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1 Abstract
The present work broaches the physics of light-matter interaction, chiefly using nonlinear
optical spectroscopy in a newly developed framework termed as Photon Management
Concept. This way, existing fragments dealing with specific properties of harmonic and
upconversion nanoparticles (HNPs/UCNPs) are consolidated into a full and coherent
picture with the primary goal of understanding the underlying physical processes and
their impact on the application side, especially in terms of imaging techniques, via
suitable experimental and numerical studies.

Contemporary optical setups involving contrast-enhancing agents are frequently
limited in their excitation and detection configurations owing to a specialization to a
select number of markers. As a result, the bandwidth of experimental methods and
specimens that may be investigated is severely restricted in a large number of state-of-
the-art setups. Here, an alternative approach involving HNPs and UCNPs, respectively,
is presented providing an overview from their synthesis to optical characterization and to
potential fields of application. Based on their inherent flexibility based on their nonlinear
optical response, especially in terms of wavelength and intensity tunability, the PMC
alleviates prevalent limitations by dynamically adapting the setup to a sample instead of
the preliminary culling to a reduced number of eligible specimens that must not change
their optical properties significantly during investigation.

The use of HNPs supersedes such concerns due to their nearly instantaneously
generated, strongly anti-Stokes shifted, coherent emission capable of producing radiation
throughout the visible spectral range, including infrared and ultraviolet wavelengths.
This way, HNPs transcend the traditional field of imaging and introduces potential
applications in optomanipulation or holographic techniques. Thorough (nonlinear)
optical characterization of UCNPs and alkali niobate HNP ensembles is performed to
assess the fundamental physical mechanisms interwoven with numerical studies leading to
their wide-ranging applicability. Final remarks show that HNPs are ideal candidates for
realization of the PMC and yet hold an even further potential beyond current prospects.
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2 Introduction
Throughout the past few centuries, the scientific tree has sprouted and flourished,
producing a wealth of intertwined branches that build the foundation to a number of
multidisciplinary fields. Herein, the branch of light-matter interaction has ramified
extensively, especially since the advent of lasers [1]. Associated with the continuous
miniaturization of dielectic media down to the nanometer-scale, new blossoms of prospec-
tive applications open up in a plethora of fields, including (bio-opto-) electronics, sensors,
actuators, and displays [2–18], compact solid-state lasers [5, 9], (photo-) catalysts [6,
14], pharmacy [10, 19], security [8, 18, 20, 21], or (holographic) optical data storage [6,
12, 21–23]. Additionally, a significant effort focuses on the integration into biological
applications for non-invasive imaging and visualization [5, 8, 9, 11, 12, 18, 21, 24–30], for
photodynamic and cancer therapy [8, 9, 23], or for targeted drug delivery via controlled
photoswitching [21, 23, 26, 31, 32] fueled by a number of advantageous properties such
as chemical stability and high biocompatibility [8, 25, 29, 33], anti-Stokes frequency
conversion [7–9, 21], and narrow emission-bands [11, 14, 21, 25, 28].

Thus far, plenty of optical studies on nanoscaled materials have been conducted
using continuous-wave lamps and -lasers that do not completely utilize the full potential
of these objects. In the present work, however, laser pulses with a duration of few
femtoseconds are used, i.e. flashes of light with immensely high peak intensities whose
duration compared to the blink of an eye is less than the relation between the length of
a day and the age of the universe. This way, electronic nonlinearities can be investigated,
primarily in the field of frequency-conversion, which have been an active research subject
since their experimental discovery and first theoretical formulation [34–36]. In order
to benefit from the properties these nanocrystals exhibit, thorough knowledge of the
underlying physical mechanisms is required for understanding processes on a fundamental
level and to enhance their effectivity in potential applications via parameter optimization.

A subset of these nanocrystalline media have recently experienced a surge in
popularity as markers in optical microscopy owing to a pronounced blue shift in emitted
frequencies, termed upconversion and harmonic nanoparticles (UCNPs and HNPs),
respectively. Latter in particular offer promising features due to their potential for
exploitation of optical nonlinearities in the context of frequency conversion. Owing
to the diversity of physical properties of nanoparticles, this relatively young and still
growing field has produced a number of highly specific studies, forming individual puzzle
pieces in a giant collage which has been only sparsely surveyed to date, despite its
potential to provide a comprehensive overview of the subject. In this regard, present
work attempts to consolidate these pieces to form a cohesive picture by providing both
an in-depth examination of nanoparticles, especially HNPs and UCNPs, via nonlinear
optical (NLO) spectroscopy and a linking between individual properties, allowing a
perspective-shift to prospective applications.
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Introduction

A key property of HNPs is their coherent emission [29, 37, 38] and their spectral
tunability by varying incident laser pulse parameters [14, 15, 28, 33, 39], making them
an ideal candidate for flexible setups that are capable of adapting on-the-fly. Essentially,
this is the photon management concept (PMC) which follows the mantra to let the
sample define the setup, i.e. the choice of samples should not be limited by experimental
constraints. The PMC is further described in chapter 3. Especially in biophysical
fields, the frequent and historically motivated use of fluorescence-based marker proteins
presents a bottleneck in this regard. Their highly limited and rigid excitation-emission
bands can complicate the optical setup significantly, especially when a certain degree of
adaptability is required [40–43].

The entirety of present work runs under the PMC framework, weaving a thread
from synthesis to structural and optical characterization to embedding into applications
using HNPs with a special emphasis on niobate-based materials as well as a number
of different UCNPs, thereby providing a fleeting glance at this rapidly growing subject.
Starting off with a brief excursion through various theoretical concepts in chapter 4,
optical effects stemming from electronic nonlinearities as well as physical properties
of the excitation lasers to induce such phenomena are covered. Subsequently, optical
processes typically associated with continuous wave illumination such as fluorescence or
light scattering processes are described building first bridges to nonlinear optics.

These foundations are accompanied by a presentation of the experimental techniques
in chapter 5. It includes chemical aspects to produce nanoscaled particles, the post-
processing approach which is closely related to diffuse reflectance spectroscopy to create
powder-samples that yield highly reproducible results, as well as an NLO setup for
in-depth characterization of HNPs and UCNPs. Additionally, a methodology is presented
to allow capturing adjacent signals at vastly differing intensity levels.

The main focus of this work is put on the analysis of individual optical aspects of
HNPs and UCNPs that are scrutinized in chapter 6, largely utilizing laser pulses on
the femtosecond timescale. Opening up, structural characterization and holographic
performance of various materials is briefly assessed from the point of NLO results.
Because a large number of samples has been prepared as tightly pressed nanopowder
pellets, scattering theory is applied in the following section to extract material specific
parameters from (linear optical) diffuse reflectance spectra which are later exploited
for the nonlinear case as well. Following up are in-depth studies on selected nonlinear
optical properties of HNPs, in particular harmonic and sum-frequency generation of
multiple orders. Subsequent investigations cover excitation paths in various UCNPs via
multiphoton processes, i.e. harmonic generation or multiphoton absorption, thereby syn-
ergizing previous findings on the NLO properties of HNPs with luminescent mechanisms
to unleash the full potential of optical nanocrystals.

Lastly, selected NLO properties are examined from a perspective of potential
applications in chapter 7, especially in the context of the PMC. This includes the
investigation of the accessible excitation-emission range for HNPs, absolute emission
intensity measurements, and microscopic imaging studies. For latter, the potential using
HNPs is demonstrated in in-vivo studies on organisms significantly exceeding common
length scales in multiphoton microscopy. Finally, concluding remarks and a short outlook
will be provided in chapter 8; lastly, key results are summarized in chapter 9.
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3 Photon Management Concept
In the optimization of optical setups used especially for imaging and spectroscopy, a
novel framework will be used that is termed the photon management concept (PMC). In
the following, this idea will be described in further detail.

3.1 What is the Photon Management Concept?
Irregardless of the optical setup, a measured signal intensity I at a frequency ωout will
be the product of several transfer functions:

I(ωout) = L(ωin)×O(ωin)×M(ωin)× S(ωin, ωout)×M(ωout)×D(ωout) (3.1)

where the spectral intensity of the light source is characterized by L, the transfer functions
of intermediary optics are summarized by O, the (potentially frequency-converting)
sample is given by S embedded in surrounding a matrixM. The emission is collected by
a detection unit D. In a biophotonics-context, these transfer functions can be mapped
onto optical components as outlined in figure 3.1.
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Figure 3.1 – Schematic view of the photon management concept with a cell-biological
application taken as an example. In this setup, a harmonic nanoparticle (HNP) serves as a
marker for detection. The foundational studies of such markers can be divided into three
disciplines: synthesis, structural characterization, and spectroscopy. Understanding of the
underlying processes provides access to more sophisticated techniques such as nonlinear
optical (NLO) microscopy.

In this case, pulsed laser light is focused into a cell which acts as the surrounding
matrix for markers contained within. Emitted light is subsequently collected and detected
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3.2 Choosing the Optimal Marker

by either a camera or spectrometer. Historically, L, O, and D have been optimized for
a very specific set of markers S, thereby offering sufficient contrast in most cases at the
cost of limiting the array of specimens that may be investigated.

A sensible design for increased flexibility starts at the markers: ideally, the same
marker should be able to operate at different wavelengths to accommodate to any
surrounding matrix whose transfer function may even change as a function of time, for
example by biodegradation, growth, or photofunctionality.

Assuming one had such a marker, further design considerations can be conducted for
the remaining components. For practical applications, the extended visible wavelength
region between near ultraviolet and near infrared (approximately (350 − 900) nm) is
preferred for detection due to the transparency window of most optics and the spectral
sensitivity in imaging detectors but it may be freely extended as well. Due to potential
frequency-conversion mechanisms in markers, excitation and detection windows can
be decoupled, thereby extending the excitation wavelength region considerably further
into the infrared regime (. 2500 nm), depending on the optics used. In either case, a
spectrally tunable excitation source becomes a viable option to ensure a maximum level
of flexibility. To provide an appreciable photon flux, excitation may be performed by a
(pulsed) laser system.

In essence, the PMC acts on the principle of a maximum flexibility: instead of
limiting the choice of samples to the optical setup, the optical setup itself is tailored to
the sample.

3.2 Choosing the Optimal Marker: Synthesis,
Structural Characterization, Spectroscopy

Based on the premises outlined above, markers can be classified as either being highly
specialized, i.e. they work at a very specific and limited set of excitation and emission
wavelengths, or they as general purpose agents, accepting a large spectrum with sufficient
conversion efficiency. The inset of figure 3.1 reveals the core disciplines in the selection
process for markers:
• Their synthesis must be reproducible. Ideally, parameter variation in the synthesis

procedure yield markers that can adapt to different situations. For example, uptake
and cytotoxicity of nanoparticles (NPs) by biological tissue is largely governed by
the NP size [44]; a condition that may be exploited in the right context. Naturally,
further investigations rely heavily on the quality of the synthesis.
• Structural characterization provides insight into the marker-material itself. With

decreasing size, the surface-to-volume ratio rises, thereby significantly influencing
material properties (for example the bulk crystallographic structure or individual
energy levels whose variability are capitalized on in quantum dots [45–47]). This
way, further characteristics such as conditions for epitaxial growth for an onion-like
particle design or light emission spectra can be predicted.
• Spectroscopy covers the determination of absorption and/or emission characteristics

of markers. In particular, it provides the means to choose optimal excitation and
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3.2 Choosing the Optimal Marker

detection parameters for further application. Since some spectroscopic techniques
also yield structural information, the transition between these two disciplines
is smooth. The main portion of this work will focus on spectroscopic analysis,
including the development and combination of physical models, hence this aspect
in particular will be focused on in detail.

Together, these fields provide a comprehensive foundation to apply markers in nearly
any kind of environment. In a broader sense, they are part of the PMC: once the specific
characteristics of the marker are known and understood, they can be profited from in
advanced methodologies.

While the number of available candidates as markers is immense, concise boundary
conditions severely cut them down: the marker should be able to adapt to a broad
range of wavelengths, provide a significant (anti-) Stokes shift to be discernible from the
excitation spectrum, be photostable, i.e. should not exhibit any bleaching or blinking as
it is common with fluorescent proteins and quantum dots [48–52], and, ideally, should
not have to be exchanged upon a wavelength-switch on either excitation or emission
side. As will be shown at a later point, the only class of materials remaining is that of
harmonic nanoparticles (HNPs). Due on their unique frequency conversion mechanisms,
they are an essential component in any nonlinear optical setup and will therefore be
discussed thoroughly.
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4 Light-Nanocrystal Interaction
Upon impinging crystalline media and their nanoscopic counterparts, both electromag-
netic radiation and exposed material may exhibit distinct alterations in the optical
properties of either. This chapter explains several of these mechanisms to serve as a
foundation for understanding further spectroscopic analyses.

4.1 Transient Nonlinear Optics
Nonresonant exposure to high field intensities typically leads to a nonlinear material
response for the time of illumination within an electronic delay time on the order of tens
of attoseconds [53]. In other words, the system reversibly switches back to its ground
state and original properties almost immediately after exposure stops. Within this time
frame, several processes can be observed that will be briefly discussed henceforth.

4.1.1 Frequency Conversion Processes: Physical Picture, Boundary
Conditions, Results

One of the most well-known nonlinear optical processes is the generation of additional
frequencies on top of the impinging wave. This can be understood by evaluation of the
polarization P inside the material. For moderate electric field intensities I � 1018 W m−2

[54–56], P can be developed into a power series [57]:

P = ε0

(
χ(1) · E + χ(2) : EE + χ(3) ...EEE + . . .

)
(4.1)

with the vacuum permittivity ε0, the electric field E and the n-th order tensorial dielectric
susceptibility χ(n). This way, the polarization can be split into individual orders such
that

P =
∑
n

P(n) = ε0
∑
n

χ(n) | E · · ·E (4.2)

where the | operator marks consecutive matrix-vector dot-products (((χ(n) ·E) ·E) · · ·E).
Because the temporal evolution of P itself is a source of electric fields, individual

orders P(n) can be attributed to specific frequency generations. For example, the second-
order susceptibility χ(2), and thereby also P(2), can lead to second harmonic generation
(SHG) for two identical input fields E or, in a more general case, to sum (SFG) or
difference frequency generation (DFG) if the frequencies of two input fields E1 and E2
are distinct. Similar considerations can be performed for higher orders n. For brevity,
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4.1 Transient Nonlinear Optics

these will be omitted as they are well-documented in literature [57–59]. A special case is
the overlap of second- and third-order processes: for instance, third harmonic generation
(THG) can be created in a χ(3)-process with a direct conversion of three photons of
frequency ω into a single one with 3ω. Yielding the same frequency, however, in two
χ(2)-processes, SHG is created in a first step which is subsequently used in a SFG-step
to yield THG. These two kinds will be referred to as direct and cascaded processes
henceforth.

For visualization, nonlinear frequency generation processes are frequently depicted
in an energy diagram [57, 60]. Figure 4.1 exemplarily shows the aforementioned processes
with the help of intermediary states.

SFG

(2)χ

SHG
〉g|

(2)χ

THG
direct cascaded

(3)χ

(2)χ

(2)χ

DFG

(2)χ

Figure 4.1 – Selected frequency generation mechanisms on an energy scale (vertical)
with the nonlinear electric susceptibilty χ(n) involved. Excitation is carried out from the
ground state |g〉. SHG: second harmonic generation, SFG: sum frequency generation, DFG:
difference frequency generation, THG: third harmonic generation.

These intermediary states are purely virtual, i.e. they do not imply an actual
absorption at these energetic transitions. In fact, the virtual states can be considered
to be present only during the conversion process. In a first approximation, throughout
frequency generation processes, energy is therefore not transferred into the nonlinear
medium unless a real energy level is involved. Latter may entail multiphoton absorption,
i.e. two or more photons are absorbed to induce an electronic transition into an excited
state. In the limit of single and two-photon processes, the field intensity I as a function
of propagation distance z is given by the differential equation [57, 61, 62]:

dI

dz
= −αI − βI2 (4.3)

with the linear absorption coefficient α and its two-photon equivalent β. In other
words, two-photon absorption (TPA) will scale with the square of the incident intensity.
Similarly, higher orders n can induce n-photon absorption (nPA) proportional to In.

While additional mechanisms appear in the framework of transient nonlinear optics
exist such as the Pockels-effect and optical rectification for second order or Kerr-effect,
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4.1 Transient Nonlinear Optics

self- and cross-phase modulation, coherent Anti-Stokes Raman scattering, or four-wave
mixing for third order processes, they will not be expanded upon herein for brevity.
Further information regarding these effects is located in related literature [57, 58, 63].

Based on the structural properties of the nonlinear material, certain orders of the
electric susceptibility χ(n) will be suppressed, eliminating all attached processes. Due
to symmetry restrictions, even order susceptibilities vanish in centrosymmetric crystals
within the dipole approximation [64] while odd orders are present in any material. This
peculiar property can be exploited for investigations regarding the crystalline structure of
a material and its frequency conversion capabilities against reference standards [65–69].

When an electric field propagates through a nonlinear medium and generates a
secondary wave, both typically experience different group velocities inside the material
due to refractive index dispersion n(ω). Taking SHG as an example, the SH wave will
propagate slower than the fundamental wave in a normal dispersion medium, causing a
phase-shift between fundamental wave and (continuously created) SH waves. This is
expressed through the difference in wave vectors:

∆k = k2ω − 2kω (4.4)

which, in scalar form, reduces to ∆k = 4π/λ·(n2ω − nω) with the fundamental wavelength
λ. Owing to this phase mismatch, SH waves will interfere destructively during generation
and propagation through the medium, thereby yielding negligible conversion efficiencies.
Several techniques exist to eliminate ∆k with the most commonly used being the use of
birefringent materials [57], taking advantage of their orientation-dependent refractive
index to affect both waves based on their polarization such that eq. (4.4) yields zero.

4.1.2 Coupled Wave Theory: Differential Equations for Harmonic
Generation

Assuming monochromatic plane waves for the incident electromagnetic field in the
frequency domain of the form

E(ω) = Aei(k·r−ωt) (4.5)

allows rewriting the n-th order polarization based on eq. (4.2) to:

P(n)
ωσ = ε0K(−ωσ;ω1, . . . , ωn) · χ(n)(−ωσ;ω1, . . . , ωn) | Eω1 · · ·Eωne

ikPz . (4.6)

The input frequencies are denoted as ω1, . . . , ωn and the nonlinearly mixed frequency
(through SFG, DFG, four-wave mixing, n-th harmonic generation, etc.) is given by
ωσ = ω1 ± · · · ± ωn. For clarity, the n-th order electric susceptibility χ(n) has been
parametrized by these frequencies to highlight the nonlinear interaction. For example,
the tensor for sum-frequency generation (SFG) would read χ(2)(−ω3;ω1, ω2). The sum
of all input wave vectors is given by kP = k1 ± · · · ± kn. Lastly, the K-values stem from
intrinsic permutation symmetries that are depending on the frequency-configurations.
They are defined as [58]:

K(−ωσ;ω1, . . . , ωn) = 2l+m−np (4.7)
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4.1 Transient Nonlinear Optics

where n is the order of nonlinearity, l = 1 if ωσ 6= 0, otherwise l = 0. Furthermore, m
is the quantity how many frequencies ωj of the set of frequencies ω1, . . . , ωn are zero
while p is the number of distinct permutations of ω1, . . . , ωn which is given through the
following relation:

p = n!∏
i (Ωi!)

. (4.8)

In this case, the different frequency set sizes are defined by Ωi. For example, a mixing
via χ(4)(−ωσ;ω1, ω2, ω2, ω2) yields Ω = {1, 3} due to the triple degeneracy of ω2. For
frequently-encountered nonlinear interactions, K has been tabulated in ref. [58, p. 26f.].

To ease the analysis, a couple simplifications will be introduced: first of all, the
treated fields shall be infinite plane waves that propagate in z-direction, thereby reducing
the vector function A(x, y, z) to a the scalar one A(z) while k · r becomes ±kz (positive
values imply forward traveling waves in z-direction and conversely, negative values
connote backwards propagating waves). Secondly, field and wave vector are to be
orthogonal to each other, thereby neglecting double refraction; however, this condition
can be incorporated at any later time [58]. Furthermore, the slowly varying amplitude
approximation will be used, meaning that the variations of A in both amplitude and
phase are sufficiently slow with distance z compared to the period of a wavelength as is
valid for pulses exceeding ten optical cycles [70].

Solving the driven wave equation yields a relation between the impinging complex-
valued field envelope amplitudes Aj and the interaction-wave amplitude Aσ:

∂Aσ
∂z

= iωσ
2nσc0

K(−ωσ;ω1, . . . , ωn) · 〈χ(n)(−ωσ;ω1, . . . , ωn)〉 ·A1 · · ·An · ei(∆kz) . (4.9)

For simplification, the χ(n)-tensor has been reduced to a single scalar component based
on orientational averaging (unless otherwise noted, χ(n) will henceforth be treated as
a scalar). The phase-mismatch can be expressed through ∆k = kP − kσ. Because of
the reality of fields, a counterpropagating wave would be denoted by A−j = A∗j . As
outlined in figure 4.1, multiple mixings can create the same output wave; for THG,
either via χ(3)(−3ω;ω, ω, ω) or via χ(2)(−3ω;χ(2)(−2ω;ω, ω), ω). Hence, eq. (4.9) will
contain multiple contributions the more nonlinear orders are incorporated.

Incorporating the Beer-Lambert law for linear absorption as a simplified version of
eq. (4.3) with the well-known relation between electric field amplitude and intensity

Ij = 1
2ε0c0nj|Ej|2 (4.10)

yields an additional term for the coupled wave-equation (4.9):

∂Aσ
∂z

= −1
2αAσ . (4.11)

For further simplification, different polarization-angles between waves as well as
cross- and self-phase modulation as considered in ref. [71] for THG will be omitted.
Because nonlinear susceptibilities harshly decrease with rising order [57, 72, 73], only
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4.1 Transient Nonlinear Optics

interactions up to the fourth order will be taken into account. However, due to the
potential for cascaded harmonic generation [74–77], field amplitudes up to the sixth
order will be included. For brevity, the interacting wave frequencies are excluded from
χ(n)(. . . ) but can be implicitly obtained from the argument of the exponential function.
Equation system (4.12) lists the coupled wave equations in their entirety.

∂A1

∂z
= iω1

2n1c0

(
χ(2)A∗1A2e

i(k2−2k1)z + χ(2)A∗2A3e
i(k3−k2−k1)z

+ χ(2)A∗3A4e
i(k4−k3−k1)z + χ(2)A∗4A5e

i(k5−k4−k1)z

+ χ(2)A∗5A6e
i(k6−k5−k1)z

+ 3
4χ

(3)A∗1
2A3e

i(k3−3k1)z + 3
2χ

(3)A∗1A
∗
2A4e

i(k4−k2−2k1)z

+ 3
2χ

(3)A∗1A
∗
3A5e

i(k5−k3−2k1)z + 3
4χ

(3)A∗2
2A5e

i(k5−2k2−k1)z

+ 3
2χ

(3)A∗1A
∗
4A6e

i(k6−k4−2k1)z + 3
2χ

(3)A∗2A
∗
3A6e

i(k6−k3−k2−k1)z

+ 1
2χ

(4)A∗1
3A4e

i(k4−4k1)z + 3
2χ

(4)A∗1
2A∗2A5e

i(k5−k2−3k1)z

+ 3
2χ

(4)A∗1A
∗
2

2A6e
i(k6−2k2−2k1)z + 3

2χ
(4)A∗1

2A∗3A6e
i(k6−k3−3k1)z

)
− 1

2α(ω1)A1

(4.12a)

∂A2

∂z
= iω2

2n2c0

( 1
2χ

(2)A2
1e
−i(k2−2k1)z + χ(2)A∗1A3e

i(k3−k2−k1)z

+ χ(2)A∗2A4e
i(k4−2k2)z + χ(2)A∗3A5e

i(k5−k3−k2)z + χ(2)A∗4A6e
i(k6−k4−k2)z

+ 3
2χ

(3)A∗1A
∗
2A5e

i(k5−2k2−k1)z + 3
4χ

(3)A∗2
2A6e

i(k6−3k2)z

+ 3
2χ

(3)A∗1A
∗
3A6e

i(k6−k3−k2−k1)z + 1
2χ

(4)A∗1
3A5e

i(k5−k2−3k1)z

+ 3
2χ

(4)A∗1
2A∗2A6e

i(k6−2k2−2k1)z
)

− 1
2α(ω2)A2

(4.12b)

∂A3

∂z
= iω3

2n3c0

(
χ(2)A1A2e

−i(k3−k2−k1)z + χ(2)A∗1A4e
i(k4−k3−k1)z

+ χ(2)A∗2A5e
i(k5−k3−k2)z + 1

2χ
(2)A∗3A6e

i(k6−2k3)z

+ 1
4χ

(3)A3
1e
−i(k3−3k1)z + 3

4χ
(3)A∗1

2A5e
i(k5−k3−2k1)z

+ 3
2χ

(3)A∗1A
∗
2A6e

i(k6−k3−k2−k1)z + 1
2χ

(4)A∗1
3A6e

i(k6−k3−3k1)z
)

− 1
2α(ω3)A3

(4.12c)

11



4.1 Transient Nonlinear Optics

∂A4

∂z
= iω4

2n4c0

(
χ(2)A1A3e

−i(k4−k3−k1)z + 1
2χ

(2)A2
2e
−i(k4−2k2)z

+ χ(2)A∗1A5e
i(k5−k4−k1)z + χ(2)A∗2A6e

i(k6−k4−k2)z

+ 3
4χ

(3)A2
1A2e

−i(k4−k2−2k1)z + 3
4χ

(3)A∗1
2A6e

i(k6−k4−2k1)z

+ 1
8χ

(4)A4
1e
−i(k4−4k1)z

)
− 1

2α(ω4)A4

(4.12d)

∂A5

∂z
= iω5

2n5c0

(
χ(2)A1A4e

−i(k5−k4−k1)z + χ(2)A2A3e
−i(k5−k3−k2)z

+ χ(2)A∗1A6e
i(k6−k5−k1)z + 3

4χ
(3)A2

1A3e
−i(k5−k3−2k1)z

+ 3
4χ

(3)A1A
2
2e
−i(k5−2k2−k1)z + 1

2χ
(4)A3

1A2e
−i(k5−k2−3k1)z

)
− 1

2α(ω5)A5

(4.12e)

∂A6

∂z
= iω6

2n6c0

(
χ(2)A1A5e

−i(k6−k5−k1)z + 1
2χ

(2)A2
3e
−i(k6−2k3)z

+ χ(2)A2A4e
−i(k6−k4−k2)z + 1

4χ
(3)A3

2e
−i(k6−3k2)z

+ 3
4χ

(3)A4A
2
1e
−i(k6−k4−2k1)z + 3

2χ
(3)A1A2A3e

−i(k6−k3−k2−k1)z

+ 3
4χ

(4)A2
1A

2
2e
−i(k6−2k2−2k1)z + 1

2χ
(4)A3

1A3e
−i(k6−k3−3k1)z

)
− 1

2α(ω6)A6

(4.12f)

This equation system explicitly covers the case of a depleting pump wave: for
high fundamental intensities, A1 will notably decrease as a function of propagation
distance due to the energy transfer into the harmonics Aj≥2. For low fundamental
intensities, the nonlinear susceptibilities χ(n) as coupling constants are reasonably small
such that A1 will not notably decrease. This case is the result of the undepleted pump
approximation. In a simplified system covering only the first two harmonic orders A1, A2
and second-order susceptibility, the second harmonic intensity I2ω can be expressed
analytically as a function of the fundamental intensity Iω as follows:

I2ω =
2π2

[
〈χ(2)〉

]2
z2

c0ε0n2ωn2
ωλ

2
ω

I2
ω · sinc2

(
∆kz

2

)
. (4.13)

The phase-mismatch is mathematically expressed through the sinc-term: if ∆k 6= 0,
I2ω will oscillate as a function of the nonlinear interaction length z. While this is
true in bulk materials, phase matching becomes gradually less important as the overall
crystal size decreases. In case of nanoscaled particles, the sinc-term approaches unity
and can therefore be neglected entirely. This has the consequence that SHG can be
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4.2 Ultrashort Laser Pulses: Generation and Selected Physical Properties

produced at arbitrary wavelengths and angles. In fact, if an ensemble of randomly
oriented nanoparticles is used, both refractive index and nonlinear susceptibility lose
their (potentionally) orientationally dependent properties and can thus be treated as
isotropic scalars, thereby validating the initial assumption in eq. (4.9).

