the tips for different individual cones should be as uniform as pos-

sible. This is important for example in developing tip-enhanced Raman scattering

(TERS) spectroscopy into a commercially feasible technique, where tip degradation

and inhomogeneity are the limiting problems. But recent advances show promise that

in the near future near-field probes could be truly commercialized168.

In Paper 4 we demonstrated how CVBs could be utilized to study optical responses of

individual 3D nanostructures. For the study, arrays of gold nanobump and nanocone

samples were fabricated using nano-imprint lithography161,169. First the samples

∗By this the author means that the full vector nature of light is neglected, and paraxial approxi-
mation is used to simplify the mathematics. A good example of this is the far-field Green’s function,
which in general is a tensor [see Eq. (4.6)], but which is often approximated as a scalar.
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were characterized by SEM and atomic force microscopy (AFM) [Fig. 4.6(a)]. Af-

ter this, polarized SHG microscopy using RP and AP input beams was performed

[Fig. 4.6(b),(c)]. The SHG, SEM and AFM data were correlated between each other

to study how the optical responses of individual objects depended on small-scale sam-

ple deformations. From the SEM images we identified deformed nanocones [e.g. bent

cones C1 and C6 in Fig. 4.6(a),(d),(e)], which had considerably larger SHG responses

than ideal cones [Fig. 4.6(b),(c)]. In addition, the polarization dependence of the

deformed cones deviated from the ideal cones, which was readily visible in the SHG

images using RP input beam.

(a) 

C1 C2

C5

C6

C3

C4

C7

(b) (c) x

y

(f)

150 150 1 10

Azimuthal Radial

C1

C6 x
y

z

Azimuthal Radial
(d)

(e)

(g) (h)

Figure 4.6 Nanocone arrays were imaged by (a) SEM and (b),(c) SHG microscopy. Both
(b) AP and (c) RP were used in the SHG experiments to study the coupling of light into the
nanocones. Measured SHG signals from bent nanocones (d),(e) were considerably larger than
from ideal cones. This effect was further studied by calculating corresponding SHG images
of (f) bent structures using (g) AP and (h) RP focused input beam excitation. Scale bars
correspond to (a)-(c) 1 µm, (d),(e) 150 nm and (g),(h) 500 nm.

To study the effects of the defects to the nonlinear optical responses of 3D nanos-

tructures in more detail, we modelled the SHG responses of defective nanobumps and

nanocones using recently developed BEM approach for solving nonlinear scattering

problems111. The calculations showed that asymmetry in the scanned images ob-

tained by using CVBs could be related to bent nanocones [4.6(f)-(h)], agreeing well

with the experimental results. In overall, the results demonstrated that combining the

high sensitivity of SHG microscopy with CVBs, we could only in two scans provide

accurate information of the nature of the defects occurring in the 3D nanostructures.

The result also demonstrated that modelling of nonlinear responses of more realistic,

defective 3D nanostructures and input field distributions is not only possible, but also

feasible.
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Vector Gaussian beams

In the last part of this work, we studied how the full consideration of vector Gaussian

beams could lead to strong deviations in nonlinear light-matter interactions compared

to approaches based on scalar diffraction. As is always the case, a spatially finite

propagating coherent light distribution is never purely transverse†. Thus for example

the electric field distribution of a vector Gaussian beam consists of both transverse

and longitudinal field components. Term ’longitudinal’ now refers to the overall di-

rection where the beam is propagating. Interestingly, the transverse and longitudinal

field distributions of Gaussian beams also behave differently under symmetry trans-

formations, and could thus lead to interference effects in coherent optical phenomena,

unaccountable by scalar treatments of light§.

In order to demonstrate the existence of the proposed interference effects, we measured

asymmetric SHG emission in forward and backward directions from thin samples,

where symmetric emission is predicted using traditional treatments41. Two isotropic

surface samples were used. The first sample was a LB thin film consisting of a single

molecular layer of bacteriorhodopsin molecules. The second sample was a silicon ni-

tride (SiN) film with a thickness of 50 nm. The results for the SiN film are presented

in Paper 5, where a Gaussian beam (HG00) was used to highlight the general oc-

currence of the interference effects. The results are shown in Fig. 4.7(a),(b), where

additional proof of the interference effects can be seen from the different polarization

dependences of the measured SHG signals, which agreed well with the calculations.

In order to understand the situation better, we calculated the nonlinear source dis-

tribution in the thin sample limit. Since any vector field can be written as a sum of

irrotational and solenoidal terms, we could write the source polarization as170

P = Pi + Ps = Pi +∇×Pp , (4.11)

where Pi and Ps are the irrotational and solenoidal terms, respectively. The latter

form emphasizes the fact that the solenoidal term Ps is divergence-free. The cal-

culations showed, that the even (transverse) and odd (longitudinal) parts of the field

†In ASR of a finite spatial profile of some laser beam, some of the plane wave components are
propagating in slightly different directions than the overall beam giving rise to longitudinal field.
§In fact the author did not come up with any mode where this symmetry breaking would not

happen! This seems to imply that the phenomenon might be quite general.
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Figure 4.7 Measured and normalized SHG responses from (a) SiN thin film and (b) bac-
teriorhodopsin LB film as a function of rotating QWP. Solid and dotted lines represent the
measured and calculated SHG responses, respectively. Black (red) lines represent transmitted
(reflected) responses. Scalar theory predicts the transmitted and reflected signals to behave
identically, which clearly is not the case in the measurements. Interestingly, although the
(c) overall radiated SHG power decreases as the NA of the focusing element decreases, the
(d) calculated transmission ratio do not tend to unity. In other words, similar behaviour is
predicted also with weaker focusing conditions.

distribution of focused HG00 lead to nonlinear source polarization where the solenoidal

term is non-vanishing. This solenoidal term has different radiating properties than the

irrotational term. The next step was to express the radiating SH field as a sum of var-

ious Mie electric and magnetic terms170. The results showed that for the thin samples

in general a non-zero solenoidal source polarization is required to obtain a magnetic

response, and such response is intrinsically present if vector Gaussian beams instead

of scalar ones are considered.

Finally, we make a remark on the range of applicability where the introduced and

similar effects could play a considerable role. Although we demonstrated the effect

in tight focusing regime (NA=0.8), theoretically the same effect arises also in weaker

focusing regime. This fact is illustrated in Fig. 4.7(c),(d) where calculated radiated

SHG power and the asymmetric SHG emission ratios are shown for isotropic surface
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sample at normal incidence with respect to the input beam. Although the overall

SHG radiation power tends to zero while decreasing the strength of the focusing, the

SHG emission ratio does not converge to unity. The relative strength of the effect

thus remains. In addition, analogous behaviour has been proposed to occur in light-

matter interactions inside silicon nanowire waveguides171–173, where light is confined

to spatial dimensions comparable to wavelength§. For future nanoscale applications

and devices these effects could thus prove to be non-negligible and in principle also be

utilized.

§In ASR a confined field distribution leads to a broad distribution of plane waves. Thus the relative
strength of longitudinal field is expected to be fairly large inside waveguides.
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Chapter 5

Conclusions

In this work, nonlinear light-matter interactions occurring at the focal volume of a

tightly focused coherent vector light beams were studied. Two new microscopy tech-

niques based on second-harmonic generation were developed. A mathematical treat-

ment based on vector diffraction and Green’s functions was applied to model the

nonlinear phenomena occurring at the focus, where special emphasis was on second-

harmonic generation. Work is under way to generalize the treatment to include mod-

elling of third-order effects, such as third-harmonic generation or coherent anti-Stokes

Raman scattering.

First, a microscopy technique to study chiral materials was developed. A theory

was formulated and proof-of-principle experiments were performed to demonstrate

that the technique is sensitive to the chirality of surfaces but insensitive to the in-

plane anisotropy. The result is important, since artifacts due to sample anisotropy

are a common hindrance in chiroptical techniques. Currently, we are applying the

technique to image biological tissues, where chiroptical signals could be utilized as

new morphological constrast mechanisms139. We have achieved preliminary results

of performing second-harmonic generation circular dichroism (SHG-CD) microscopy

on collagenous tissues. The study of collagens is highly relevant, since they are the

most abundant protein family of mammalian tissues, and the morphological changes

can be linked to severe diseases139,174,175. The future efforts are thus directed in

developing polarized second-harmonic generation and SHG-CD microscopy further
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towards a biomedical diagnostic tool, since in some cases they might provide significant

advantages compared to linear techniques.

The second microscopy technique was developed to characterize the optical responses

of individual three-dimensional nano-objects. The technique was based on utilizing

cylindrical vector beams, and was demonstrated to be potentially a very fast and sen-

sitive tool to study these individual nano-objects and the effects of fabrication defects

on their performance. For the fabricated three-dimensional nanocone structures, the

defects were seen to sometimes play a substantial role in the optical response. As

nanotechnology and consequent utilization of nano-objects are increasingly important

for the emergence of new technologies and applications, a fast and sensitive technique

capable of characterizing the optical responses of complex nano-objects is expected to

become very useful.

Finally, we studied how full treatment of light as a vector quantity can lead to situa-

tions that considerably deviate from predictions made by treatments based on scalar

diffraction theory. Surprisingly, a new mechanism for multipole effects was discovered,

where the multipolar nature of the excitation field itself could be understood as a

mechanism for multipolar light-matter interactions. These new effects and deviations

from standard scalar theory can start playing a considerable role when light is confined

into dimensions comparable to wavelength, which was demonstrated by experiments

performed using a high numerical aperture microscope. But strong confinement of

light can also occur inside waveguides or near optical antennas, suggesting that the

vector treatment will not be only of academic interest. In the future, it would be

interesting to study if similar effects could occur and be enhanced inside waveguides

as has been recently proposed171–173.
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55



2.5.2013 — 10:30 — Ph.D. Thesis / Mikko J. Huttunen — Trim Size B5 — page 72

Conclusions

Kern, and A. J. Meixner. Three-dimensional optical antennas: Nanocones in an aper-
tureless scanning near-field microscope. Applied Physics Letters, 93, 111114 (2008).

[85] J. S. Ahn, H. W. Kihm, J. E. Kihm, D. S. Kim, and K. G. Lee. 3-dimensional lo-
cal field polarization vector mapping of a focused radially polarized beam using gold
nanoparticle functionalized tips. Optics Express, 17, 2280 (2009).

[86] S. Winnerl, R. Hubrich, M. Mittendorff, H. Schneider, and M. Helm. Universal phase
relation between longitudinal and transverse fields observed in focused terahertz beams.
arXiv preprint arXiv:1208.4482 (2012).

[87] T. Grosjean, D. Courjon, and M. Spajer. An all-fiber device for generating radially and
other polarized light beams. Optics Communications, 203, 1 (2002).

[88] G. Volpe and D. Petrov. Generation of cylindrical vector beams with few-mode fibers
excited by Laguerre–Gaussian beams. Optics Communications, 237, 89 (2004).

[89] R. Oron, S. Blit, N. Davidson, A. A. Friesem, Z. Bomzon, and E. Hasman. The
formation of laser beams with pure azimuthal or radial polarization. Applied Physics
Letters, 77, 3322 (2000).

[90] J.-F. Bisson, J. Li, K. Ueda, and Y. Senatsky. Radially polarized ring and arc beams
of a neodymium laser with an intra-cavity axicon. Optics Express, 14, 3304 (2006).

[91] Z. Bomzon, V. Kleiner, and E. Hasman. Formation of radially and azimuthally polarized
light using space-variant subwavelength metal stripe gratings. Applied Physics Letters,
79, 1587 (2001).

[92] T. Moser, H. Glur, V. Romano, F. Pigeon, O. Parriaux, M. A. Ahmed, and T. Graf.
Polarization-selective grating mirrors used in the generation of radial polarization. Ap-
plied Physics B: Lasers and Optics, 80, 707 (2005).

[93] K. Yoshiki, K. Ryosuke, M. Hashimoto, T. Araki, and N. Hashimoto. Second-harmonic
generation microscope using eight-segment polarization-mode converter to observe
three dimensional molecular orientation. Optics Letters, 32 (2007).

[94] W. J. Lai, B. C. Lim, P. B. Phua, K. S. Tiaw, H. H. Teo, and M. H. Hong. Generation
of radially polarized beam with a segmented spiral varying retarder. Optics Express,
16, 15694 (2008).

[95] M. Stalder and M. Schadt. Linearly polarized light with axial symmetry generated by
liquid-crystal polarization converters. Optics Letters, 21, 1948 (1996).

[96] H. Ren, Y. Lin, and S. Wu. Linear to axial or radial polarization conversion using a
liquid crystal gel. Applied Physics Letters, 89, 051114 (2006).

[97] L. Novotny. Allowed and forbidden light in near-field optics. II. Interacting dipolar
particles. Journal of the Optical Society of America A, 14, 105 (1997).

[98] J.-X. Cheng and X. S. Xie. Green’s function formulation for third-harmonic generation
microscopy. Journal of the Optical Society of America B, 19, 1604 (2002).

[99] E. Y. S. Yew and C. J. R. Sheppard. Effects of axial field components on second
harmonic generation microscopy. Optics Express, 14, 1167 (2006).

56



2.5.2013 — 10:30 — Ph.D. Thesis / Mikko J. Huttunen — Trim Size B5 — page 73
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Abstract. We propose new nonlinear optical techniques as probes of chirality of
surfaces and thin films. The techniques are based on surface second-harmonic
generation using focused laser beams. To avoid coupling to the possible anisotropy
of the sample, which can also lead to chiral signals and is therefore a problem of
traditional second-harmonic probes of surface chirality, the optical beams are applied at
normal incidence and possess azimuthal symmetry about the direction of propagation.
The handedness is obtained by using incident beams that are circularly-polarized or
appropriate superpositions of radially and azimuthally polarized higher-order modes.
We model numerically four cases of different sample symmetries and demonstrate that
the techniques are only sensitive to chirality but not to anisotropy. The techniques
are therefore absolute probes of surface chirality and are naturally applicable to the
microscopy of chiral properties of thin fims.

