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Abstract 
 

The goal of the presented work is to explore the interaction between gold nanorods (GNRs) and hyper-

sound waves. For the generation of the hyper-sound I have used Azobenzene-containing polymer 

transducers. Multilayer polymer structures with well-defined thicknesses and smooth interfaces were built 

via layer-by-layer deposition. Anionic polyelectrolytes with Azobenzene side groups (PAzo) were 

alternated with cationic polymer PAH, for the creation of transducer films. PSS/PAH multilayer were built 

for spacer layers, which do not absorb in the visible light range. The properties of the PAzo/PAH film as a 

transducer are carefully characterized by static and transient optical spectroscopy. The optical and 

mechanical properties of the transducer are studied on the picosecond time scale. In particular the relative 

change of the refractive index of the photo-excited and expanded PAH/PAzo is Δn/n = - 2.6*10‐4. 

Calibration of the generated strain is performed by ultrafast X-ray diffraction calibrated the strain in a 

Mica substrate, into which the hyper-sound is transduced. By simulating the X-ray data with a linear-

chain-model the strain in the transducer under the excitation is derived to be Δd/d ~ 5*10‐4.  

Additional to the investigation of the properties of the transducer itself, I have performed a series of 

experiments to study the penetration of the generated strain into various adjacent materials. By depositing 

the PAzo/PAH film onto a PAH/PSS structure with gold nanorods incorporated in it, I have shown that 

nanoscale impurities can be detected via the scattering of hyper-sound.   

Prior to the investigation of complex structures containing GNRs and the transducer, I have performed 

several sets of experiments on GNRs deposited on a small buffer of PSS/PAH. The static and transient 

response of GNRs is investigated for different fluence of the pump beam and for different dielectric 

environments (GNRs covered by PSS/PAH). 

A systematic analysis of sample architectures is performed in order to construct a sample with the desired 

effect of GNRs responding to the hyper-sound strain wave. The observed shift of a feature related to the 

longitudinal plasmon resonance in the transient reflection spectra is interpreted as the event of GNRs 

sensing the strain wave. We argue that the shift of the longitudinal plasmon resonance is caused by the 

viscoelastic deformation of the polymer around the nanoparticle. The deformation is induced by the out of 

plane difference in strain in the area directly under a particle and next to it. Simulations based on the linear 

chain model support this assumption. Experimentally this assumption is proven by investigating the same 

structure, with GNRs embedded in a PSS/PAH polymer layer.  

The response of GNRs to the hyper-sound wave is also observed for the sample structure with GNRs 

embedded in PAzo/PAH films. The response of GNRs in this case is explained to be driven by the change 

of the refractive index of PAzo during the strain propagation.  
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1. Introduction 
Ultrafast acoustics is a method, which allows the extraction of the in-depth information for thin films

1
. 

This method is well known for the investigation of thin metal films and crystalline structures
2–4

. The idea 

of the method is to study the interaction between photons and phonons generated in the investigated 

medium. The coherent phonon wave packets are typically generated by a thin metal transducer that is 

deposited on top of the investigated structure. Under the excitation by ultrafast laser pulses, the transducer 

expands and generates phonons in the adjacent medium. An X-ray beam can be used to probe changes in 

the crystal lattice. Optical probe light can be used to investigate modifications of the material by analyzing 

the interference between probe light reflected at the surface and the light reflected at the propagating 

phonon wave packet. 

Only recently, this technique was applied to investigate soft matter films. Lomonosov et al
5
. used ultrafast 

acoustics to investigate the mechanical and optical properties of nanoporous low-k material thin film. 