Judging from eq. (4.13), it becomes clear that the SH intensity scales with the
square of the fundamental intensity. This behavior can be extended to higher orders n
by solving eq. (4.9) for Anω while neglecting any influence from orders /∈ {1, n}, resulting
in the relation

Inω ∝ Inω (4.14)

for intensities where the undepleted pump approximation is valid. In other words,
increasing the fundamental intensity yields a superlinear enhancement of higher order
intensities by a power equal to their orders. The most effective method to harness
significantly strong harmonic signals is therefore to boost the fundamental intensity.
With the advent of pulsed lasers, unprecedented peak intensities can be obtained as will
be explained in the following section.

Based on equation (4.14), it is possible to predict the spectra of harmonics. For
Gaussian distributions, the half-width of the n-th harmonic on a wavelength scale ∆λnω
or on a frequency scale ∆νnω, respectively, can be calculated by [78]

∆λnω = 1
n
√
n

∆λω , ∆νnω =
√
n∆νω . (4.15)

As a result, the bandwidth of harmonic spectra is mostly governed by the fundamental
spectrum. On a frequency scale, a slight broadening compared to the fundamental
spectrum is observed which, on a wavelength scale, translates in a narrowing by a factor
of 2.8, 5.2, 8.0, and 11.2 for harmonics of second to fifth order. Hence, the emission
spectra of harmonic nanoparticles typically tend towards considerably sharp profiles
with rising orders.

4.2 Ultrashort Laser Pulses: Generation and Selected
Physical Properties

The generation of ultrashort and spectrally tunable laser pulses down to durations of
only a few femtoseconds has become possible due to several exploits of specific material
properties which will be presented henceforth, largely summarizing ref. [79].

In order to produce short pulses, a large number of longitudinal modes is firstly
generated inside a laser cavity. Based on the resonator length L, the frequency νj of an
individual mode labeled with an integer j can be expressed as

νj = jc0

2n(νj)L
(4.16)

where n(νj) denotes the average refractive index of all optical components inside the
laser resonator at an individual mode’s frequency. Through introduction of additional
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dispersive elements, the wavelength-dependence of n(ν) can be eliminated, thus yielding
equally spaced modes with a frequency difference

∆ = νj+1 − νj = c0

2nL . (4.17)

If every mode possesses the same electric field amplitude E0, the time-dependent total
electric field from M modes can then be written as:

E(t) = 1
2E0e

iω`t
(M−1)/2∑

j=(−M+1)/2
ei(2πj∆·t+φj) (4.18)

where ω` has been introduced as the central angular frequency of all contributing modes.
The phase of the j-th mode is specified by φj. Except for a phase-factor, eq. (4.18) is
periodic in time with a cavity round trip time τRT = 1/∆ which is typically in the order
of few ns. While φj is typically random, a technique called modelocking can be applied
to equalize all phases φj = φ0. As a result, individual modes interfere constructively,
producing short light pulses with considerable amplitudes. In this case, the electric field
can be described as follows:

E(t) = 1
2E0e

iφ0eiω`t
sin(Mπt/τRT)
sin(πt/τRT) . (4.19)

For sufficiently large M , eq. (4.19) is a train of individual pulses spaced by the round
trip time τRT. Compared to the time-averaged intensity, the peak intensity of these
pulses will scale by a factor M while each has an approximate pulse duration

τp ≈
τRT

M
or τp ≈

1
∆νp

. (4.20)

In other words, the more modes contribute to the overall field in a small resonator, the
shorter the pulse duration. Naturally, the laser medium imposes constraints on M as its
gain is closely linked to its finite fluorescence spectrum. This is why the pulse duration
is often approximated by the spectral bandwidth of the laser material ∆νp; broader
spectra hence allow for shorter and more intense pulses.

In order to favor pulsed operation inside the laser cavity, passive modelocking can
be used: based on the Kerr effect, that is the intensity-dependence of the refractive
index, intense pulses with a spatial Gaussian profile will be subject to self-focusing.
Placing an aperture behind the nonlinear medium suppresses cw-radiation in favor of
pulses. To prepare modelocking conditions, a sudden change of the cavity length can be
mechanically induced for modifying individual phase-relations [80–82].

While this method yields pulse durations down to few femtoseconds with a laser
medium-dependent wavelength-tunability on the order of 300 nm, the typical individual
pulse energy is still relatively low at few nJ. An increase is possible by appending a
second stage behind the fs-oscillator which is termed the regenerative amplifier (RGA).
For Titan:Sapphire (Ti:Sa) lasers, as they have been used within this work, a Ti:Sa-
crystal as a gain medium is optically pumped by a Q-switched frequency-doubled
Neodymium-based laser to amplify selected fs-pulses from the oscillator. This way, the
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4.2 Ultrashort Laser Pulses: Generation and Selected Physical Properties

overall repetition rate drops to the repetition rate of the Q-switched laser while the
fs-pulse energy increases drastically to several mJ.

Lastly, the spectral tuning range of the laser pulses can be vastly increased by
usage of an Optical Parametric Amplifier (OPA). In a first step, the pump wave will
be divided into less energetic signal and idler waves in a process similar to difference
frequency generation. These two waves are then parametrically amplified and brought
into nonlinear interaction with either each other, their harmonics, or the pump wave.
This way, the available spectral range is significantly increased up into the ultraviolet
and down into the mid-infrared region while maintaining appreciable pulse energies of
multiple µJ.

Peak Intensity and Its Maximization

In a first approximation, the used laser pulses possess a Gaussian profile in both space
and time. In this case, the peak intensity I0 of a single pulse can be described as follows:

I0 = 4
√

ln 2
π
· Ep

τpπw2 ∝
〈P 〉

τpfrepA
(4.21)

with the pulse energy Ep, the pulse duration τp and the beam radius w.
In a more general manner, I0 can also be expressed as function of time-averaged

power 〈P 〉, τp, the pulse repetition rate frep, and the area A. Taking the area as a
constant leaves three parameters that can be varied to maximize I0. This procedure is
graphically shown in figure 4.2 taking typical laser systems into account.

As a rule of thumb, thermal damage is largely induced by the exposure Q = 〈P 〉t/A
[83, 84]. Therefore, to ensure longevity of the investigated materials, either the exposure
time t or time-average power 〈P 〉 has to be reduced. However, with a decrease of t,
stationary spectroscopy becomes increasingly more difficult due to the equally decreasing
integration times. Therefore, 〈P 〉 becomes the only viable parameter to vary.

For observable nonlinear effects, the peak intensity I0 must be significantly large
to overcome the absolute values of the rather low coupling constants χ(n), whereas the
time-averaged intensity 〈I〉 = 〈P 〉/A plays a subordinate role. Since for cw-systems, both
I0 and 〈I〉 are identical, nonlinear mechanisms can only be triggered with considerable
heating of the material.

In contrast, pulsed lasers allow for reduction of the mean power while simultaneously
increasing the peak intensity, thereby being capable of generating optical harmonics in
bulk crystals and interfaces [34, 85]. For several decades, Q-switched lasers have been
a valuable tool in the study of nonlinear effects [34, 65, 67, 86–91]. With femtosecond
lasers having become widely available, unprecedented peak intensities can be attained
while keeping the mean power at or below levels of Q-switched systems, thereby greatly
facilitating the opportunity of investigating nonlinear effects.
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4.2 Ultrashort Laser Pulses: Generation and Selected Physical Properties

Figure 4.2 – Peak intensities (shaded horizontal planes in decimal graduation from blue to
red) as a function of pulse duration τ , time-averaged power 〈P 〉, and pulse repetition rate
frep for a constant area A = 1 mm2 attainable with different systems (volumes): continuous
wave lasers (cw), Q-switched lasers (Q-Sw.), femtosecond oscillators coupled with optical
parametric oscillators (quasi-cw + OPO), and regeneratively amplified femtosecond pulses
with optical parametric amplifiers (RGA + OPA). For comparison, two points on the
frep = 1 Hz-plane are shown.

Temporal Characteristics

Due to its short pulse duration, the spectral bandwidth of a single pulse becomes
considerable. Assuming a Gaussian distribution for both time and spectrum, the
time-bandwidth product is given by [79]:

τp ·∆νp = τp ·∆λ ·
c0

λ2 ≥ 0.441 (4.22)

with τp and ∆νp being the full width at half maximum (FWHM) of pulse duration and
frequency spectrum, respectively. On a wavelength scale, the FWHM is given by ∆λ
at the center wavelength λ. The lower limit of eq. (4.22) will be only attainable for
pulses that are unchirped, meaning their instantaneous frequency is not modulated as a
function of time within the pulse.

Due to the dispersive nature of the refractive index, individual frequency components
inside the pulse will experience different optical path lengths during propagation through
media, thus leading to temporal pulse stretching and chirp. Latter is quantified through
the temporal derivative of the instantaneous phase φ(t) as a modification to the central
frequency ω`:

ω(t) = ω` + dφ(t)
dt

. (4.23)
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In case of a linear chirp, φ(t) can be quantified by the chirp parameter a:
φ(t) = at2 (4.24)

where a > 0 corresponds to a positive chirp resulting in an increase of the frequency
with time and vice versa for a < 0.

4.3 Light-Induced Absorption and Thermal Processes
Based on their energetic structure, certain materials exhibit a light-induced change in
their absorption characteristics, i.e. exposure at wavelength λ1 yields an increase or
decrease of the absorption at a wavelength λ2. This effect can be persistent which is
associated to photodamage or it may be temporary due to the population of metastable
states [92–95] (which may be depopulated thermally or upon exposure to a certain
trigger wavelength [96]). Since photochromaticity occurs at a molecular level, this effect
can be used to encode information into the material with high spatial resolution which
in turn may be utilized as a means for holographic data storage [93, 97–99].

While consistent exposure to laser radiation yields a gradual heating of the material,
additional nonlinear effects may occur that lead to damage. Caused by short and highly
intense pulses, a plasma may be formed that causes significant material ejection and
sample ablation [100–106]. Secondly, in an interplay between self-focusing, self-phase
modulation, and ionization processes, a white light continuum (WLC) can be generated
that can span multiple octaves [107, 108]. Because of the attached material degradation
as shown in figure 4.3, this case generally tends to be avoided within this work.

Figure 4.3 – Left: Double-exposure photograph of a pressed LiNbO3 powder pellet
under 1360 nm-exposure and a peak intensity I0 & 5× 1016 W m−2 showing vaporization
of material as a plume and THG and WLC emission closer to the surface. Right: pellet
surface after irradiation exhibiting notable darkening at the exposure spot (center).

4.4 Luminescence, Resonance-Assisted
Multi-Photon-Absorption, FRET, and HRET

In contrast to harmonic generation or related transient processes, luminescence originates
from real energy states and selection rules, if applicable. Thus, intensity constraints
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apply in a much less rigorous manner as they would for harmonic processes involving
virtual states. In fact, due to the prolonged lifetime of individual excited states [109],
sequential absorption events at cw-conditions can be used to populate high electronic
levels |e∗〉. Since two or more low-energy photons are thus capable of producing a
higher energy photon via sequential absorption, this process is generally referred to
as upconversion [9, 21, 26, 110, 111] whereas the opposite, that is a Stokes-shift, is
termed downconversion. These two mechanisms are schematically depicted to the left in
figure 4.4.

Luminescence
〉g|

〉je|
〉∗e|

downconversion upconversion

〉1∗e|

〉2∗e|
MPA

RET

D A

Figure 4.4 – Selected schematic energy transfers based on fluorescent processes in ionic
systems. Left: Luminescence originating from a single high-energy photon absorption
termed downconversion (left) or from a sequential absorption of two low-energy photons
termed upconversion (right); a phonon-assisted relaxation into intermediary energy levels
|ej〉 may lead to a shift and to multiple emission wavelengths. Right: Resonant energy
transfer (RET) from a donor (D) to a acceptor (A) induced by an intial multi-photon
absorption (MPA).

In comparison to harmonic generation where emission originates from electronic
nonlinearities, i.e. it is nearly instantaneous and follows the intensity of the incident field,
fluorescence is linked to intrinsic lifetimes of electronic states resulting in significantly
longer emission periods on the order of nanoseconds and above [112–114]. In the
Stokes transition cycle indicated in figure 4.4 (|g〉 → |e∗〉 → |ej〉 → |g〉), a temporal
delay between an ultrashort excitation pulse and the radiative |ej〉 → |g〉 transition
can be expected owing to the initial population of the intermediary |e∗〉 state and its
(nonradiative) transition to the |ej〉 level. This way, a temporal selection can be devised
in order to enhance imaging contrast, for example via Kerr gating [115, 116].

Fluorescent processes have a long history in optical microscopy and have sparked
the synthesis of a number of proteins and nanoparticles for imaging [40, 42, 112, 117].
Nevertheless, while such markers may offer acceptable quality for day-to-day imaging,
they rarely exceed this purpose owing to their pronounced Stokes-shift. In this regard,
rare earth-doped upconversion nanoparticles (UCNPs) are a reasonable alternative,
considering their excitation can be often carried out at infrared wavelengths while
emission occurs from infrared to ultraviolet, depending on the rare earth-ion(s) and
excitation wavelength used [118–121].
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Combining the effects of harmonic and fluorescent processes leads to multiphoton
absorption (MPA) as shown to the right of figure 4.4. Essentially, an energetic gap ∆E
between a ground state |g〉 and an excited state |e∗〉 is bridged by the absorption of N
photons without necessarily populating intermediary energetic states:

∆E =
N∑
j=1

~ωj (4.25)

with ~ωj being the individual photon energies that do not necessarily have to equal.
The excited charge carrier will then populate |e∗〉 in lieu of immediately relaxing back to
|g〉 associated with the emission of harmonic radiation. Because MPA with N photons
relies on the imaginary part of the susceptibility of order (2N − 1), absorption rates
tend to become significant only with high-intensity pulsed excitation sources. Detailed
descriptions of MPA can be found in refs. [57, 58, 63] and will hence not be further
expanded upon here.

Irregardless of the excitation mechanism, several paths may be taken until the
ground state is attained again [60]. Apart from phonon-assisted (nonradiative) energy
transfers from one state to the other, a resonant energy transfer (RET) may also occur
between a donor and acceptor (sometimes also referred to as sensitizer and activator,
respectively). In this case, one system, such as an ion or molecule, is excited and may
subsequently transfer its energy to an adjacent system in close proximity in the order of
few nm without emission of radiation [122, 123]. Based on its discoverer, this process is
termed Förster resonance energy transfer (FRET).

In the style of FRET, a second resonant process can be proposed which relies on
harmonic generation: a nonlinear material serves as a donor and produces harmonic
radiation upon nonresonant infrared excitation. An acceptor nearby may then absorb the
harmonic radiation and thus attain an excited state. Typical material combinations for
this harmonic resonance energy transfer (HRET) include noncentrosymmetric crystals
that produce SHG and centrosymmetric luminescent materials that have an absorption
in the spectral region of SHG. Alternatively, rare earth-doped nonlinear materials could
potentially exhibit both harmonic radiation and HRET-induced fluorescence.

4.5 Light Scattering
Light-matter interaction with individual particles of size d is governed by a plethora of
scattering mechanisms that, in extreme cases, can be described by either the Rayleigh-
(d � λ) or the geometric approximation (d � λ). For particles sizing on the order
of the impinging wavelength λ, the more rigorous Mie theory needs to be applied for
accurately describing scattering processes, especially in regard to electromagnetic fields
inside particles. In the following, elastic scattering theory will be outlined for further
understanding on this subject matter whose derivation largely follows that of ref. [124].
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4.5.1 Mie Theory and Rayleigh Approximation

In its original form, Mie theory has been devised to explain the physics of a monochro-
matic plane wave interacting with a single spherical particle [125]. On this ground,
additional frameworks have been developed dealing with time-dependence [126], particle
anisotropy [127–129], stratified spheres [130–139], arbitrarily shaped objects and clusters
[140–149], or generation of SH radiation and its scattering [150–152], to name just a few.
For simplicity, only classical Mie theory will be covered henceforth and in an abbreviated
manner; full derivation of the formulas can be found in references [124, 153, 154].

In Mie theory, the key boundary constraint is that electromagnetic fields at the
interface located at the coordinate x between a particle and its surrounding medium
must be continuous:

[E2(x)− E1(x)]× n̂ = 0 (4.26a)
[H2(x)−H1(x)]× n̂ = 0 (4.26b)

with the electric fields Ej , the magnetic fields Hj and the particle’s surface normal n̂. In
total, there will be three electric and three magnetic fields corresponding to the incident
(inc), internal (int), and scattered (sca) fields. Applied to a spherical coordinate system
(ρ, θ, φ) for a single spherical particle at its surface, this yields the equation system:

Einc,θ + Esca,θ = Eint,θ (4.27a)
Einc,φ + Esca,φ = Eint,φ (4.27b)
Hinc,θ +Hsca,θ = Hint,θ (4.27c)
Hinc,φ +Hsca,φ = Hint,φ . (4.27d)

Because the solution is confined in a spherical coordinate system, the fields are rewritten
with the help of vector spherical harmonics:

Einc =
∞∑
n=1
En
(
M(1)

o1n − iN
(1)
e1n

)
(4.28a)

Hinc = −k
ωµ

∞∑
n=1
En
(
M(1)

e1n + iN(1)
o1n

)
(4.28b)

Eint =
∞∑
n=1
En
(
cnM(1)

o1n − idnN(1)
e1n

)
(4.28c)

Hint = −kint

ωµint

∞∑
n=1
En
(
dnM(1)

e1n + icnN(1)
o1n

)
(4.28d)

Esca =
∞∑
n=1
En
(
ianN(3)

e1n − bnM(3)
o1n

)
(4.28e)

Hsca = k

ωµ

∞∑
n=1
En
(
ibnN(3)

o1n − anM(3)
e1n

)
(4.28f)

where En = in(2n + 1)/[n(n + 1)] and the permeability of the surrounding medium
is given by µ which is unity for non-magnetic media. The wave vector k = 2πm/λ0
(or kint = 2πmint/λ0 for internal fields, respectively) consists of the complex-valued
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refractive index m = m′ + im′′. The expansion coefficients an, bn, cn, and dn are also
called Mie coefficients and mark the solution parameters to eq. (4.27). The vector
spherical harmonics after symmetry reductions M(`)

(e,o)1n and N(`)
(e,o)1n with ` ∈ {1, 3} can

be written as:

M(`)
e1n =− sinφπn(cos θ)z(`)

n (ρ)êθ − cosφτn(cos θ)z(`)
n (ρ)êφ (4.29a)

M(`)
o1n = cosφπn(cos θ)z(`)

n (ρ)êθ − sinφτn(cos θ)z(`)
n (ρ)êφ (4.29b)

N(`)
e1n = cosφn(n+ 1) sin θπn(cosθ)z

(`)
n (ρ)
ρ

êr

+ cosφτn(cos θ)

[
ρz(`)

n (ρ)
]′

ρ
êθ + cosφπn(cos θ)

[
ρz(`)

n (ρ)
]′

ρ
êφ

(4.29c)

N(`)
o1n = sinφn(n+ 1) sin θπn(cos θ)z

(`)
n (ρ)
ρ

êr

+ sinφτn(cos θ)

[
ρz(`)

n (ρ)
]′

ρ
êθ + cosφπn(cos θ)

[
ρz(`)

n (ρ)
]′

ρ
êφ .

(4.29d)

In these relations, occurring Legendre functions have been simplified to

πn(µ) = P 1
n(µ)

sin θ and τn(µ) = dP 1
n(µ)
dθ

(4.30)

with µ = cos θ. Furthermore, z(`)
n (x) serves as a placeholder for the spherical Bessel

function of the first kind and the spherical Hankel function of the first kind:

z(1)
n (x) = jn(x) and z(3)

n (x) = h(1)
n (x) . (4.31)

Additionally, the prime operator (′) has been introduced as the derivative by ρ for
simplifying the notation.

The Mie coefficients occurring in eq. (4.28) which are being solved through eq. (4.27)
take the form [155]:

an = mintψ
′
n(ka)ψn(kinta)−mψn(ka)ψ′n(kinta)

mintξ′n(ka)ψn(kinta)−mξn(ka)ψ′n(kinta) (4.32a)

bn = mintψn(ka)ψ′n(kinta)−mψ′n(ka)ψn(kinta)
mintξn(ka)ψ′n(kinta)−mξ′n(ka)ψn(kinta) (4.32b)

cn = mintξn(ka)ψ′n(ka)−mintξ
′
n(ka)ψn(ka)

mintξn(ka)ψ′n(kinta)−mξ′n(ka)ψn(kinta) (4.32c)

dn = mintξ
′
n(ka)ψn(ka)−mintξn(ka)ψ′n(ka)

mintξ′n(ka)ψn(kinta)−mξn(ka)ψ′n(kinta) (4.32d)

where the Riccati-Bessel functions ψn(x) = xjn(x) and ξn(x) = xh(1)
n (x) have been

introduced for brevity. These functions follow recurrence relations such that they can
be solved numerically, at times with the help of logarithmic derivatives [124, 136, 139,
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156–161]. Frequently, the particle radius a is embedded in a size parameter x = kinta
that quantifies the relation between particle size and incident wavelength λ0.

Based on the Mie scattering coefficients, spatially and polarizationally resolved
internal and scattered electromagnetic fields can be calculated through eq. (4.28) as well
as their time-averaged intensity

〈I〉 = 1
2 |E×H∗| (4.33)

which has been plotted in figure 4.5.

d = 100.0nm d = 1.0µm d = 10.0µmd = 100 nm d = 1 µm d = 10 µm

Figure 4.5 – Inner field intensities based on near-field Mie calculations for different particle
diameters d (white outlines) at an incident wavelength λ0 = 500 nm and a refractive index
m = 2.3 + 0i placed in vacuum scaling from blue (low) over red to yellow (high).

Furthermore, a scattering and an extinction efficiency Qsca and Qext can be con-
structed that relate the scattering or extinction cross section to the geometrical cross
section πa2 [124]:

Qsca = 2
x2

∞∑
n=1

(2n+ 1)Re(an + bn) (4.34a)

Qext = 2
x2

∞∑
n=1

(2n+ 1)
(
|an|2 + |bn|2

)
(4.34b)

Qabs = Qext −Qsca . (4.34c)

The absorption efficiency Qabs becomes relevant only for m′′int 6= 0 (i.e. non-negligible
material absorption). The absorption coefficient α and the imaginary part of the
refractive index m′′ are linked together through [162]:

α = 4π
λ0
m′′ . (4.35)

Plotting the scattering efficiencies as a function of the size parameter (or, alterna-
tively, either against the particle size with a fixed incident wavelength or vice versa),
reveals three characteristic zones as indicated in figure 4.6.

For very small size parameters, the scattering efficiency rises monotonously with
x4 which coincides with the behavior known from Rayleigh scattering. In fact, it can
be shown that for very small particles, the infinite sums of Mie theory converge for
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Figure 4.6 – Scattering efficiencies Q as a function of the particle size parameter x with
a single particle having a refractive index m = 2.3 + 0.01i in vacuum. For comparison,
the top axes show the particle diameter d at an incident wavelength λ0 = 500 nm and λ0
with d fixed to 100 nm. The dashed line marks the Rayleigh approximation valid for small
particles compared to the wavelength (shaded red) while the geometric approximation is
indicated to the right (shaded blue).

n = 1, producing expressions scaling with 1/λ4
0 for Qsca and 1/λ0 for Qabs [124, 163].

In the visible spectrum, this condition is typically met for NPs with a size d < 100 nm.
Hence, small nonmetallic NPs will scatter blue light significantly stronger than its red
counterparts.

In the limit of very large particles sizing d & 10 µm, the Mie solution converges
into the geometric optics approximation [164–168]. In other words, scattering entirely
loses its wavelength-dependency as a function of particle size; ray trajectories are solely
governed by their incidence angle and dispersion of m′ in this region.

Between these two, an oscillating structure is observed that stems from the interfer-
ence between directly transmitted and phase-shifted waves passing through the sphere
[169]. Furthermore, additional narrow peaks that gradually become sharper with rising
size parameters are discernible that result from resonances between incident light and the
spherical cavity of the scatterer. As the position of these peaks is highly depending on
the particle’s shape, it is termed morphology dependent resonance (MDR). Owing to the
field enhancement inside an MDR with an increased energy storage within the particle,
interactions between electromagnetic wave and particle material become improved [143,
163, 169–171]. Particularly, due to the intensity enhancement, intensity-dependent effects
such as nonlinear optical phenomena can be expected to follow MDRs [172–177]. In fact,
this enhancement is also frequently exploited by using plasmonic resonances originating
from noble metals that coat particles or are placed in close proximity [171, 178–184].
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4.5 Light Scattering

4.5.2 Dependent Scattering, Diffuse Reflectance, and Absorption
Characteristics of Powders

For single particles or strongly diluted solutions, light scattering can be assumed to follow
purely the solutions of Mie theory. When, however, individual scatterers are placed into
close proximity to each other, scattered fields may interact with additional particles,
thereby creating extra fields that may in turn interact with other particles, etc. This
process is termed multiple or dependent scattering and becomes the dominant scattering
mechanism for (pressed) powders [185, 186]. Significant attention has been devoted
to accurately describe this process [187–193]. For strongly packed and small particles
where the macroscopic surface does not exhibit specular reflections, light remitted from
the sample is diffuse [188, 194] which can be analyzed using a statistical approach [195].
Nevertheless, independent scattering Mie calculations with added correction terms can
predict multiple scattering as well [191]. In fact, a combined approach between geometric
optics using a ray tracer and simulating scattering at individual particles with Mie
theory has been successfully applied [193, 196–198].

Optical analysis of powders can be performed by measuring the backscattered
spectral intensity of sample in relation to a reference standard [193, 199]. This quantity
is the diffuse reflectance or remission R∞ that is related to an abstract absorption
quantity K and a scattering quantity S via the Kubelka-Munk (K-M) function [188]:

F (R∞) = K

S
= (1−R∞)2

2R∞
. (4.36)

The initial assumption is that the sample is infinitely thick such that light transmission
becomes negligible which is usually achieved after few millimeters [200, 201]. Undeniably,
a single measurement can only determine the ratio K/S and, due to their mutual
dependence, absolute values of K and S themselves do not relate to physical quantities
[188, 201, 202]. Nevertheless, diffuse reflectance studies are a valuable tool in material
characterization, in particular for samples which do not exist in the bulk phase. On one
hand, the diffuse reflectance is extremely sensitive to small impurities in powders [188,
193, 195]. Secondly, by assuming a negligible scattering dependency on the incident
wavelength, the ratio K/S becomes proportional to the absorption coefficient α. This
way, the electronic band gap Eg can be determined from a Tauc plot: equation (4.36) is
modified such that [193, 203]

(F (R∞) · hν)(1/n) = A(hν − Eg) (4.37)
with the photon energy hν and an arbitrary experimental constant A. The exponent n
refers to the type of electronic dipole transition and is listed in refs. [193, 204]. Plotting
the left side of eq. (4.37) against the photon energy reveals a linear rise around the band
gap that can be extracted via extrapolation towards the abscissa [14, 68, 193, 205, 206].