PACS numbers: 42.65.-k, 42.65.Ky, 78.20.-e, 78.20.Bh, 78.68.+m

Keywords: Second-harmonic generation, chirality, radial polarization, vector diffraction
theory. Submitted to: J. Opt. A: Pure Appl. Opt.

1. Introduction

Chiral molecules lack reflection symmetry and occur in two different enantiomers, which

are mirror images of each other. Such molecules interact differently with circularly-

polarized (CP) light, which gives rise to optical-activity effects [1]. The differences

in the real part of the index of refraction for the two circular polarizations give rise

to the rotation of the plane of polarization as linearly polarized light traverses the

chiral medium. The differences in the imaginary parts, on the other hand, lead to

different absorption coefficients for the circular polarizations (circular dichroism). In

isotropic bulk materials, such optical activity effects arise from the lowest-order magnetic

contributions to the linear optical response of the chiral medium. Consequently, the

effects are rather weak with a typical relative magnitude on the order of Δn/n ∼ 10−3
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or less for the index of refraction. Over the past 10-15 years, several nonlinear

optical probes of chirality have been developed [2–13]. In particular, second-harmonic

generation (SHG) has been shown to be a sensitive probe of chiral surfaces and thin

films [2–10,14,15]. More specifically, chirality can lead to different efficiency of SHG for

the two circular polarizations of fundamental light. In addition, the circular-difference

effects can be much stronger than in linear optics, in fact, their relative strength can be

on the order of unity. One reason for this is that the optical activity effects in second-

order processes can occur within the electric-dipole approximation of the light-matter

interaction [3]. However, evidence of magnetic contributions to the nonlinear response

has also been provided [7, 14,16].

The second-harmonic (SH) probes of chirality have traditionally been based on the

traditional geometry of surface SHG, where the fundamental beam is applied at a non-

normal angle of incidence on the sample and transmitted and/or reflected SH signals are

detected. In the plane wave approximation the non-normal angle of incidence is needed

so that the polarization of the fundamental light can couple to the surface nonlinearity,

where the tensor components of the second-order susceptibility depending on the surface

normal are usually important. The chirality of the sample introduces additional non-

vanishing tensor components, whose interference with those not arising from chirality

(achiral) then gives rise to the circular-difference response. A new treatment beyond the

plane wave approximation for normally incident focused Gaussian beams has also been

formulated for surfaces of chiral isotropic media [17]. The proposed new techniques as

well as the traditional techniques work well for samples with full rotational symmetry

about the surface normal (in-plane isotropy). Recently also a new counterpropagating

SHG technique has been developed and used [10]. The techniques have also been applied

to nonlinear microscopy under the assumption that the sample is isotropic [18,19].

In-plane anisotropy of the sample can significantly complicate the use of the known

and traditional techniques. This is because the azimuthal orientation of an anisotropic

sample can give rise to handedness of the whole experimental setup, as determined by

the mutual orientations of the surface normal, the in-plane sample axis, and the direction

of propagation of the optical beams [20]. Due to the fact that anisotropic samples have

more independent tensor components than the isotropic ones, they can also give rise

to a different SH response for the two circular polarizations when the setup is chiral.

Separation of anisotropy and chirality is an important problem, which can be resolved by

complicated measurement techniques, where the azimuthal orientation of the sample is

varied [21–24]. Such techniques are clearly not suited to nonlinear microscopy, because

it is essentially impossible to guarantee interaction with the same microscopic sample

location as the azimuthal orientation is varied. It is evident that for future applications,

it is important to develop simplified measurement techniques that are absolute nonlinear

probes of chirality and also allow microscopy.

It is intuitively evident that CP light applied at normal incidence on a surface

sample cannot be sensitive to in-plane anisotropy, but should possess sensitivity to

chirality. However, in the plane wave limit, normal incidence does not allow polarization
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components in the direction of the surface normal. This is also a severe limitation,

because a general measurement technique should be applicable to samples of arbitrary

structure. There are only a few exceptional symmetry groups (e.g., C1, C3 and their

achiral counterparts) whose susceptibility tensor allows SHG without requiring coupling

to the direction of the surface normal.

In this Paper, we introduce novel SHG techniques that can be used as absolute

nonlinear probes of surface chirality in the sense that they are not sensitive to in-plane

anisotropy. The techniques are based on tightly focused laser beams. The first technique

is based on focused CP fundamental beams. Although the circular polarization is well

maintained in the focal spot, the full vectorial properties of the process give rise to

SH signals where the normal direction plays a role. The second and third techniques

are based on superpositions of radially polarized (RP) and azimuthally polarized (AP)

beams. Proper combinations of such beams also possess a handedness and are shown

to couple to the chirality of the sample. An additional advantage is that focused radial

polarization gives rise to a strong polarization component along the surface normal in

the focus [25, 26]. As the techniques are based on focused beams, they are naturally

applicable to microscopy of chiral properties of surfaces and thin films, thereby extending

the capabilities of nonlinear microscopies [27–29].

We note that our proposed techniques have similarities and differences to the

technique proposed in [17]. Similarly to our techniques, [17] shows that a normally

incident Gaussian beams with waist much larger than wavelength can also be used to

probe surface nonlinearity and chirality. But due to the larger beam size the proposed

technique is not applicable to nonlinear microscopy as such. In addition, [17] only

considers samples with in-plane isotropy, whereas our techniques give rise to chiral

signatures independent of possible anisotropy.

2. Theory

We consider a situation where a laser beam is focused to a surface or a thin film using an

aplanatic lens, as illustrated in figure 1. For simplicity, we assume that the linear index

of refraction of all materials is unity. The fundamental field at frequency ω induces

a nonlinear polarization in the sample at the second-harmonic frequency 2ω. In the

present work, we only consider electric-dipole interactions between the fields and the

sample. The second-order polarization at point r at the SH frequency is thus given by

P
(2ω)
i (r) =

∑
jk

χ
(2)
ijk(r)Ej(r)Ek(r) (1)

where i,j,k refer to Cartesian components (x,y,z), which is the most convenient frame

to describe the sample. χ(2) is the second-order susceptibility tensor of the surface

and E(r) is the local electric field vector. When the local polarization is known, the

far-field SH radiation pattern can be calculated using a well-known Green’s function

approach [30–32]. Note that figure 1 also includes additional coordinate systems to

describe the focused fundamental field (ρ,ϕ,z) and the emitted SH (θ,φ,R) field.
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Figure 1. Geometry of second-harmonic generation with focused fundamental field
applied at normal incidence on a surface or thin film. The SH field is generated
from a surface in the focal plane A and collected by a collecting lens. The sample
is most conveniently described using the Cartesian x, y, z coordinate system, wheras
the focused fundamental beam and collected second harmonic light are best described
using respective spherical coordinates.

As already mentioned, several common sample symmetries require a coupling of the

fields to the direction of the surface normal. At the desired normal incidence, significant

non-zero normal components can only be achieved through tight focusing and therefore

the vectorial nature of the focused electric field must be considered in full. We calculate

the local electric field vector E(r) in the focal plane A of the lens using vector diffraction

theory [26, 33, 34]. Once the vectorial field is known, the nonlinear source polarization

of the sample at the SH frequency can be calculated using (1). Finally, the SH power

collected by the collecting lens is calculated. By comparing the calculated SH powers

for polarized beams of different handednesses, the chirality of a sample can be analyzed.

We first consider the case where the beam before the focusing lens is CP TEM00

beam. The Cartesian components of the electric field vector at point r near the focus

can be expressed using [26] as

E00
± (r) =

ikf

2
E0 exp(−ikf)

×

⎡
⎢⎢⎣

I00 + I02 cos 2ϕ ± iI02 sin 2ϕ

I02 sin 2ϕ ± i(I00 − I02 cos 2ϕ)

−2iI01(cos ϕ ± i sin ϕ)

⎤
⎥⎥⎦ (2)

where k = λ/2π is the wavenumber of the focused beam, f is the focal length of the

lens and E0 is the amplitude of the fundamental beam. The factors I00, I01 and I02

correspond to integrals over the aperture of the focusing lens [26]

I00 =

ϑmax∫
0

fw(ϑ)
√

cos ϑ sin ϑ(1 + cos ϑ)

J0(kρ sin ϑ) exp(ikz cos ϑ) dϑ (3)
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I01 =

ϑmax∫
0

fw(ϑ)
√

cos ϑ sin2 ϑ

J1(kρ sin ϑ) exp(ikz cos ϑ) dϑ (4)

I02 =

ϑmax∫
0

fw(ϑ)
√

cos ϑ sin ϑ(1 − cos ϑ)

J2(kρ sin ϑ) exp(ikz cos ϑ) dϑ (5)

where the angle ϑmax is related to the numerical aperture (NA) by relation ϑmax =

sin−1NA. The factor fw(ϑ) = exp(−f 2 sin2 ϑ/w2
0) is the apodization function [26], Jn(·)

is a nth order Bessel function of the first kind and the signs + and − represents right-

and left-handed CP beams, respectively. The other parameters are defined in figure 1.

From (2) we see that the time average of the electric field has azimuthal symmetry

about the direction of propagation. Therefore possible anisotropy of the sample should

not give rise to optical-activity effects.

The other techniques are based on the superposition of RP and AP doughnut modes.

We consider two different situations schematically illustrated in figure 2. The first

situation is based on the superposition of RP and AP modes with no phase difference.

The local polarization of the superposition mode is then linear but varies with the

azimuthal angle [35]. In the second case we introduce a ±π/2 phase difference between

the RP and AP modes. Now the local polarization of the superposition is nearly circular.

However, the circular polarizations oscillate at different phases at different locations.

From here on, we will refer to these superpositions as hybrid radial polarization (HR)

and as CP hybrid radial (CPHR), respectively. The electric field vector of HR and

CPHR at the point r at the focus of an aplanatic lens can now be expressed using [26]

as

E
(CP)HR
± (r) =

−kf2

2w0

E0 exp(−ikf)

×

⎡
⎢⎢⎣

(I11 − I12) cos ϕ ± (i)(I11 + 3I12) sin ϕ

(I11 − I12) sin ϕ ∓ (i)(I11 + 3I12) cos ϕ

i4I01

⎤
⎥⎥⎦ (6)

where w0 is the waist of the input beam. The signs (± and ∓) correspond to different

handednesses of the fundamental beam and the imaginary unit in the brackets (i) is

used only for CPHR. The factors I11 and I12 correspond to integrals [26]

I11 =

ϑmax∫
0

fw(ϑ)
√

cos ϑ sin2 ϑ(1 + 3 cos ϑ)

J1(kρ sin ϑ) exp(ikz cos ϑ) dϑ (7)

I12 =

ϑmax∫
0

fw(ϑ)
√

cos ϑ sin2 ϑ(1 − cos ϑ)

J1(kρ sin ϑ) exp(ikz cos ϑ) dϑ. (8)
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From (6) it can be seen, that both HR and CPHR beams are radially symmetric but

possess intrinsic handedness depending on the sign of the summation.

Figure 2. The superposition of RP and AP modes form HR mode when the phase
difference between the modes is zero. When the phase difference is ±π/2, CPHR mode
is created.

Once the local polarization at the SH frequency is known, the radiation pattern of

SHG in the far-field can be calculated. Using a Green’s function approach, the SH field

at point R in spherical coordinates (figure 1) can be shown to be [30–32]

E(2ω)(R) = −4ω2 exp(i2kR)

c2R

∫ ∫
V

∫
exp

(−i2kr · R
R

)

⎡
⎢⎢⎣

0 0 0

cos θ cos φ cos θ sin φ − sin θ

− sin φ cos φ 0

⎤
⎥⎥⎦P (2ω)(r)dV (9)

where c is the speed of light in vacuum and P (2ω)(r) is calculated using (1)-(8). For

surfaces and sufficiently thin films the nonlinear interaction is localized to a thickness

Δz, which is much less than optical wavelengths. Then the integration in (9) does not

depend on z and becomes

E(2ω)(R) = −4Δzω2 exp(i2kR)

c2R

∫
A

∫
exp

(−i2kr0 · R
R

)

⎡
⎢⎢⎣

0 0 0

cos θ cos φ cos θ sin φ − sin θ

− sin φ cos φ 0

⎤
⎥⎥⎦P (2ω)(r0)dA (10)

where r0 emphasizes the integration over the focal plane A (at z = 0). We continue by

assuming that the generated SH radiation is collected by a collecting lens. The total

collected SH power is then proportional to the integral over a spherical surface of radius
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R restricted by the cone angle θmax of the collecting lens:

P SHG ∝
2π∫
0

θmax∫
0

|E(2ω)(R)|2R2 sin θ dθdϕ (11)

where θmax is related to the NA of the collecting lens by the relation θmax = sin−1NA.

3. Sample symmetries

To demonstrate the potential of the proposed techniques, we consider four cases of thin

films with different symmetries. All samples were assumed to be homogeneous and

placed in the focal plane A of the focusing lens. The fundamental beams were assumed

to be applied at normal incidence with respect to the surface. The cases included

combinations where the symmetry of an achiral and isotropic sample was broken by

either chirality or anisotropy or both. To be more specific, a surface is achiral if reflection

with respect to a plane containing the surface normal is its symmetry operation. As

the goal was to demonstrate the sensitivity of the techniques to chirality, the achiral

samples thus provided references for the respective chiral cases. For the chiral cases

both enantiomers were modeled. The handedness of the enantiomers was changed by

changing the signs of the chiral susceptibility components. However, in the present Paper

we limit ourselves to cases where SHG requires coupling to the direction of the surface

normal. Such sample symmetries have played an important role in the development of

the existing nonlinear probes of surface chirality [4–9,21–24].