Another publication by Ayouch
6
 et al. reports about the study of  elasticity of an assembly of disordered 

nanoparticles interacting via either van der Waals-bonded or covalently bonded coating layers. Several
7–10

 

groups have applied ultrafast acoustics to study cells in vivo and in vitro. In most investigations of the soft 

films by ultrafast acoustics, a conventional metal transducer, such as Al or Ti is used for the strain 

generation. The difference in densities of the transducer and the adjacent film leads to mismatch in 

acoustic impedances. Only a small fraction of the generated strain is transmitted into the investigated 

structure while the rest is reflected back into the transducer, which leads to multiple reflections and 

damping. Moreover, it is often challenging to deposit and reliably bond the investigated soft film to a 

metal transducer. One of the possible ways to improve this situation would be a soft matter transducer. 

Such a transducer can be made via the layer-by-layer deposition method with a well-defined thickness. 

Layer-by-Layer deposition is a simple, cost effective technique for the preparation of thin polymer films 

with smooth interfaces and well-defined thicknesses
11,12

. This method is based on the electrostatic 

attraction between the oppositely charged polyelectrolytes, deposited one after another. By using 

polyelectrolytes functionalized by photosensitive molecules, one can manipulate the resulting films with 

light. Azobenzene is one of the well-known photosensitive molecules. It undergoes trans to cis 

isomerization when illuminated by UV-Vis light. Besides numerous studies of the molecular dynamics of 

photo-excited Azobenzene
13–15

, there is also a large number of groups investigating properties and 

applications of Azobenzene containing polymer films
16–18

. For instance, the reversible change of the 

thickness  and refractive index of a PAzo/PAH multilayer films has been studied by Tanchak et al
19

. 

However, optical and acoustic properties of Azobenzene-containing polymer films have neither been 

studied on the ultrafast time scale, nor have such film been considered as a transducer. In the present 

thesis a detailed and systematic investigation of PAzo/PAH as a transducer for soft and hard materials in 

presented. The generated strain is calibrated by ultrafast X-ray diffraction.  
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The layer-by-layer deposition method can be used for the construction of complex composite structures. 

For instance, it can be used for tuning the plasmon resonances of gold spheres
20

 and nanorods
21

. Gold 

nanorods (GNRs) are widely used for sensing applications in chemistry
22,23,23,24

 and biology
25–27

. In most 

cases, GNRs are covered by a shell in order to prevent clustering, or to obtain certain sensing properties. 

Even though GNRs are widely used in complex structures, the optical and elastic properties of the 

functionalized shells of the particles, and interaction of particles with the environment is not well 

understood. In this work I present several sets of measurements of GNRs in different conditions (different 

environment, excitation fluence). A systematic analysis of sample architectures, allow us to explore the 

interaction between gold nanorods (GNRs) and hyper-sound waves.  

 

1.1. Structure of the thesis 

I have divided my thesis to 11 chapters. Here I provide a short summary of the main ideas, conveyed in 

the different chapters. 

 In chapter 1 I introduce a short literature overview of the ideas and methods, which motivated this 

work. 

 Chapter 2 provides the theoretical background that is necessary for the phenomena discussed in 

the thesis. A short description of Azobenzene photo-dynamics is introduced. A brief introduction 

to the fundamentals of plasmonics is presented, followed by the description of time-domain 

Brillouin scattering. The basics of the linear-chain model are given at the end of this chapter. 

 Chapter 3 contains details about the used materials and sample preparation procedure. 

 Chapter 4 describes the methods used for the sample characterization. Details of the UV-Vis 

spectroscopy and ellipsometry methods are elaborated. The description of the time resolved 

techniques used in this project is provided in this chapter. 

 Chapter 5 contains experimental results for sample structures containing GNRs on a small buffer. 

 In chapter 6 I introduce the experimental data for the Azobenzene-based transducer. 

 Chapter 7 contains the experimental results for the complex sample architectures, showing the 

interaction between GNRs and the hyper-sound waves, generated in Azobenzene layer. 

 In chapter 8 the results presented in chapters 4-6 are analyzed, compared and discussed. 

 Chapter 9 briefly summarizes the main findings of this thesis. 

 Chapter 10 contains the discussion about the future prospects of the presented results. 

 The Appendix contains the data, used for cross-check purposes. 