Iterative Approaches

While it is not possible to immediately calculate the absorption coefficient α from the
remission, a feedback loop can be designed which approximates the macroscopic quantity
R∞ through microscopic NP-parameter variation as illustrated in figure 4.7.
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Figure 4.7 – Flow chart highlighting the feedback-loop to conclude material parameters
such as the absorption α from the experimentally accessible remission R∞. Red shades
mark microscopic and blue macroscopic views.

Based on an initial number- (or volume-) based particle size distribution q0(d) (or
q3(d), respectively) [207] and an estimated complex-valued refractive index m, the Mie
coefficients are calculated and transformed into macroscopic absorption and scattering
quantities K,S [193, 208]. Solving eq. (4.36) for R∞ yields an estimate for the remission
which can be compared to experimental values. For thin, translucent layers, the
expression for the remission grows lengthier [208] but can be applied in the same manner.
The result can subsequently be used in a parameter refinement to re-run this loop
until a sufficient overlap is achieved. If, for example, q0(d) and m′ are known, m′′ or α,
respectively, can be iteratively solved. More importantly, this procedure is capable of
yielding absolute values for α, provided that Mie calculations and the transformation to
macroscopic values are applicable for the sample under investigation.

A second method is the Monte Carlo (MC) simulation of the scattering process
through a ray tracer [209, 210]. The sample is modeled after initial experimental and
material parameters (thickness, density, particle size distribution, and complex-valued
refractive index) and illuminated by a large number of light rays that propagate as defined
in the experimental setup, especially in terms of divergence. At individual particles,
rays are scattered according to Mie theory and can continue to propagate through the
sample where they can be scattered again or absorbed. Alternatively, they may exit the
sample where they are collected in the forward or backward hemisphere. Based on the
ratio between incoming and exiting rays, the remission can thus be calculated. Similar
to the ab initio-method, material parameters can subsequently be altered to attain a
resemblance to experimental results [193, 197, 198, 211–216].

Due to an extensive number of rays (> 106), the MC simulation requires significant
computing power to achieve results in a reasonable time frame. Even though the ab
initio method is much more efficient in this regard, dependent scattering is automatically
included in the MC simulation only. Hence, the sample preparation plays a vital role in
determining the best simulation in terms of both computing efficiency and accuracy.
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5 Experimental Approach to the
Characterization of
(Nano-)Crystalline Materials

The bulk of this work covers the nonlinear spectroscopic analysis of a vast number of
substances with the majority being classified as harmonic nanocrystals. Within this
section, a small overview will be provided regarding the synthesis and fabrication of
the investigated materials. Secondly, experimental setups and methodologies will be
outlined to characterize these substances.

5.1 Synthesis of Alkali Niobate Nanoparticles
A number of preparation methods exist to synthesize nanoparticles (NP), as summarized
in refs. [22, 217, 218] for example, which can be categorized into two major groups as
schematically illustrated in figure 5.1.

bottom-up top-down

Figure 5.1 – Schematic approaches in the synthesis of niobate nanoparticles. The top left
photograph shows dried NaNbO3-NP powder, top right is congruent LiNbO3 and below
are grinded LiNbO3-nanocrystals as seen in a transmission electron microscope.

In a bottom-up approach, NP growth is facilitated through provision of a benevolent
chemical environment in which individual ions and molecules coagulate to form single
crystals. Making a sensitive choice of precursors, including their stoichiometric ratios, and
environmental parameters, such as temperature or pressure, NP size can be controlled.

An alternative to this method can be classified as a top-down approach. Fabrication
of macroscopic bulk material (sizes exceeding 1 µm) is followed by grinding and size
separation to obtain nanoscaled crystal shards; alternative methods include laser-driven
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5.1 Synthesis of Alkali Niobate Nanoparticles

pyrolysis to eject small-scaled fragments from the bulk medium [219–222] or sintering
[223]. Further size reduction can be achieved by etching the surface of nanocrystals
in hydrofluoric or nitric acid [221, 224]. Owing to the high mechanical forces required
to break the crystal apart, significant strain will be placed into the atomic structure.
Nevertheless, this method has its advantage in controlled and reproducible NP-doping
as the macroscopic crystal growth process is well-understood [225–229].

Because of their exceptional nonlinear optical coefficients even at the nanoscale, a
special emphasis is devoted to alkali niobate NPs (especially lithium niobate, LiNbO3
(LNO), sodium niobate, NaNbO3 (NNO), and potassium niobate, KNbO3 (KNO)) [11,
230, 231]. Furthermore, these perovskites possess significant piezoelectric, pyroelec-
tric, photorefractive, and photocatalytic properties that greatly extend their field of
applications beyond that of multiphoton optics [2–4, 232–234].

As a representative of alkali niobates, systematic studies on the hydrothermal
synthesis of KNO have been performed. Considering that the chemistry of niobium
in aqueous solution is still not fully understood [235], hydrothermal synthesis offers
a contact point to comprehension of the reactive paths in alkali niobate nanoparticle
growth. The related solvothermal synthesis which typically uses organic solvents in lieu
of water is often considered as an alternative based on their ability to passivate NP
surfaces which hamper further growth and agglomeration [236–238]. However, removal
of reactants after synthesis may be difficult such that NPs exhibit surface contamination
which may affect further investigations. Hence, a hydrothermal approach has been
favored to elucidate growth conditions and mechanisms as well as to acquire control of
particle size and morphology based on a number of different precursors. This study has
been published in ref. [14].

Z. Wang, C. Kijatkin, A. Urban, M. Haase, M. Imlau, and K. Kömpe
Nonlinear optical potassium niobate nanocrystals as harmonic markers:
the role of precursors and stoichiometry in hydrothermal synthesis
Nanoscale, 10(22):10713–10720, 2018

Abstract: Nanocrystals of alkaline niobates are currently being dis-
cussed for various applications because of their diverse and remarkable
properties. Although the growth of bulk niobate crystals is well
established, little is known about respective nanocrystals and the
optical properties of niobates below 100 nm. A systematic view of
the hydrothermal synthesis of potassium niobate with respect to the
precursor species reveals the sensitive dependence of the resulting
crystalline phases and sizes on the educt modifications. With a vari-
ation of stoichiometry of the procedure, the product modification
and crystallite size can be changed. By means of second harmonic
generation, nanocrystalline potassium niobate offers the possibility
for use as an optical marker in high resolution nonlinear microscopy.
Redispersed particles show a significant second harmonic generation
signal throughout the visible spectral range.
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5.1 Synthesis of Alkali Niobate Nanoparticles

Since the NP size plays an essential role in further applications, developing a synthesis
procedure that yields reproducible product sizes is of crucial importance. Above studies
demonstrate the production of controlled crystallite sizes between (30 − 108) nm for
orthorhombic and (50± 5) nm for monoclinic KNO by a variation of educts.

The overall crystalline structure of the as-synthesized KNO-NPs can be explained
as follows [239, 240]: in a first step, corner- and/or edge-sharing NbO6 octrahedra
are formed. Subsequently, two competing processes dictate the growth of KNO-NPs:
hydroxide ruptures the NbO6 structure, effectively hampering the formation of crystals
induced by the simultaneously occurring potassium cation migration into the lattice
that cause slight distortions to the final crystal structure and a lowered symmetry to
Amm2. This mechanism has been proposed in manganese oxide which also consists of
corner- and edge-sharing octahedra [241] and therefore may suffice as an explanation
to the formation of other alkaline niobates as well. Due to their smaller ionic radii
[235], sodium and lithium can easily diffuse into the present NbO6 octahedral structure
whereas integration of the larger rubidium or caesium ions is inhibited. Furthermore,
because the insertion speed of sodium excels that of potassium, crystallites typically
tend to grow larger. At the same time, the lighter elements possess a successively higher
electronnegativity [235] such that the octahedra become incrementally more distorted
which, in case of LiNbO3, even leads to a trigonal crystal system.

For grinded congruent LiNbO3:Mg (dopant concentration cMg = 6.5 mol %, used
to increase the optical damage threshold [242]) that is investigated at a later point, a
size distribution as shown in figure 5.2 is observed. Because the nonlinear conversion
efficiency is dependent on the total number of dipoles involved, the size distribution by
volume q3(d) has been favored in lieu of its number-based equivalent q0(d).
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Figure 5.2 – Particle size distribution of congruent LiNbO3:Mg (6.5 mol %) by volume.
The inset highlights the secondary peak at 1 µm.

The majority of particles is sized at around 90 nm such that optical responses
are largely produced by this fraction. However, a small subset of particles measures
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5.2 Colloidal Suspensions and Photoswitchable Molecule-Films

1 µm and above. In terms of emitted harmonic intensity, this portion will likely have
a disproportionate influence on the overall signal: in bulk media, a tenfold interaction
distance would result in an approximate signal enhancement of 100 at present length
scales (cf. eq. (4.13)); if volume is considered, even a factor of 106 is possible making
it the major contributor to second harmonic generation [12, 29]. In fact, due to the
tendency of polar nanoparticles to agglomerate due to van der Waals forces [243, 244],
grains sizing up into the low µm-region are likely to form.

5.2 Colloidal Suspensions and Photoswitchable
Molecule-Films

After synthesis, particles may be left in solution or are redispersed as a colloidal suspension
for further investigation. Naturally, this procedure should not affect the physical
properties of particles; hence, niobate nanocrystals are frequently simply dispersed
in distilled water. However, due to the particle size, sedimentation may take place
within a few seconds to minutes for microsized and several minutes to hours to smaller
particles. While this procedure thus yields a relatively easy way to separate larger
crystallites and agglomerates from the rest, it may not be desired. In this case, a higher
viscosity solution becomes beneficial to use; preliminary studies with paraffin revealed
no observable sedimentation. Furthermore, signal emission is also not notably inhibited
[245]. For spectroscopic characterization, suspensions are prepared in UV fused silica
cuvettes and optically analyzed using a hyper Rayleigh scattering (HRS) geometry [10],
that is a 90◦-angle between the excitation beam and light collection direction as shown
in figure 5.3.

90°

Figure 5.3 – Schematic excitation-detection geometry used for characterizing NP suspen-
sions based on HRS setups: the angle between excitation beam and emission detector is
set to 90◦.

Apart from niobate-based materials or harmonic nanoparticles in general, upconver-
sion nanoparticles (UCNPs) are not as prone to sedimentation for up to several months
owing to their comparably small size, often times well below 20 nm [246–249]. Their
synthesis is frequently based on embedding trivalent rare earth ions into a chemically,
physically, and spectroscopically inert host lattice such as LiYF4, NaYF4, or LaPO4 [21,
111, 250]. UCNP suspensions may be spectroscopically characterized similarly to HNPs
in an HRS-geometry.
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5.3 Diffuse Reflectometry

The preparation of photoswitchable molecule-films follows a procedure described in
ref. [99]. In summary, ruthenium sulfoxide-based building blocks ([Ru(bpy)2(OSO)]+,
abbreviated OSO, and [Ru(bpy)(biq)(OSO)]+, abbreviated BIQ, where bpy is 2,2’-
bipyridine, biq is 2,2’-biquinoline, and OSO is 2-methylsulfinylbenzoate) are embedded
in polydimethylsiloxane (PDMS), yielding a solid, yellow-orange-tinted, photochromic
film with a thickness of (1−3) mm. Further analysis of such samples including holographic
studies is explained in detail in ref. [251].

5.3 Diffuse Reflectometry: Preparation, Principal
Experimental Setup, and Methodology

A large portion of nonlinear optical (NLO) characterization is performed on dry powders.
Adapting the preparation procedures of (linear) diffuse reflectance spectroscopy [188,
193] allows for reproducible measurements, outlined in figure 5.4.

Figure 5.4 – Schematic preparation of powder pellets from nanopowders. Material is
repeatedly added and compressed in a sample holder until no further powder can be
included yielding the sample shown to the right.

As described in refs. [68, 193], dry powder is repeatedly filled into a metallic
sample holder and compressed until no further material can be added. Preliminary
measurements indicate a powder pellet volume filling fraction on the order of 55 %.
Specular reflections from the sample are eliminated by placing a dried sheet of paper or
ceramic onto the surface during preparation [193]. Separation of pellet and holder is not
necessary and thus improves the mechanical stability and longevity of the sample. A
detailed methodology, including the tools for preparation, linear optical characterization,
and information extraction from diffuse reflectance spectra is contained in ref. [193].

S. Bock, C. Kijatkin, D. Berben, and M. Imlau
Diffuse Reflectance Spectroscopy Using Thick, Non-translucent Pellets:
A Route to Reproducible and Artifact-free High-quality Measurements
In preparation

Abstract: In this paper, we focus on diffuse reflectance spectroscopy
in the particular case of thick, non-translucent powders pressed to pel-
lets in order to characterize powders with respect to their absorption
features. We detail the preparation requirements, (minified) measure-
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5.3 Diffuse Reflectometry

ment setup and procedure, and further analysis using Monte Carlo
and Mie scattering simulations in order to facilitate high-quality mea-
surements. As a result, we obtain highly reproducible data, receive
access to the determination of the absorption coefficient α, and acquire
an in-depth understanding of artifacts. Finally, potential advantages
of the presented approach are highlighted and thoroughly discussed.

For NLO-investigations, a setup similar to the one shown in figure 5.5 is used. For
completeness, all parts have been included.
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Figure 5.5 – Principal setup used in remission studies. AC: autocorrelator, OPA: optical
parametric amplifier, BS: beam splitter, LP: longpass filter, λ/2: half-wave plate, ND:
neutral density filter, GB: glass block, L: lens, S: pressed powder sample, SP: shortpass
filter, DL: delay line, BBO: BBO-crystal, Spectr.: fiber-coupled spectrometer. MT1 and
MT2 (shaded in yellow) can be either plane or curved mirrors forming a telescope. MAC
are optional mirrors to direct the beam into the autocorrelator. BB: optional beam blocker
whose diffusely backscattered light is used for spectral analysis of the OPA-beam.

Essentially, the experimental setup can be divided into two distinct parts separated
by the initial beam splitter after the 35 fs-laser source (Astrella-USP-1K, Coherent).
The bottom part in figure 5.5 is mostly devoted to spectral characterization, i.e. the
analysis of wavelength tunability with an optical parametric amplifier (OPA) delivering
excitation wavelengths in the range λω = (530 − 2600) nm. Reduction of additional
wavelengths emitted from the OPA is achieved through a longpass filter. For polarization-
resolved measurements, a λ/2 wave plate is inserted. A reflective neutral density (ND)
filter ensures control on the intensity incident onto the sample. Optional pulse stretch-
ing is achieved through insertion of one or multiple glass blocks into the beam path.
These pulses can subsequently be directed into an autocorrelator for temporal pulse
length measurements (pulseCheck, APE), onto a beam blocker for spectral character-
ization of the OPA beam by collecting the diffusely backscattered light with a fiber
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spectrometer (NIRQuest512, Ocean Optics), or focused onto the sample whose backscat-
tered radiation is collected and detected with a spectrograph (IsoPlane SCT320 and
PIXIS:2KBUV, Princeton Instruments). The total detectable wavelength range spans
λ = (250− 1700) nm. An optional shortpass filter placed in front of the fiber entrance
helps suppressing the excitation wavelengths, thereby improving stray light reduction.

The second part of the 800 nm-beam is primarily used for time-resolved spectroscopy:
this is achieved by sending pulses through an optical delay line such that different
temporal positions relative to the OPA-pulses can be probed. Similar to the other beam
line, intensity, polarization, and pulse length control are performed with absorptive ND
filters, a λ/2 wave plate, and glass blocks, respectively. Optionally, the 800 nm-beam
can be frequency-doubled in a β-Ba(BO2)2 (BBO) crystal with a subsequent dielectric
short pass filter, thereby extending to the excitation wavelength window down to 400 nm.
This beam can then be either directed into an autocorrelator or focused onto the sample
where it may overlap in both space and time with the OPA pulses for the study of
frequency mixing processes.

5.4 High Dynamic Range Spectroscopy
Often times, the dynamic range of individual peaks in a spectrum exceeds the sensitivity
of spectrometers. This is a common issue known from photography: when details of
luminous objects in a scene, such as lamps, should be discernible, the shutter speed is
typically increased, improving the detail level in bright at the cost of underexposing darker
regions. Vice versa, slower shutter speeds help in discerning details in darker portions of
the image while overexposing brighter regions. By taking multiple photographs of the
same scene at different exposures and subsequently merging them, thereby incorporating
details from all regions irregardless of their luminance, the dynamic range of the image can
be drastically increased. This process is called high dynamic range (HDR) photography
and can be applied in a similar manner to spectroscopy: a single spectrum will be
“imaged” at different integration times; afterwards, the resulting spectra will be merged
based on a pivot spectrum. The result of this procedure is exemplarily shown in figure 5.6.

The primary advantage of this method is a significant increase of the dynamic range:
short integration times capture intense signals S at the cost of pronounced noise visible
at lower signals whereas high integration times yield overexposed peaks while allowing
extraction of weak signals. Combining these extremes allows capturing the entire range
of such dynamics. The complete procedure to merge these spectra as developed within
this thesis is as follows:

1. Measure the signal S(λ) at different integration times, thereby gathering individual
spectra yj(λ) and their corresponding background spectra bj(λ).

2. For each spectrum, clip data points exceeding ≈ 85 % of the recordable maximum
intensity of the spectrometer to avoid spectral distortions caused by detector
saturation and apply a background-correction as well as an intensity-correction
based on an irradiance standard (abbreviated as I(y)):

yj(λ)← I [clip(yj(λ))− bj(λ)] . (5.1)
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Figure 5.6 – Emission spectrum of LiNbO3:Yb at an excitation wavelength λω = 1900 nm
recorded at different integration times from 1 ms to 90 s and plotted on a logarithmic scale.
The pivot spectrum is marked with an asterisk.

3. Denominate a pivot spectrum yp, p ∈ j which is used for aligning all other spectra
yj 6=p against it. Ideally, yp should cover a large dynamic range but may be clipped
as well.

4. Using the method of least squares, find correction terms a, b, c to the other spectra
in order to map them onto yp:

min
{∑

n

[
yp(λn)− (ayj(λn)b + c)

]2}
. (5.2)

Each parameter corresponds to a specific property: a stretches yj along the
intensity-axis, b compensates for a potentially nonlinear intensity response of the
spectrometer (and should ideally be close to unity), whereas c adds a vertical shift
if necessary, thereby refining the background correction. It is worth noting that
a, b, c are applied globally, i.e. they act on the entire spectrum ỹj(λ) = ayj(λ)b + c
instead of at a single wavelength yj(λn). Clipped values are not taken into account
during the minimization procedure.

5. The final spectrum S(λ) is lastly calculated from these modified spectra ỹj(λ)
by their mean. Further improvements to the noise level at low signal intensities
can be made by introducing normalized weighting functions wj [ỹj(λ)] that favor
higher exposure times at low signal intensities:

S(λ) =
∑
j

wj [ỹj(λ)] · ỹj(λ) . (5.3)
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6 Spectroscopic Investigations and
Analysis

Owing to the rich and diverse material properties of harmonic and upconversion nanopar-
ticles (HNPs/UCNPs), an equally expansive bouquet of results will be presented hence-
forth with a primary focus on their spectroscopic features, including discussion of their
physical origin and potential fields of applications.

6.1 Harmonic Ratio: A Quantity for Structural
Clarification

The classical method to structural characterization of nanocrystalline substances typically
involves X-ray diffractometry (XRD) and generally yields sufficient results. However,
polymorphism can be a serious problem when multiple phases are present in a single
sample as it is a common case for NaNbO3, for example [252–256]. Many of such phases
produce highly similar XRD spectra, thereby complicating clear discrimination. This
way, additional procedures need to be used for an unambiguous determination of the
dominant space group. Based on this premise, the method of nonlinear diffuse fs-pulse
reflectometry has been developed for identification of polar phases, published in ref. [68].

C. Kijatkin, J. Eggert, S. Bock, D. Berben, L. Oláh, Z. Szaller, Z. Kis,
and M. Imlau
Nonlinear Diffuse fs-Pulse Reflectometry of Harmonic Upconversion
Nanoparticles
Photonics, 4(1):11, 2017

Abstract: Nonlinear diffuse femtosecond-pulse reflectometry is intro-
duced as a powerful experimental tool for the unambiguous charac-
terization of polar and non-polar point symmetry groups of harmonic
upconversion nanoparticles. Using intense ultrashort 40 femtosec-
ond laser pulses and an appropriate figure of merit (FOM), second
and third harmonic emission serve for the structural characterization
of polar Yb-doped lithium niobate and non-polar titanium dioxide
nanoparticles. The tool is capable of differentiating these two samples
by FOM values that differ by up to 13 orders of magnitude. The
general applicability to harmonic upconversion nanoparticles over a
broad range of intensities and wavelength spectrum, is discussed.
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6.1 Harmonic Ratio: A Quantity for Structural Clarification

This method has been designed specifically for the analysis of nanocrystalline
substances because it is capable to extract even-order harmonic generation even from
centrosymmetric substances. While this seems difficult to obtain in bulk materials,
considering that a symmetry break occurs only within the first few monolayers [257–
260], the surface-to-volume ratio dramatically rises with diminishing particle sizes d,
proportional to 1/d. Hence, surface-SHG can be observed even for materials that typically
do not exhibit even-order responses [261–264]. Furthermore, vanishing SHG-signals
imply that the harmonic ratio

fR = S3
2ω
S2

3ω
(6.1)

with the SHG- and THG-signals S2ω and S3ω, respectively, will approach zero as well.
In other words, larger values of fR hint towards a more polar material response whereas
the opposite suggests a centrosymmetric crystallographic space group.

Based on hydrothermally synthesized NaNbO3, preliminary XRD studies delimited
the structurally similar space groups P21ma (polar) and Pbcm (antiferroelectric) as
potential crystallographic structures. This ambiguity could be elucidated by harmonic
measurements, favoring P21ma due to a pronounced SHG signal [265] shown in figure 6.1.
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Figure 6.1 – Top: second and third harmonic signals from NaNbO3. Solid lines mark
fit functions according to eq. (4.14) with the exponent added for reference. Bottom:
harmonic ratio calculated from the dataset above. A confidence interval is shaded in green.

Evaluation of the nonlinearly generated signal reveals a harmonic ratio on the order
of (4.5± 0.5)× 108, indicating a highly polar response. Deviations for lower intensities
can be attributed to a decrease of the signal to noise ratio that typically also manifests
in an additional DC signal (visible for I0 < 4× 1014 W m−2 in the top plot). The drop
off of fR at high intensities (I0 > 6× 1015 W m−2) indicates a relative decrease of SHG
compared to THG. This behavior will be studied in detail in section 6.6

35



6.2 Light-Induced Absorption and Its Application to Holography Based on
Photoswitchable Molecule-Enriched Polymer Films

6.2 Light-Induced Absorption and Its Application to
Holography Based on Photoswitchable
Molecule-Enriched Polymer Films

Photochromic molecules feature a pronounced change in absorption upon irradiation
due to the isomerization into metastable states. By embedding them into a matrix, they
can be used as an optical storage medium through spatial modulation of the incident
light pattern. Since the isomerization process occurs on the picosecond timescale
[266], ultrafast molecular switches can be constructed. Hybrid materials consisting of
photochromic molecules inside a polymer matrix thus offer unprecendented flexibility;
their performance from a holography point of view is assessed in ref. [251].

B. Bourdon, S. Bock, C. Kijatkin, A. Shumelyuk, and M. Imlau
Holographic performance of silicon polymer films based on photoswitch-
able molecules
Optical Materials Express, 8(7):1951–1967, 2018

Abstract: Holographic silicon polymer films based on photoswitchable
molecules are studied with respect to their performance for hologram
recording, with photoswitchable ruthenium sulfoxide complexes as an
example. Our systematic study reveals that it is possible to record
elementary holographic lossy gratings with outstanding quality with
respect to their dynamics and in- and off-Bragg read-out features.
Furthermore, the possibility for the recording of multiple holograms
within the same volume element via angular multiplexing as well as
the recording with continuous-wave and a fs-laser pulse train is suc-
cessfully demonstrated. At the same time, a strong limitation of the
maximum diffraction efficiency in the order of ∼ 10−3 is found that
cannot be counterbalanced by either the tuning of material (thickness,
concentration, . . . ) or recording parameters (repetition rate, wave-
length, . . . ). This limitation – being severe for any type of holographic
applications – is discussed and compared with the performance of high-
efficient single-crystalline reference holographic media. We conclude
that the potential of sulfoxide compounds may be hidden in holography
until it becomes possible to synthesize polymer films with appropri-
ate three-dimensional structural arrangement of the photoswitchable
compounds.

As a final verdict, while ruthenium sulfoxide complexes embedded in silicon polymer
films can be used for holographic recording, their diffraction efficiency η is insufficient
for further applications. In fact, a comparison between this amorphous photochromic
material with highly ordered photorefractive sodium nitroprusside (SNP) molecular
crystals shows that η can be significantly increased by realizing a periodic arrangement
of photoswitches via placement into a highly ordered matrix, i.e. crystals, and using
refractive index modulation in lieu of absorption changes [267, 268].
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6.3 Ordered Lattices: Harmonic Emission and
Structural Characterization of Powders and Colloids

The installation of molecules inside matrices yields a synergistic benefit from combining
both individual features into one hybrid compound, as exemplarily shown in section 6.2
for flexible holographic films. A further enhancement was concluded by refining the
matrix into a crystalline structure, thereby yielding a constructive interaction between
individual molecules [269, 270]. Structural characterization of these hybrid materials
typically focuses on either molecules (e.g. Hirshfeld analysis [271, 272]) or crystal lattice
(e.g. XRD). In this regard, the method of nonlinear diffuse fs-pulse reflectometry (NDR)
can be applied to probe for harmonic generation produced by electronic (molecular)
susceptibilities and enhanced by their periodic arrangement inside the crystal. This way,
nonlinear optical properties can be assessed next to a crystallographic structure and
evaluated against a reference material through comparison of the harmonic ratios fR.
This study has been performed on powders of the hybrid crystal tri-(o-chloroanilinium
nitrate), abbreviated o-ClAN, in relation to LiNbO3 nanocrystals and has been published
in ref. [69].

H. Athmani, C. Kijatkin, R. Benali-Cherif, S. Pillet, D. Schaniel, M.
Imlau, N. Benali-Cherif, and E.-E. Bendeif
Nonlinear optical organic–inorganic crystals: synthesis, structural anal-
ysis and verification of harmonic generation in tri-(o-chloroanilinium
nitrate)
Acta Crystallographica Section A, 75(1):107–114, 2019

Abstract: The structural and nonlinear optical properties of a new
anilinium hybrid crystal of chemical formula (C6H7NCl+·NO−3 )3 have
been investigated. The crystal structure was determined from single-
crystal X-ray diffraction measurements performed at a temperature of
100 K which show that the compound crystallizes in a noncentrosym-
metric space group (Pna21). The structural analysis was coupled with
Hirshfeld surface analysis to evaluate the contribution of the different
intermolecular interactions to the formation of supramolecular assem-
blies in the solid state that exhibit nonlinear optical features. This
analysis reveals that the studied compound is characterized by a three-
dimensional network of hydrogen bonds and the main contributions
are provided by the O· · ·H, C· · ·H, H· · ·H and Cl· · ·H interactions,
which alone represent ∼ 85 % of the total contributions to the Hirshfeld
surfaces. It is noteworthy that the halogen· · ·H contributions are quite
comparable with those of the H. . . H contacts. The nonlinear optical
properties were investigated by nonlinear diffuse femtosecond-pulse
reflectometry and the obtained results were compared with those of the
reference material LiNbO3. The hybrid crystals exhibit notable second
(SHG) and third (THG) harmonic generation which confirms its po-
larity is generated by the different intermolecular interactions. These
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measurements also highlight that the THG signal of the new anilinium
compound normalized to its SHG counterpart is more pronounced
than for LiNbO3.