In the first case (I), the surface was assumed to belong to the C∞v symmetry group,

i.e., to be isotropic and achiral. The relative values of its tensor components (table 1)

were chosen to correspond approximately to the very common case of a poled film of

rod-like molecules. In the second case (II), the surface belonged to the C∞ symmetry

group, and was therefore isotropic but chiral. The chirality of such samples can be

investigated even with the traditional techniques based on oblique angles of incidence.

The chiral tensor components were assumed to be somewhat smaller than the achiral

ones. The third and fourth cases (III and IV) corresponded to the symmetry groups C2v

and C2, respectively. Both surfaces were thus anisotropic, the fourth being also chiral.

The anisotropy was introduced by perturbing the values of the tensor components from

what is expected for isotropic samples. For the chiral cases II and IV, the calculations

were done separately for the real and the imaginary parts of the chiral components.

This way we were able to address the chiral signatures arising from different parts of

the susceptibility components.

4. Results and discussion

We calculated the total SH powers collected by the second lens for all the four symmetry

groups and the incident polarizations corresponding to CP TEM00, HR and CPHR. The

NA of both lenses was 0.6 and both lenses were assumed to be at distance f = 2500λ
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Table 1. Relative magnitudes of the non-vanishing susceptibility components of the
model cases.

Case Symmetry Achiral Chiral

I C∞v

zzz=3
−zxx=zyy=1

xxz=xzx=yyz=yzy=1

II C∞
zzz=3

xyz=xzy=−yxz=−yzx=0.3+0.3izxx=zyy=1
xxz=xzx=yyz=yzy=1

III C2v

zzz=3

−
zxx=1.1
zyy=0.9

xxz=xzx=1.05
yyz=yzy=0.95

IV C2

zzz=3
xyz=xzy=0.3+0.3izxx=1.1

yxz=yzx=−0.15−0.15izyy=0.9
zxy=zyx=0.1+0.1ixxz=xzx=1.05

yyz=yzy=0.95

from the surface A. For simplicity λ was normalized to unity. The fundamental beam

was assumed to fill the focusing lens, i.e., condition w0 = f sin ϑmax was assumed to hold.

For each mode, the calculations were done for the two polarization states of opposite

handedness.

A chiral sample is expected to give rise to different SH responses for the two

handednesses of the input polarization. Polarized TEM00 beams and SHG circular-

and linear-difference (SHG-CD and SHG-LD, respectively) effects have previously been

used to probe chirality [2–8, 37]. For the HR and CPHR beams, SH power differences

(SHG-PD) can be used as similar probes. For a general quantitative measure of chirality

we introduce SHG-PD as

ΔP SHG−PD

P ave
=

P+ − P−
(P+ + P−)/2

(12)

where the subscripts (±) represent fundamental beams with different handedness.

Equation (11) is also applicable for a quantitative measure of traditional SHG-CD and

SHG-LD.

The calculated results of the SHG-PD responses are presented in figures 3a-c for

CP TEM00, HR and CPHR beams, respectively. For chiral cases the responses were

calculated for both enantiomers and the SHG-PD is seen to change sign between the

enantiomers, as expected. For CP and CPHR beams, the SHG-PD responses were

found to arise from the imaginary parts of the chiral components and no SHG-PD

responses were observed when the components were real. This is in agreement with the
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earlier results for traditional SHG-CD, which is known to arise from the phase difference

between the achiral and chiral tensor components. For the HR beam, the non-zero SHG-

PD responses were found to arise from the real parts of the chiral components and no

SHG-PD was observed with the imaginary components. No SHG-PD effects were found

for the achiral reference cases.

Figure 3. SHG-PD responses of the model cases for (a) CP TEM00, (b) HR and (c)
CPHR beams. For chiral cases (II and IV) the responses were calculated using complex
chiral susceptibility components (��). In order to address the chiral signatures arising
from different parts of the components, calculations were also done using separately
the real (�) and the imaginary (O) parts. The signs + and − inside the symbols
correspond to different enantiomers of chiral molecules. No SHG-PD responses were
found for achiral cases (I and III).
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Note that the SHG-PD values are of the order of unity for the circular polarization

and for the CPHR beam. However, the value is significantly smaller for the HR beam.

The reason for this is that the magnitudes of the nonlinear polarizations for the HR

beam, but not for the other two cases, were found to depend strongly on the azimuthal

angle of the collecting lens. This dependence leads to the smaller values of SHG-PD

responses for the HR beam.

It is important to note that the NA of the system affects the relative strength of

the polarization components in the focal regime. Therefore, the coupling between the

incident field and the different tensor components depends on the NA used. The chiral

signatures arise from the interference between the chiral and achiral tensor components,

and therefore depend both on the sample used and the choice of NA. Hence, it is likely

that the detection of the chiral signatures for a given sample could be optimized by

choosing NA properly. However, for the case of an unknown sample, there is no a priori

way to make the proper choice.

5. Conclusions

We have proposed new nonlinear optical techniques, based on SHG, as probes of chirality

of surfaces and thin films. The techniques rely on focused laser beams with azimuthal

symmetry around the direction of propagation. To avoid the possibility of false chiral

signatures arising from the in-plane anisotropy of the samples, the focused beam must

be applied at normal incidence on the sample.

To verify the potential of the techniques, we considered four different cases of surface

symmetries and calculated the differences in the collected SH power for the two opposite

handednesses of the incident beam. According to the results, the techniques are sensitive

only to the chirality of the samples but not to their anisotropy. The techniques could

therefore be used as simple and absolute probes of chirality of surfaces and, e.g., thin

films. Because of the use of focused beams the techniques naturally lend themselves

to chiral microscopy of thin films. Experimental work is underway to confirm the

theoretical predictions.
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[28] Flörsheimer M, Radüge C, Salmen H, Bösch M, Terbrack R and Fuchs H 1996 In-situ imaging of

langmuir monolayers by second-harmonic microscopy Thin solid films 284-285 659–62
[29] LeFloc’h V, Brasselet S, Roch J-F and Zyss J 2003 Monitoring of Orientation in Molecular

Ensembles by Polarization Sensitive Nonlinear Microscopy J. Phys. Chem. B 107 12403–10
[30] Novotny L 1997 Allowed and forbidden light in near-field optics. II. interacting dipolar particles

J. Opt. Soc. Am. A 14 105–13
[31] Cheng J and Xie X S 2002 Green’s function formulation for third-harmonic generation microscopy

J. Opt. Soc. Am. B 19 1604–10
[32] Yew E and Sheppard C J R 2006 Effects of axial field components on second harmonic generation

microscopy Opt. Express 14 1167–74
[33] Richards B and Wolf E 1959 Electromagnetic diffraction in optical systems. II. structure of

the image field in an aplanatic system Proceedings of the Royal Society of London. Series A,
Mathematical and Physical Sciences 253 358–79
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ABSTRACT We present a new nonlinear optical technique to probe chirality, i.e.,
lack of reflection symmetry, of surfaces and thin molecular films. The technique is
based on second-harmonic generation and focusing of circularly polarized light at
normal incidence on the sample. Because of the high symmetry of the experi-
mental arrangement, the technique provides an unambiguous probe of chirality in
the sense that it avoids false chiral signatures arising from possible in-plane
anisotropy of the sample. The technique is verified by using two Langmuir-
Blodgett thin films, one chiral and anisotropic, the other achiral and anisotropic,
where the latter acted as a reference.Due to the focusing condition, the technique is
also naturally applicable to nonlinear chiralmicroscopy of surfaces and interfaces.

SECTION Surfaces, Interfaces, Catalysis

C hiral molecules possess no reflection symmetry and
occur in two different enantiomers, which are mirror
images of each other. Chiral molecules are optically

active (OA), i.e., they have a different response to the two
circularly polarized (CP) components of light, which gives rise
to the phenomena of optical rotation and circular dichroism.1

Nonlinearoptical phenomenahave been found tobe sensitive
to the chirality of molecules, solutions, surfaces, and thin
films.2-13 Many of the developed techniques are based on
second-harmonic generation (SHG),2-11,14,15 and some are
applicable also to nonlinearmicroscopy.16,17 Unlike linear OA
effects, which usually occur through magnetic contributions
to the optical response, nonlinear OA effects are also allowed
within the electric-dipole approximation of the light-matter
interaction.3 Due to this, nonlinear OA effects are usually
orders of magnitude stronger than linear ones, making non-
linear techniques very sensitive to chirality.

Many of the second-harmonic (SH) chiral probes rely on
different efficiency of SHG when the handedness of the
incident fundamental light is reversed. For CP light the effect
is called second-harmonic generation circular-difference
(SHG-CD). In typical SHG-CD experiments on surfaces and
thin films, collimated beams and oblique incident angles are
used and transmitted, and/or reflected surface SHG is
measured.2-10,14,15 For surface SHG, the components of the
second-order susceptibility tensor depending on the surface
normal are usually important. Because of this, non-normal
angle of incidence is required to couple light with the surface
nonlinearity in the plane-wave approximation. For beams of
finite transverse size, a treatmentof SHGchiral probesbeyond
paraxial approximation has also been presented.18 In addi-
tion, a technique based on counter-propagating beams
has been developed to probe chirality.10 All the developed

techniques work well under the assumption of samples with
full rotational symmetry about the surface normal, i.e., for
samples with in-plane isotropy.

Unfortunately, in-plane anisotropy of the sample can give
rise to SHG-CD effects even for achiral surfaces, thereby
significantly complicating the use of traditional techniques
on unknown samples.19 The false chiral signatures arise from
the fact that azimuthal orientation of the sample can impose
chirality to the whole experimental setup, as determined by
the mutual orientations of the surface normal, in-plane ani-
sotropy axis, and the propagation direction of the fundamen-
tal beam, as shown in Figure 1. Discrimination of chirality
from anisotropy is an important issue, and has previously
been solved by tedious measurement techniques, which
involve azimuthal rotation of the sample.20-23 This, however,
excludes the applicability of these techniques in nonlinear
microscopy, because interaction with the same microscopic
area cannot, clearly, be guaranteed as the sample is rotated.
For future applications, it is important that new and simple
microscopic nonlinear techniques are developed that are
unambiguous probes of chirality. This will be of interest in
biology and organic chemistry, where the majority of molec-
ular structures are chiral.

In this letter, we demonstrate a new and simple technique
based on SHG to detect the chirality of surfaces and thin films,
which is not restricted to samples with in-plane isotropy. The
technique relies on focusing oppositely handed CP funda-
mental light at normal incidence on the sample. Due to this
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geometry, the inherent tendency of surface SHG setups to
possess handedness is avoided. The imposed rotational sym-
metrymakes thewhole setupachiral, excluding thepossibility
of false chiral signatures arising from the possible sample
anisotropy. The focusing condition and vectorial treatment of
polarization is required in order to couple light to the surface
nonlinearity, which often depends on the field components
along the surface normal. Focusing also makes the technique
applicable to chiral nonlinearmicroscopy of surfaces and thin
films.16,24-27

In our new technique, second-harmonic generation power
difference (SHG-PD) for oppositely handed CP beams acts as
the signature of chirality. This SHG-PD response is analogous
to the traditional SHG-CD response, but is named differently
to emphasize their differences in the range of possible
experimental arrangements and theoretical formulation.28

The SHG-PD response is defined as33

ΔPSHG-PD

Pave ¼ Pþ -P-

ðPþ þP- Þ=2 ð1Þ

where P is the total collected SH power, and the subscripts (()
represent fundamental beams with opposite handedness. A
nonzero value of the SHG-PD response therefore acts as a
signature of chirality.

We demonstrated our new technique by using two aniso-
tropic Langmuir-Blodgett (LB) thin films. Although the tech-
nique is sufficiently sensitive for monolayer detection, the
samples used consisted of 16molecular layers to improve the
signal-to-noise ratio. The first LB film consisted of 2-docosy-
lamino-5-nitropyridine (DCANP)molecules, which are known
to form anisotropic but achiral molecular layers belonging to
symmetry group C1h.

19 DCANP was synthesized according to
literature procedures.29-31 The second LB film was made
from a nonracemic mixture of chiral molecules called tetra-
dodecyloxy-helicenebisquinones (THBQs), which form aniso-
tropic and chiral thin films.20,23,32 The THBQ films belong

to symmetry group C2, which forbids SHG at normal
incidence.23 The achiral DCANP sample was used as a refer-
ence to prove that the technique is not sensitive to anisotropy.
The previously characterized chiral THBQ samplewas used to
test the sensitivity to chirality and to compare results with
simulations based on a theory of SHG for tightly focused
polarized beams.28

We measured SHG responses from the THBQ and DCANP
samples as a function of the rotation angle of a quarter-wave
plate (QWP), which allows us to access the two CP states
during the measurements. In order to verify that the orienta-
tion of the anisotropic sample does not give rise to false chiral
signatures, we used the achiral DCANP reference sample and
repeated themeasurements for different relative orientations
(0�, 30�, 60� and 90�) of the sample anisotropy axis and the
initial linear polarization. The results are shown in Figure 2,
where the polarization lineshapes for different orientations
are very different. The SHG-PD response, however, did not
depend on the orientation of the sample and was measured
on average as 0.03, which is within the limit of the measure-
ment accuracy and thus effectively zero.