 

7 
 

2. Theoretical background 
 

2.1. Azobenzene isomerization  

Azobenzene is a well-studied photosensitive molecule, that has attracted the attention of scientists since 

1834
28

. The reversible switching of Azobenzene isomerization states under UV-Vis illumination makes it 

very attractive for the manipulation of the matter on the molecular and larger scales. On the molecular 

level, Azobenzene is used for the mechanical control of  chemical and biological processes, examples of 

which are presented in a review by Merino et al
29

. On larger scales (nm-μm), polymer films based on 

Azobenzene are widely used to create surface relief gratings
16,30,31

. Liquid crystals containing Azobenzene 

are used for the creation of light driven devices on macro scales
17,32,33

. 

In order to manipulate the molecular motion and use it in applications, it is necessary to understand the 

exact dynamics of the isomerization. Although the isomerization process has been debated for years, no 

consensus on the isomerization pathways and exact time scales of the relaxation processes has been 

reached by the time this thesis was written. Several studies suggest that there are two ways for 

Azobenzene molecule to isomerize from trans to cis state – rotation and inversion
34–37

. Others propose a 

third pathway called hula-twist, which is essentially a combination of rotation and inversion
13,14,38–40

. 

According to one of the latest detailed investigation of the transient absorption spectroscopy, hula twist is 

the most probable pathway for the switching on Azobenzene
14

 (Figure 2-1a).  

 

 

Figure 2-1 a) Schematic of Azobenzene isomerization pathways b) A simplified Jablonski diagram 

showing the S0, S1 and S2 states of trans Azobenzene. Excitation to the S2 state is followed by rapid 

relaxation to the S1 state. Then, departure from the Frank-Condon region and S0’S1 relaxation takes place, 

accompanied by a potential isomerization of the molecule. Finally, vibrational cooling in the S0 state 

occurs. 
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A simplified Jablonski diagram showing the S0, S1 and S2 states of trans Azobenzene (Figure 2-1 b), is 

discussed in the recent review by H.M Bandara et al
13

. The ground state of Azobenzene is a singlet state 

S0. S1 and S2 are the first and the second excited states. S1 state can be reached by the direct excitation of 

the ground state, or by the relaxation of the S2 state. The excited states S1 and S2 generated by the 

excitation of trans and cis Azobenzene are different in energy and conformation. Several publications on 

the transient spectroscopy of trans Azobenzene reported the relaxation times to be 0.11-0.3 for S2 → S1, 

and 0.5-1.0 ps for S1 → S0, followed by the vibrational cooling for over 10 ps
15,36,41–45

. These relaxations 

appear to be monomodal, while the direct excitation of the S1 state result in a monomodal or bimodal 

relaxation, depending on the solvent and the excitation wavelength
41,43

. 

Molecules of Azobenzene are capable of switching their isomerization state not only in solutions but also 

in polymers, where the molecular transformation is sterically hindered
46

.  Moreover, some studies of 

surface relief gratings found the photo induced surface modification due to the Azobenzene isomerization 

strong enough to break a layer of gold (the internal pressure exceeds 1 GPa)
47,48

. The ability of 

Azobenzene to undergo reversible switching makes it a good candidate for a soft matter transducer.  

 

2.2. Plasmonics 

Plasmonics deals with the interaction between an electromagnetic field and free electrons in metals. 

Surface plasmon polaritons (SPPs), are electromagnetic waves, which travel along a metal-dielectric or 

metal-air interface. In nanoparticles, electrons are bound to the lattice by the restoring coulomb forces. 

This leads to the oscillations of the electrons at the particle surface when an external electromagnetic field 

is applied. These oscillations are called localized surface plasmon resonances (LSRP). Analytically this 

phenomenon derives from the dielectric function of gold, as described in the review G.V.Hartland
49

, 

which we summarize here. 