Quantitative measurements of the harmonic ratio reveal o-ClAN being a polar
material that exhibits notable second harmonic generation, albeit not being as pronounced
as in LiNbO3. However, owing to thermal damage, a degradation of the nonlinear signal
is observed as indicated in figure 6.2.
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Figure 6.2 – Top: second (red) and third harmonic signals (blue) from LiNbO3 (solid
lines) and o-ClAN (dash-dotted lines) as a function of time as it is also shown in ref. [69].
Bottom: harmonic ratio fR evaluated from the dataset shown above. Minimum and
maximum ratios between the two traces are marked.

Within the course of approximately 10 min, the harmonic ratio of o-ClAN decreases
by a factor of up to 50 after which it remains stable for several minutes. This behavior
reveals a more rapid decline of SHG in comparison to THG in o-ClAN which can be
attributed to either the breaking of molecular bonds or a softening of the rigid crystal
structure into a less polar phase. Nevertheless, fo-ClAN

R remains well above unity and
thereby shows a tendency towards the polar Pna21 crystal structure.

6.4 Ab initio calculations of the absorption coefficient
based on the linear remission of nanopowders

Outlined in section 4.5.2 and ref. [193], a semi-analytical approach to calculate a
material’s absorption coefficient α based on remission data and Mie-theory has been
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presented. In the following, results of this method will be presented and discussed in
greater detail.

As outlined in ref. [193], the overall remission may be modified through multiple
scattering. Light scattered from one particle may impinge a second one which in turn
may scatter towards a third, etc., thereby yielding small contributions (δR∞)(n) to the
overall remission:

RΣ
∞ = R∞ + (δR∞)(1) + (δR∞)(2) + (δR∞)(3) + . . . = f(R∞) ∼ (R∞)µ . (6.2)

This behavior is schematically illustrated in figure 6.3.

Single-Scat.

Multi-Scat.

∞R

∞
ΣR

∞δR+∞R

Figure 6.3 – Contribution to the remission R∞ through multiple scattering: a fraction of
light originating from single scattering (shaded green) can modify the remission, yielding
a corrective term δR∞.

Governed by the exact geometry, δR∞ may add either constructively or destructively
to R∞ due to interference. Because of statistical positioning of individual particles in
powder pellets, a mean interaction distance can be assumed such that R∞ is globally
manipulated by a correction function. Based on empirical studies, an exponentiation
with µ = 2.5 yields satisfactory results.

This simulation has been applied on the remission spectrum of compressed rutile-
phase TiO2 nanopowder (KRONOS Int., Inc.) with a particle size d = (330± 110) nm,
sampled at 31 sizes, and is presented in figure 6.4.

Experimentally measured remissions can be accurately reproduced by the simulation;
in fact, with the current approach, even noise from the data set propagates all the way
onto the absorption coefficient α. With the onset of the band gap, α shows a significant
increase with decreasing wavelengths that follows the absorption spectrum of thin film
measurements [273]. In order to reproduce the reference spectrum more accurately,
the functional dependency of RΣ

∞ would require additional corrective terms to ensure
both a similar maximum absorption at 350 nm and a coincident slope at the band gap.
Alternatively, Mie calculations would need to be revised if the particles are nonspherical
and thereby have different cross sections compared to those expected from spherical
scatterers [274].

Throughout the VIS/NIR region, a wavelength-independent absorption is observed
that contrasts reference data; this result may be explained through impurities inside the
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Figure 6.4 – Diffuse reflectance spectrum R∞(λ) of a rutile-phase TiO2 powder pellet
and calculated dispersion of the absorption coefficient α(λ) replicating the experimental
dataset (plotted only for selected wavelengths for clarity). For reference, the absorption
spectrum of a titanium dioxide thin film according to ref. [273] is shown.

sample such as small metallic abrasives from either the griding or compressing procedure
[193]. Alternatively, the used white standard may possess an imperfect absolute diffuse
reflectance. This point is enforced by the remission peak at 700 nm which can be
attributed to absorption of the white standard in this region [193], thereby yielding a
relatively increased remission and in conclusion, a reduced absorption coefficient.

In order to further test this procedure, it has been applied to the remission spectrum
of Ce3+-doped Y3Al5O12 (YAG:Ce) phosphors as well. They feature characteristic
2F5/2 → 2D3/2 transitions (often generalized to 4f → 5d-transitions [275]) at 460 nm
(2F5/2 → 5d1) and 340 nm (2F5/2 → 5d2), respectively, [274–277] that can be utilized to
evaluate diffuse reflectance spectroscopy and associated simulations outside of band gap
estimations. The results are plotted in figure 6.5.

For wavelengths λ > 550 nm, the remission shows a flat response close to unity,
indicating a remarkable similarity to the white standard. Towards shorter wavelengths,
the two characteristic electronic transitions are observed at 460 nm and 340 nm mani-
festing in local minima of the diffuse reflectance. Even further into the UV region, an
additional 5d level can be estimated from the gradual decrease of R∞ that is located
at approximately 230 nm [278–280]. Furthermore, based on absolute values of R∞, the
Ce3+ doping concentration can be estimated by comparing the remission spectrum with
reference data [281], indicating a concentration on the order of 0.33 %.

A conversion of the diffuse reflectance to absorption with a particle size distribution
equal to that of the TiO2-sample and a refractive index extrapolated through the
Sellmeier-equations given in ref. [282] clearly highlights the 4f → 5d1,2-transition peaks.
While the absolute values of α generally exceed those known from bulk and ceramics by
over an order of magnitude [274, 283], the peak ratio R = α(460 nm)/α(340 nm) ≈ 2.1
tends towards literature values on both powders and single crystals, spanning 2.8− 10
at room temperature for Ce3+ concentrations between (0.1− 0.5) % [276, 278, 283–285].
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Figure 6.5 – Diffuse reflectance spectrum R∞(λ) of a YAG:Ce powder pellet and calculated
absorption spectrum α(λ).

The discrepancy between calculated and literature values on α is likely caused by an
erroneous particle size distribution whose mean size can easily differ by a factor of
ten compared to assumed data [274, 277]. This can be qualitatively understood by
considering that the total attenuation, according to the Beer-Lambert-law, is the product
of the extinction coefficient and the propagation distance. Therefore, if larger particles
are considered, a lower absorption coefficient is required to compensate the light loss.

Concludingly, the measurements and further data evaluation of YAG:Ce highlight
the remarkable significance of diffuse reflectance spectroscopy in optical material char-
acterization. Furthermore, a comparably simple Mie model has been presented to
iteratively determine absorption spectra from remission experiments that can be utilized
to extract additional information from diffuse reflectance spectroscopy.

Most importantly, though, this method comprising diffuse reflectance spectroscopy
and subsequent iterative algorithms illustrates a viable way to determine absorption
spectra from micro- and nanocrystalline substances without needing bulk material
as reference. Thus, diffuse reflectance spectroscopy serves as a valuable tool to even
characterize substances that do not exist in a macroscopic phase conclusively.

6.5 Second Harmonic Efficiency Dispersion
According to the photon management concept (PMC), harmonic nanoparticles (HNPs)
are especially favorable in biologic applications due to their photostability and spectral
tunability. As it was shown in refs. [68, 192], the visible spectrum is easily attainable with
alkali niobate NPs upon infrared irradiation through generation of the optical second
harmonic. While single photon emission can already be sufficient with appropriate
detection systems, determining a relative conversion efficiency may nevertheless prove
useful in extending the field of applications for HNPs beyond imaging. In order to
unleash this flexibility, systematic studies on harmonic generation (HG) in a wide
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spectral window can aid in harnessing the power of HNPs. So far, characterization has
been limited to relatively small wavelength regions [174, 175, 286–294] and therefore
lacks conclusive results on the full potential of HNPs. In the following, the wavelength-
dependence of harmonic generation in 70 nm-sized congruent LiNbO3:Er NPs with a
special emphasis on the second order will be analyzed and compared with theoretical
predictions stemming from coupled wave and Mie theory. An extension to higher orders
will ensue in section 6.5.1 whereas a potential deconvolution of the experimentally
determined spectra is presented in section 6.5.2.

As outlined in section 4.1.1, harmonic generation can be described through a system
of coupled wave equations that may grow rather lengthy when including higher orders.
For simplicity, only SHG will be considered for now. In this case, with ∆kz → 0,
eq. (4.12) reduces to:

∂A1

∂z
= iω1

2n1c0
χ(2)A∗1A2 −

1
2α(ω1)A1 (6.3a)

∂A2

∂z
= iω2

2n2c0

1
2χ

(2)A2
1 −

1
2α(ω2)A2 (6.3b)

where orientational averaging of individual tensor components of χ(2) into a single scalar
has been taken into account owing to the random orientation of HNPs. Comprehensive
studies on the frequency-dependence of χ(2) are sparse; hence, it is approximated using
Miller’s Coefficient [63, 295, 296] where the complex-valued first-order susceptibility
χ(1) has been derived from refractive index n and absorption coefficient α, respectively.
Likewise, quantitative UV data for n and α at and beyond the band edge are only
reported for few wide band gap materials (e.g. TiO2 [273, 297–299]). Hence, n is
extrapolated by a Lorentzian dispersion fit of the Sellmeier-equations [300] in energy-
space in the UV region whereas α is chosen such that VIS-data from LiNbO3 bulk
material is adequately reproduced while the absorption peak should be located at
the point of inflection of n according to the dispersion relation [301]. For even lower
wavelengths, α is set constant to better replicate experimentally observed data. The
thus estimated wavelength-dependency of χ(2) is shown in figure 6.6.

Starting from the infrared region, a monotonous increase of χ(2) is observed up until
the refractive index at half the wavelength enters anomalous dispersion, resulting in a
rapid drop off of the second-order susceptibility. The subsequent rise at the material’s
resonance below 400 nm is typically not observed due to pronounced optical absorption
and will hence be neglected. The resulting shape of χ(2)(λ) qualitatively bears significant
similarities to published results on NaNbO3 [304], thereby validating the approach.

This finding has immediate consequences on the emitted second harmonic intensity
I2ω as it was shown in eq. (4.13): since I2ω depends quadratically on χ(2), a dramatic
enhancement of the the SH field in the green spectral region can be expected whereas
it should diminish towards the UV. This is partially counteracted by the refractive
index that continues to grow further into UV. However, more importantly, due to the
(1/λ2

ω)-dependence, a peak intensity shift towards lower wavelengths can be expected.
Inclusion of light loss is realized via the absorption α; additional attenuation caused

by scattering is neglected or at least implicitly included in α. Solutions to eq. (6.3), taking
pump depletion into account, are numerically calculated with a constant fundamental
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Figure 6.6 – Estimated second-order susceptibility calculated from extrapolated values
for refractive index n and absorption coefficient α and scaled to coincide with published
data on LiNbO3 [229, 302, 303].

intensity Iω = 1015 W m−2 after a propagation distance of 15 µm, corresponding to the
spatial extent of a 50 fs pulse in vacuum. The resulting SH efficiency, that is the ratio
I2ω/I

2
ω, is shown in figure 6.7.
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Figure 6.7 – Normalized second harmonic (SH) efficiency as a function of the SH
wavelength λ2ω. A fit following the dispersion relation of eq. (4.13) is shown for reference.

Compared to the χ(2)-dispersion, the SH efficiency is UV-shifted peaking at 370 nm
before rapidly decreasing for shorter wavelengths caused by absorption of the second
harmonic. Compared to lossless dispersion (dashed line in figure 6.7), the calculated SH
efficiency suffers from material absorption that becomes notable throughout the VIS
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region and dominates the behavior in the UV. Nevertheless, (phase-matched) coupled
wave theory predicts the highest SH intensity close to the material’s band edge; smaller
wavelengths yield a quick drop of the SH efficiency whereas higher wavelengths cause a
gradual decline.

Experimentally, the SH efficiency dispersion has been characterized by irradiating
the LiNbO3:Er-pellet at a constant intensity with wavelengths spanning (530− 2000) nm
and evaluating the SH spectral peak on an energy scale. Lastly, similar to the previous
analysis, the SH signal S2ω has been scaled by the fundamental intensity. The results of
this procedure are displayed in figure 6.8.
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Figure 6.8 – Experimentally determined normalized second harmonic (SH) efficiency as
a function of the SH wavelength λ2ω. A remission spectrum of the investigated sample is
plotted in the background. The inset displays the fundamental peak intensities at each
sampled wavelength; vertical lines indicate geometrical changes in the optical setup.

Qualitatively, a similar behavior to the results of coupled wave theory are observed:
while SH emission can be recorded throughout the entire visible spectrum, a significant
rise of the SH efficiency by a factor of up to 100 is observed between infrared and
near-band gap SH wavelengths. Additionally, several intense peaks are discernible in this
range that improve the SH efficiency by an additional factor of two. At wavelengths below
380 nm, the conversion efficiency diminishes rapidly and remains minuscule throughout
the UV compared to the VIS region. Nevertheless, even at wavelengths λ2ω < 300 nm,
SHG emission can be detected.

In the near infrared spectral region at λ2ω = (775± 25) nm, an additional SH
efficiency enhancement is observed. This results from the Er3+ dopant ions that enable
resonant second harmonic generation via absorption of one fundamental photon at
λω ≈ 1550 nm [305]: close to energetic transitions, the nonlinear susceptibility χ(n) can
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be enhanced significantly [63, 296, 306–311]. Using quantum mechanical perturbation
theory, it can be shown that χ(n) exhibits resonances anytime the energetic difference
E12 between two states |1〉 and |2〉 becomes comparable to the incident photon energy
Eph = ~ω [57, 63, 312, 313]. This can be understood as follows: the purely virtual
states involved in harmonic generation (cf. figure 4.1) usually possess lifetimes governed
by the uncertainty principle τ ∼ ~/Eph = 1/ω [314], i.e. single femtoseconds. Hence,
additional photons must coincide within this timescale to create a nonresonant harmonic
generation. Taking a slight broadening of the (real) energetic states into account, the
closer a virtual level is located to a real level, the longer its lifetime. This, in turn,
increases the probability for an excited state absorption, thereby raises χ(n), and in turn
also the observed harmonic intensity Inω. The same effect can be distinguished for THG,
as will be shown in section 6.5.1 and in a different host lattice in section 6.12.

The peak structure superimposed on the SH efficiency reveals additional mechanisms
occurring in the generation of the second harmonic in nanocrystalline material. A possible
explanation stems from field enhancements inside HNPs that can be described through
Mie theory [176, 177, 315]. For simplicity, nonlinear effects in Mie calculations [150–152]
will be omitted in favor of correlating linear scattering with SH radiation [174, 175].

Within this simulation, the HNP is divided into a discrete 3D-grid where the
intensity of the inner field is calculated at each voxel, thereby yielding an upper limit
to the SH conversion efficiency at the voxel of highest intensity. These calculations are
repeated at several different particle sizes and weighed to estimate the behavior caused
by polydisperse size distributions. Lastly, the harmonic intensity is calculated based on
the maximum fundamental intensity according to I2ω ∝ I2

ω/(n2
ωn2ωλ

2
ω), i.e. neglecting

the frequency-dependence of χ(2). As Mie resonances tend to become comparably sharp
(FWHM � 1 nm) for large size parameters corresponding to large particle sizes and/or
short wavelengths, the overall calculated SHG-dispersion spectrum is convolved with
a Gaussian distribution that approximates the spectrum of the excitation pulse. The
resulting harmonic intensity is shown in figure 6.9.

The different particle sizes assumed for the simulation create specific fingerprints
within the dispersion spectrum: the bulk of the measured LiNbO3 HNP-powder sizes
70 nm and creates a smooth curve that resembles that of the coupled wave theory
with a maximum at the onset of absorption. Meanwhile, for 400 nm-sized particles,
the maximum efficiency is placed at approximately 480 nm owing to dipole resonance.
Even larger particles shift this resonance peak further into the (infra-) red spectral
region while shorter wavelengths produce additional, gradually sharper maxima which
are superimposed on the spectrum. The inclusion of latter size stems from dynamic
light scattering (DLS) measurements performed on the particles which highlight a small
fraction of microsized crystals akin to the distribution shown in figure 5.2 for LiNbO3:Mg.

Since this simulation focuses only on internal fields inside individual particles, the
harmonic emission is only estimated. Particularly at the UV edge, the disparity between
the almost instantaneously vanishing signal in the experiment versus a smooth decline
over almost 100 nm in the Mie calculations becomes evident. In essence, a hybrid between
the two models with additional corrective terms for including (macroscopic) light-powder
interaction beneath the surface has to be considered for accurate description of the
experimental conditions.
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Figure 6.9 – Second harmonic intensity as a function of wavelength estimated from peak
field intensities inside particles according to Mie theory with sizes d and their respective
weights shown to the right. Individual contributions of each are shown under the main
curve. The real and imaginary part of the refractive index m are shown in gray with a
dashed and solid line, respectively.

Nevertheless, from a qualitative point of view, both models suffice to predict the
general behavior of the harmonic efficiency and support the experimental findings: while
harmonic generation can be tuned all the way between UV and IR, best efficiencies can be
obtained close to the band edge of the examined HNPs [294, 316]. However, while the UV
efficiency may not be at its best, increasing the excitation intensity yields considerable
UV emission. Furthermore, optimization regarding the absorption characteristics, i.e.
choosing a nonlinear material whose band gap is shifted further into the UV spectral
region, can likely enhance the SH signal in this wavelength region, thus opening up
the field to nanoscaled, frequency-tunable UV emitters for applications such as highly
localized photomanipulation.

6.5.1 Extension to Third Harmonic Generation

Previous results already indicated a superposition of multiple harmonic orders contribut-
ing to the overall emission of radiation, most notably in the transition region between
dominating second and third harmonic (TH) order at λω ≈ 1400 nm [14, 68, 69]. At
present intensities, harmonic emission is largely limited to the second and third order as
shown in figure 6.10.

Throughout the investigated wavelength region, visible emission can therefore be
observed, firstly by linear backscattering, followed by SHG and lastly via THG upon the
increase of the fundamental wavelength. Naturally, the harmonic intensity decreases
with rising orders of nonlinearity but nevertheless remains visible to the naked eye,
appearing as multiple sweeps throughout the visible spectrum.
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Figure 6.10 – Contour plot illustrating the detected harmonic emission spectrum as
a function of the fundamental wavelength λω for a constant intensity Iω ≈ 1015 W m−2.
Emission spectra have been logarithmized for better visibility. Expected fundamental,
second, and third harmonic wavelength dependencies are marked with dashed lines.

Similar to the analysis of the SH efficiency dispersion, the same method can be
utilized for its TH equivalent which is shown in figure 6.11.
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Figure 6.11 – Experimentally determined normalized third harmonic (TH) efficiency as
a function of the TH wavelength λ3ω.

Despite a detectable emission in a wide spectral band, considerable TH conversion
efficiency is limited to a band at (355± 20) nm whereas miniscule secondary and tertiary
peaks are observed at 425 nm and 490 nm with negligible conversion efficiencies outside
of those wavelengths.

Since the TH can be generated either directly through χ(3) or via a cascaded
χ(2)-process, its intensity is proportional to either 1/λ2 or 1/λ4 [71, 75]. Nevertheless,
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both relations indicate enhanced third harmonic generation towards the band edge
of the material. Together with a possible resonance that can be loosely discerned in
figure 6.9, this may explain the pronounced TH signal at 355 nm. A further reason
can be potentially found in the SH dispersion: the corresponding second harmonic
wavelength is located at 530 nm which already shows significant SH emission. Combined
with the constant fundamental intensity, their sum frequency can likely contribute to an
enhanced TH signal.

The smaller peaks at 425 nm and 490 nm coincide with dips of the SH efficiency.
Hence, a cascaded mechanism is cogitable where SH and pump wave are nonlinearly
mixed in order to generate the TH wave at the cost of a depleted SH intensity.

Even though the TH efficiency dispersion shows a vanishing signal beyond these
two peaks, emission is still present and detectable. As with the SH dispersion, signals
show a rapid decline outside of their peaks. Coincidentally, (linear) diffuse reflectance
spectroscopy is known for its sensitivity in detecting even negligibly small amounts
of impurities because of a notable reduction of the remission [188, 193]. Considering
that the present measurement method extends diffuse reflectance spectroscopy into the
nonlinear regime, a similar trend in regard to sensitivity can be expected. Nonlinear
diffuse reflectance spectroscopy is thus not only a tool for structural analysis based
on the emission intensities of second and third harmonic but also serves as a sensitive
probe for detecting field enhancements that in turn may be utilized for developing highly
efficient nanoscaled emitters.

6.5.2 Deconvolution of Nonlinear Diffuse Reflectance Spectra

Based on the results from section 6.4, the absorption coefficient α has been determined
from the linear remission R∞ using an exponentiation parameter µ = 2.5 to replicate
microscopic single-particle properties. Considering that α ∝ Im(χ(1)) [58], the remission
spectrum is related to the imaginary part of the linear susceptibility by an auxiliary
function f such that

R∞ = f
(
Im(χ(1))

)µ
. (6.4)

Comparing eq. (6.4) to nonlinear susceptibilities χ(n) suggests a similar connection
between χ(n) and the nonlinear diffuse reflectance measured which is proportional to
Snω/I

n
ω :

(Snω/Inω)1/µ = f(χ(n)) . (6.5)

Naturally, f crucially depends on both particle size distribution and microscopic model
used for calculating macroscopic parameters. Hence, eq. (6.5) does not provide quantita-
tive access to χ(n); however, this relation potentially supplies a more direct view of the
harmonic efficiency compared to the raw signal as it decouples the ensemble-response
from single scattering. Using this approach, the data sets of figures 6.8 and 6.11 have
been redrawn in figure 6.12 using the real part multiplied by the sign of the initial value,
i.e. y1/µ ≡ sgn(y) · Re(y1/µ).
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Figure 6.12 – Second (SH) and third harmonic (TH) efficiencies as a function of the
harmonic wavelength λnω as shown in figures 6.8 and 6.11 transformed according to
eq. (6.5). SH and TH signals are scaled by arbitrary constants for better visibility. The
absorption coefficient α has been calculated from the particle size distribution measured
via DLS similar to the results presented in section 6.4.

Using this approach, weaker values become amplified while the flanks’ sharpness
is attenuated, resulting in a closer resemblance to theoretically predicted behaviors
(cf. figures 6.7 and 6.9): highest conversion efficiencies are obtained at or close to
the band gap absorption and gradually decrease for growing wavelengths. Secondly, a
striking interaction between second and third harmonic signals becomes apparent: every
maximum in the TH dispersion spectrum corresponds to a local minimum in the SH
signal. At negligible phase matching-conditions, the selective favoring of either order
as a function of the wavelength likely has its origins in MDRs, producing resonantly
enhanced field intensities inside the nonlinear medium, thereby transferring energy into
higher orders.

6.6 Harmonic Generation at Higher Field Intensities
So far, most emphasis has been placed on the analysis of second and third harmonic
generation. However, with rising field intensities, the influence of higher orders becomes
notable, especially due to their nonlinear intensity-relation: according to eq. (4.14), any
n-th harmonic will, at some point, dominate all lower orders. With ever-increasing pulse
peak intensities, experimental studies on harmonics beyond the third order regime have
gradually become feasible [15, 74, 317–320]. In the following, higher harmonics1 will

1This expression should not be confused with high harmonic generation which typically describes
a plateau of similar intense harmonics generated in a gas jet up to and above the 100th order
at fundamental intensities beyond 1018 W m−2 [321–323] where the power series approximation
(eq. (4.1)) does not suffice anymore.
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receive particular attention from both an experimental and a theoretical point of view.
In order to attain easier access to higher harmonic orders, the fundamental wave-

length is tuned further into the infrared region to insert additional harmonics within
the electronic band gap, thereby reducing quenching of higher orders due to absorption.
The nonlinear emission spectrum of a LiNbO3:Er powder pellet irradiated at a central
wavelength λω = 1912 nm and an intensity Iω ∼ 1016 W m−2 is shown in figure 6.13.
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Figure 6.13 – Emission spectrum of a LiNbO3:Er powder pellet at a fundamental
wavelength λω = 1912 nm and an intensity Iω ∼ 1016 W m−2. Theoretical positions of
second to sixth harmonic order are marked by SH (2), TH (3), FH (4), VH (5), and 6H
(6). Emission corresponding to energy levels present in bulk LiNbO3:Er are marked with
green triangles according to ref. [324].

At this wavelength, visible emission is largely dominated by third harmonic genera-
tion (THG) at 637 nm. Small contributions in the cyan spectral region stem from fourth
harmonic generation (FHG) at 478 nm, resulting in a slightly desaturated red apparent
emission color. Second harmonic generation (SHG) is located in the IR at 956 nm whereas
the UV region is populated by significant fifth harmonic generation (VHG) at 382 nm
and another peak at 319 nm potentially originating from sixth harmonic generation
(6HG). Furthermore, luminescence from Er3+-ions can be observed in the green spectral
region at 526 and 547 nm, indicating 4S3/2 → 4I15/2 and 2H11/2 → 4I15/2 transitions [324–
327]. The signal minimum at 800 nm originates from background spectrum subtraction,
removing spurious radiation of the fs-laser. At longer wavelengths λ > 700 nm, the
spectrum is superimposed by an oscillating signal which is a measurement artifact caused
by etaloning, i.e. multiple reflections inside the Si-layer of the back-illuminated CCD
camera of the spectrometer [328, 329], and hence will be not considered any further.

Overall, the harmonics exhibit gradual spectral narrowing with rising orders. Based
on eq. (4.15), they can be compared with theoretically expected values. Owing to its
absolute intensity and lack of artifacts, the TH peak has been chosen as the pivot signal
for extrapolation to other orders. The results are summarized in table 6.1.
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6.6 Harmonic Generation at Higher Field Intensities

Table 6.1 – Harmonic spectral full widths at half maximum (FWHM) ∆λnω extracted
from figure 6.13 and calculated FWHMs based on the TH peak (marked with an asterisk)
using eq. (4.15). Central wavelengths of each harmonic λnω are provided for reference. All
values are given in nm.

n λnω ∆λnω (exp.) ∆λnω (calc.)
1 (Fund) 1912 — 114.3
2 (SH) 856 43.4± 3.0 40.4
3 (TH) 637 22.0± 1.0 22.0∗
4 (FH) 478 15.0± 1.0 14.3
5 (VH) 382 10.2± 1.0 10.2
6 (6H) 319 16.9± 1.0 7.8

For SH all the way to VH, experimental and theoretical calculations show significant
overlap, clearly illustrating the successive narrowing of individual harmonics with rising
order. An extrapolation to the fundamental spectral width reveals that, using the
time-bandwidth product relation (4.22), the pulse duration is near its physical limit
τp ≥ 47 fs. In contrast, the sixth harmonic peak shows significant spectral broadening
to twice the calculated FWHM. Hence, further influence from additional effects can be
deduced, for example from potential excitonic luminescence generating a triplet located at
(290± 9) nm, (310± 11) nm, and (360± 10) nm [330] or multiphoton resonances [331].

One of the most striking features of the present harmonic emission spectrum is that
even orders appear significantly less intense than their next-higher order, i.e. SHG vs.
THG and FHG vs. VHG. This behavior has been studied in detail by evaluating the
nonlinear signals as a function of the fundamental intensity as shown in figure 6.14.
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Figure 6.14 – Nonlinearly emitted signals from a LiNbO3:Er powder pellet as a function
of incident peak intensity (circles) at a fundamental wavelength λω = 1912 nm. Harmonic
orders are abbreviated as introduced in fig. 6.13 while “Lum.” marks the luminescence-peak
at 526 nm. The slopes of the fitting functions (solid lines) are shown in parentheses.
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For low intensities, the nonlinear emission is dominated by SHG which scales with
the square of the fundamental intensity Iω. Starting at approximately two orders of
magnitude lower than the SH signal at 1014 W m−2, THG rises with the third power of
Iω, crossing the SH intensity curve at 3× 1015 W m−2, and becomes the prevalent order
of the detected nonlinear emission. For highest intensities, a deviation from I3

ω towards
larger signals can be observed.