For the THBQ sample, some photobleaching of the signal
occurred. To overcome this, smaller average powers (5 mW)
and shortermeasurement times (0.5 s)were used,which lead
todecreased count rates and signal-to-noise ratio compared to
the DCANP sample. Simulations of the SHG responses were
also performed based on literature values of its SH suscept-
ibility components.23 The details of the simulations can be
found from ref 28. An example of the experimental results is
shown in Figure 3. The sample orientation for the shown
result was chosen to correspond to the measurements where
the SHG signal is at minimum for CP. The measured values of
SHG-PD for both samples at different relative angles between
the sample and the initial linear polarization are shown in
Table 1. The results agree reasonably well with the simula-
tions, although a small positive bias in the SHG-PD responses
was visible. This is probably due to small deviations in
positioning the samples at normal incidence. The values of
Table 1 for both DCANP and THBQ suggest that the SHG-PD
has an error limit of about 0.05.

Figure 1. Traditional surface SHG geometry, where a collimated
beam at the fundamental frequency ω is incident at angle θ to the
sample surface. The in-plane anisotropy axis is shown as up
arrows and makes the whole setup chiral when the azimuthal
angle j is other than 0� or (180�.

Figure 2. SHG responses of achiral DCANP thin films as a func-
tion of the rotation angle of the QWP for different relative angles
(0�, 30�, 60�, and 90�) between the input linear polarization and
the anisotropy axis of the sample. The angles 45� (225�) and 135�
(315�) correspond to oppositely handed CP, and all measured
lineshapes overlap at these points.
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In conclusion, we have demonstrated a new technique to
probe the chirality of thin molecular films with in-plane
anisotropy. The technique is based on focusing of CP of
opposite handedness at normal incidence onto the sample
and measuring intensity differences in SHG when the hand-
edness of the incident laser beam is reversed. The technique
was shown to be sensitive only to chirality, but not to
anisotropy of the sample. In this sense, the technique is an
unambiguous probe of surface chirality. Due to the focusing
condition, the technique is directly applicable for SHG micro-
scopy and could prove to be a useful contrast mechanism in
imaging of biological samples, where the majority of studied
systems are chiral (e.g., DNA, natural lipids, and amino acids).

EXPERIMENTAL METHODS

The experimental setup is similar to a regular nonlinear
microscopy configuration (Figure 4). A pulsed laser is focused
with an aspheric lens (NA=0.65) onto the sample, and SHG
from the sample is collected in transmission using a collimat-
ing lens. No analyzer was used after the collimating lens to
avoid introducing chirality to the setup due to the measure-
ment geometry. For thin samples or interfaces, SHG could also
be collected in the reflected direction. A mode-locked laser
with a short pulse width (∼200 fs) is used to enhance the
nonlinear response, while minimizing the risk of damaging
the sample with high average power. The operating wave-
length was centered at 1060 nm. The average laser power at
the sample was approximately 20 mW, which for the used

focusing condition is below the known damage thresholds
for typical organic or biological materials. The polarization of
the fundamental beamwas continuously varied from linear to
circular by rotating the QWP through 360�. The QWP rotation
angles of 45� and 225� corresponded to CP of one handed-
ness, and 135� and 315� corresponded to the opposite
handedness. SHG from the samples was collected in the
transmitted direction with a lens identical to the focusing
lens. The fundamental frequency was filtered out, and the
frequency doubled light was passed into the photomultiplier
tube (PMT) by a narrowband (10 nm) interference filter
centered at 532 nm. The PMTwas used with time-correlated
photon counting for improved sensitivity and signal-to-noise
ratio. Typical noise levels of the used photon counting scheme
were less than one count per second, and the measured SHG
levels were around a few thousand counts per second. The
minimum count rate for the THBQ sample was a little under
2000 counts per second.
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Abstract: We perform second-harmonic generation (SHG) microscopy with 

circularly polarized (CP) light to measure chirality of individual twisted-

cross gold nanodimers. The chiral signatures, based on different SHG 

response for the two CP components of incident light, are clearly visible 

even with off-resonance excitation. The SHG responses of individual 

nanodimers are found to vary by about a factor of five. The technique thus 

has very high sensitivity to the nanoscale deformations of the structure. The 

chiral signatures of the dimers, however, are found to be more uniform, and 

the technique is thus able to recognize the handedness of the twisted 

nanodimers with high reliability. 

©2011 Optical Society of America 

OCIS codes: (180.4315) Nonlinear microscopy; (190.4350) Nonlinear optics at surfaces; 

(160.1585) Chiral media; (160.3918) Metamaterials. 
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1. Introduction 

Chirality is a fundamental symmetry property of materials, referring to lack of 

reflection/inversion symmetry in the material system [1]. Chiral molecules thus occur in two 

mirror-image forms (enantiomers), which cannot be superimposed on top of each other. Chiral 

materials interact differently with the two circularly polarized (CP) components of light, 

which give rise to optical activity (OA) effects, such as polarization rotation and circular 

dichroism [1]. The circular-difference (CD) effects reverse sign between the two enantiomers 

of a chiral molecule. For isotropic solutions of chiral molecules, the OA effects arise from 

lowest-order magnetic contributions to the optical response [1]. Due to its relation to broken 

inversion symmetry, chirality is inherently associated with three-dimensional (3D) molecular 

structures. 

The development of advanced nanofabrication techniques has led to the new research field 

of metamaterials [2,3], where chirality is an important issue [4]. Chirality has been proposed 

as an interesting way to achieve negative index of refraction [5–8]. In addition, precise 

engineering of the structural properties of chiral metamaterials can lead to artificial sub-

wavelength features that give rise to giant and broadband OA effects [9–16], which open 

intriguing possibilities in nanoscale polarization control. Such materials often consist of two-

dimensional (2D) arrays of metal nanoparticles. Nevertheless, even then chiral effects arise 

from the 3D character of real samples [9,10]. In fact, strong polarization effects have been 

observed with structures that have been designed to be 3D, including double-layer structures, 

where the interaction in the vertical direction plays a key role [11–16]. 

Metal nanoparticles are interesting also for nonlinear optics. This is because their 

plasmonic and magnetic resonances support strong local fields, which can drive the nonlinear 

responses efficiently [17]. Second-harmonic generation (SHG), e.g., has been observed from 

split-ring resonators [18–21], T-shaped nanodimers [22], and L-shaped nanoparticles [23,24]. 

Second-order effects, however, are extremely sensitive to the structural symmetry of the 
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samples, with chirality and anisotropy having their unique signatures in the polarization-

dependent nonlinear responses [23–25]. In fact, this sensitivity is so high that even effects 

arising from undesired symmetry breaking, including shape distortions and surface defects, 

affect the responses [26–28]. For metal nanostructures, the overall second-order response thus 

arises from a complicated interplay between the plasmonic resonances of the particles and 

their structural defects. This is in strong contrast with the linear optical responses, which can 

be well predicted by the overall features of the particles. 

Another interesting aspect is that, by definition, chirality breaks the centrosymmetry of 

materials. Chiral materials therefore always have a nonvanishing second-order nonlinear 

optical response. This occurs even when the material is otherwise highly symmetric, including 

isotropic materials [29–32]. From the point of view of metamaterials research, chiral 

nanostructures could thus lead to an intriguing new class of nonlinear materials. 

Chiral nanostructures and nonlinear optics thus have two complementary connections. 

First, nonlinear techniques can provide new probes of chirality to investigate the properties of 

nanostructures beyond what is possible by linear optical techniques. Second, chiral 

nanostructures could lead to new types of second-order materials with optimized nonlinear 

responses. For both aspects, it is essential to develop the basic understanding as to what types 

of nonlinear schemes couple significantly with the chiral properties of nanostructured 

materials in the presence of possible imperfections of state-of-the-art samples. 

SHG has earlier been used to probe chiral properties of molecular films [33–36]. In the 

standard geometry of surface SHG, chirality leads to a different SHG response for the two CP 

components of fundamental light. Unfortunately, such techniques are compromised by 

possible in-plane anisotropy of the thin-film sample, which can also lead to such a second-

harmonic generation circular-difference (SHG-CD) response [37]. This problem arises 

because the orientation of the anisotropic sample can make the experimental setup chiral. 

Separation of chirality and anisotropy is thus a significant problem [38] and a particular 

concern for metamaterials, where the unintended structural features may lead to anisotropy of 

chiral samples and vice versa. The separation problem can be overcome by increasing the 

symmetry of the experimental geometry. More specifically, SHG microscopy with a focused 

CP fundamental beam at normal incidence is only sensitive to chirality, but not to anisotropy 

[39–41]. 

In this paper, we demonstrate that SHG microscopy can be used to probe chirality of 

individual nano-objects, which consist of double-layer twisted-cross gold nanodimers [15]. In 

order to avoid the false chiral signatures, our technique is based on measuring the different 

SHG response of the objects for both handedness of CP fundamental light at normal 

incidence. We find that the SHG responses of individual twisted nanodimers vary. 

Nevertheless, a twisted-cross of a given handedness has strong preference for one CP and this 

preference is opposite for the two enantiomers. On the other hand, the normalized SHG-CD 

response is more uniform. Our results show that SHG microscopy provides a sensitive tool to 

investigate both the chiral properties of metamaterials and the quality of the samples. 

2. Chiral probes based on second-harmonic generation 

SHG has been found to be extremely sensitive and highly versatile probe to investigate the 

chirality of molecules, solutions and thin films [33–36,38–52], and more recently also in the 

study of metal nanostructures [18–28]. The sensitivity of SHG to chirality originates from its 

intrinsic sensitivity to symmetry properties. Another advantage of such nonlinear chiral 

probes is that, unlike linear OA effects, they are allowed within the electric-dipole 

approximation of the light-matter interaction. Because of this argument, the relative strength 

of SHG-CD can be on the order of unity and orders of magnitude greater than the relative 

strength of linear effects, which are typically on the order of 3/ 10n n   or less for the index 

of refraction for the two circular polarizations [43]. 
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SHG-based chiral probes usually rely on different efficiency of SHG for the two CP 

components of fundamental light. In addition to CP light, and the corresponding SHG-CD 

response, linearly-polarized light and the corresponding SHG linear-difference (SHG-LD) 

response have been shown to be chirality-sensitive [43,46]. For molecular thin films, the 

second-order susceptibility tensor components involving the surface normal are usually 

important. Typical experiments with collimated beams are therefore performed at oblique 

incidence [42–50] to generate polarization components along the normal. 

The traditional techniques work well under the assumption that the sample has in-plane 

isotropy, i.e., full rotational symmetry about the surface normal. However, if the sample has 

in-plane anisotropy, these techniques are compromised because the orientation of the 

anisotropy axis can make the experiment chiral, which can also give rise to a SHG-CD 

response [37]. Discrimination between anisotropy and chirality can be achieved by a 

technique, which involves azimuthal rotation of the sample about its surface normal [38]. It is 

evident that this approach is not suitable for nonlinear microscopy. On the other hand, we 

have recently developed a simple SHG technique, which is capable of distinguishing chirality 

from anisotropy in an unambiguous manner [40,41]. The technique is based on strong 

focusing of CP light at normal incidence, making the experimental setup rotationally 

symmetric and thus insensitive to anisotropy. The technique is thus naturally applicable to 

SHG microscopy of chiral properties even for anisotropic samples, which is not the case in 

earlier second-order techniques for chiral microscopy, which have implicitly assumed that the 

sample has in-plane isotropy [51–53]. 

For molecular films, the technique can be understood on the basis of the nonvanishing 

components of the second-order susceptibility tensor for various chiral and/or anisotropic 

symmetry groups and their coupling to all three field components in the focal volume [39,40]. 

The SHG-CD response can then be shown to arise from interference between the achiral and 

chiral tensor components [33,43–45], where the latter change sign between the two 

enantiomers. The susceptibility tensor thus determines the SHG signals that can be measured 

and their relative strengths. 

In the present work, however, we study metal nanodimers, which are known to modify the 

local-field distribution in the structure. Furthermore, the vectorial local field can contain 

components not present in the beam incident on the particles [22]. At this time, it is not 

feasible to track the local fields and their interaction with the local susceptibility tensors. This 

is not a problem in our measurement technique, however, because the possible SHG signals 

and their strengths are still determined by the overall symmetry of the nanodimers. In 

particular, we still expect different SHG response for the two CP components of fundamental 

light when the sample is chiral, independent of whether it has in-plane anisotropy or not. 

The SHG-CD response is best described by the normalized quantity [47] 

 SHG-CD LHCP RHCP

AVE LHCP RHCP

SHG-CD ,
( ) / 2

P P P

P P P

 
 


  (1) 

where P is the collected SHG power and the subscripts LHCP and RHCP indicate the left-

hand and right-hand CP components of the fundamental beam. Note that this quantity is 

defined in such a way that it varies between 2 and 2. 

3. Second-harmonic generation microscopy 

To characterize the nonlinear response and chirality of the sample, we used a custom-built 

SHG microscope with CP light as depicted in Fig. 1. A mode-locked Nd:glass laser (Time 

Bandwidth, Switzerland; fundamental wavelength 1060 nm; pulse width 200 fs; repetition rate 

82 MHz; maximum average output power 300 mW) is used as a source of fundamental light. 

A pinhole-expander assembly (PH, L1, L2) is then used to spatially filter and expand the laser 

beam. The resulting collimated beam with a diameter of 7 mm is directed to the back-aperture 
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of an infinity-corrected microscope objective (O1; Nikon LU PLAN Fluor 50 × /NA = 0.80), 

which then focuses the beam on the sample. This objective is strain-free and was chosen to 

minimize any undesired polarization deformations when focusing. The focal spot has a waist 

diameter of 800 nm. 

The linear polarization of the fundamental beam is first cleaned up with a calcite polarizer 

(P) and then controlled with a motorized quarter-wave plate (QWP; Newport) to access the 

CP states. In particular, the QWP rotation angles of 0°/180° and 90°/270° correspond to right-

hand CP (RHCP) and left-hand CP (LHCP) beams. 

The transmitted SHG signals were collected by a second microscope objective (O2; 

Olympus PLAN N 20 × /NA = 0.40). We emphasize that no analyzer was used after O2 to 

avoid any false chiral effects from the measurement geometry. We used a fundamental 

wavelength-blocking filter (FF), a narrowband interference filter (IF; 530 nm) and a tube lens 

(L3) to discriminate and focus the SHG signal onto a cooled photomultiplier tube (PMT). 

 

Fig. 1. Schematic diagram of the SHG microscope used for characterizing the nonlinear 

response and chirality of the twisted-cross nanodimers. The optical setup consists of lenses 

(L1,L2,L3,L4), pinhole (PH), polarizer (P), motorized quarter-wave plate (QWP), microscope 
objectives (O1,O2), 3-axis motorized stage (S), flip mirrors (FM1,FM2), fundamental 

wavelength-blocking filter (FF), interference filter (IF), photomultiplier tube (PMT), white 

light source (WLS) and camera (C). Ray path colors: fundamental excitation wavelength (red), 
frequency doubled SHG signal (green), white light (yellow). 

The sample is mounted on a 3-axis motorized translation stage (S; Thorlabs MAX301/M) 

to allow sample scanning. In order to acquire SHG images as a function of sample location, 

the sample was scanned in the transverse directions across the focal spot in steps of 50 nm. 

The pixel acquisition time was 5 ms and every single pixel measurement was repeated 4 times 

and averaged to form the actual pixel value. Note that sample (instead of beam) scanning is 

preferable to maintain the polarization purity of the fundamental beam in the focal volume. 

The scanning was accomplished by using a custom program written in LabVIEW. The 

microscope also included a secondary imaging arm, which consists of a white light source 

(WLS), two flip mirrors (FM1, FM2), tube lens (L4) and camera (C) to view a specific area of 

the sample before nonlinear imaging. 

4. Double-layer twisted-cross chiral gold nanodimers 

Our samples consist of a double-layer structure where each layer itself consists of an array of 

achiral gold crosses [15]. The chirality arises from the mutual orientation of the crosses in the 

two layers (Fig. 2) and is therefore directly associated with the 3D character of the structure. 

A relative twist angle of 22.5° between the crosses in the two layers was chosen to make the 

unit cell of the double-layer array chiral. The samples were fabricated using a layer-by-layer 

approach involving electron-beam lithography and spin-on glass planarization [54,55]. 

Electron-beam lithography was used for the first layer of crosses, which were prepared on a 

glass substrate covered with a 5 nm thin film of indium-tin-oxide (ITO). In the next step, the 

surface was planarized with commercial spin-on dielectric (IC1-200, Futurex, Inc.). The 

dielectric layer was then made thinner by reactive ion etching (SF 6, Plasmalab80Plus, Oxford 

Instruments Plasma Technology). Finally, a second layer of crosses was fabricated using 

electron-beam lithography. Great care was taken to align the crosses in the second layer on 

top of those in the first layer, and maximum misalignment was smaller than 10 nm over the 

entire sample area. The resulting fabricated crosses are 25 nm thick and separated by a 35 nm 
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thick spacer. For the present work, where the goal is to address individual chiral nano-objects, 

the relevant entity is thus a twisted-cross nanodimer, which consists of the two achiral crosses 

on top of each other. Ideally, the nanodimers belong to the point group symmetry C4, which 

for the linear and second-order responses is equivalent to in-plane isotropy. 

 

Fig. 2. Large-area electron micrograph of the fabricated twisted-cross nanodimers (a). Close-up 

views of the lh (b) and rh (c) twisted-cross nanodimers consisting of two achiral crosses on top 

of each other. 

The twisted-cross nanodimers were ordered in a square array with a 500 nm period. These 

dimers covered an area of 100 μm x 100 μm. We emphasize that good overall sample quality 

was achieved as can be clearly seen from Fig. 2(a). Both left-handed (lh) and right-handed 

(rh) twisted-cross nanodimers [Figs. 2(b) and 2(c)] were fabricated on the same substrate. 

The samples have earlier been characterized by linear transmittance spectroscopy and have 

been shown to exhibit two distinct resonances, which correspond to the effective oscillation 

modes of the two coupled crosses [15]. The two resonances occur at wavelengths of 1200 nm 

and 1550 nm, which are somewhat longer than the fundamental wavelength used in the SHG 

measurements. The samples have also been reported to exhibit pronounced circular dichroism 

at the resonance wavelengths and displayed significant optical activity between the two 

resonances. The linear optical properties are well described by the common approaches for 

electromagnetic modeling. In the present paper, however, we utilize SHG microscopy to 

investigate the nonlinear response of the twisted-cross dimers. This technique is expected to 

be sensitive to the overall chiral structure of the dimers. However, the response may also be 

modified by the nanoscale surface roughness evident in Figs. 2(a) and 2(b) as well as in situ 

laser-induced damage. 

The samples were characterized microscopically by using an average laser power of 5 mW 

before the illuminating objective (O1) in our microscope (Fig. 1). This power setting provided 

reasonably detectable SHG signals from the dimers and was significantly smaller than the 

threshold power estimate of 20 mW from which photodamage at the focal region is observed. 

At this chosen power level, we obtained highly repeatable microscopy images of the dimers. It 

is also worth noting that the detected nonlinear responses from the nanodimers actually 

emanated from the focal region. This was evidenced by rapid attenuation of the measured 

SHG signals when the sample was moved in small axial displacements away from the focal 

region. 

5. Results and discussions 

Representative images acquired using the transmitted SHG signals are shown in Fig. 3 for the 

lh and rh twisted-cross samples excited by the LHCP and RHCP fundamental light. The first 

general observation is that the SHG signals exhibit variations with the 500-nm periodicity of 

the array. Even though this periodicity is sub-wavelength for the fundamental laser used, our 

microscope is able to address the overall response of the individual dimers. Another important 

observation is that the SHG responses of the individual dimers vary, which is better seen from 

Y-stacked composite SHG line profiles [Figs. 3(c), 3(d), 3(g) and 3(h)]. The peak-to-peak 

variation of the SHG intensity is about a factor of five. We believe that the strongest 
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individual hot spots in the images are due to localized defects in some of the dimers, which 

support particularly strong local fields at the wavelength of our laser and for the particular 

polarization used. On the other hand, the RMS variation in the SHG signals is on the order of 

30%. The detected SHG intensity scales with the square of the effective nonlinear 

susceptibility of each dimer, which is the fundamental quantity associated with the structure. 

We may therefore argue that, on the average and in terms of their SHG response, the 

individual dimers differ from the average by about 15%. 

 

Fig. 3. SHG images of lh and rh twisted-cross nanodimers using LHCP [(a) and (e)] and RHCP 

[(b) and (f)] fundamental beam. Y-stacked composite SHG line profiles of the lh [(c) and (d)] 
and rh [(g) and (h)] nanodimers illustrate the signal variation. Average SHG values are shown 

as black dotted lines [(c), (d), (g) and (h)] together with the calculated standard deviation bars. 

In spite of the local variations in the SHG responses of the individual dimers, our 

technique has very good sensitivity to the chirality of the dimers. The lh twisted dimers 

clearly give a stronger SHG signal for the LHCP fundamental light [Figs. 3(a) to 3(d)], 

whereas the rh dimers prefer the RHCP light [Figs. 3(e) to 3(h)]. Interestingly, such chiral 

signatures, based on different SHG response for the two CP components of incident light, are 

clearly visible even with off-resonance excitation. 

In order to analyze this further, we present the normalized SHG-CD images and Y-stacked 

composite line profiles of the two samples in Fig. 4. The local CD responses are seen to be 

more uniform than the original SHG signals, which is evident especially by comparing the Y-

stacked composite SHG line profiles [Figs. 3(c), 3(d), 3(g) and 3(h)] and SHG-CD [Figs. 4(c) 
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and 4(d)]. More importantly, the average SHG signals of Fig. 3 for the two polarizations are 

within each other’s error bars, whereas those of the SHG-CD response of Fig. 4 are not. The 

SHG-CD responses averaged over the whole image area are found to be 0.32 for the lh and 

0.35 for the rh structures. The almost equal magnitudes and opposite signs are in excellent 

agreement with the expected result. Regardless of the few individual dimers that give rise to a 

SHG-CD response of the wrong sign, the CD response is thus strongly correlated with the 

handedness of the dimer. 

 

Fig. 4. SHG-CD images of lh (a) and rh (b) twisted-cross nanodimers derived using the images 

in Fig. 3. Y-stacked composite SHG-CD line profiles [(c) and (d)] illustrate the pixelwise SHG-
CD values of (a) and (b). Coloring highlights the sign of the response and thus the chirality of 

the structures. Averaged SHG-CD responses of the scanned areas are 0.32 and 0.35 for the lh 

and rh structures, respectively. Those are shown as red dotted lines in (c) and (d) together with 
the calculated standard deviation bars. Zero reference levels are marked as black dotted lines in 

(c) and (d). 

To estimate the reliability of the SHG-CD response in detecting the handedness of the 

individual dimers, we calculated the percentages of pixels with the proper sign of the CD 

response for the lh and rh twisted dimers, which were 93% and 95%, respectively. In addition, 

the CD responses with the wrong sign do not arise from the limitations of the technique but 

are related to the properties of the sample. Furthermore, the SHG-CD responses of the wrong 

sign are at least partly related to the presence of exceptionally strong SHG signals, e.g., the 

two very bright dimers in Fig. 3(b). As already mentioned, such very bright signals are most 

likely due to strongly favorable defects of the particular dimer for efficient SHG. These results 

imply that we are able to recognize the handedness of individual nanodimers quite reliably 

even though their overall SHG responses vary. 

We next return to the possible role of defects in SHG from the present samples. Our 

twisted dimers belong ideally to the point group symmetry C4, which is equivalent to in-plane 

isotropy of the sample for SHG. For this symmetry, SHG signals can only be generated in the 

presence of field components in the direction of the sample normal [39–41]. Our microscopic 

technique gives rise to such longitudinal field components even when the experiment is 

performed at normal incidence. Under our focusing conditions, however, the field amplitudes 

of the longitudinal components remain an order of magnitude weaker than the transverse 

components. 

Any defects of an individual dimer, however, can break its ideal symmetry and give rise to 

in-plane anisotropy and in-plane chirality. This would allow SHG even with in-plane field 

components. If such symmetry breaking effects were strong, we would expect both the SHG 

signals and the SHG-CD responses to vary essentially randomly from one dimer to another. 
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This is particularly so because the transverse field components are significantly stronger than 

the longitudinal components. For the present samples, however, the SHG signals vary more 

than the SHG-CD responses. This suggests that the role of the defects is to influence mainly 

the coupling of the dimers to the longitudinal field components, but not to break the in-plane 

symmetry of the samples. Such effects would thus mainly affect the absolute SHG signals but 

be less important for the SHG-CD response. The results of the SHG measurements thus 

suggest that the overall quality of the samples is very good. 

We finally note that other authors have also used SHG to address chiral nanostructures in a 

traditional surface SHG setup [56–58]. Their samples consisted of single-layer arrays of G-

shaped metal structures. Both SHG-CD [56] and SHG-LD [57,58] effects were observed. The 

SHG-CD response was shown to arise from supraelement level in which the relative 

orientation of the adjacent particles was crucial, although even individual G’s are chiral. 

Furthermore, the size of the G particles was about 1 μm wide. The particles were thus larger 

than the 800 nm wavelength of the laser used. Consequently, in the microscopic 

measurements, the authors were able to address parts of individual particles and attempted to 

correlate them to the possible hot spots of the local-field distribution. In contrast to this, our 

twisted-cross nanodimers have sub-wavelength size. We have therefore measured the overall 

response of the individual dimers, which is more directly associated with its structural 

symmetry independent of the details of the local-field distribution within the dimers. 

6. Conclusion 

In conclusion, we have demonstrated that second-harmonic generation microscopy with 

circularly polarized light can be utilized to probe chirality of individual subwavelength-sized 

objects. The technique is very sensitive to nanoscale structural features of metal nanoparticles, 

where the overall second-harmonic response arises from a complicated interplay of the 

plasmonic resonances of individual particles and their structural defects. For samples of low 

quality, the response could even be dominated by symmetry-breaking defects of the structure. 

In the present paper, the technique was applied to double-layer twisted-cross chiral gold 

nanodimers organized in a two-dimensional array. Our microscope was able to resolve 

individual dimers, whose second-harmonic responses were found to vary significantly. 

Although the RMS variation in the responses was relatively small, some nanodimers were 

found to lead to significantly higher second-harmonic response. This behavior was explained 

by the nanoscale defects of the particular dimers that are favorable for efficient second-

harmonic generation for the wavelength and circular polarization used. 

In spite of the large variations in the second-harmonic responses of individual dimers, the 

general observation is that dimers of a given handedness lead to stronger second-harmonic 

generation for one circular polarization of fundamental light than the other. For the samples 

investigated, the average circular-difference response in the second-harmonic efficiency was 

on the order of 0.35. The circular-difference response was also found to vary between 

individual nanodimers. Importantly, however, the circular-difference response was 

significantly more uniform than the second-harmonic signals themselves. The technique thus 

provides a reliable way to address the handedness of chiral nano-objects. 