Starting in the PW m−2 regime, harmonic signals with fourth order and higher
can be detected. However, FH and VH rise significantly faster than predicted from
harmonic generation expressed through eq. (4.14) with I4ω ∝ I5.4

ω and I5ω ∝ I6.3
ω ,

respectively. This indicates a strong interaction between the different harmonic fields
that supersedes harmonic generation by high-order frequency mixing processes as well
as resonant enhancement originating from Er3+ energy levels as it has been observed
for SH and TH efficiency dispersions presented in section 6.5. Coinciding with the
crossing point intensity of SH and TH, the VH-signal exceeds its FH equivalent at
3× 1015 W m−2. Based on the fact that, according to perturbation theory, harmonic
signals should decrease with rising orders, this finding is in stark contrast to expectations;
for comparison, third and fourth harmonic signal differ by a factor on the order of 1000.
However, the previously observed resonance between (350 − 400) nm may lead to an
additional nonlinear enhancement of the VH signal.

The remaining two signals, 6H and the green Er3+-luminescence, manifest only at
intensities Iω & 2.5× 1015 W m−2. Contrary to the behavior observed in FHG and VHG,
6HG approximately scales with the sixth power of the incident intensity within the
(arguably small) dataset. The luminescence, on the other hand, is not only by a factor
of two more intense than 6HG but also exhibits a highly nonlinear power dependence
on the fundamental intensity with a power close to seven. The exact origin of such a
behavior is yet unclear; possible factors include, in no particular order,
• a 4I15/2 → 4F7/2 transition caused by linear absorption of the FH wave at
λ ≈ 490 nm with a relaxation to 4S3/2 and a subsequent radiative transition
back to the 4I15/2 ground state with green emission [324]. This would also reduce
the FH signal emitted from the sample leading to an excelling VH signal relative
to FHG.
• an upconversion sequence following the 4I15/2 → 4I11/2 → 4F7/2 route [21, 326],

absorbing two SH photons at λ ≈ 980 nm. Subsequent radiative relaxation follows
the path described above.
• multiphoton absorption causing the aforementioned 4I15/2 → 4F7/2 transition,

possibly via cascading, with subsequent radiative relaxation.
• excitation of higher energetic transitions such as 4I15/2 → 4G11/2 (λ ≈ 380 nm [332,
333], coinciding with VHG) through either single- or multiphoton absorption of
harmonics.
• harmonic and/or multiphoton absorption of the LiNbO3 host lattice: a Tauc-plot
to the remission spectrum shown in figure 6.8 reveals a band gap akin to values
reported in literature [334–339] with Eg = (3.88± 0.01) eV ≡ (319± 1) nm. After
a band excitation, energy transfer may commence via relaxation to intermediary
energetic states of Er3+ with a potential final 4S3/2 → 4I15/2 transition similar to
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observations made on LiNbO3:Eu3+,Cr3+ [340]. The initial step hints towards
either the onset of plasma generation [341, 342] or six- to seven-photon processes,
potentially via cascadation to avoid marginal cross sections from higher orders
[62, 103, 343] and resulting in detectable emission as evident from the 6H signal.
This transition path may also explain the similar slopes between the 6H and
luminescence signal.

In lieu of luminescence studies which will play an integral role at a later point in
sections 6.9, 6.10, 6.11, and 6.12, the following will continue the analysis of harmonic
generation to develop a more thorough understanding of the underlying mechanisms.

Extending the fundamental intensity range towards higher values by tighter focusing
yields harmonic dependencies as shown in figure 6.15.
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Figure 6.15 – Nonlinearly emitted signals from a LiNbO3:Er powder pellet as a function
of incident peak intensity at a fundamental wavelength λω = 1912 nm (circles). Harmonic
orders are abbreviated as introduced in fig. 6.13. The slopes of the fitting functions (solid
lines) are shown in parentheses.

Starting at the cutoff intensity of figure 6.14, the SH signal shows a drastic slope-
decrease down to approximately linear levels while THG remains largely unaffected.
However, in contradiction to previously shown results, FHG now scales with the fourth
power whereas the VH slope decreases to an almost cubic dependence. Therefore, a
potential energy transfer from the second to fifth order can be concluded. The disparity
between these two data sets likely has multiple origins: first, the excitation spot differs
between these two series, thereby irradiating different sets of particles. Due to the
decreased laser spot size in the second data set, the overall number of particles is also
reduced, yielding a highly localized response of the pellet. In fact, the surface morphology
exhibits several platelet features visible by naked eye that are considerably more reflective
than surrounding areas of diffusely reflecting nanoparticles. Since the sample morphology
can have significant influence on the generation of harmonic radiation [304, 344], these
two probed areas may therefore exhibit vastly differing nonlinear responses.
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As a further proof that the observed peaks belong to harmonic orders of the
fundamental pulse, additional emission spectra have been collected as a function of the
fundamental wavelength λω = (1140− 2400) nm which are shown in figure 6.16.

Figure 6.16 – Contour plot showing wavelength tunability of the second to fifth harmonic
as a function of the incident wavelength (Iω = (2− 20) PW m−2). Individual spectra have
been logarithmized and normalized. Dashed lines mark predicted dependencies.

While second and especially third order largely dominate the emission spectrum
throughout the investigated wavlength region, notable contributions from the fourth
and fifth harmonic can be observed once their energy is below the electronic band gap.
Higher orders cannot be discerned from the contour map but may nevertheless be present
as was shown beforehand.

6.6.1 Comparison with Theoretical Predictions

Simplified expressions of eq. (4.12) have been used so far to corroborate selected properties
such as harmonic efficiency as a function of wavelength or intensity-dependence of
individual harmonics. In the following, numerical solutions to the entire equation
system are presented and compared with experimental results. For simplicity, nonlinear
susceptibilities will henceforth be treated as scalars with estimated values as tabulated
in tab. 6.2.

Table 6.2 – Nonlinear susceptibilities assumed for the simulation with literature values of
LiNbO3 used whereever possible.

χ(2)/m V−1 χ(3)/m2 V−2 χ(4)/m3 V−3

60× 10−12 [57] 2× 10−21 [72] 10−32 [73]

Based on the previous findings, harmonic generation in nanopowders is largely
independent of the phase-mismatch ∆k. In a simulation, this behavior can be accounted
for by modeling a chain of nanoparticles as sketched in figure 6.17.
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Figure 6.17 – Schematic mechanism of harmonic generation in nanopowders.

In this model, the particles may be randomly oriented, ensuring quasi phase-matched
conditions for an arbitrary set of wavelengths at the cost of the overall conversion efficiency
[57, 90, 345]. Secondly, their size d may approach zero, causing the phase-mismatch
product ∆kd to vanish, resulting in an in-phase relation between fundamental and
harmonic waves upon exiting the particle. With a negligible interparticle clearance
length l → 0, these waves enter the next particle, continuing in-phase frequency mixing.
This process is repeated until a total distance z has been cleared. Using this approach
removes the exponential functions in eq. (4.12) and yields a perfectly phase-matched
material for all wavelengths as has been largely confirmed in dispersion measurements
and simulations. As a result, the energy transfer between different harmonics can be
studied as a function of the propagation distance as graphed in figure 6.18.
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Figure 6.18 – Intensity of harmonics Inω after a propagation distance z through a nonlinear
medium according to eq. (4.12) for λω = 1900 nm. The dash-dotted line marks the sum of
all harmonic intensities. The inset shows the harmonic intensities on a logarithmic scale
for the first 25 µm.

The initial inequilibrium of frequencies results in a rapid transfer into higher orders.
The initial buildup of the SH wave within the first few µm is soon accompanied by third,
fourth, fifth, and sixth order with rising interaction lengths. However, the absorption
of the 6H wave becomes evident, resulting in a very slow growth of its intensity. In
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contrast, VH becomes the most intense of all harmonics after z ≈ 30 µm. This is of
particular interest, considering that this finding is hinted at with experimental results (cf.
figure 6.13). Furthermore, intensity losses due to absorption only become prominent after
considerable interaction lengths owing to the distance required to push significant energy
into VH and 6H such that these losses become evident (as multiphoton absorption is
not considered in this simulation). Lastly, a flow of intensity back into the fundamental
is observed for z > 70 µm, proving that no equilibrium state will be attained within
100 µm. In fact, the transition rate between individual harmonics crucially depends
on the incident intensity with larger Iω yielding faster rates. For further calculations,
the total interaction length has been fixed to z = 15 µm. Hence, intensity-dependent
calculations are expected to show an oscillatory behavior due to the arbitrary cutoff at
z. For this reason, harmonic intensities have been averaged from calculations with the
three interactions lengths z̃ = {4

5 ,
5
5 ,

5
4} · z. This way, the two-dimensional parameter

space consists of fundamental wavelength λω and its intensity Iω.
Due to the nonlinear intensity dependence of harmonics on the fundamental and

among themselves, harmonic intensities and thereby emission spectra are largely governed
by Iω. This behavior is demonstrated in figure 6.19 showing emission maps for different
fundamental intensities.

Figure 6.19 – Emitted intensities for each harmonic up to sixth order as a function of
fundamental wavelength λω and intensity Iω = (109 − 1016) W m−2. The diagonal lines
are (from top to bottom): fundamental, SH, TH, FH, VH, 6H.

For small incident intensities on the order of 109 W m−2, harmonic generation is
largely limited to the second order. With rising fundamental intensities, additional orders
begin to emerge such as TH for Iω ∼ 1011 W m−2, FH and VH at Iω ∼ 1013 W m−2, or
6HG that is clearly present for Iω ∼ 1016 W m−2. However, irregular narrow-banded
dips in the harmonic intensities at specific fundamental wavelengths become apparent
for large Iω owing to the fast energy conversion between individual orders and the fixed
cut-off at z̃ that was hinted at before. These artifacts are purely of numeric nature and
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are not observed in the experiment. In theory, a much higher sampling size should be
taken into account to faithfully reproduce light-pellet interaction at arbitrary sample
depths but has been omitted for computational efficiency. Hence, these irregularities
will not be studied any further.

Sampling of harmonics as a function of incident intensity at a fixed wavelength
allows for verification of the power function (eq. (4.14)) as well as a comparison with
experimental data. For better relation, the intensity-dependence at λω = 1900 nm has
been chosen and is presented in figure 6.20.
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Figure 6.20 – Intensity-dependence of harmonics up to sixth order as a function of the
fundamental intensity Iω simulated at λω = 1900 nm. Dotted lines indicate the expected
growth in the undepleted pump approximation with a single power function according to
eq. (4.14). The dash-dotted line marks the sum of all harmonic intensities.

For low fundamental intensities Iω . 1013 W m−2, the power law is accurately
reproduced. In contrast, a saturation of harmonics is observed for higher intensities
caused by the finite energy stored in the fundamental wave that is distributed among
the other orders. Next to previously reported results on LiNbO3:Er-, LiNbO3:Yb- (not
shown for brevity), and NaNbO3-nanopowders (cf. figure 6.1) this outcome has also
been observed in a variety of other materials, including GaAs, ADP, ZnO, or K-atomic
vapors [39, 316, 331, 346].

Because of pump depletion, the overall harmonic generation efficiency is likely to
deteriorate with rising fundamental intensities [347]. Secondly, efficiency dispersion
spectra show a clear dependence on the linear absorption of the material. These two
effects are also observed in numerical studies on the coupled wave equations whose
results for the second harmonic are shown in figure 6.21.

For low incident intensities, the behavior of previous findings is reproduced, i.e. a
gradual rise of the harmonic efficiency with decreasing wavelengths until absorption leads
to a sharp drop off. However, starting at Iω ∼ 1013 W m−2, the conversion efficiency
progressively diminishes until only negligible efficiencies are observed above 1016 W m−2.
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Figure 6.21 – Second harmonic efficiency as a function of its wavelength λ2ω for different
fundamental intensities Iω. Inset: contour plot showing the harmonic efficiency as a
function of both fundamental wavelength and intensity.

Similar calculations have been performed for third and higher orders. However, except
for their UV-shifted conversion efficiency maximum, they show similar characteristics to
their SH counterpart: for fundamental intensities Iω . 1013 W m−2, all curves are nearly
identical while higher intensities cause diminishing efficiencies.

Based on these findings, several consequences emerge: (i) highest conversion efficien-
cies are obtained close to the band edge, (ii) while harmonic intensities mostly increase
with rising fundamental intensities, the overall conversion efficiency drops at saturation
levels, and (iii) for collecting a continuous dispersion spectrum, incident intensities must
remain fixed for all wavelengths, especially for high-intensity, ultrashort-pulsed laser
systems. Expressing this as a function of the pulse energy Ep derived from eq. (4.21) for
focused Gaussian pulses yields

Ep = π2w4
Lz

2 + f 4(M2)2λ2

f 2w2
L

τp

4
√
π ln 2

I0 (6.6)

with the (unfocused) beam radius wL, the distance to the focal point z, the focal length
f , the beam quality factor M2, and the desired peak intensity I0 set to be constant
throughout all wavelengths λ. Evaluation of expression (6.6) yields a very slowly growing
curve with increasing wavelengths, i.e. deviations on the order of 1 % between 500 nm
and 2500 nm for loose focusing conditions (f = 150 mm and z = 50 mm).

Concludingly, harmonic generation up to the sixth order has been verified by both
experimental and numerical calculations. Similar to second and third harmonics, they
bear typical intensity and wavelength relations to the fundamental excitation pulse.
Using near- to mid-infrared excitation, absorption and scattering in biological tissue
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can be greatly reduced. Yet, owing to the outstanding Stokes shift of several eV, higher
harmonics generated from nanoparticles can likely find applications as localized UV
emitters for optogenetics, release of free radicals, or targeted cancer therapy [348–352].

6.7 Spectrotemporal Two-Beam Frequency Conversion
in Harmonic Nanopowders

Serving as an extension to previous investigations, a secondary excitation pulse is
introduced to study nondegenerate frequency mixing (FM) such as sum (SF) or difference
frequency (DF) generation in nanoparticles in more detail [353, 354]. This method has a
tremendous relevance in the area of time-resolved fluorescence upconversion spectroscopy
(FLUPS) [355–357]: a transient fluorescence signal is frequency-mixed with a femtosecond
pulse to probe for the temporal evolution of individual frequency components in order
to elucidate electronic features of the investigated material. This procedure typically
involves a spectrotemporal overlap of these two pulses in a nonlinear bulk crystal such
as KDP or various borates [358–360] and has, so far, not been attempted with harmonic
nanopowders. On these grounds, preliminary studies on FM in HNP powders are of
utmost importance to elucidate their applicability in FLUPS.

Adapting the nomenclature known from FLUPS [355, 358, 361], the beam containing
higher photon energies is labeled “pump” (P ) while the spectrally tunable beam emerging
from the OPA is labeled “gate” (G). In this configuration, the sum- and difference-
frequency between pump and gate are labeled as (P ±G), possible harmonics of either
are given by prepended integers such as 2G for the second harmonic of the gate pulse.

Using a congruent LiNbO3:Mg nanopowder pellet, the spatial and temporal over-
lap between the λP = 800 nm pump and λG = 1360 nm gate pulse with intensities
IP ≈ IG = (12± 1)× 1015 W m−2 produces a plethora of nonlinearly generated frequen-
cies which are shown in figure 6.22.
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Figure 6.22 – Frequency-mixed (FM) nonlinear emission spectrum (black) from a
LiNbO3:Mg nanopowder pellet upon spatiotemporal overlap of an 800 nm pump (P , blue)
and a 1360 nm gate (G, red) pulse. Hypothetical peak positions by different interactions
are marked with their respective abbreviations.
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While large parts of the spectrum are dominated by harmonics of the individual
pulses, frequency-mixed (FM) peaks emerge upon spatiotemporal overlap between the
two pulses with the most prominent being (P + G) at 504 nm. Because frequency
mixing takes intensities of both pulses into account, weaker signals can be amplified
by stronger pulses, allowing uncomplicated detection of cascaded processes such as
(2P −G) at 567 nm or (P + 2G) at 368 nm. Mathematically, this behavior follows from
solutions to the coupled wave theory with nondegenerate input fields in eq. (4.9) using
the nanopowder-approximation which yield a relation for the frequency-mixed intensity

IFM ∝

〈
χ(2)(∓ωFM;±ω1,±ω2)

〉2
z2

n1n2nFMλ2
FM

I1I2 , (6.7)

thereby predicting a linear relationship between individual excitation intensities and
nonlinear emission. This behavior is experimentally investigated through intensity-
variation of either pump or gate pulse, resulting in the plots shown in figure 6.23.

104

105

S
P
+
G
(a
rb
.
u
.)

∝ I0.94
P

1015 1016

IP (W/m2)

102

103

104

S
2
P
−
G
(a
rb
.
u
.)

∝ I1.96
P

104

105

∝ I1.04
G

1014 1015 1016

IG (W/m2)

102

103

104

∝ I0.96
G

Figure 6.23 – Frequency-mixed signal intensities (circles) identified as (P +G) (top) and
(2P −G) (bottom) as a function of pump (left) and gate intensity (right). Fitting functions
are shown in red with their respective exponent shown in the bottom right of each plot.

Based on the slope of these intensity-relations, the nature of these processes can be
understood in terms of involved photon numbers: the linear slope points towards the
intensity relation outlined in eq. (6.7), i.e. (P +G) is generated by one photon from each
wave whereas the squared dependency of (2P −G) on P clearly highlights an upstream
SH-process of P before it is difference-frequency mixed with G. It is yet unclear how far
this FM cascade may stretch. For example, the small peak at λ ≈ 310 nm in figure 6.22
may hint towards either (2P + G) or ((P + G) + P ). Technically, while both yield
the same output spectrum, former relies on SHG with subsequent SFG whereas latter
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consists of a two-step SFG process. In order to accurately separate these two from each
other, a nonlinear material has to be chosen which selectively blocks one intermediary
process; at current excitation wavelengths, this selection could be performed by a strong
absorption at 500 nm or 400 nm to quench either (P +G) or 2P , respectively, thereby
decreasing their intensity in the second stage of cascaded frequency mixing.

Previous considerations deemed nonlinear susceptibilities orientation-independent
scalars owing to the random orientation of nanocrystals and the associated averaging
of χ(n). This assumption has been studied in a polarization-resolved scan of different
frequency-mixing processes which are summarized in figure 6.24.
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Figure 6.24 – Normalized and scaled signals of harmonics and various frequency-mixings
between (350− 700) nm with the terminology established in figure 6.22 as a function of
the polarization angle φG. Horizontal polarization is indicated by a zero angle. Fitting
functions ∝ cos2 φG are shown for FM-processes (solid lines). The top half displays
measured values, the bottom half shows the same data set in lighter colors shifted by 180◦
for better shape-identification.

For all initial second-order processes, i.e. 2P , 2G, and (P + G), the FM-signal
appears largely polarization-independent. This observation supports the initial hypoth-
esis of randomly aligned crystals that average out any tensorial components of χ(2).
However, taking higher order mechanisms (irregardless of χ(2) cascadation or direct
χ(3) nonlinearities) into account, i.e. 3G, (2P −G), and (P + 2G), shows a significant
polarization-dependence that can be rotated by altering the polarization angle of the
second beam. For 3G, a fourfold symmetry is observed which has also been reported
in individual BiFeO3 nanocrystals [15] (PSG 3m, like LiNbO3 [231]). For the FMs
(2P − G) and (P + 2G), a peanut-shape is detected. This double-lobe has been ob-
served with polarization-resolved SHG in a number of materials such as BaTiO3 [12,
362], KTiOPO4 [24], BiFeO3 [15, 231], NaNbO3 [183], KNbO3 [363, 364], malachite
green-coated polystyrene [10], silicon [176], or LiNbO3 [233, 365, 366]. Likewise, SFG in
GaAs nanowires has shown similar behavior [354].
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In contrast to measurements on individual nanocrystals, the overall observed FM
signal never drops below 50 % of its maximum intensity, indicating a pronounced
background from randomly oriented nanocrystals. In turn, the angular anisotropy can
be deduced to be generated by a low number of crystals whose tensorial components
do not fully average out and possess significantly higher emission intensity compared
to remaining background signal. Because of the sensitive size-dependence of nonlinear
frequency-mixing (cf. eqs. (4.13) and (6.7)), this orientational preference is likely induced
by the low number of microsized particles present in the sample as shown in figure 5.2.
Due to the higher order of FM-processes, the anisotropy is amplified the more waves are
involved: whereas the peanut-shape is only faintly observed for (P +G) (two waves), it
is dramatically enhanced for 2P − G and P + 2G (three waves). Hence, the contrast
can potentially be increased even further by optimizing the detection for higher order
FM, e.g. (3P −G) at 331 nm, (4G− P ) at 591 nm, or (2P − 2G) at 971 nm.

As a result, polarization-resolved nonlinear diffuse reflectometry (PNDR) as an
extension to the method described in section 6.1 can be used to detect microcrystalline
traces in NP-powders. In fact, because this is a common issue in grinded materials,
PNDR may serve as a supporting tool during the NP-production-process such that the
fraction of large-scale particles can be effectively monitored.

Owing to the highest intensities of all observed nondegenerate frequency mixings, the
(P +G)-process will be studied in more detail, for simplicity referred to as sum-frequency
generation (SFG) henceforth. By temporally stretching one of the two pulses (in this
case, the pump pulse), the shorter pulse can be used to probe for the spectrotemporal
characteristics of former such as its chirp by cross-correlation, akin to the methodology
used in FLUPS. This approach has not been attempted with harmonic nanopowders as
active frequency converters so far; therefore, figure 6.25 shows the first time-resolved
SFG-spectrum between a picosecond and a femtosecond pulse in HNP powders.

These measurements first and foremost reveal that the pump pulse is positively
chirped. This can be understood as a result of the prolonged propagation through nor-
mally dispersive glass blocks that increase the optical path length for higher frequencies,
yielding a temporal pulse broadening with leading low and trailing high frequencies.
Evaluation by the chirp parameter a indicates a temporal dependence of the instanta-
neous frequency by 1/τP . From a quantitative view point, this result is comparable with
data published on bulk LiNbO3 in both magnitude and pulse-duration dependency of
the chirp parameter [367], thereby aiding in validation of using HNP powders for the
analysis of transient processes.

For short pump pulse durations τP . 300 fs, the chirp becomes indiscernible at
current temporal resolutions. In lieu of these quasi-instantaneous changes of the central
frequency, the global temporal evolution of the SF signal at a single wavelength will be
studied henceforth at pulse durations τP = 38 fs and τG = 44 fs. Figure 6.26 shows the
SF signal as a function of temporal delay between the two pulses after subtraction of
the individual emission spectra of pump and gate visible in figure 6.22.

A striking feature of the SF signal is its prolonged duration that exceeds the incident
pulses by a factor of over 30, yielding a full width at half maximum (FWHM) value
on the order of 1.56 ps. A second peculiarity is a slight asymmetry of the signal which
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Figure 6.25 – Left: SFG emission spectrum as a function of temporal delay between a
picosecond pump and a femtosecond gate pulse. White dots mark the maximum intensity
at each time step. Right: shift of the central angular frequency as a function of delay for
different pump pulse durations τP = (300−1250) fs (temporal uncertainty is approximately
3 %); the gate pulse length is τG = 44 fs. Assuming a linear chirp, the central region is
fitted according to eq. (4.23) with the chirp parameter a shown at the top.

-5 0 5

∆t (ps)

400

450

500

550

600

λ
(n
m
)

FWHM:
1.56 ps

0.0

0.5

1.0

S
P
+
G
(a
rb
.
u
.)

-5 0 5

∆t (ps)

-0.1

0.0

0.1

∆
S

Figure 6.26 – Left: temporal evolution of the SF emission spectrum. Right: normalized
SF signal at (504± 1) nm as a function of wavelength with a double-Lorentzian fit according
to eq. (6.8) (red line). Residuals are shown below. The data set’s full width at half maximum
(FWHM) is shown in the top right.

becomes especially notable when fitting the data set with a symmetric double-Lorentzian
of the form

f(∆t) =
2∑
j=1

[
aj

(∆t− µ)2 + cj

]
+ b , (6.8)
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where the fitting parameter aj controls individual amplitudes, cj the peak widths, while
µ and b define the horizontal and vertical shift, respectively, of the entire function.

For negative delays, i.e. when the gate pulse enters the sample before the pump pulse,
the SF signal is lower than in the opposite case, that is when the pump pulse irradiates
the HNP powder pellet before the gate pulse. Further experiments with geometric
rearrangements of both excitation beams and detection arm reveal that this shape does
not change significantly. Therefore, the cause of this asymmetry can be deduced to
the different wavelengths that each beam possesses and their associated propagation
through the pellet since their individual pulse duration differences in comparison to the
cross-correlated SF signal are negligible. Investigation of these conditions is carried out
in a two-fold manner: in a near-degenerate FM measurement, the gate pulse is tuned to
λG = 865 nm such that pulse-propagations through the pellet are nearly identical while
a second assessment keeps the original 800 nm/1360 nm-configuration while reducing the
sample thickness down to approximately 70 µm, thereby curtailing the available nonlinear
interaction volume. The results of these investigations are displayed in figure 6.27.
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Figure 6.27 – Normalized SF signals as a function of temporal delay between pump and
gate pulse (dots) and a double-Lorentzian fit (red line) with residuals shown below. Left:
near-degenerate wavelength-configuration with λP = 800 nm and λG = 865 nm. Right:
interaction between a λP = 800 nm and λG = 1360 nm pulse in a 70 µm HNP-layer.

In both cases, the previously observed asymmetry vanishes completely, thus rein-
forcing the impact of pulse propagation through the material on the SF signal. The
main influence stems from scattering at NPs which, at present size parameters, follows
Rayleigh’s law with a 1/λ4-behavior for the scattering efficiency, thereby decreasing the
pulse intensity per volume element as a function of time. When both pulses are scattered
equally, their cross-correlation will reflect this in a symmetric function. Inversely, when
λP and λG differ by a large margin, both pulses will experience vastly disparate scattering
efficiencies, thereby also altering the temporal evolution of the pulse intensities per
volume element and ultimately yielding a skewed cross-correlation function.

Because a certain amount of NPs is required for this effect to become noticeable,
undercutting this critical volume also yields a seemingly symmetric cross-correlation
as shown in figure 6.27 (right). Additionally, the peak width significantly decreases to
0.39 ps resulting from the limited length in which the two pulses may interact with each
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other. This value corresponds to a propagation distance z ≈ 50 µm inside the powder,
i.e. close to the measured sample thickness. For comparison, in previously studied,
multiple millimeter thick powder pellets, the termination condition was governed solely
by spatiotemporal evolution of the individual pulses inside the pellet which has been
truncated now. Furthermore, the signal exhibits additional peaks at ∆t = ±2 ps. These
can be attributed to internal reflections inside the glass slide which the thin HNP layer
has been prepared onto, yielding a slide thickness d ≈ 200 µm that compares well with
the measured value of 160 µm.

The observed asymmetry or lack thereof has been attributed to scattering theory
which explains the skewed shape of the cross-correlation function; hence, it is worth to
expound the implications. The trace in figure 6.26 emphasizes a higher SF signal for
positive delays compared to negative ones, meaning that SFG is more pronounced after
the shorter wavelength, i.e. the pump, pulse irradiates the sample. Taking scattering
theory into account, this entails the following: due to the higher amount of scattering, a
larger portion of the pump pulse will remain close to the sample surface which means
that backscattered SF radiation, having an even shorter wavelength which is thereby
scattered stronger as well, can more readily exit the sample to be detected. On the
contrary, the gate pulse penetrates deeper into the pellet due to reduced scattering, thus
quenching the overall remitted SF radiation in comparison.

Additionally, light scattering explains the overall shape of the cross correlation
function, i.e. a Lorentzian distribution. If a single point scatterer is assumed, then
its emitted field is a spherical wave whose intensity in relation to the distance to the
scatterer R falls off proportional to 1/R2. Transferring into the time-domain yields an
expression proportional to 1/∆t2 which is observed in all measurements and hence used
in the fitting function (6.8). Furthermore, using this approach, the effective pulse shape
inside the material can be derived. For this, the Gaussian femtosecond pulses P (∆t)
and G(∆t) are convolved with a decay function fP,G, yielding the effective temporal
pulse shapes:

P ′(∆t) = (P ∗ fP )(∆t) and G′(∆t) = (G ∗ fG)(∆t) (6.9)

with

fP,G(∆t) =
A · (∆t+ γP,G)−2 if ∆t > 0 (γP,G ≥ 0)

0 otherwise.
(6.10)

The parameter γP,G defines the decay time in the pellet: lower values yield a more rapid
decline. For normalization, A is chosen such that max(fP,G(∆t)) = 1. Subsequently, the
cross-correlation between the two effective pulses is calculated:

(P ′ ? G′)(∆t) = (P ′(−∆t) ∗G′(∆t))(∆t) (6.11)

taking into account the reality of the each pulse’s intensity. Using eq. (6.11), γP,G are
chosen such that the cross-correlated SF signal is reproduced best. In case of the data
set shown in figure 6.26, a least square fit including the respective pulse shapes as shown
in figure 6.28 can be derived.
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Figure 6.28 – Normalized SF signal (dots) fitted with a double-Lorentzian (yellow line)
according to eq. (6.8) and a cross-correlation function (red line) based on eqs. (6.9)–(6.11).
Their residuals are shown below. Thus simulated effective pump and gate pulses P ′ and
G′ are displayed as dash-dotted lines shifted horizontally for better visibility.

Based on the aforementioned calculations, FWHM durations for the effective pump
and gate pulses amount to τP ′ = 560 fs and τG′ = 780 fs, respectively. This way, especially
the left flank of the SF signal can be accurately reproduced. While the right flank bears
larger residuals, the overall shape is nevertheless resembled better compared to the
symmetric double-Lorentzian fit. This approach indicates a vast stretch in the pulse
lengths by a factor of approximately 15 as well as a manipulation to their overall temporal
form from Gaussian to semi-Lorentzian on the decay-side. Following the ray tracing
picture, this means that, unlike in crystals where beams can unperturbedly propagate
through the nonlinear medium (neglecting pulse stretching owing to refractive index
dispersion), the light path in powders rather resembles a random walk that stretches over
a surface layer whose thickness is proportional to the incident wavelength. Due to the
mean free path growing with rising wavelengths, beams trespass a larger volume until
they are diffused strong enough to not notably contribute to nonlinear frequency mixing.
As a result, this yields an increase of the effective pulse duration which is observed for
longer wavelengths in particular.

For clarity, it should be reiterated that the effective pulse duration is, in this
context, a mathematical construct used to replicate the observed SF signal. Repeating
the simulation in the near-degenerate case yields FWHM pulse durations on the order of
τP ′,G′ = (420± 10) fs, despite an identical pump pulse duration τP in both measurements.
Therefore, an additional, yet unknown, step is required to decouple the two pulses from
each other in order to gain access to their actual duration and pulse shape, respectively.
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Nevertheless, these measurements have revealed that ultrashort femtosecond pulses
can be trapped for several picoseconds inside HNP powder pellets, allowing to generate
nonlinear signals even after delays exceeding the excitation pulses’ duration by a factor
of 200 and above. Simultaneously, temporal features in the sub-picosecond timescale can
be resolved, allowing to optically investigate luminescent processes via sum-frequency
generation. Despite the lower temporal resolution by at least an order of magnitude and
questionable conversion efficiency compared to bulk upconversion [356, 368, 369], this
may be counteracted by tailoring HNP ensembles specifically to the respective target
application. For instance, reducing the layer thickness towards the micrometer-region
caused a notable decrease of the SF signal’s duration down into the femtosecond regime.
Considering that a multitude of reference materials used in fluorescence spectroscopy thus
far possess lifetimes in the upper picosecond to lower nanosecond range [114, 356], a ps
resolution may thus already prove sufficient, thereby opening up the field of applications
for HNPs into the realm of phase-matching-free fluorescence upconversion spectroscopy.

It is worth mentioning a second target that may profit notably from nonlinear
frequency mixing in HNPs which can be classified as an extension to structured illumi-
nation microscopy (SIM) [370]. As with conventional microscopy, the use of infrared
excitation increases the imaging depth due to reduced aberrations at longer wavelengths
and prevents resonant light-matter interaction, potentially leading to photodamage
caused by absorption and subsequent energy deposition in the sample. At the same
time, the exploitation of nonlinearities in SIM bears the potential to super-resolution
imaging far below confocal microscopy and diffraction limits in general [371, 372]. The
basis to this approach relies on the interference of multiple beams, forming intricate
three-dimensional excitation patterns that, in turn, can vastly improve resolution. A
generation of such a diffraction pattern using nondegenerate pulses has the distinct ad-
vantage of producing sweeping masks at speeds comparable with the light velocity [373],
thereby realizing mechanical components-free scanning at unprecedented speeds. In fact,
a combination with light-sheet fluorescence microscopy [374] may seem promising in
order to curtail measurement duration significantly, adapting the methodology of lattice
light-sheet microscopy [375]. In this regard, nonlinear frequency mixing may provide a
path towards (ultra-) fast, super-resolution microscopy, incorporating advantages from
both fluorescence-based microscopy and transient nonlinear optics.

6.8 Origin of Spectral Oscillations in Thin Layers of
Harmonic Nanopowders

The use of thin HNP layers on transparent substrates significantly modifies the observed
emission spectra by superimposing oscillations on otherwise smooth profiles. This
behavior is illustrated in figure 6.29 with a 70 µm layer of LiNbO3 nanoparticles on a
160 µm glass cover slip.

Extraction of the subpeak positions has been performed by analysis of the negative
second derivative of the signal which drastically increases the contrast in the overall
spectrum [201, 376, 377]. Evidently, the additional peak structure can be assumed
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Figure 6.29 – Harmonic emission (left scale, areas) from two pulses with fundamental
wavelengths 800 nm (blue) and 1360 nm (red) as a function of frequency ν and their
respective scaled second derivatives (lines). Extracted peak positions are marked with
vertical lines at the top.

equidistant on a frequency-scale throughout a single emission signal, rising from 5.6 THz
over 9.1 THz to 21 THz with increasing frequencies. Because modulation is only observed
in thin layers on transparent materials, multiple reflections are a like cause of this behavior.
It is further supported by the temporal analysis of the sum-frequency generated signal
studied in the previous section, exhibiting notable side-peaks (cf. figure 6.27 (right)).
Additionally, a distinct ring structure can be discerned that appears upon focusing of
the incident laser beam irregardless of its wavelength. This effect is most pronounced
for bottom illumination, i.e. initial propagation through the substrate before interacting
with the powder as shown in figure 6.30 for second and third harmonic generation and
linearly scattered radiation for reference.

1120 nm 1200 nm 1450 nm 500 nm

Figure 6.30 – Visible ring structure observed in a thin layer of HNPs on a glass slide at
different excitation wavelengths shown below. Illumination is performed from the bottom.

The ring structure can be most easily explained in the picture of ray optics: light rays
traverse the substrate and interact with the powder. A fraction, however, is internally
reflected, following a zigzag path across the radial dimension due to focusing, similar to
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etaloning. This is not only limited to excitation but also to the emission half sphere
directed into the substrate, meaning that harmonic generation induced at the center
undergoes similar multiple reflections. The discrete appearance of these rings in lieu of
a continuum can be understood by interference of individual waves, suppressing certain
radii. In the time-domain, this corresponds to a wave of emerging and vanishing rings
starting in the center and stepwise moving outwards at a speed proportional to the
substrate thickness, thereby yielding signals at defined intervals provided they can be
collected by the detection system at (sub-) ps-resolution.

Owing to these multiple reflections, the temporal trace of the emission spectrum
is severely distorted. Due to the group velocity mismatch (GVM) of fundamental and
harmonic wave, the nonlinear emission consists of two components [319]: the first results
from undisturbed nonlinear interaction between the fundamental wave with the HNP
powder resulting in a first emission peak. A part of this emission propagates alongside
the excitation pulse inside the substrate, undergoes multiple reflections, and reaches the
powder a second time. However, since the fundamental pulse has a higher velocity in
normally dispersive media, it will induce another nonlinear frequency conversion process
before the harmonic pulse re-enters the sample, thereby constructing a double-pulse of
harmonic emission. Fourier transformation into frequency-space yields an oscillating
spectrum [378] whose peaks are inversely spaced to the delay time between the two pulses
(i.e. a larger delay yields a narrower structure and vice versa) while the modulation
depth is governed by the amplitude ratio of the two pulses with equal amplitudes yielding
highest modulations.

Spectral oscillations are frequently observed in surface SHG of thin slabs or, more
general, anytime a thin layer is introduced into a beam [379–383]. Since they can be
described through analytical expressions it is possible to remove them at a later stage
[380]. However, a more streamlined approach would omit these oscillations altogether:
for very thick substrates, the peak separation becomes irresolvable by the detection unit,
whereas infinitesimally thin substrates yield an oscillation spacing approaching infinity.
Similarly, suppression of multiple reflections can be achieved through either an opaque
substrate or, in the context of nanopowders, a thick sample that extincts light such that
transmission can be neglected.

6.9 Nonlinear Multiphoton Upconversion in
LaPO4:Ce,Tb Nanoparticles

Rare earth-doped materials are widely used as luminescent phosphors in lamps, lasers,
cathode-rays, or scintillators as a result of their impressive quantum yields, frequently
exceeding 50 % [18, 384–387]. A variety of host lattices is available with a clear tendency
towards oxide- and fluoride-based wide-band gap dielectrics for affixing trivalent dopant
ions at optimal positions [21, 387, 388]. Among these materials, lanthanum phosphate
co-doped with trivalent cerium and terbium, LaPO4:Ce3+,Tb3+, is commonly used as
a green phosphor due to its pronounced emission at approximately 540 nm upon UV
excitation [246, 389–393]. After absorption induced by a 4f → 5d transition of Ce3+
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below λ < 300 nm, a nonradiative resonant energy transfer from Ce3+ to Tb3+ leads
to subsequent light emission from Tb3+ by 5D4 → 7Fj transitions (j ∈ {0, . . . , 6}) with
highest intensities for j = 5 [246, 393, 394].

Owing to the host lattice’s inversion-symmetric monazite structure [246, 389, 391],
LaPO4 suppresses even-order nonlinearities. Nevertheless, this permits exploiting odd
orders in a colloidal suspension of LaPO4:Ce,Tb nanoparticles (size d ≈ 5 nm) to excite
Ce3+-ions for inducing the successive radiative relaxation path along Tb3+ levels. Similar
to previously published measurements performed in silica glass co-doped with Gd3+

and Tb3+ [395], slightly focused femtosecond-pulses at 800 nm are used for THG and
three-photon absorption (3PA), respectively, to trigger luminescence. The results are
shown in figure 6.31.
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Figure 6.31 – Left: energy level scheme of LaPO4:Ce,Tb, after refs. [246, 393]. The
initial UV absorption in Ce3+ can be alternatively induced by three near-infrared photons
via three photon absorption or THG. After a resonant energy transfer (RET) to Tb3+,
visible luminescence can be observed. Center: photograph showing a cuvette filled with
a colloidal suspension of LaPO4:Ce,Tb nanoparticles excited with 800 nm (pink color).
The green luminescence is clearly visible. Right: Emission spectrum of the LaPO4:Ce,Tb
suspension with final energetic transition states annotated at each peak. The inset shows
the excitation spectrum on a logarithmic scale.

Using a peak pulse intensity I0 ≈ 2× 1015 W m−2 (equivalent to a cw-intensity
〈I〉 = 〈P 〉/A ≈ 4.4 W cm−2) induces visible light emission in the green spectral region
that can be clearly attributed to the 5D4 → 7F5 transition of Tb3+. Although Ce3+ is
known to luminesce at 350 nm [246, 389, 393, 396], no notable emission has be observed;
hence, further focus is exclusively placed on the Tb3+ emission.

In order to investigate the importance of the donor role of Ce3+, wavelength-
dependent studies are performed to investigate a gradual off-resonance of multipho-
ton/THG absorption. The emission spectra and luminescence intensities originating from
the 5D4 → 7F3 to 7F6 peaks are shown in figure 6.32, using a wavelength-independent
excitation intensity I0 = (1.8± 0.2)× 1014 W m−2 (〈I〉 = (420± 20) mW cm−2).
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Figure 6.32 – Left: normalized emission spectra as a function of incident fundamental
wavelength λω. 5D4 → 7F3 to 7F6 emission peaks of Tb3+ as well as theoretically expected
third harmonic generation (THG) are marked by lines. Right: luminescence peak areas
as a function of incident wavelength scaled by the maximum observed signal. The UV
absorption spectrum at one third of λω is shown in gray.

For fundamental wavelengths λω > 900 nm, significant third harmonic emission can
be observed which can be attributed to the vanishing UV absorption of Ce3+ towards
higher wavelengths. Conversely, THG is quenched through the 4f → 5d transition below
300 nm. As a result, this hints towards an initial generation of the third harmonic before
subsequent absorption in lieu of direct 3PA as suggested in ref. [395]. Nevertheless, these
results indisputably show that the initial excitation occurs via a three-photon process.

The absorption dispersion has direct influence on the observed Tb3+ emission which
grows with rising Ce3+ absorption. Overall, the ratio between each integrated peak
remains similar with a 2:10:2:1-relation for the 5D4 → 7F6,5,4,3 transitions that loosely
resembles the spectral intensities upon 800 nm excitation presented earlier in figure 6.31.

Additional intensity-dependent studies on the Tb3+ luminescence have been per-
formed at λω = 900 nm. This deviation from the maximum efficiency observed at
λω ≈ 820 nm is three-fold: i) the luminescence is still appreciably high, especially in
the green spectral region, at approximately one third of the maximum value, ii) the
excitation laser source, i.e. the OPA, exhibits significantly higher temporal stability far
away from the degeneracy point at 800 nm, and iii) due to the weakened absorption,
the TH emission can be detected as a reference signal. Because of a focal point inside
the cuvette after an internal back-reflection, pronounced white-light generation can be
observed. Using an off-axis geometry allows to spatially separate the counterpropagating
beams and to detect emission induced by the forward beam using a low numerical
aperture optical fiber. The results are shown in figure 6.33.

Even though white light generation is frequently observed within this series, its
effect on the spectra is miniscule. Because individual emission peaks are extracted from
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Figure 6.33 – Left: luminescence and THG emission of LaPO4:Ce,Tb as a function of
peak excitation intensity at a fundamental wavelength λω = 900 nm. For better visibility,
the THG-signal is shifted downwards by a factor of ten. The green luminescence is fitted
by two polynomials of third and sixth order, respectively. Right: photograph of the
cuvette at maximum intensity showing white light generation accompanied by localized
heating (emergence of bubbles, bottom right photograph taken at a lower exposure time
and selectively sharpened for clarity). The circle in the inset marks the position of the
optical fiber connected to the spectrometer.

arbitrary background levels, i.e. signals in close spectral proximity (∆λ ≈ ±15 nm)
are used for linear flank-correction, the comparably smooth white light continuum can
be easily removed. For peak intensities I0 < 3× 1014 nm (〈I〉 < 880 mW cm−2), light
emission from both luminescence and harmonic generation follows a three-photon process
based on the slope proportional to the cube of the incident intensity. In case of THG, this
relation is also valid for higher intensities. The luminescence signal, however, changes to
a supercubic dependence of sixth order which is most clearly visible for the 5D4 → 7F5
transition in the green spectral region around 546 nm. Coincidentally, a six-photon
absorption (or two-photon absorption of THG, respectively) totaling in a combined
photon energy Eph = 8.26 eV would suffice bridging the optical band gap of the LaPO4
host lattice at approximately 8 eV [393, 397, 398]. This way, an exciton may be generated
which can be subsequently trapped by Tb3+ [397]. The initial trapping of the hole at
Tb3+ which is known to be an effective trap for holes, yields Tb4+-ions that in turn can
attract electrons resulting in excited Tb3+-ions that radiatively relax into their ground
states [393]. This behavior is reminiscent of the observed Er3+-emission in LiNbO3 at
high field intensities (cf. sec. 6.6) or TiO2:Eu-nanoparticles upon UV excitation [399]
which thereby can be attributed to a similar mechanism.

In this regard, the initial excitation path for Tb3+ luminescence in LaPO4:Ce,Tb
triggered by three-photon processes involving Ce3+ is superseded by electron-hole pair
generation inside the host lattice as the prevalent mechanism for high intensities. Due
to the tight focusing conditions, additional nonlinear effects such as white light gener-
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ation manifest in the overall observed emission. In other words, examination of three
photon-induced cascaded luminescence through a resonant energy transfer between two
doping ions requires mediocre incident peak intensities, thereby suppressing higher order
nonlinearities and parasitic signals. In the context of microscopy-related applications
where strong focusing is desired, this issue may be circumvented by preliminary pulse
stretching into the picosecond regime, thereby easily decreasing I0 by two orders of
magnitude or even more. Nevertheless, these results highlight an intriguing interplay
of transient nonlinear optics, luminescence, and electronic relaxation paths that link
present knowledge from cw-experiments with femtosecond-spectroscopy.

6.10 Up- and Downconversion in LaPO4:Eu
Nanoparticles

A second representative in the class of luminescent materials are lanthanum phosphates
(LaPO4) doped with trivalent europium ions (Eu3+) which are frequently used as strong
emitters in the orange-red spectral region upon UV excitation in fluorescent lamps
[400–402]. This emission can be observed by a plethora of additional mechanisms such
as cathodo-, radio-, electro-, tribo-, and chemiluminescence making Eu3+ a versatile
and relevant material in a broad spectrum of applications in a variety of host materials
[403–409]. In the following, LaPO4:Eu nanoparticles with a mean size d = (4± 1) nm are
studied in closer detail using femtosecond pulses. Due to its energy structure, trivalent
europium is an attractive phosphor for downconversion [410] which is schematically
shown in figure 6.34. For simplicity, Stark splitting due to the crystal field is omitted.
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Figure 6.34 – Left: free-ion energy structure of trivalent europium after refs. [400, 411].
Excitation to the 5L6 level is indicated by either a single UV or two IR photons. All
transitions occur in the 4f -shell. Right: absorption spectrum of colloidal LaPO4:Eu
nanoparticles dispersed in methanol.
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The 7F0 → 5L6 transition is one of the strongest absorption lines [409] that is
located at 393 nm which can be easily resolved in a colloidal solution. After excitation,
Eu3+ exhibits a radiationless decay into the 5D0 state. The subsequent relaxation to
the 7Fj states (j ∈ {0, . . . , 6}) occurs within few milliseconds [390, 394, 412–414] with
maximum emission located in the orange-red spectral region [396, 412–417]. Using
the frequency-doubled option of the Ti:Sa femtosecond-laser (cf. figure 5.5), i.e. an
excitation at λ ≈ 400 nm, the emission spectrum of LaPO4:Eu is studied in both a
colloidal solution and a powder pellet as shown in figure 6.35.
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Figure 6.35 – Left: photograph of a cuvette containing a colloidal solution of LaPO4:Eu
nanoparticles under 400 nm excitation showing intense pink emission. The bottom half
is filtered through a dichroic mirror blocking the excitation wavelength and transmitting
the luminescence of the solution in the orange-red spectral region. Right: emission
spectrum as a function of wavelength from the cuvette (black) and from a powder pellet
(red). 5D0 → 7Fj transitions are indicated. The apparent (app.) and luminescence (lum.)
emission color calculated from the spectrum are shown in rectangles.

Visible emission in the orange spectral range which is driven by the 5D0 → 7Fj

transitions can be clearly observed in both samples after removal of the excitation
wavelength. Secondly, a pronounced splitting of degenerate 7Fj levels caused by the
monoclinic host lattice’s crystal field into (2j + 1) sublevels becomes apparent which
coincide well with theoretically calculated values [416]. Furthermore, the observed
intensities for individual transitions are largely dependent on selection rules which
significantly weaken the (j = 0, 3)-peaks [400]. The other three observed signals exhibit
similar intensities with the (j = 2)-peak excelling the others by a factor up to two. Lastly,
emission profiles from a colloidal suspension and a powder pellet are nearly identical. In
order to exclude influence from the cuvette or solution, especially under tighter focusing
conditions, further measurements are conducted on the dry powder only. Following
analyses are performed by integrating the spectral intensity of the (j = 0, 1, 2)-peaks to
quantify luminescence signals.
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So far, two-photon excitation of Eu3+ ions has been typically studied in molecular
compounds, exploiting organic ligands as antennae to increase luminescence [418–420],
or alternatively in doped glasses [421]. Nevertheless, two-photon absorption (TPA) can
also be monitored in present nanocrystals as illustrated in figure 6.36.
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Figure 6.36 – Left: emission spectrum as a function of the peak intensity at λω = 800 nm.
Right: luminescence signal from two-photon absorption (TPA, circles) with a second-
order polynomial fit (line). For reference, the single-photon absorption (SPA) signal from
illumination with 400 nm-pulses at 1/3000 of the peak intensity is shown.

Upon entering the PW m−2-regime at an excitation wavelength λω ≈ 800 nm,
luminescence emerges and rises with the second power of the incident peak intensity I0.
As a result, the emission efficiency likewise increases with growing incident intensities.

At I0 ≈ 40× 1015 W m−2, the observed emission is comparable with the one achieved
at 1/3000 of the intensity using single-photon absorption (SPA). In other words, while
SPA (and thus, downconversion) is significantly more efficient at low intensities, TPA is
also possible in order to achieve upconversion. Due to the nonlinear rise of luminescence
signals for larger incident intensities, TPA progressively becomes a viable option in
creating notable upconversion emission.

So far, excitation has been carried out in resonant cases via either single- or
two-photon absorption. Even though Eu3+ possesses no notable absorption between
(600-1850) nm [400, 415, 422], characteristic luminescence emission has been observed at
a fundamental wavelength λω ∼ 1500 nm as shown in figure 6.37.

A follow-up study has been performed to elucidate the origin of luminescence at
only this wavelength by varying the incident intensity. Due to the centrosymmetric
crystal structure, only odd-order harmonics are observed, viz. third (TH) at 500 nm
and fifth harmonic (VH) at 300 nm. Both signals grow at a slightly higher rate than
predicted but can nevertheless be used for calibration, i.e. to verify the slope of the
luminescence signal which thus indicates a six-photon process. At a corresponding
wavelength λ = 250 nm or energy E = 5 eV, respectively, the previously discussed LaPO4
interband excitation path as suspected in LaPO4:Ce,Tb cannot be established. However,
LaPO4:Eu is known to possess charge-transfer bands in this wavelength region that
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Figure 6.37 – Left: luminescence emission intensity as a function of the fundamental
wavelength λω and its peak intensity Iω. Right: emission signals S of third harmonic
(TH), fifth harmonic (VH), and luminescence (Lum.) as a function of the fundamental
peak intensity at an excitation wavelength λω = 1500 nm. The slopes n of the fitting
functions (lines) are shown.

can be several times stronger than the previously considered f − f transitions [400,
423]. Alternatively, a multi-pulse-population of the 5D0 state by two TH-photons (or
two three-photon absorption processes, respectively) cannot be entirely ruled out either
since the pulse-to-pulse duration Tpp = 1 ms is faster than the relaxation time for the
5D0 → 7Fj transition at 4 ms [394].

Nonetheless, present results show that LaPO4:Eu nanoparticles can be used for
both down- and upconversion. While downconversion is attractive in order to detect
high-energy radiation [410], upconversion possesses equally important applications on
the imaging side [420]. More interestingly, because the emission spectrum stays the
same irregardless of the incident wavelength [424], the same material can be used in a
number of different applications while retaining its characteristic fingerprint.

6.11 Femtosecond Pulse Excitation of NaYF4:Yb,Er
Nanoparticles

One of the most frequently studied upconversion nanoparticles (UCNPs) based on
energy-transfer upconversion are NaYF4-lattices doped with Yb3+ and Er3+ owing to
their remarkable quantum efficiency up to 10 % [248]. This is attributed to several
factors, including the highly disordered lattice structure induced by the Na+ distribution
[388], a low phonon frequency of the host below 400 cm−1, thereby reducing nonradiative
decay of excited states [425–429], an efficient resonant energy transfer between Yb3+

and Er3+ [430], and a large optical damage threshold [431]. Paired with its efficient
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upconversion of NIR photons into the VIS range, NaYF4:Yb,Er is an attractive material
in areas such as in-vivo imaging, forensics, micrometer-sized LEDs, or optoelectric
devices [110, 432–434].

In general, luminescence from NaYF4:Yb,Er can be improved by coating the active
core with an undoped NaYF4 shell. This increases their quantum efficiency by a factor
exceeding 100 compared to core-particles and likewise extends fluorescence lifetimes
into the millisecond regime, approaching values of bulk media [248]. Typical doping
concentrations are on the order of 18 % for Yb3+ and 2 % for Er3+ which are known
to yield highest quantum efficiencies in bulk material [435, 436]. Excitation is usually
carried out using continuous-wave (cw) diode lasers at 980 nm to initiate the upconversion
process. Nevertheless, this mechanism can also be triggered by femtosecond pulses as
sketched in figure 6.38.
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Figure 6.38 – Left: energy level diagram of NaYF4:Yb,Er, adapted from refs. [250, 327,
437–439]. Full lines indicate radiative and broken lines nonradiative energy transfers.
Curved arrows indicate resonant energy transfer from Yb3+ to Er3+; respective transitions
in Er3+ are marked with dashed vertical arrows. Right: emission spectrum observed from
nanoparticle powder upon femtosecond pulse excitation (spectrum shown in the top right
inset). Radiative transitions occur from the annotated state to the 4I15/2 level in Er3+.

In the present NaYF4:Yb,Er sample (coated with a NaYF4 shell in a core-shell
molar ratio of 1:7, totaling in a particle size d ≈ 18 nm), the Yb3+ ion acts as a sensitizer
via its 2F7/2 → 2F5/2 transition owing to its significantly higher absorption cross section
compared to Er3+ [440–442]. Energetically, the 2F5/2 state of Yb3+ coincides with the
4I11/2 state of Er3+ such that resonant energy transfer (RET) can occur. Subsequently,
a second excited Yb3+ ion can transfer its energy to Er3+, triggering an excited state
absorption in a 4I11/2 → 4F7/2 transition [443, 444]. After a nonradiative relaxation
to either the 2H11/2, 4S3/2, or 4F9/2 state, luminescence in the green or red spectral
region ensues in a transition down to the Er3+ ground state 4I15/2. Because of the high
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concentration of Yb3+, an excitation of Er3+ can also occur via two 2F5/2 Yb3+ ions
simultaneously in lieu of sequential RETs.

Besides the aforementioned transitions at 520 nm, 540 nm, and 660 nm, an additional
2H9/2 → 4I15/2 transition of Er3+ at 410 nm is observed which may be triggered through
a preceding 4F9/2 → 2H9/2 transition in Er3+ via RET from excited Yb3+ [327]. An
alternate excitation path follows a RET via 2H11/2 → 2G7/2 and subsequent nonradiative
relaxation to the emitting 2H9/2 state [438]. Owing to the low signal intensity compared
to the other three transitions, it will not be studied any further.