Due to its superior sensitivity to the structural features of nano-objects and their chiral 

properties, we expect polarized second-harmonic generation microscopy to become a useful 

tool in the characterization of the quality and symmetry of nanostructures. In the future, it will 

also be interesting to extend the technique from circular-difference effects to a more complete 

tensor analysis of the nonlinear response of individual nanoparticles. 
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ABSTRACT: We introduce an imaging technique based on second-harmonic
generation with cylindrical vector beams that is extremely sensitive to three-
dimensional orientation and nanoscale morphology of metal nano-objects. Our
experiments and second-harmonic field calculations based on frequency-domain
boundary element method are in very good agreement. The technique provides
contrast for structural features that cannot be resolved by linear techniques or
conventional states of polarization and shows great potential for simple and cost-
effective far-field optical imaging in plasmonics.

KEYWORDS: Metal nano-object, second-harmonic generation, cylindrical vector beams, nonlinear microscopy,
boundary element method, plasmonics

The linear optical response of metal nano-objects is mostly
governed by the lightning-rod effect and localized surface

plasmon (LSP) resonances.1 The lightning-rod effect arises
from the fact that the electric charges accumulate at the
geometrically sharp and pointed features of metal structures.
Such accumulation is primarily driven by the electric field
polarized along the tip axis.2 On the other hand, the LSP
resonances arise from collective oscillations of electrons in the
nano-objects and are more sensitive to the excitation
wavelength. Furthermore, they depend on the properties of
the nano-objects, such as type of metal and geometry, and the
properties of the surrounding medium.1 In addition, they can
be controlled by particle interactions, for example, the
interparticle distance in an array,3 by the relative particle
orientation in dimers,4 and by Fano resonances.5−7

Imaging metal nano-objects poses a demanding task due to
their nanoscale dimensions. Scanning electron microscopy
(SEM) and atomic force microscopy (AFM) have been
typically used to directly inspect their morphology. Addition-
ally, electron energy-loss spectroscopy,8 cathodoluminescence,9

near-field scanning optical microscopy,10 photoemission
electron microscopy,11 tip-enhanced photoluminescence12,13

and similar near-field modalities14,15 have been applied to map
the distribution of LSPs and the resulting local-field enhance-
ments. Although such techniques provide high-resolution
imaging, their implementation requires complicated instrumen-
tation. Alternatively, far-field microscopy schemes exploiting
linear and nonlinear optical processes have been demonstrated.
The use of nonlinear optical processes has an advantage in
terms of resolution and provides additional sources of contrast
due to multiphoton interactions. Furthermore, these multi-

photon processes may even be amplified by the strong local
fields generated in the vicinity of metal nano-objects. Such
techniques have been demonstrated using two-photon excited
luminescence,16 nonlinear four-wave mixing,17 and harmonic
generation.18−23

Of the far-field nonlinear techniques, second-harmonic
generation (SHG), which is the conversion of the incident
optical field at frequency ω to the second-harmonic field at
frequency 2ω, is the simplest and most common. In recent
years, SHG has been used to characterize various metal nano-
objects such as nanodots,24 L-shaped nanoparticles,25,26 T-
shaped nanodimers,27 split-ring resonators,28 G-shaped nano-
structures,29 twisted-cross nanodimers,30 and sharp tips.12,13,31

The main advantages of SHG lie in the added sensitivity toward
local fundamental fields due to the nonlinear interaction and in
its sensitivity to structural symmetry.1 Moreover, it has been
shown that subwavelength-sized deformations from ideal
structures can lead to undesired symmetry breakings and thus
affect the overall nonlinear responses.19,32−37 This structural
sensitivity is very hard to achieve using other optical techniques.
Simultaneously, there has been growing interest in polar-

ization beam shaping particularly for doughnut-shaped
cylindrical vector beams (CVBs) with azimuthal (AP) and
radial polarizations (RP).38 When these beams are focused, the
intensity distributions of their transverse electric-field compo-
nents preserve the doughnut-shaped intensity patterns and
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corresponding polarizations.1,39 However when all the electric-
field components are considered, the RP beam focus exhibits a
Gaussian-like intensity distribution due to the presence of a
strong field component along the optical axis, usually referred
to as longitudinal component.40 Although AP and RP beams
have been shown to be versatile orientation probes in far-field
optical microscopy of single molecules,41 nanocrystals42,43 and
metal nanoparticles,44,45 these reports are mainly restricted to
the use of linear optical processes. On the other hand, SHG
microscopy using RP beams has been demonstrated for
orientation imaging of biological structures.46

In this Letter, we show that SHG with focused CVBs is
extremely sensitive to the three-dimensional (3D) orientation
and morphology of metal nano-objects. To verify this
technique, we image the SHG intensity distribution in
individual subwavelength-sized gold nanobumps and nano-
cones using focused AP and RP beams. To understand the
experimental SHG images, we provide SHG field calculations
based on the frequency-domain boundary element method
(BEM). The technique is shown to provide contrast for
structural features that cannot be discriminated by linear
techniques or conventional states of polarization.
Arrays of gold nanobumps and nanocones with different

particle-to-particle distances were fabricated on glass substrates
using ultraviolet-nanoimprint lithography (UV-NIL) combined
with electron-beam evaporation.31 The master template was
fabricated on a silicon wafer using electron-beam lithography.
The resulting patterns on the template were then transferred to
polydimethylsiloxane stamp. Next, a glass substrate was coated
with a 600 nm thick poly(methyl methacrylate) film, a
germanium intermediate layer, and a UV-NIL resist layer
(Amonil, AMO GmbH). A mask aligner (EVG 620) using the
PDMS stamp was then used for nanoimprinting. Reactive ion
etching was used to form cylindrical hole patterns in the resist
exposing the substrate surface. Next, layers of titanium adhesion
(20 nm) and gold (100−400 nm) were deposited using an
electron-beam evaporator. Depending on the amount of the
gold used in the evaporation, nanobumps (height ∼ 100 nm) or
nanocones (height ∼ 300−400 nm) can be fabricated. Lastly,
lift-off was performed in Microposit Remover 1165 resist
stripper (Shipley Co.) with ultrasonic agitation. Shown in
Figure 1a is a SEM image of a region in the fabricated array of
gold nanobumps with a period of 2 μm. A SEM image of a
nanobump with a base diameter of 160 nm and a height of 80
nm is depicted in Figure 1b. The residual in-plane anisotropy of
the nanobump is used for sensitive 2D orientation imaging
using SHG with CVBs. On the other hand, a SEM image of a
nanocone with a base diameter of 150 nm, a height of 300 nm,
and a tip diameter of 20 nm is shown in Figure 1c. The
resulting conical geometry is used for 3D orientation imaging as
well as field localization.
To characterize the nano-objects, we used a custom-built

stage-scanning SHG microscope operating in reflection. A
mode-locked femtosecond Nd:glass laser (wavelength 1060
nm, pulse length 200 fs, repetition rate 82 MHz) was used for
excitation. Upon polarization cleaning, collimation and
expansion, the output beam was directed to the back-aperture
of an infinity-corrected (50×, 0.8 NA) and strain-free
microscope objective. The objective was used to focus the
beam onto the sample which is mounted on a three-axis
motorized translation stage. The reflected fundamental and
SHG signals were collected by the same objective and spectrally
discriminated by a dichroic mirror. To extract the backscattered

SHG signal, appropriate optical filters, a tube lens and a cooled
photomultiplier tube were used. The SHG origin of the signal
was verified before imaging by measuring the quadratic
dependence of the signal on the laser intensity. A bright-field
imaging arm was also implemented to view the sample area of
interest. The 800 nm diameter of the beam focus permitted us
to collect signals from individual nanoparticles that are free
from coupling effects due to indirect excitation of neighboring
particles.47 Moreover, the spot size used was always smaller
than the period of the imaged arrays. To achieve AP or RP laser
beams with high polarization purity, a radial polarization
converter (ARCoptix, S.A.) and a spatial filter in tandem before
the dichroic filter were used. Throughout the imaging
experiments, average power levels of less than 5 mW were
used. The power levels were verified to be below the damage
threshold of the samples by comparing the SEM images
acquired before and after SHG imaging.
To address the origin of the SHG response from the

nanobumps and nanocones, we performed surface SHG
modeling based on the frequency-domain BEM.48 Here, the
electromagnetic scattering problem was formulated by using
the Stratton−Chu integral operators and by enforcing the
interface conditions on the particle surface. To obtain
approximate solutions, the problem was discretized by using
the Method of Moments with Galerkin’s testing. The Rao−
Wilton−Glisson basis functions were chosen meaning that the
particle surface was described by a triangle mesh and the
representation of the tangential components of the electric and
magnetic fields on the surface was of first order.
BEM allows a focused beam to be used as an excitation

source. Furthermore, the construction and factorization of the
dense system matrix, which are the most time-consuming parts
of the method, were done only once per beam scan image.
When the beam location was shifted, only the source vector
needed to be re-evaluated. Thus the measured beam scan
images could be simulated within reasonable computation
times. In the computations, the measured refractive index of
gold reported by Johnson and Christy was used.49 The
surrounding medium was taken to be vacuum and for
simplicity, the substrate was neglected. The far-field optical
images for a nanobump and a nanocone with different

Figure 1. (a) SEM image of an array of gold nanobumps on glass in
top view. Close-up SEM images of the (b) gold nanobump in the
boxed region in panel a and (c) a gold nanocone in oblique view.
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morphologies were calculated at the fundamental and second-
harmonic frequencies. The signal was collected in reflection as
the beam was scanned over a 1.5 × 1.5 μm2 sized area centered
on the particle. The NA was set to 0.8 and the filling factor was
set to 1. To qualitatively represent an ideal particle, the
dimensions of the nanobump and nanocone triangle meshes
were deduced from the SEM and AFM measurements.
For comparison, we also acquired SHG images of the array

depicted in Figure 1a using a linearly polarized (LP) beam
(Figure 2a). At the location of the nanobumps, single bright

spots are seen, which are associated with the excitation of LSPs
that oscillate at the plane of the nanobump base. These in-plane
LSP oscillations are induced by the transverse field components
of the focused LP beam, which is dominantly polarized along
the polarization direction of the unfocused beam. Although the
observed variations of the SHG intensity levels can indicate

possible anisotropy due to the noncircular base, it is difficult to
distinguish the direction of in-plane anisotropy of the individual
nanobumps based on a single image using a LP beam.
Conventionally, the in-plane orientation of an anisotropic nano-
object, for example, a nanorod, can be inferred from several
images acquired by varying the polarization direction of the LP
beam with the additional costs in measurement time and image
processing.
Shown in Figures 2b and 2c are the SHG images of the same

region using focused AP and RP beams. At the exact location of
the nanobumps, dark spots were observed due to the lack of
exciting transverse field components of the focused beams. In
addition, the absence of SHG intensities at the exact location of
the nanobumps using the focused RP beam implied that the
excited out-of-plane LSP oscillations did not lead to significant
SHG at the chosen excitation wavelength, due to the bluntness
of the tips of the nanobumps resulting in small and relatively
weak local-field enhancements. This is in contrast with conical
structures with sharp tips, where the longitudinal field
component of the focused RP beam couples strongly with
the tip axis.2 Thus, doughnut-shaped intensity patterns which
surround the dark spots are expected when an ideal nanobump
is imaged by focused CVBs. However, for AP excitation, we
also observed doughnut-shaped intensity patterns with two
enhanced lobes that surround the dark spot. Similar patterns
rotated by 90° were evident in the SHG images using the RP
beam. We associated these patterns with possible in-plane
anisotropy of the nanobump base.
We then calculated the SHG far-field images for an ideal

nanobump and nanobumps with varied morphologies under
focused LP, AP and RP beams (Figures 2d−i). For the ideal
nanobump (Figure 2d), a height of 80 nm and a circular base
with diameter of 160 nm was chosen corresponding to an
average fabricated nanobump. For the defective nanobump
cases, we considered nanobumps with an asymmetric base
(Figure 2e) and nanobumps with a small defect at different
configurations (Figures 2f−i). For the nanobump with
asymmetric base, a height of 80 nm and an ellipsoidal base
with a length ratio of 1.1 of the major (176 nm) and minor axes
(160 nm) was selected. For the nanobump with a small defect,
a small bump positioned at one side of the ideal nanobump was
used (Figure 2f). To demonstrate the effect of defect size, an
additional nanobump case with a large bump (Figure 2g) defect
was used. To examine the role of multiple sources of anisotropy
that contribute to symmetry breaking, two nanobumps with
two small and same-sized defects that are locally positioned at
the base of the nanobump were used. Both of these nanobumps
exhibit a small bump positioned at one side of the ideal
nanobump along the y-axis and differ only in the position of the
second small bump. Here, we only considered the cases where
the symmetry planes differ by 22.5° with respect to the z-axis
(Figures 2h and 2i).
The different nanobump cases are distinguished poorly by a

focused LP beam with strong polarizations along the x- and y-
axes. Although the use of a focused LP beam with strong
polarization along the y-axis changed slightly the maximum
intensity values and Gaussian-like images, a single SHG image
using a focused LP beam is not sufficient to discriminate ideal
and defective nanobumps. Moreover with LP, the ellipticity of
the image is in the range of 0−19%, where the actual value will
be difficult to distinguish in practice.
Under focused CVBs however, the ideal and defective

nanobumps are clearly discriminated. The SHG images of an

Figure 2. Experimental SHG images of gold nanobumps using focused
(a) LP, (b) AP, and (c) RP beams. Calculated far-field SHG images of
an (d) ideal nanobump, (e) nanobump with asymmetric base, and (f−
i) nanobumps with a bump defect at different configurations using
focused LP along x, LP along y, AP, and RP beams. The calculated
images are normalized to the incident beam amplitude and their
maximum intensity values (au) are shown. The different triangle
meshes used in the calculations are also shown.
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ideal nanobump resemble perfect doughnut-shaped patterns
(Figure 2d) as expected from the radial symmetry of the CVBs
and the highly symmetric nanobump. Moreover due to
nonlinear effects, the SHG images appeared to have narrower
line widths than the scattering images obtained at the
fundamental wavelength (Supporting Information).18 On the
other hand, the SHG images of the defective nanobumps
(Figures 2e−i) corresponded to asymmetric and distorted
doughnut-shaped images, which can be correlated with the
properties and location of the defect.
When a nanobump with asymmetric base with a major axis

along the y-axis (Figure 2e) is considered, the AP and RP
beams resulted in different images, which indicated the
presence of in-plane anisotropy at the nanobump base along
the y-axis. Furthermore due to the radial symmetry of the
CVBs, it is expected that a nanobump with asymmetric base
with a major axis along the x-axis results in similar SHG images
that are perpendicular to the previous case (Supporting
Information). For an asymmetric nanobump imaged by AP
(RP) beam, the line segment connecting the two enhanced
lobes in the doughnut-shaped SHG image was found to be
oriented perpendicular (parallel) to its longer axis. Similar
images were observed for a highly anisotropic structure as
exemplified by a nanorod with an in-plane aspect ratio of 2
(Supporting Information). Analogously for a metal nanorod
imaged by a focused AP (RP) beam under linear excitation, the
line segment connecting the two intensity lobes was found to
be oriented perpendicular (parallel) to its longer axis.44,45