The present findings show that, in principle, pulsed excitation at 980 nm and dura-
tions of 40 fs is possible. The green luminescence appears significantly more pronounced
compared to red emission as has also been observed in cw-laser experiments using
identical particles [248]. Additionally, an increase in the red-to-green ratio rRG for
rising (cw-)intensities has been reported [248, 438]. Using femtosecond pulses, similar
investigations have been performed whose results are presented in figure 6.39. To ease
further analysis, both green transitions, i.e. 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2, have
been merged into a single signal denoted with its highest spectral intensity at 540 nm.
Equivalently, the 4F9/2 → 4I15/2 transition in the red spectral region is assigned with its
peak emission at 660 nm.
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Figure 6.39 – Intensity-dependence of NaYF4:Yb,Er core/shell particles upon 980 nm
irradiation. Left: emission spectra as a function of excitation peak intensity I0. Right:
luminescence signal calculated from integrating both green peaks and the red peak,
respectively. For comparison, the cw-equivalent intensity 〈I〉 is shown at the top.

Within the examined intensity region, the signals of both green and red emission
scale quadratically with the incident intensity, indicating the previously outlined two-
photon (or two-Yb3+ ion) process. Owing to their identical slopes, the red-to-green ratio
remains constant at rRG = 0.36± 0.01, i.e. green emission exceeds its red counterpart
by a factor of approximately three independent of the incident intensity. This result
contrasts with previously published data that evidence a monotonous rise of rRG or
even values above unity in some cases [248, 438]. However, it is worth noting that the
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cw-equivalent intensity 〈I〉 is several orders of magnitude below these works. Similar to
how harmonics exhibit saturation at high intensities, the same result can be assumed
in this case as it was observed in related ionic systems [444]. In fact, rRG does not
seem to change significantly for lowest intensities in cw-experiments which further
substantiates this claim. The red-to-green ratio is largely governed by relaxation rates
and thereby competition in population and depopulation of intermediary states in Er3+.
At cw-intensities exceeding the ones used herein by a factor of ten or even more, this
(de-)population equilibrium starts to degrade, especially when additional three-photon
processes become substantial [438].

Thus far, the excitation pulse repetition rate frep and thereby the pulse-to-pulse
duration Tpp has been kept constant at 1000 Hz or 1 ms, respectively. However, the
excited 2F5/2 state of Yb3+ is known to possess lifetimes below 1 ms [445]; similar time
constants have been observed for the green emission [446]. While this is typically not of
importance in cw-experiments, pulsed excitation can therefore probe intermediary state
population upon increase of Tpp. In a preliminary study, green and red emission have
been observed on a sub-second timescale as a function of pulse repetition rate which is
displayed in figure 6.40.
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Figure 6.40 – Green and red luminescence signal of NaYF4:Yb,Er as a function of
excitation pulse repetition rate frep. Vertical bars indicate the range of signals observed
scaled by their mean value. The peak pulse intensity for each data point is shown on the
right scale. The inset qualitatively reproduces the temporal signal evolution as observed
by eye.

Even though individual spectra have been recorded at an exposure time of 130 ms,
thus integrating over a significant amount of excitation and emission pulses, a systematic
decrease in the emission stability can be observed for increasing pulse-to-pulse durations.
This behavior becomes especially pronounced for Tpp > 4 ms upon which the integrated
emission fluctuates by up to ±50 %. Indeed, visual inspection reveals a strong flickering
where emission exhibits a buildup phase and randomly vanishes after reaching a critical
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threshold; such details have been averaged out by the spectrometer. In order to eliminate
influence from decreasing intensities for larger pulse-to-pulse durations, individual data
points have been reevaluated at tighter focusing, increasing I0 by a factor exceeding ten.
However, equally strong luminescence flickering has been observed in these cases.

Based on these results, depopulation times τd ∼ 5 ms can be deduced. This value
must not be confused with fluorescence lifetimes τf which tend to be an order of magnitude
lower than τd owing to different definitions of each: τf describes a 1/e decrease of the
fluorescence intensity (and thereby, an equal fraction of depopulation of the radiative
level) whereas τd describes the state of randomly populated radiative levels and nearly
emptied intermediary levels leading to a breakdown of luminescence.

This property makes the investigated NaYF4:Yb,Er UCNPs inapplicable for time-
resolved microscopic studies using low-repetition excitation sources due to the pronounced
intensity fluctuations. Nevertheless, it can be harnessed as well by exploiting the flickering
in super-resolution microscopy [447]. This means that NaYF4:Yb,Er can be used in
different contexts: dynamic measurements where stable emission as a function of time is
required demand for higher repetition rates whereas sub-diffraction-limited investigations
ask for lower repetition rates. In other words, the particles remain the same while the
excitation source is tuned appropriately, following the PMC.

Luminescence has been observed to be dependent on the excitation duration in
cw-experiments indicating a rise of conversion efficiency for increasing pulse lengths
below 1 ms [446]. In an analogous fashion, figure 6.41 displays the emission strength
determined from using differently stretched femtosecond pulses.
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Figure 6.41 – Emission signal S of NaYF4:Yb,Er luminescence (integrated green and red
peak) as a function of excitation pulse duration τp scaled by the square of the pulse energy
Ep. For comparison, the same measurement has been repeated with KNbO3 HNPs and
evaluated for second harmonic (SH) response.

Evidently, NaYF4:Yb,Er does not display any significant dependence on the pulse
duration within the investigated range τp = (46− 1060) fs. This is in clear dissonance
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with the second harmonic (SH) signal of a KNbO3 sample scaling with 1/τ 2
p which

correlates to the fundamental peak intensity Iω ∝ 1/τp (cf. eq. (4.21)) and therefore the
second harmonic intensity I2ω ∝ I2

ω ∝ 1/τ 2
p .

This finding has a two-fold result, viz. (i) the luminescence is independent on the
peak intensity I0 which decreases by a factor of over 20 throughout the series and (ii)
initial population of the 2F5/2 state of Yb3+ in the investigated timescale is not notably
quenched by RET to Er3+. The energy transfer time τET from Yb3+ to Er3+ can be
estimated assuming a Förster resonance energy transfer according to [448]:

τET = τD

φD

d6
D−A
R6

0
(6.12)

with the donor (D) fluorescence lifetime τD, i.e. of Yb3+, in the absence of the acceptor
(A) Er3+, the donor quantum yield φD, the geometric distance between donor and
acceptor dD−A and the Förster radius R0 which expresses the distance between D and A
where the energy transfer rate equals the decay rate [449]. R0 is composed of parameters
including the spectral overlap between emission and absorption spectrum of D and A,
respectively, or an orientation factor for dipole-dipole interaction [448]. Using the Förster
radius calculated for β-NaYF4:Yb,Er nanocrystals [450] and their respective geometric
parameters [451] yields an estimated resonance transfer time τET ∼ 1 ms.

Hence, excitation of Yb3+ ions is achieved significantly faster than depopulation
due to subsequent RET to adjacent Er3+ ions can occur. In fact, since the excitation
vanishes long before significant RET occurs, ultrashort pulses allow to prepare the initial
state in such D-A systems for the study of ensuing processes in Er3+ in order to avoid
constant repopulation of the 2F5/2 state of Yb3+ upon (even short-pulsed) cw-excitation.

For further characterization as part of optical markers, the spectral excitation window
of NaYF4:Yb,Er is studied in order to determine the applicability of such UCNPs at
detuned excitation wavelengths which may be necessary for a better separation from
other fluorophores in terms of absorption [452, 453]. The detected emission as a function
of the fundamental wavelength λω is graphed in figure 6.42.

Visually, luminescence from NaYF4:Yb,Er remains constant in terms of color whereas
the second harmonic (SH) signal from a reference KNbO3 powder sample is tuned from
blue/violet to yellow throughout the examined wavelength window λω = (880−1140) nm.
However, since upconversion is based on real energy levels, a clear wavelength-dependence
in terms of emission intensity is observed with brightest luminescence located between
λω = (960 − 980) nm coinciding with the 2F7/2 → 2F5/2 transition of Yb3+ located at
(975± 10) nm [426, 430, 445, 454]. This impression is solidified by quantitative analysis
of the signal, showing maximum emission at an incident wavelength λω = 970 nm. The
half-width of approximately 50 nm implies the possibility for limited detuning. However,
considering that the spectral profile of the excitation pulse spans an equal range indicates
that detuning in this case is only possible due to the convolution between the narrow
2F7/2 → 2F5/2 absorption with the extended excitation spectrum. Hence, any spectral
overlap between UCNPs and surrounding matrix absorption will lead to quenching of
the upconversion efficiency. Fortunately, because absorption in the biological window,
i.e. in the range λ = (650− 1450) nm, is negligible [184, 453], this may only prove to be
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Figure 6.42 – Emission of NaYF4:Yb,Er UCNPs and KNbO3 HNPs for different excitation
wavelengths λω. Top: photographs of KNbO3 (top row) and NaYF4:Yb,Er (bottom row)
at excitation wavelengths shown below. Bottom: luminescence (Lum.) of NaYF4:Yb,Er
and second harmonic (SH) signal of KNbO3 as a function of λω. Dash-dotted lines are
Gaussian fits as a guide to the eye. The excitation spectrum at a set OPA-wavelength
λOPA = 970 nm is shown for reference.

a concern in artificial environments. Due to the pronounced anti-Stokes shift, sufficient
imaging contrast can nevertheless be obtained.

As a result, NaYF4:Yb,Er upconversion nanoparticles exhibit a series of beneficial
properties which makes them attractive in biological imaging. Femtosecond excitation at
low cw-equivalent intensities provides a tractable fingerprint of the luminescence given
by an intensity-independent ratio between red and green spectral components. The
overall emission intensity remains temporally stable up to pulse-to-pulse durations of
4 ms. Higher durations lead to irregular intensity fluctuations which can be exploited
in super-resolution imaging. The overall conversion efficiency is completely unaffected
by peak intensities and instead obeys to time-averaged intensities, thereby allowing to
potentially mix double-particle solutions consisting of UCNPs and HNPs for an even more
specific spectral fingerprint. Likewise, functionalizing UCNPs and HNPs with different
ligands grants access to simultaneous tracking of multiple objects or strongly targeted
imaging-manipulation separation via a sensible tuning of either incident peak intensity
or wavelength, thus opening up highly prospective fields in biophysical applications.
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6.12 Luminescence in LiYF4:Er Core and Core/Shell
Nanoparticles upon Femtosecond Pulse Exposure

Lithium yttrium fluoride (LiYF4) is most known as a rare earth (RE)-doped host lattice
in high-power lasers abbreviated by RE:YLF [79, 301, 359, 455]. For instance, LiYF4:Er
lasers are capable of emitting laser radiation through a three-photon upconversion process
in the infrared spectral region [456]. At the nanoscale, RE-doped LiYF4 matrices offer
comparable emission intensities to the more explored NaYF4 lattice and allow for the
study of previously unreported spectral lines [427, 457]. At particles sizes d ∼ 10 nm,
NaYF4 typically forms in the α-phase whose upconversion efficiency is significantly
weaker compared to the β-phase which is challenging to obtain for d < 20 nm [247, 436,
458–461]. In contrast, RE-doped LiYF4 lattices exhibit bright luminescence even below
10 nm, making them excellent candidates for in-vivo imaging [462].

Excitation of LiYF4:Er3+ at 1490 nm is known to generate a cascade of upconversion
paths in order to produce visible to infrared emission via multiphoton processes [456,
463]. Using femtosecond pulses centered at 1490 nm directed onto nanocrystals sizing
(11± 1) nm yields an emission spectrum as shown in figure 6.43.
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Figure 6.43 – Emission spectrum of LiYF4:Er nanoparticles excited by femtosecond pulses
with a peak intensity I0 ≈ 2× 1016 W m−2 centered at 1490 nm (inset). Peak assignments
for wavelengths above 500 nm are described by transitions from the indicated down to
the 4I15/2 ground state; transitions producing the UV peaks marked with asterisks are
explained in the accompanying text. TH: third harmonic.

Owing to its tetragonal crystal structure [428], nonlinear harmonic generation
in LiYF4:Er is limited to odd orders as evident from the dominating third harmonic
(TH) peak centered at approximately 500 nm and negligible even-ordered harmonics.
Ionic transitions create additional emission from relaxation of the 4S3/2 (550 nm), 4F9/2
(660 nm), and 4I9/2 state (810 nm) to the 4I15/2 ground state [464].
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Furthermore, weak emission at approximately 350 nm and 400 nm, respectively, has
been observed whose origin is inconclusive. Former could be caused by ground-state
relaxation via 4G7/2 → 4I15/2 or alternatively via transition between two higher excited
states such as 4D1/2 → 2H(2)11/2 or 2F(2)7/2 → 4G11/2 [465, 466]. Similarly, the peak at
400 nm can be attributed to either the ground state transition 2H9/2 → 4I15/2 or excited
state transition 2P3/2 → 4I13/2 [332, 464, 466, 467]. Due to the relatively low intensity of
these two peaks, they will be omitted from further analysis in favor of the remaining
three transitions and third harmonic generation.

In all processes, the initial absorption originates from the 4I15/2 → 4I13/2 transition
from where higher excited states can be attained [119, 463]. This first step can be
verified by excitation wavelength detuning as shown in figure 6.44.
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Figure 6.44 – Top: emission map of LiYF4:Er nanoparticles as a function of the fundamen-
tal wavelength λω at a constant intensity I0 = (3.5± 0.5)× 1015 W m−2 (〈I〉 ≈ 9 W cm−2).
Energetic transitions to the 4I15/2 ground state and of third harmonic (TH) are marked.
Bottom: intensity-dependence of luminescence and TH for different wavelengths (circles)
and fits (solid lines). Slopes n of selected fits are shown for reference.
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Similar to the observed excitation wavelength-dependence of NaYF4:Yb,Er (cf.
figure 6.42), luminescence is only witnessed in an overlap between the spectral profile of
the excitation laser and the 4I15/2 → 4I13/2 transition. The reason why the 4I9/2 → 4I15/2
luminescence above 800 nm appears in a broader excitation window is due to a relatively
larger signal compared to the other transitions. This can be understood by the different
intensity-dependencies: while green (4S3/2) and red (4F9/2) emission are caused by a
three-photon process, near infrared signals (4I9/2) require at least two photons [119,
463]. Present observations coincide with these predictions for resonant conditions, i.e.
at λω ≈ 1490 nm. For larger detunings, that is when λω < 1300 nm, upconverted
luminescence can nevertheless be observed at high intensities I0 > 1016 W m−2. Taking
into account the large energetic band gap Eg = 10.55 eV of LiYF4 [468], which would
require over ten photons at 1300 nm to bridge, this process is likely related to a large
number of intermediary steps in the energy levels of Er3+ instead. In lieu of the sequential,
single photon absorption processes observed using cw-lasers, individual steps between two
levels may alternatively include nonlinear multiple photon absorption, thereby quickly
increasing the number of involved photons to observed values. This also serves as a
potential explanation why luminescence from off-resonant wavelengths is only detected
for significantly high peak intensities.

As for third harmonic (TH) generation, the slope is nearly identical at all investi-
gated wavelengths. However, in terms of absolute intensities, fundamental wavelengths
overlapping with the 4I15/2 → 4I13/2 transition are preferred. Similar to the observations
made for SHG in LiNbO3:Er3+ (see section 6.5), this effect can be attributed to the
resonant enhancement of harmonic generation by absorption of one of the three photons.

Bulk crystals of LiYF4:Er are known to exhibit a mechanism called photon avalanche
which is closely related to upconversion [467, 469]: instead of ground state absorption,
excitation is performed between metastable states. Once one ion is excited to the first
metastable state |m〉, the pump energy can be transferred into another ground-state ion
via cross relaxation which in turn also attains the |m〉 state which is highly absorptive to
pump radiation. Upon reaching a critical threshold pump power, excited state absorption
becomes significant such that the pump beam is notably attenuated [469]. Furthermore,
a fraction of the excited ions may fluoresce at λ ≈ 550 nm in lieu of cross-relaxing,
thus creating strong emission due to the overall number of excited ions. For LiYF4:Er,
this process has been observed using either 579 nm or 690 nm cw lasers [467]. Even
though the initial transition is not resonant to any energetic transitions, the product of
absorption cross-section and ion concentration (5 % in the used sample) causes notable
side band absorption and efficient subsequent cross-relaxation [467]. However, even at
highest intensities possible with the present setup, no notable avalanche emission has
been observed as shown in figure 6.45.

Potential reasons for the absence of photon avalanche can be pinpointed to two
primary factors: (i) due to the laser repetition rate frep = 1 kHz, i.e. a dead time of 1 ms,
the system has ample time to relax back into the ground state such that no noteworthy
population of excited states such as 4I13/2, 4I11/2, or 4I9/2 can be built up and (ii) the
cw-equivalent intensity 〈I〉 ∼ 600 W cm−2 is insufficient. In fact, significant photon
avalanche intensity was observed above 5000 W cm−2 [467] which is far from attainable
levels in the current setup.
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Figure 6.45 – Emission spectrum of LiYF4:Er upon irradiation with femtosecond pulses
centered at 690 nm measured in two wavelength regions overlapping at approx. 450 nm
recorded immediately upon excitation (red) and after a few seconds (black). The difference
between the two spectra is plotted below. Energetic Er3+ transitions according to ref. [464]
are shown in green at the bottom using vertical bars. The top scale shows the energetic
shift to the excitation central wave number.

Nevertheless, the present peak intensity I0 & 1× 1017 W m−2 allows for exploration
of highly nonlinear effects such as ephemeral, narrow-band peaks independent of the
energetic structure of the dopant ions all over the observed spectral range that vanish
within less than a second. Afterwards, the emission spectrum reduces to a few broader
lines accompanied by white light generation which can be detected even at prolonged
exposures exceeding tens of seconds. After-inspection revealed strong ablation of the
powder sample (cf. figure 4.3) up to a depth of 2 mm, thereby severely limiting repro-
ducibility. Still, measurements with overlapping wavelength regions at different sample
positions highlight that both wavelength and relative intensity of these narrow-band
spikes remain constant.

A number of mechanisms may contribute to the generation of such spikes. Three
more probable ones are based on either random laser emission [470–472], (inverse) Raman
scattering [473–475], or plasma generation [105, 106]. For former, this is caused by
formation of a closed light loop path due to repeated scattering inside the powder. As the
particle distribution of the sample is reasonably narrow and the packing density nearly
equal at any position of the powder pellet, this may give reproducible light loops at
different positions, thus allowing the formation of spikes at identical wavelengths. When
Raman scattering is considered, i.e. the (anti-) Stokes shift of an incident wavelength due
to vibronic states in LiYF4 [476, 477], signals will also appear at reproducible positions.
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However, it is questionable where the Rayleigh line, i.e. the zero-wavelength shift, is to
be placed in this context. Possibly, multiple excitation-frequencies are present due to
high-order nonlinearities induced by such peak intensities. An alternative suggestion
includes the formation of a plasma which is typically characterized in laser-induced
breakdown spectroscopy (LIBS) for intensities exceeding 1017 W m−2 [105, 106]; this
technique is particularly suited for element analysis via detection of narrowband spectral
lines from the UV to IR range [478–480]. The short-lived emission advocates especially
for this breakdown-mechanism including plasma generation as being the dominant cause.
For brevity, this effect will not be investigated any further in order to focus on rather
well-understood luminescent processes once again instead.

Several studies have revealed a strong luminescence enhancement of rare earth-
doped nanocrystals by coating particles with a spectroscopically inert shell (forming
core/shell particles) [110, 247, 459]. This can be understood in the context of excited-
state quenching induced by the nanocrystal’s surface and surrounding environments
which gain rising influence with decreasing particle sizes [450, 481, 482]. Figure 6.46
shows emission spectra of LiYF4-coated (particle size d = (21± 2) nm) and uncoated
LiYF4:Er nanoparticles (d = (15± 1) nm, both determined via TEM-imaging) upon
1470 nm femtosecond pulse excitation.
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Figure 6.46 – Emission spectra of LiYF4:Er nanoparticles without (right) and with an addi-
tional LiYF4-coating (left) for peak excitation intensities 1.1, 2.3, 3.5, and 4.9× 1015 W m−2

(black to yellow). Ionic radiative transitions are shaded. At highest intensities, the red
emission of core/shell-particles exceeds that of core-particles by a factor of 40.

In the present intensity range I0 = (1.1× 1015 − 4.9× 1015) W m−2 (equivalent cw-
intensity 〈I〉 = (2.6− 12) W cm−2), the overall emission is dominated by third harmonic
generation which in this case serves as a reference between individual samples to relate
the radiative 4S3/2 → 4I15/2- (green) and 4F9/2 → 4I15/2-transitions (red). While the TH
signal is constant between the two samples at equal incident intensities, luminescence is
greatly enhanced by the shell-coating. For example, at the highest observed intensity,
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the red emission experiences a 40-fold increase. Vice versa, bare core particles show
hardly any luminescent emission at low excitation intensities.

From a practical point of view, coating upconversion nanoparticles thereby plays a
crucial role in increasing the luminescence efficiency while it yields no notable benefits
to harmonic generation. Nevertheless, for hybrid harmonic/upconversion nanoparticles,
adding a shell would improve the synergy between harmonic generation and characteristic
fluorescent fingerprints. For additional flexibility, latter can even be transformed into
broadband emission via increase of (cw-) excitation intensities beyond 100 W cm−2 [439,
483–485]. This in turn opens up the potential to multifunctional applications such as
broad-bandwidth visible illumination on one hand, highly characteristic emission at
reduced cw pump-intensities, and harmonic generation upon use of short-pulse excitation.
In fact, the simultaneous emission of harmonics and luminescence using a single excitation
source provides a customizable fingerprint which, thus far, has been only instigated by
double laser exposure [486].
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7 Applications in the Framework of
the Photon Management Concept

Given the potpourri of particles, including their optical characteristics, it is worth delving
into a few select properties in the context of the photon management concept (PMC)
proposed in section 3. Because of the initial boundary constraint of emission tunability,
a particular focus is placed on harmonic generation. Furthermore, due to its beneficial
properties in nonlinear microscopy, this field of applications is covered in greater detail.

7.1 Chromatic Dispersion
Thus far, emission from harmonic nanoparticles (HNPs) has shown a significant amount
of color tunability spanning the entire visible spectrum [14, 68] (see also sections 6.5 and
6.6). Naturally, it is worth asking: is there a limit of the excitation wavelength range
in regard to the observable emission? A partial answer is provided in figure 7.1 which
shows the perceptible emission from a single LiNbO3 nanopowder pellet in an excitation
wavelength range λω = (540− 2300) nm.

540 550 560 570 580 590 600 610 620 630 640 650 660 670

680 690 700 710 720 730 740 750 760 770 780 790 800 810

820 830 840 850 860 870 880 890 900 910 920 930 940 950

960 970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080 1090

1100 1110 1120 1130 1140 1160 1180 1200 1220 1240 1260 1280 1300 1320

1340 1360 1380 1400 1420 1440 1460 1480 1500 1520 1540 1560 1580 1600
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1975 2000 2025 2050 2075 2100 2125 2150 2175 2200 2225 2250 2275 2300

Figure 7.1 – Visible emission from a LiNbO3 nanopowder plaque for different incident
wavelengths in the range λω = (540− 2300) nm displayed below each photograph. Stray
infrared radiation has been removed by a short pass filter (KG5, Schott).

For excitation wavelengths in the visible range, the dominant emission originates
from linear scattering. Starting above 800 nm, second harmonic generation becomes
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prevalent which can be tuned from (ultra-) violet throughout the visible spectrum all
the way to red where it gradually gives way to third harmonic generation in a transition
zone spanning (1260 − 1380) nm. This process repeats at longer wavelengths: after a
complete sweep throughout the visible spectrum, TH emission is superseded by fourth
harmonic generation after another transition phase between (2175− 2250) nm, starting
off in the green spectral region. Indubitably, the color sweep towards red would likely
be observed at excitation wavelengths beyond 2300 nm. In the context of biological
applications, taking the biological window into account and especially water absorption
above 2500 nm [184, 453, 487], a further tuning becomes gradually less relevant.

The visible emission color is not only dictated by the excitation wavelength but
also its intensity. Owing to the different scaling of each harmonic (cf. eq. (4.14)), a
certain degree of tunability is possible even at a single incident wavelength which can be
observed best in the transition zones as it is demonstrated in figure 7.2.
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Figure 7.2 – Left: scaled emission spectra from a LiNbO3 nanopowder pellet at a fixed ex-
citation spectrum (inset) for peak intensities from 4× 1013 W m−2 (top) to 3× 1016 W m−2

(bottom) and corresponding photographs of the emission. Right: calculated emission
color as a function of incident fundamental wavelength λω and a scaling factor A defined
in eq. (7.1) with the experimental wavelength marked (white, dashed). Dominant influence
from fundamental (Fund), second (SH), third (TH), and fourth harmonic (FH) at low
intensities is shown for clarity. The accessible color range is plotted below in a CIE 1931
color space chromaticity diagram [488] (black dots).
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At a fixed excitation wavelength λω ≈ 1350 nm, the SH emission is centered in
the red spectral region at 675 nm whereas TH emission is located in the blue range
at 450 nm. For low peak intensities I0 . 4× 1013 W m−2 (equivalent cw-intensity
〈I〉 . 90 mW cm−2), emission is solely limited to the SH signal with no distinct TH
influence. However, owing to the cubic intensity dependence of TH compared to the
squared of SH, former increases faster and becomes the prevailing spectral component
with intensities I0 & 3× 1016 W m−2 (i.e. 〈I〉 & 70 W cm−2). Thus, the observed
emission color starts to shift from red via magenta to a blue hue.

As a result, chromatic dispersion can be obtained through both excitation wavelength
and intensity tuning. This can be modeled by calculating the apparent color from an
arbitrary emission spectrum given by the sum of individual harmonics up to fifth order:

S(λ) =
5∑

n=1
An exp

[
(λ− λω/n)2

σnω

]
. (7.1)

For simplicity, nonlinear susceptibilities have been omitted entirely. Instead, each
harmonic spectrum is modeled by a Gaussian profile whose width σnω is adapted from
experimental data (cf. section 6.6, tab. 6.1). The peak height is defined via An; this
means that for A = 1, all harmonics will have identical maxima whereas A < 1 favors
lower and A > 1 higher orders, respectively.

Accordingly, for A� 1, the lowest harmonic order located in the visible spectral
range dictates the apparent color. This is equivalent to the low-intensity case, rendering
higher orders negligible. At a fixed wavelength, a gradual increase of the incident
intensity, and thereby A, yields different mixing ratios between individual harmonics.
Provided that at least two peaks are located in the visible range, the emission color can
alter significantly. Apart from the previously discussed red-magenta-blue sweep (SH-TH)
at 1350 nm, other transitions include yellow-white-blue at 1700 nm (TH-FH) or even the
entire spectrum from red to violet at 2100 nm (TH-FH-VH). Hence, the emission colors
observed in figure 7.1 are only a small subset of possible combinations. In fact, nearly
the entire CIE 1931 color space [488] can be covered by harmonic emission as is shown
in figure 7.2 (bottom right). Several points of the scatter plot are, in fact, degenerate
due to multiple configurations of incident wavelength and intensity that can yield the
same apparent emission.