Although low degrees of in-plane asymmetry can be also seen
under linear scattering with CVBs (Supporting Information),
the inherent properties of SHG with CVBs can provide more
sensitivity for microscopy as we will show in the following
discussions.
When a nanobump with a small bump positioned at one side

of the ideal nanobump along the y-axis was considered (Figure
2f), the AP and RP beams yielded very distinctive SHG images
agreeing well with the SHG experiment. Similarly, due to the
radial symmetry of the CVBs, a nanobump with a small bump
positioned along the x-axis produced asymmetric doughnut-
shaped SHG images rotated by 90° (Supporting Information).
Again, the line segment connecting the two enhanced lobes in
the doughnut-shaped SHG images using the AP (RP) beam
indicated the shorter (longer) axis of the nanobump. Moreover,
the unequal intensities of the enhanced lobes indicated the
presence of a clear defect at the nanobump base, which
modified the expected SHG signals. We further note that the
asymmetries in the enhanced lobes are affected by the size of
the bump defect. At the extreme case where the bump defect is
as large as the original bump (Figure 2g), the SHG images
would resemble the response of an asymmetric nanoparticle
similar to a rod.
At this point, we emphasize that other kinds of shape

variations and defects in the nanobumps can cause additional
deviations from the expected SHG patterns due to the shifts in
the LSP resonances (Figures 2h and 2i). However, based on
these results, nanobumps with the considered morphologies
can be well resolved by SHG microscopy with CVBs. Such
capability will be essentially impossible to achieve without
introducing nonlinearity in the excitation scheme with CVBs
(Supporting Information).
Next, we imaged nanocones using SHG microscopy. The

SHG images of the nanocone in Figure 1c using AP and RP
beams are shown in Figures 3a and 3b, respectively. The SHG

image of the nanocone using the AP beam resulted in a
doughnut-shaped intensity pattern. The slight asymmetry of the
SHG pattern was attributed to anisotropy and defects at the
nanocone base. On the other hand, the SHG image using the
RP beam gave rise to a Gaussian-like image centered at the
location of the nanocone. The SHG signals are associated with
the excitation of LSPs along the cone axis further strengthened
by the lightning-rod effect. The experimental SHG images
agreed well with the calculated SHG images (Figures 3d and
3e). In the calculations, a triangle mesh for an ideal nanocone
with a height of 300 nm, a tip diameter of 20 nm and a circular
base with diameter of 150 nm was used. Additionally, we note
that the cone functions as a probe of the fields polarized along
the cone axis and the resulting image distribution arises from
the SHG signal of an effective dipole oriented along the cone
axis as verified previously.21

We then tested the sensitivity of the imaging technique to
nanocones with different orientation and morphology (Sup-
porting Information). Shown in Figure 4a is a SEM image of an
array of nanocones with a period of 2 μm with labels that
indicate representative cases of normal (C2, C3, C4, C5, and
C7) and bent nanocones (C1 and C6). SHG microscopy
images of the chosen region using AP and RP beams are
depicted in Figures 4d and 4e, respectively. Focusing an AP
beam led to doughnut-shaped intensity patterns surrounding
the nanocones (Figure 4d). As noted earlier, the asymmetry in
the doughnut-shaped patterns using an AP beam indicates in-
plane anisotropy of the nanocone base. Furthermore, the
variation in the collected signals suggests the influence of the
SHG response that arises from the coupling of the transverse
field components of the AP focus to other sources of in-plane
anisotropy such as bent tips as seen in the SHG images of the
bent nanocones.

Figure 3. Experimental SHG images of a gold nanocone in Figure 1c
using focused (a) AP and (b) RP beams. The triangle mesh used for
the ideal nanocone is shown in (c). Calculated far-field SHG images of
an ideal nanocone using focused (d) AP and (e) RP beams. The
calculated images are separately normalized to the incident beam
amplitude and their maximum intensity values (au) are shown.
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On the other hand, focusing a RP beam resulted in varying
SHG intensity patterns (Figure 4e). As discussed earlier,
nonvanishing intensities at the exact location of the nanocones
are observed due to the excitation of LSPs along the nanocone
axis. However, the observed variation in the SHG intensities
indicates possible shifts in the LSPs of the individual nanocones
due to differences in height (Supporting Information). Upon
verification using AFM, the heights of nanocones C1, C2, C3,
C4, C5, C6, and C7 were found to be 206, 452, 302, 426, 360,
235, and 352 nm, respectively. Furthermore, the collected
signals may be influenced by differences in tip sharpness,
presence of defects near the tips, and in-plane anisotropy of the
nanocones that distort the expected SHG images. In addition,
the SHG signals from the bent nanocones under a RP focus
were found to be stronger than the other cones (∼1 order of
magnitude), suggesting the excitation of polarization dependent
resonances of the bent cones under inhomogeneous field
distributions (Supporting Information).
In order to provide understanding of the results in Figures 4d

and 4e, we simulated the SHG responses from a bent
nanocone. We used the nanocone model with the height of
300 nm and a slightly larger tip diameter (∼40 nm) that is
deformed in the x-direction. By considering the case of such
lowered symmetry, we predict the occurrence of polarization
dependent resonances, not present in the ideal cone
(Supporting Information). The calculated SHG image of the
bent nanocone using the AP beam yielded two asymmetric
lobes due to coupling of the transverse fields with the LSPs of
the bent nanocone and agreed well with experiment (Figure
4g). The calculated SHG image using the RP beam, on the
other hand, resulted in an asymmetric Gaussian-shaped image
(Figure 4h) where the hotspot is locally shifted away from the
bent tip and agreed well with the experiment. The
inhomogeneous field distribution of a focused RP beam is
expected to be more sensitive to the location and features of the

bent nanocone than the transverse field distribution of a
focused AP beam. Thus depending on the morphology and
location of the bent nanocones under the RP beam focus,
polarization-dependent LSP oscillations that contribute to the
overall SHG response are excited (Supporting Information).
Nevertheless, we emphasize that the imaging technique is very
sensitive to the 3D orientation and morphology of the metal
nano-objects. Generally, by comparing the simulated scattering
images of the nanocone at the fundamental and second-
harmonic wavelengths, we see that the latter ones have more
contrast to them (Supporting Information). Therefore, the
technique provides contrast for structural features that cannot
be resolved by linear techniques or conventional states of
polarization.
In conclusion, we have demonstrated an imaging technique

that is extremely sensitive to the 3D orientation and
morphology of individual metal nano-objects. Our method is
based on SHG microscopy using CVBs. We correlated our
SHG experiments with SEM images and performed second-
harmonic field calculations based on frequency-domain BEM.
The experimental results agree well with calculations. Our
technique allows precise characterization of individual nano-
objects in the far-field, which provides an alternative to
complicated near-field approaches. In addition, we emphasize
that independent of the quantitative analysis the real value of
our experimental technique arises from the fact that its
qualitative properties provide information that is not available
from alternative techniques. Furthermore, the technique opens
additional avenues for subwavelength field shaping in the
vicinity of plasmonic nanostructures50 and furthers optimiza-
tion of fabrication models and nanoparticle architectures with
distinct and tailorable plasmonic properties.25
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Abstract. We show that electric-dipole-allowed surface second-harmonic (SH)
generation with focused Gaussian beams can be described in terms of Mie-
type multipolar contributions to the SH signal. In contrast to the traditional
case, where Mie multipoles arise from field retardation across nanoparticles,
the multipoles here arise from the confined source volume and the tensorial
properties of the SH response. We demonstrate this by measuring strongly
asymmetric SH emission into reflected and transmitted directions from a
nonlinear thin film with isotropic surface symmetry, where symmetric emission
is expected using traditional formalisms based on plane-wave excitation. The
proposed multipole approach provides a convenient way to explain the measured
asymmetric emission. Our results suggest that the separation of surface and bulk
responses, which have dipolar and higher-multipolar character, respectively, may
be even more difficult than thought. On the other hand, the multipolar approach
may allow tailoring of focal conditions in order to design confined and thin
nonlinear sources with desired radiation patterns.
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1. Introduction

The optical responses of materials are usually described by considering only electric-dipole
interactions between light and matter. Such an electric-dipole approximation is justified by
the fact that the higher-multipole interactions, most importantly magnetic-dipole and electric-
quadrupole interactions, tend to be much weaker [1]. Such interactions, however, need to be
considered, e.g., to explain optical activity of chiral materials [2].

For the case of nanostructured materials, one needs to consider two different types of
multipole effects. The first arises from the atomic-level light–matter interaction Hamiltonian [3]
and the other from Mie scattering theory even when the atomic-level interaction has purely
electric-dipole origin [4]. In the latter case, retardation of electromagnetic fields across
nanoscale particles gives rise to effective multipole terms in the scattering pattern. Although
Mie theory is usually associated with spherical particles, it is possible to show that any
scattering pattern outside a finite sphere enclosing the sources can always be expanded in similar
multipole terms [1, p 439]. Multipole effects can become considerable when the particle sizes
are comparable to wavelength, as recent studies of nanoparticles have shown [5–12]. But a
complete understanding of such phenomena is still lacking in order to utilize multipole effects
in applications such as in metamaterials or optical antennas [13–15].

Multipole effects have particular importance in nonlinear optics, because second-order
nonlinear effects are electric-dipole-forbidden in centrosymmetric materials [16]. A dipole-
allowed second-order signal can therefore arise only from the broken symmetry at the material
surface or interface [17]. The second-order effects, however, can also occur in the bulk of
centrosymmetric materials due to magnetic and quadrupole effects. Separation between the
surface and the bulk effects has been notoriously difficult [18–20], only recently achieved in
an unambiguous and quantitative way [21, 22]. Effective, Mie-type multipoles can also play
a role in nonlinear optics as shown by several nonlinear studies from colloids and arrays of
nanoparticles [5–12, 23–28].

Independent of their atomic-level or effective origin, the various multipole sources
differ with regard to their far-field radiation patterns and polarization [1]. More specifically,
interference between appropriate multipole terms can be used to control the directionality of
the radiation pattern [14, 24]. In nonlinear optics, this could lead to nanoscale sources, in other
words optical antennas, with emission enhanced in one direction and suppressed in the opposite
direction. In traditional nonlinear optics, this is only possible through phase-matching effects,
which require samples much larger than wavelength.

New Journal of Physics 14 (2012) 113005 (http://www.njp.org/)

104



2.5.2013 — 10:30 — Ph.D. Thesis / Mikko J. Huttunen — Trim Size B5 — page 121

3

In this paper, we show that multipole effects can occur also due to the finite profile
of focused Gaussian laser beams. In addition, we show that the multipole effects can even
be efficiently controlled in nonlinear optics by using focused Gaussian beams, although the
atomic-level light–matter interaction has an electric-dipole origin. The source region is then
inhomogeneous and limited by diffraction to the scale of a wavelength. On the other hand,
from the viewpoint of far-field radiation, the source region is well confined, implying that the
radiation pattern can be expressed as a multipole expansion, where a number of multipoles are
expected to contribute to the total radiation pattern. We demonstrate these effects by measuring
second-harmonic generation (SHG) from thin films of silicon nitride (SiN), which have the
symmetry of an isotropic surface. The experiments are performed using focused Gaussian
TEM00 beams at normal incidence. By fully accounting for the vector properties of the spatially
varying focal fields and the tensorial character of the nonlinearity, we observe strong differences
between the SHG signals emitted in the transmitted and reflected directions. The results are
shown to be compatible with the characteristics of the effective multipole moments of the source
distribution.

2. Theory and simulations

In order to understand qualitatively how focused beams lead to effective multipole effects, we
write the second-harmonic (SH) polarization at a frequency ω in the form

P(r) = ε0χ
(2)(r) : E(r)E(r) ∀r ∈ R3, (1)

where E is the field at the fundamental frequency ω/2, χ
(2)

i jk is the second-order susceptibility
tensor for SHG and r = (x, y, z) denotes the position vector in the three-dimensional Euclidean
space R3. This form represents the traditional electric-dipole approach to nonlinear optics,
where the fields and the nonlinear source polarization are spatially varying [29, 30]. For the
case when the fundamental beam is a focused Gaussian beam, the source polarization decays
rapidly in space and can be expressed using the Helmholtz decomposition as [1, p 241]

P = Pv + ∇ × Pp, (2)

where ∇ × Pp is the divergence-free and Pv is the curl-free part. In the presence of nonlinear
magnetization M, the effective source polarization would be of the form [19]

Peff = P +
1

ω2µ
∇ × M, (3)

where µ is the permeability. Comparison of equations (2) and (3) thus suggests that the
divergence-free part of the polarization is equivalent to a magnetic source term.

The connection between the spatially varying sources and the multipole approach can be
made explicit by expressing the electric component of the emitted field at the SH frequency
as [1, p 431]

ESH = η

∞∑
l=1

l∑
m=−l

[
i

k
aE

l,m∇ × h(1)

l (kr)Xl,m + aM
l,mh(1)

l (kr)Xl,m

]
, r = |r| > R, (4)

where aE
l,m and aM

l,m are electric and magnetic multipole moments, respectively, Xl,m are the
vector spherical harmonics (functions of the spherical polar angles), h(1)

l are the spherical
Hankel functions of the first kind and lth order, η is the intrinsic impedance and k is the
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Figure 1. Schematic representation of the focusing scheme and the coordinates
used. For the case of a thin, homogeneous surface sample, the SH emission is
traditionally thought to be symmetric.

wavenumber of the SH field. The sources are required to vanish outside a sphere S of radius R.
The time-dependence exp(−iωt) is also assumed. Note that the electric (magnetic) moments of
successive orders have opposite parity, whereas the electric and magnetic terms of a given order
also have opposite parity [1, p 436]. An obvious way to control the directional properties of the
emission is therefore to interfere an electric dipole source with a magnetic dipole and/or electric
quadrupole. The multipole moments are obtained from the electric-dipole sources as (for the
derivation see the supplementary data, available from stacks.iop.org/NJP/14/113005/mmedia)

aE
l,m ∝

∫
S

Y ∗

l,m

(
−c∇ · P

∂

∂r
(r jl(kr)) + kωr · P jl(kr)

)
dV, (5)

aM
l,m ∝

∫
S

Y ∗

l,mr · (∇ × P) jl(kr)dV, (6)

where Yl,m are the spherical harmonics and jl are the spherical Bessel functions of the first kind
and lth order [1, p 441]. Note that for sources confined to volumes much less than wavelength
kr � 1, the second term of the integrand in equation (5) vanishes. For l = 1 the first term
becomes ∇ · PY ∗

1,mr , and its integration yields the components of the total dipole moment in the
volume. For larger sources, the interpretation is more complicated, because a number of electric
and magnetic multipoles can contribute to the emission in the far field. The interpretation of
equation (6) is always relatively straightforward, i.e. an effective magnetic moment arises from
the curl of the source polarization. Thus we see that in general a non-zero ∇ × P is required to
obtain a magnetic response.

In order to demonstrate these general principles and study the role of ∇ × P in SHG, we
use samples with isotropic achiral surface symmetry. Such samples have the highest possible
surface symmetry and thus provide a convenient model case to investigate the role of the various
multipoles in the nonlinear response. Our samples are thin films (20 and 50 nm thicknesses) of
amorphous SiN, prepared by depositing SiN on fused silica substrates using plasma enhanced
chemical vapor deposition [33]. Such samples have full rotational symmetry about the film
normal. They are therefore equivalent to isotropic surfaces with the non-vanishing components
of the electric-dipole susceptibility tensor χ

(2)

i jk as zzz, zxx = zyy and xxz = xzx = yyz = yzy,
where z is the film normal (figure 1). In addition, phase matching issues can be neglected
because of the small film thickness. The focusing conditions correspond to normal incidence,
numerical aperture (NA) of 0.8 and a pupil filling factor of 1. Note that the focusing conditions
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Figure 2. Calculated amplitudes of (a) x- and (b) z-components of the
fundamental electric field and the corresponding radiated SH powers per unit
solid angle from the isotropic SiN surface (c–f). The field amplitudes in panels
(a) and (b) are normalized to 10. The tensor components used in the calculations
are indicated in plots (c–f). The numbers beside the patterns denote the maximum
values of the emitted power, normalized to the maximum value of the full χ (2)

tensor case.

give rise to longitudinal (z direction) field components required for coupling with the present
susceptibility tensor at normal incidence.

For a qualitative understanding, we first consider an x-polarized fundamental beam and
calculate the resulting electric field at the waist of the focused beam using an angular spectrum
representation (figures 2(a) and (b)). The normal (z) component of the focal field is odd in x , i.e.
it consists of two lobes with opposite phases. The other components, on the other hand, are even.
It is then easy to see that the nonlinear polarization P due to the zzz or zxx components can
never be an odd function (with respect to the x coordinate) [1]. But when the xxz component
and the corresponding P are also considered, we see that similarly to Ez, also Px is now an
odd function. This leads to a situation where the contribution from ∇ × P over the interaction
volume can be expected to be large.

Using equation (1), we then calculate the source polarization for SHG at the beam waist
(z = 0), and finally the emitted SH powers per unit solid angle using both Green’s function
approach [31, 32] and the proposed multipole approach. As expected, both approaches led
to the same results, which are shown in figures 2(c)–(f). In order to understand the origin
of the directionality and the interference effects in the SH emission, we present the results
separately for different susceptibility components. In the calculations, we use relative values of
zzz = 1, zxx = 0.19 and xxz = 0.2 for the non-zero susceptibility components, corresponding
to the recently measured values for the SiN films [33]. For simplicity, only free-space Green’s
functions are considered, since reflections due to the interfaces cannot explain the measured
differences of SH emission and would only improve the quantitative accuracy of the proposed
multipolar formalism. Also, the scattered fields at the fundamental frequency are neglected
in the calculations since the samples are transparent and thus weakly scattering. Finally, we
calculate the normalized multipole moments aE

l,m and aM
l,m and find that the only non-zero electric

moments occur for m = 0, ±2. The non-zero magnetic moments correspond to m = ±2 and the
first seven of the l terms are found to be most dominant. We note that when using isolated tensor
components, the non-vanishing moments are such that corresponding multipoles have the same
parity. When considering the full tensor, this condition is no longer met and interference can
occur.
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Figure 3. The setup for measuring transmitted and reflected SH emission.
The fundamental beam was first linearly polarized with a polarizer (P) and
passed through a rotating quarter-wave plate (QWP). In order to keep the input
polarization pure, the dichroic filter (DF) was only slightly tilted from normal
incidence. The reflected SHG from DF was guided to a photomultiplier tube
(PMT) using a D-shaped mirror (DM). Interference filters were used in both
detection arms to block the fundamental beams.

3. Experiment

In our experiments, we measure the transmitted and reflected total radiated SH powers into
the far-field while changing the polarization of the input beam (figure 1). The polarization
measurements are important because our calculations predict that, in addition to different
SH emission strengths in the two directions, their polarization dependences are qualitatively
different, allowing key evidence to be obtained even without relying on precise calibration of
the signal collection efficiencies in reflection and transmission.

For measurements, a custom-built SHG microscope setup with input femtosecond laser
(central wavelength at 1060 nm) providing 200 fs pulses at 82 MHz repetition frequency was
used (figure 3). The fundamental beam with an average power of 10 mW was focused onto the
samples with an NA = 0.8 microscope objective. The reflected SHG emission was collected
by the same focusing objective, and the transmitted SH emission was collected by an additional
identical microscope objective placed to the back of the sample. The collected SH emission thus
corresponds now to the calculated SH powers per unit solid angle (figures 2(c)–(f)), integrated
over the numerical aperture (NA = 0.8) of the collecting objectives. In addition, the use of high-
NA collecting objectives is important, since there is no radiation into the strictly forward and
backward directions, as can be seen in figure 2(c). The SH emission was then separated from
the fundamental beam by dichroic and interference filters, and measured simultaneously by two
photomultiplier tubes connected to a photon counting unit. The polarization control of the input
beam was done by a rotating QWP, and measurement times of 30 s and angle steps of 5◦ for the
QWP were used. The QWP angles of 0◦, 90◦, 180◦, etc corresponded to linear input polarization
and angles of 45◦, 135◦, 225◦ and 315◦ to circular input polarizations.

4. Results and discussion

First we measured SHG responses from gold nanodots (radius 75 nm) in order to calibrate
the relative detection efficiencies of both detection arms. The collection efficiency for the
transmitted SHG was seen to differ from that of reflected SHG by a factor of 2.13, which
was used for the mutual calibration of the two SHG signals. We emphasize, however, that
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Figure 4. Measured SHG responses from an SiN thin film (thickness 50 nm) as
a function of rotating QWP. The transmitted (black line) and the reflected (red
line) emission clearly differ from each other and agree well with the calculations
(dotted lines).

the calibration was performed only to increase the accuracy of our measurements, and is not
necessary for demonstrating the effect.

After the calibration, we measured the SHG from SiN thin films. Figure 4 shows the
measured and calculated SHG responses as a function of the rotation angle of the QWP from
the SiN film with a thickness of 50 nm. The average ratio for transmitted and reflected SHG was
measured to be 4.06, and more importantly, the polarization dependences of the reflected and
transmitted SHG responses clearly differ from each other. The measured SHG responses also
correspond surprisingly well with the modeled responses based on both the Green’s function and
the proposed multipolar approaches (see section 2 for details). For the calculations, no fitting
besides normalization to the maximum of transmitted SHG response was performed.

We emphasize that our samples are highly transparent and very thin (thickness less than
λ/10). Possible phase matching or Fabry–Perot issues can be ruled out due to the sample
thickness, because no significant phase accumulation of the fields can occur over such a short
distance. Neither can absorption explain the observed differences, since it could not explain the
polarization dependences. The samples should therefore emit symmetrically in the transmitted
and reflected directions. We also exclude any response from the fused silica substrate as an
explanation, since we were not able to get any measurable SHG from the substrate even
with input beam powers exceeding 30 mW. The most plausible explanation for the results
is thus interference between multipoles of different parities, in particular between electric
and magnetic multipoles. We believe that magnetic multipoles play an important role due to
non-vanishing ∇ × P. This is also supported by the calculated multipole moments, where the
magnetic moments were considerably large as is seen in figure 5.

The proposed multipole approach also provides an elegant explanation for the measured
polarization dependence of the SH emission. When the input polarization changes from linear
to circular, the calculated multipole moments change, respectively. The behavior is seen in
figure 5(e), where the calculated multipole moments for left-handed circular input polarization
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Figure 5. The magnitudes of the multipole moments of the nonlinear polarization
source induced by a focused TEM00 beam. The tensor components used in
the calculations are indicated in plots (a)–(e). The vertical axis corresponds to
the l values and the horizontal axis to the m values. The numbers above the
plots indicate the maximum value. It is important to note that only when (a)
the full χ (2) tensor is considered, multipoles with different parity arise, giving
rise to interference effects. Interference effects between different multipoles can
also occur when circularly polarized input beams are used (e), but are reduced
compared to linearly polarized input (a).

are shown. In essence, the strengths of multipoles with different parities are reduced by
changing the input polarization into circular. This leads to reduced interference effects and thus
a decreased ratio between the transmitted and the reflected emission as was measured.

Our results provide new insights for understanding the connection between SHG and
multipolar effects. Firstly, the results show the power of focused beam geometry and consequent
theoretical formalism [32, 34], since SHG is forbidden from our samples at normal incidence
and in the limit of plane-wave excitation [16]. Secondly, the results show that electric-dipole
interactions can give rise to strong effective magnetic responses, if the source polarization is
spatially varying and the condition ∇ × P 6= 0 is satisfied. In our case, this occurred when the
excitation field was a focused TEM00 Gaussian beam and the second-order susceptibility had
non-zero xxz component.

Interestingly, our results have similarities to the suggestion of Bethune already in 1981
that multimode beams could enhance the bulk responses of higher-multipole origin in surface
SHG [35], as was further studied by Bernal and Maytorena [36]. In our case, however, the
higher-multipole responses arise from atomic-level electric-dipole responses, and do not rely on
atomic-level higher multipoles. This suggests that the dilemma of differentiating the bulk and
surface contributions from each other could be even harder than previously thought, in particular
when focused Gaussian beams are used. This problem is due to the fact that the separation
of bulk and surface contributions in general relies on measuring either interference effects or
different polarization dependences of the SH emission [21, 22, 24]. But our calculations and
experimental data show that similar effects can also occur when the source volume is confined.

The results also demonstrate the general principle that the SH emission from confined
volumes can be affected by tailoring the excitation, in our case the focusing, conditions.
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In addition, the introduced multipole approach is expected to facilitate more arbitrary control
of SH emission by providing an understanding of how certain types of multipoles could be
enhanced, e.g. by utilizing higher-order vector beams.

5. Conclusion

To conclude, we have shown that traditional electric-dipole-allowed SHG can be interpreted in
terms of effective higher-multipole terms when the excitation occurs using focused Gaussian
beams. In particular, magnetic terms become important whenever the quantity ∇ × P is non-
vanishing. The approach was demonstrated using thin SiN films as the nonlinear source, where
the SH emission was strongly asymmetric between the reflected and transmitted directions. Such
multipolar approaches provide a way of obtaining directional nonlinear emission from confined
and thin source volumes, where traditional phase matching is irrelevant. Nonlinear sources with
desired radiation patterns can therefore be tailored by the choice of focal conditions to enable
or suppress selected multipoles in the response.
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