It is worth considering other tunable alternatives to HNPs for a moment. These
include Stokes converters, e.g. metallic nanoparticles such as silver and gold [489–491] or
various quantum dots (QDs) based on lead [492, 493], zinc [494], or cadmium compounds
[112, 495, 496]; alternatively, differently doped upconversion systems [110, 247, 497–500]
for anti-Stokes shifting. A common issue for all these materials is the rigid excitation-
emission relation each one exhibits on their own. The spectral tunability of metallic NPs
and QDs results from different particle sizes while the emission spectrum of UCNPs is
modified by their dopants, including their concentrations. Except for highly sophisticated
core-shell UCNPs whose emission color can be tuned in a limited range by intensity,
pulse duration, and/or excitation wavelength(s) [499–501], a sudden switch in emission
requirements entails the necessity for an entirely new set of particles. Furthermore,
in contrast to relatively toxic compounds used in QDs that require extensive coating
[502–506], HNPs have been largely deemed as biocompatible [11]. Therefore, harmonic
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nanoparticles are an ideal candidate to be used in the PMC-framework: a single kind of
HNPs is completely sufficient in realizing full spectral flexibility with the potential to
apply them outside of imaging, e.g. for targeted photoswitching [23, 26, 31]

7.2 Estimate for the Absolute Harmonic Conversion
Efficiency of a Thin Layer of KNbO3 Nanoparticles

Based on the absolute magnitude of nonlinear susceptibilities, the quantum efficiency η
of HNPs compared to UCNP-processes is considered marginal being almost ten orders of
magnitude weaker [5, 60, 437]. While this indisputably holds true at cw exposure, using
pulsed excitation sources has revealed strong harmonic generation at comparably low
cw-equivalent intensities which exceeds luminescence-based signals (cf. figures 6.41, 6.42,
or 6.43). This is the result of the different excitation mechanisms: whereas harmonic
generation is governed by the peak intensity I0, upconversion is triggered by the time-
averaged intensity 〈I〉 at present pulse repetition rates. For Gaussian pulses, the ratio
R between peak and cw-equivalent intensity can be calculated by

R = I0

〈I〉
= 4

√
ln 2
π
· 1
frepτp

(7.2)

with the FWHM pulse duration given by τp. For typical repetition rates frep and
pulse durations used within this thesis, R ∼ 1010, thereby easily bridging the apparent
efficiency gap between upconversion and harmonic generation.

For experimental studies regarding absolute conversion efficiency estimates, or-
thorhombic KNbO3 (Amm2, PSG: mm [507]) with a mean crystallite size d ≈ 112 nm
dispersed in distilled water was pipetted onto a glass slide and slowly dried to obtain a
thin layer of nanocrystals as was shown in figure 6.30. Determination of the conversion
efficiency has been carried out two-fold: in a first study, the SH emission signal has
been used as a reference to intensity-tune another frequency-doubled beam such that
their signals become identical. Secondly, the spectrally resolved SH emission induced by
an unfocused, relatively weak incident beam (I0 ≈ 7× 1014 W m−2) has been measured
absolutely. Both results are shown in figure 7.3.

Making use of the negligible absorption of KNbO3 for wavelengths exceeding 420 nm
[14], the diffuse reflectance at both incident wavelengths becomes decoupled from
absorption losses. Attenuation of the frequency-doubled beam by a factor of approx.
1600 yields nearly identical spectral responses at 620 nm. However, this does not account
for the additional third harmonic emission centered at 413 nm (which does experience
absorption losses that can be avoided by shifting the fundamental wavelength even further
into the infrared region as was shown in section 6.6). Thus, using the integrated signal, the
overall efficiency η = Iout/Iin is on the order of 10−3, being competitive with efficiencies
observed in rare earth-doped materials and especially nanoscaled upconversion particles
[248, 384, 386, 437]. Furthermore, it should be highlighted that η can be significantly
improved by increasing the fundamental intensity I0(λω = 1240 nm) > 1.5× 1016 W m−2

and using samples with higher nonlinearities, thereby easily enhancing η by at least

92



7.2 Estimate for the Absolute Harmonic Conversion Efficiency of a Thin Layer of
KNbO3 Nanoparticles

400 500 600 700

λ (nm)

0.0

0.2

0.4

0.6

0.8

1.0

S
(a
rb
.
u
.)

λω = 620 nm
λω = 1240 nm

400 500 600 700

λ (nm)

-4

-2

0

2

4

6

8

I Ω
,λ
(m

W
sr
−
1
n
m
−
1
)

×10−5

Data
Data, smoothed
Gaussian fit

Figure 7.3 – Left: linear (λω = 620 nm) and harmonic remission (λω = 1240 nm) at
different incident intensities. The intensity of the 620 nm pulses has been attenuated until
the observed remission overlapped with the SH peak. Right: absolute spectral intensity
upon weak fundamental excitation.

an order of magnitude. In fact, considering that the present KNbO3 sample is highly
polydisperse leaves ample space for improvement despite its significantly higher output
compared to UCNP even at their resonant conditions (cf. figures 6.41 and 6.42). Further
optimization towards monodispersity improves chemical post-treatment, e.g. coating
by a shell and/or biofunctional layers, making a uniform procedure for the entirety of
the synthesized sample feasible. Likewise, equal particle sizes entail a constant surface
to volume-ratio, thereby directly affecting nonlinear optical properties [12, 230, 262,
508–511]. Lastly, preparation of increased layer thicknesses potentially improves η even
further by a larger number of HNPs available for nonlinear frequency generation [512,
513]. It is also worthwhile to point out that HNPs are highly stable and easily withstand
prolonged laser exposure. This particular KNbO3 sample was prepared four years ago
and exhibits, with the exception of strongly localized laser-ablation spots (cf. figure 4.3),
no significant blemishes while still producing high nonlinear signals.

For reference, an absolute SH emission spectrum of the KNbO3 thin layer has
been collected totaling in a radiant intensity IΩ =

∫
IΩ,λdλ ≈ (1.1± 0.2)× 10−6 W sr−1.

Comparing the emission power Pem collected in a solid angle Ω = 1 sr, which corresponds
to using a microscope objective with a numerical aperture NA ≈ 0.54, yields an efficiency
η = Pem/Pin ≈ 2× 10−5. Due to the nonlinearity, this value needs to be considered
in relation to the fundamental intensity when compared to the previously determined
efficiency. Since the fundamental intensity differs by a factor of approximately 20, the
efficiency of harmonic emission is affected equally, thereby yielding a reasonable overlap
between the two measurements. Nevertheless, considering that significant conversion
efficiencies can be obtained even for cw-equivalent intensities 〈I〉 ∼ 1 W cm−2 highlights
the considerable potential in producing strong anti-Stokes shifted radiation for high-
contrast applications even for individual particles [12, 366, 514].
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7.3 Laser Scanning Confocal Microscopy of Alkali
Niobate Nanoclusters

In a follow-up study, the imaging possibilities of alkali niobate nanoparticles have been
investigated. For this, LiNbO3:Yb (mean particle size d ≈ 300 nm) and polar NaNbO3
(d ≈ 100 nm; both samples have been also used in section 6.1) have been dispersed in
distilled water and pipetted onto a glass slide. In order to reduce evaporation, a cover slide
has been placed on top. Subsequently, the sample has been imaged in the laser scanning
confocal microscope (LSCM) LSM 510 META NLO (Zeiss) with a 10× objective (EC
Plan-Neofluar, Zeiss) pumped by the tunable femtosecond oscillator Chameleon Ultra II
(Coherent, Inc.), delivering between 340 mW (λω = 1040 nm) and 2.6 W (λω = 800 nm) at
a pulse duration τp = 140 fs and a repetition rate frep ≈ 80 MHz. Detection is performed
by spectrally resolving the emission via a prism and an array of 32 photomultiplier tubes
that each cover a spectral bandwidth of 10.7 nm, resulting in an accessible detection
range λ = (380− 720) nm. Figure 7.4 shows true-color emission of LiNbO3 and NaNbO3
nanoclusters for different excitation wavelengths λω = (800− 1040) nm.

Figure 7.4 – True-color LSCM-images from LiNbO3 and NaNbO3 nanoparticles dispersed
in water. The concentration of LiNbO3 particles in solution is significantly lower than for
NaNbO3. Individual images measure 394 µm× 394 µm.

Evidently, both samples exhibit significant second harmonic emission that can
be easily detected in the present setup, even at very low concentrations allowing to
visualize individual nanoclusters at a resolution d ∼ 1 µm. Especially for the NaNbO3
sample, strong aggregation becomes visible at water-air interfaces where the solution has
evaporated. This highlights that HNPs can also be used for improved edge-detection in
(non-) biological environments due to their tendency to attach to interfaces.

Figure 7.4 additionally shows that harmonic emission can be triggered with present
two-photon microscopy setups at pulse energies in the low nJ range. Due to the tight
focusing conditions with excitation spot sizes on the order of 1 µm, peak intensities are
increased to several PW m−2, thereby raising the conversion efficiency to considerable
levels that make detection of harmonic generation particularly feasible. Even with highest
peak intensities, white light generation is not observed due to its strong dependence on
the peak power (instead of intensity) of individual pulses [474] which is not attained in
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this particular setup. Furthermore, potential cell damage by high-intense laser irradiation
only becomes a considerable factor for peak intensities exceeding 1016 W m−2 [515].

Together with their distinct color tunability, HNPs can be treated as a high-contrast
agent in nonlinear imaging [11, 30, 231, 365, 516–521]. Furthermore, as a result of
coherent light emission from HNPs, they open up the field to three-dimensional, sub-
diffraction limited imaging and analysis via holographic methods [29, 37, 38, 231, 520,
522, 523]. This way, the array of microscopy techniques is strongly reinforced, particularly
the nonlinear field of nonlinear microscopy which largely benefits from the modularity
and flexibility of the PMC.

7.4 In-Vivo Investigations in Drosophila melanogaster
Using harmonic nanoparticles as light sources in biological environments is still a novel
topic which has been mostly used for imaging static environments [11, 231, 517, 518,
520, 521, 524–526]. In this regard, different methods for analyzing and improving
the imaging contrast have been proposed which typically focus on detecting multiple
harmonics simultaneously [33, 364, 526, 527]. Especially due to the exploitation of both
spectral tunability and several harmonic orders, clear separation of the HNP signal
from endogenous second or third harmonic generation or intrinsic fluorescence can be
attained [27, 526, 528–533]. Furthermore, by coating and functionalization, HNPs can
be attached to defined targets [521] whereas non-functionalized HNPs tend to stick to
cellular membranes and are internalized after several hours [520]. This way, HNPs can
be used as tracers for dynamical processes. So far, such movement studies are limited to
cellular motions, i.e. ranges in the low micrometer-region with relatively slow velocities
that can still be resolved via laser scanning confocal microscopy [30, 520, 534]. An
extension towards the sub- to low millimeter-region at high refresh rates above 10 frames
per second (fps) is not feasible using scanning setups and hence requires wide-field
illumination to obtain entire images with no temporal delay between individual pixels
[372]. Additionally, in order to observe nonlinear frequency generation, considerable
peak intensities are required despite the low focusing conditions such that regeneratively
amplified femtosecond pulses are of paramount importance at the desired length scales
[519]. Using this approach, dynamic processes are visualized and quantized in living
Drosophila melanogaster larvae within this section.

Drosophila melanogaster, commonly known as “fruit fly”, is a popular subject
in developmental biology with a special emphasis on genetic engineering due to its
low number of chromosomes [535, 536]. Understanding the organogenesis of these
invertebrates has tremendous relevance in the study of mammalian equivalents, even
providing insight into human cardiac functions [537]. Thus, dysfunctions related to
genetic mutations can be identified at stages well before malignant effects manifest –
this way, accurate countermeasures may be taken preemptively. For this reason, studies
on the cardiac system of Drosophila melanogaster even beyond the scope of invertebrate
zoology are of central significance with prodigious social relevance.

These insects possess an open circulatory system, i.e. haemolymph is distributed
without an additional vascular system. The tubular heart is located mid-dorsal in
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7.4 In-Vivo Investigations in Drosophila melanogaster

craniocaudal extension (from front to behind) into which haemolymph can enter via
ostia at the sides and is transported towards the anterior (front) [535, 537]. Visualization
of the haemolymph flux has so far been conducted using microsized (and occasionally
fluorescent) particles [537–539]. Owing to the limiting factors of such markers, the
applicability of HNPs in this context will be thoroughly investigated and discussed.

For optical investigations, the wild type w1118 strain of third-instar Drosophila
melanogaster larvae were used by placing them in a setup as outlined in figure 7.5.

Hal.

CCD

FM

SP+LP

Obj.

Sample

fs-Laser

Spectr.

Needles

Larva

Viscera
Tracheae

Heart

Figure 7.5 – Left: nonlinear optical wide-field microscopy setup. Hal.: halogen lamp,
Obj.: microscope objective, SP+LP: shortpass and longpass wavelength filter, FM: flip
mirror, CCD: camera, Spectr.: spectrograph. Right: prepared (top) and dissected larva
(bottom).

In a custom-built nonlinear optical wide-field microscopy setup based on an IX71
frame (Olympus), simultaneous illumination of the sample can be performed using
a 100 W halogen lamp and slightly focused, oblique femtosecond laser pulses. Light
is collected in transmission via a 10× (NA = 0.25) microscope objective (Spindler
& Hoyer) and is spectrally filtered: shortpass filters (KG3 and KG5, Schott) remove
infrared radiation from the signal whereas a longpass filter (OG550, Schott) blocks short-
wavelength components for improved imaging contrast. The beam is then either imaged
via a grayscale CCD camera (piA 640-210gm, Basler) or directed into a spectrograph
(IsoPlane SCT320 and PIXIS:2KBUV, Princeton Instruments) using a flip mirror.

Sample preparation has been performed akin to the procedure described in ref. [537]:
larvae are pinned onto a Sylgard 184 silicone elastomer-cladded petri dish and dissected
from the ventral side. In order to improve the optical transmission and to reduce
scattering, viscera are removed to uncover the heart. Drying out of the specimen is
prevented by filling the vessel with phosphate-buffered saline (PBS). After letting it rest
for up to 10 min, a colloidal solution of HNPs in PBS is pipetted onto the sample.

In a preliminary study, transmission characteristics were determined via analysis
of mechanically grinded larvae in order to assess an optimal wavelength window for
HNP-excitation and detection as shown in figure 7.6.
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Figure 7.6 – Left: absorption spectrum of grinded Drosophila melanogaster larvae and
corresponding transmission spectrum (inset). The three peaks mark an exemplary wave-
length configuration of fundamental (rightmost) at 1360 nm to third harmonic (leftmost)
at lowest absorption. Right: harmonic emission spectrum of a living specimen at a
fundamental wavelength λω = 1360 nm in the absence of HNPs. Wavelength regions of
second (SH) and third harmonic (TH) are shaded. The inset shows TH-signal as a function
of time with an exponential fit.

Throughout the investigated spectral region λ = (250 − 1600) nm, the sample
shows strong light attenuation with a minimal absorption coefficient αmin ≈ 23 cm−1

located in the infrared region at 1300 nm. For longer wavelengths towards 1450 nm, water
absorption bands impair transmission [540], thus defining an upper limit for the excitation
wavelength. In the opposite direction, the absorption rises monotonously indicating the
presence of fat bodies [184]. Due to strong light suppression, wavelengths below 400 nm
mark the lower limit for imaging. For multi-harmonic detection, the ideal excitation-
emission configuration is therefore to be chosen such that the fundamental spectrum
is adjacent to the water absorption band, locating the SH wave to the red between
(600− 700) nm and the TH wave towards the blue spectral region at (400− 470) nm.

Further investigations in the absence of HNPs reveal that (intact and living)
Drosophila melanogaster larvae exhibit third harmonic generation upon irradiation
with femtosecond pulses (cf. figure 7.6 (right)). At the same time, no intrinsic second
harmonic generation has been observed. As a result, filtering out TH signals yields a
notable improvement in the image contrast when HNPs are involved. Depending on the
spectral quantum efficiency of the camera system, a slight blueshift of the fundamental
wave may then prove beneficial in order to relocate the SH signal further into the
green spectral region. In comparison to HNPs, harmonic light emission of the insect is
relatively weak and requires significant laser intensities and increased detection times
to be well-resolved. However, during this time, notable deterioration of the TH signal
takes place reminiscent of observations made on organic crystals (cf. section 6.3). An
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exponential fit reveals a lifetime τ = (560± 40) s, that is a decrease of the TH signal
to 1/e of its original intensity, corresponding to an exposure Q = 〈I〉t ≈ 4000 J cm−2.
After illumination, thermal damage has been observed indicated by significant darkening
of the cuticle which thus absorbs a growing amount of radiation and thereby weakens
harmonic emission. However, these excitation conditions (〈I〉 ∼ 60 mW/0.8 mm2) are
typically not required in the presence of HNPs. As a result, signal degradation is severely
reduced to a point where larvae appear unaffected by the laser. Furthermore, immersion
into PBS improves heat dissipation that in turn reduces thermal damage to a minimum.

Medium optical intensities further improve the image contrast by reducing TH
signals which experience significantly higher scattering in biological environments and
thereby lead to blurring of the recorded image. The visible emission of a thin layer of
LiNbO3:Mg nanocrystals at microscopic resolutions is shown in figure 7.7.

Figure 7.7 – Visible emission of a thin HNP-layer at fundamental peak intensities of 3.1
(left), 6.1 (middle), and 7.3× 1015 W m−2 (right). The scalebar is 20 µm.

With rising fundamental intensities, the apparent color shifts from red to blue (cf.
the results in sec. 7.1). Nevertheless, even at highest intensities, individual particles
appear red on top of a blue background. Owing to the high polydispersity of the used
HNPs and their tendency to agglomerate to form larger crystallites, bigger crystals seem
to favor SH emission in lieu of TH. For further optical investigations on Drosophila
melanogaster, a sensible choice of excitation parameters therefore crucially relies on the
exact NP size distribution of the pipetted solutions as well as optical damage resistance
of the individual specimen and is hence continuously monitored and adjusted accordingly.

In order to receive an overview of the imaging capabilities of HNPs, a dust particle
has been enriched with the HNP-solution and imaged with conventional broadband light
illumination and femtosecond laser pulses as shown in figure 7.8.

100µm

Halogen Halogen + Laser Laser

Figure 7.8 – True-color transmission images reconstructed from grayscale photographs
and spectra at identical exposure times for each. Left: broadband halogen lamp. Center:
additional illumination using 1360 nm femtosecond pulses. Right: only laser exposure.
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Owing to their high polarity and corresponding surface charges [541] together with
considerable van der Waals forces [243, 244, 542], HNPs quickly attach to surfaces.
Present studies estimate a binding time below 100 ms between placing a droplet of
colloidal HNP solution onto the PBS surface (from where it diffuses and reaches the
sample) and visible movements with HNPs attached to surfaces. Upon laser exposure,
they show a remarkable contrast, allowing facile detection and simple separation from
background light. As a result, dynamic movements in the heart region can be readily
observed as it is shown in figure 7.9.

= 200mst∆ = 600mst∆

Figure 7.9 – Pseudocolor images extracted from movies recorded at 10.3 fps (left) and
50 fps (right) showing HNP movement for durations indicated by ∆t (i.e. temporal
difference between first and last frame). The scale bar corresponds to 100 µm. Filled
circles mark HNP positions in previous frames (note that HNPs could not be observed in
every frame due to absorbing objects obscuring small areas), dashed arrows indicate the
direction of movement.

Tracking of individual HNPs reveals large fluctuations in their velocities ranging
between v = (67 − 1596) µm s−1 with a mean v̄ = (353± 202) µm s−1. At this veloc-
ity, related studies hint towards movements outside the heart lumen which has been
determined to v̄ ≈ 400 µm s−1 [537].

Insertion of mobile HNPs into the heart, however, has proved to be challenging
due their highly adhesive behavior. In fact, clogging of the heart has been observed on
numerous occasions as exemplarily shown in figure 7.10.

Figure 7.10 – Pseudocolor images showing the HNP-induced heart clogging of Drosophila
melanogaster located in the center of each image. Left: white light transmission, center:
laser excitation, right: parallel exposure. The scale bar is 100 µm.
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As a result, mobile HNPs are rarely observed. In fact, even free-floating particles are
likely attached to optically transparent bodies whose movement can thus be visualized.
Therefore, targeted (de-) functionalization of HNPs for surface charge compensation
would be necessary in order to produce inert particles for haemolymph flux visualization
[537, 539]. In turn, however, this adhesion can be exploited as well since these HNPs
remain at their positions even upon flushing the sample with high pressure from a syringe.
Due to their high optical contrast, the visibility of transparent surfaces can be improved
effectively. Figure 7.11 illustrates the movement of the heart and its surroundings of
Drosophila melanogaster after staining them with HNPs.

0 ms 20 ms 40 ms 60 ms 80 ms 100 ms

120 ms 140 ms 160 ms 180 ms 200 ms 220 ms

Figure 7.11 – Pseudocolor images of 12 consecutive frames showing the movement of the
Drosophila melanogaster heart and its immediate surroundings. White horizontal bars
show vertical positions of two selected HNP signals in each frame for better comparability.
Time stamps are shown in the top left. The scale bar is 100 µm.

Comparing the positions of HNPs located at the top and bottom of each frame
reveals a vertical contraction by as much as 21 %. Likewise, the heart beating rate can
be quantified to f ≈ 4 Hz which is within the observed margin established by related
studies of f = (2.4−4.5) Hz [537, 543–547]. The reasons for a rather high rate compared
to specimen from the same stock used in ref. [537] can be explained by several factors
inducing stress on the heart such as ambient temperature [548], composition of the liquid
the animal is immersed in [549], and the larva age [544].

Further studies on intact larvae where approximately 20 µl of colloidal PBS-HNP
solution has been injected into the body (using the microinjector Femtojet, Eppendorf)
strengthen the observation of fast nanoparticle attachment: highest nonlinear signals
are measured in close proximity to the injection spot and a rapid decline with growing
distance. At higher injection volumes or increased HNP-concentrations, the larger
number of HNPs results in a reinforced harmonic response to infrared radiation which,
in some cases, leads to a visible glow of the entire larva. Micrographing shows that
particles have attached to tissues inside the body yielding a bright image of the larva
under infrared femtosecond-pulse exposure.

In conclusion, present studies have revealed that HNPs can be used in biological en-
vironments for high-contrast visualization of tissue movements without further treatment
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due to their quick attachment to surfaces. As a realization of the photon management
concept, the excitation-emission wavelength-pair has been chosen in order to adapt to
the optical properties of the biological sample. In the future, targeted HNP-delivery
and subsequent attachment to specific (an-) organic surfaces are cogitable via function-
alization during or after particle synthesis [32, 33, 111, 550]. This way, prospective
applications in biomedicine can be opened up from drug delivery and ultrafast imaging
[115, 551, 552] all the way to highly localized blue and UV light emission for optogenetic
manipulation of adjacent objects, potentially even for cancer treatment via UV-induced
cell apoptosis by harmonic generation.
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8 Conclusion
The photon management concept (PMC) is a powerful framework in realizing a flexible
optical setup centered around the use of nanoscaled harmonic crystals. Due to their
extraordinary capabilities in terms of frequency-conversion, nonlinear optical frequency
mixing (NFM) processes have a tremendous potential as highly localized emitters for
imaging and manipulation.

Owing to the diverse properties of frequency-converting nanoparticles, a thorough
analysis of the entire path from synthesis to structural characterization all the way
to their spectroscopic properties is of paramount importance for further applications.
Elucidating the underlying processes of frequency generation and light emission via the
use of femtosecond pulse excitation enables an in-depth study on the mechanisms leading
towards light emission. In this regard, a strong interplay between linear and nonlinear
effects has been explored, allowing to simultaneously produce quasi-instantaneous har-
monic radiation and longer-lasting luminescence on a spectral scale exceeding the visible
range in a variety of materials. Resulting from the physical processes governing this en-
ergy transfer, specific methods have been developed in order to perform ensemble-based
characterization of nanopowders to assess their structure, polarity, absorption, efficiency
dispersion, and time-dependent transient processes.

In this regard, the investigation of such individual characteristics has a two-fold
benefit: not only does it complement reports on distinct properties via a significant
increase in the detection range plus supporting numerical calculations (e.g. low cw-
equivalent intensities in UCNP materials, peak intensity-dependent effects in HNPs, or
the dispersion of optical harmonics throughout the extended visible spectral range) but
also enables the study of the interplay between various, independently treated subjects
(e.g. morphology-dependent resonances affecting the generation and interaction of optical
harmonics, multiphoton excitation of UCNPs to produce both luminescence and transient
nonlinear optical signals, or incorporation of interband transitions to trigger radiative
relaxation). In other words, a large emphasis has been placed on the development of a
comprehensive framework to merge seemingly disjointed disciplines in order to produce
a more profound understanding of fundamental physical mechanisms and to capitalize
on them in subsequent utilization.

Especially in the context of nonlinear optical microscopy, HNPs possess several ad-
vantageous properties. Despite the exorbitant peak intensities required to observe NFM,
the time-averaged intensity is significantly lower than for frequently used continuous-
wave lasers in combination with fluorescent materials, thereby ensuring a prolonged
longevity in investigated specimens. Next to the spectral tunability, a variation in the
emission color by altering the incident intensity allows rapid adaptation to environmental
conditions on a millisecond timescale without the need to ever change marker-HNPs
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throughout investigations. In particular, due to the strong intensity dependency, imaging
resolution can be dramatically improved in both spatial and temporal domain, thereby
allowing the study of details beyond the diffraction limit. Such experiments are not
limited to biological specimen per se; the integration of HNPs into other materials is
certainly cogitable for improved detection (e.g. optical edge-filtering or highlighting
specific targets) or even to complement, augment, and amplify their individual properties.

While it is impossible to see where this journey will take us in ten or even twenty
years, it is safe to say that nanoscaled optical materials will play a crucial role in the
development of a multitude of fields that may have a strong impact on everybody’s life,
whether directly or indirectly. Motivated by their unique properties, nanoparticles provide
a rapidly growing research subject and contain the potential for further integration into
other disciplines spanning an immense range from the high (nano-) technology sector all
the way to day-to-day use. Thus, their impact is likely to only increase in the near future
and hence makes nanoparticles, in particular HNPs, UCNPs, or even hybrid variants, a
respectable candidate in tackling pressuring issues in both society and environment.
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9 Summary
The field of harmonic nanoparticles (HNPs), i.e. objects sizing on the nanometer scale
that exhibit a nonlinear optical (NLO) response, is a relatively young and still growing
subject that has sparked numerous studies on highly specialized properties. Owing to this
fragmented approach, a consolidated and comprehensive overview has been lacking to
date. In this thesis, these individual fractions are brought together from the perspective
of the experimental and numerical physics of light-matter interaction, especially under
the aspect of NLO spectroscopy. Published results are linked together and further
extended using a newly developed framework termed the Photon Management Concept
(PMC) that provides a systematic access to the characterization of (nonlinear) optical
materials and serves as a foundation to subsequent application-related studies.

In order to improve signal strength and reproducibility, the pressed powder pellet
technique known from (linear optical) diffuse reflectance spectroscopy has been used
and further refined in combination with the PMC. This way, the observation and
quantification of NLO effects is explored within a vast array of materials in a wide
optical wavelength window and at time scales down to the femtosecond range, providing
ground to the development of physical models linking particular features.

Using this modular and yet reproducible experimental approach, individual features
of HNPs can be readily identified. In particular, due to the lack of phase-matching condi-
tions, HNPs are capable of creating spectrally tunable ultraviolet emission upon infrared
excitation that can be additionally enhanced by exploiting energetic and morphological
resonances which have been scrutinized extensively. Furthermore, the temporal profile
of ultrashort femtosecond laser pulses upon interaction with powder pellets has been
shown to be dramatically altered as scanned via a sum-frequency generation pump-probe
experiment. This way, predictions to pulse profile modifications in highly scattering
media such as biological tissues can be performed, painting a more accurate picture in the
context of investigations at high temporal resolution for the study of ultrafast dynamical
processes and to strongly enhance imaging contrast. A combination of transient NLO
processes with luminescent materials such as up- and downconversion nanoparticles
demonstrates a valuable and unprecedented synergistic effect in providing a unique
spectrotemporal fingerprint upon multiphoton excitation. This harmonic resonant energy
transfer provides a novel means to the generation of light emission for ultrafast detection
of signals, visualization, and sub-diffraction limited imaging.

In a nutshell, the results presented herein indicate a vast potential for prospective
applications in fields such as biophotonics, lighting, noninvasive optical material charac-
terization, holography, or nanoscaled lasers, to name just a few. Thus, the conclusions
drawn from present observations are neither complete nor exhaustive – instead, they
can be seen as buds on the ever-growing branch of nanotechnologies.
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