Drude model is a simple realistic model for the description of the dielectric function of a metal. For many 

metals, this model provides reasonable results. However, in the visible and near UV range, for noble 

metals it doesn’t lead to the correct results because of the interband transitions
50

. After taking into account 

the frequency- dependent damping due to the interband transitions, the dielectric constant is described by 

the following formula 

𝜀(𝜔) = 𝜀𝑖𝑏(𝜔) + 1 −
𝜔𝑝

2

𝜔(𝜔 + 𝑖𝛾)
 

(2-1) 

 

where 𝜀𝑖𝑏 is the interband contribution, 𝜔𝑝 is the frequency of the plasma oscillations and  𝛾 is the 

damping constant. For nanoparticles the damping constant is 

𝛾(𝑙𝑒𝑓𝑓) =  𝛾𝑏 +
𝐴

𝑙𝑒𝑓𝑓
 

(2-2) 

https://en.wikipedia.org/wiki/Electromagnetic_waves
https://en.wikipedia.org/wiki/Metal
https://en.wikipedia.org/wiki/Dielectric
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where 𝛾𝑏 is the bulk damping constant, 𝑙𝑒𝑓𝑓  is the effective path length of the electrons before scattering 

off a surface, and 𝐴 is a dimensionless parameter, which is usually assumed to be close to unity, and is 

determined by details of the scattering process
51

.  After taking into account that at optical frequencies 

𝜔 ≫ 𝛾 into real and imaginary components of the equation (2-1) are the following 

𝜀𝑟(𝜔) = 𝜀𝑟
𝑖𝑏(𝜔) + 1 −

𝜔𝑝
2

𝜔2
 

(2-3) 

𝜀𝑖(𝜔) = 𝜀𝑖
𝑖𝑏(𝜔) + 1 −

𝜔𝑝
2×𝛾(𝑙𝑒𝑓𝑓)

𝜔3 . 
(2-4) 

Equation (2-3) shows that for nanoparticles the real part of the dielectric constant is essentially the same as 

for bulk material, while the imaginary part contains damping 𝛾(𝑙𝑒𝑓𝑓)  for the electron-surface scattering 

𝑙𝑒𝑓𝑓. Therefore, for metal nanoparticles, small size leads to increased damping of the electron motion by 

the surface scattering. 

The spectra of metal nanoparticles are dominated by the LSPR. The position of the LSPR depends on 

particles composition, size, shape and their environment. For spherical particles, spectra can be calculated 

by using Mie theory. This theory requires the dielectric constants of both the particles and their 

environment. The formulas for the scattering and extinction cross section from Mie theory are the 

following
52

: 

𝜎𝑠𝑐𝑎 =
2𝜋𝑅2

𝑥2
∑(2𝑛 + 1){|𝑎𝑛|2 + |𝑏𝑛|2}

∞

𝑛=1

 
(2-5) 

 

𝜎𝑒𝑥𝑡 =
2𝜋𝑅2

𝑥2
∑(2𝑛 + 1)𝑅𝑒

∞

𝑛=1

[𝑎𝑛 + 𝑏𝑛] 
(2-6) 

 

Where 𝑥 = 2𝜋𝑅𝑛𝑚/𝜆, 𝑛𝑚 is the refractive index of the medium, and 𝑅 is the radius of the particle. The 

absorption cross section is given by 𝜎𝑎𝑏𝑠 = 𝜎𝑒𝑥𝑡 − 𝜎𝑠𝑐𝑎. The 𝑎𝑛 and  𝑏𝑛 factors are given by  

𝑎𝑛 = 
ѱ𝑛

′ (𝑚𝑥)ѱ𝑛(𝑥) − 𝑚ѱ𝑛(𝑚𝑥)ѱ𝑛
′ (𝑥)

ѱ𝑛
′ (𝑚𝑥)𝜁𝑛(𝑥) − 𝑚ѱ𝑛(𝑚𝑥)𝜁𝑛

′ (𝑥)
 

(2-7) 

 

𝑏𝑛 = 
𝑚ѱ𝑛

′ (𝑚𝑥)ѱ𝑛(𝑥) − ѱ𝑛(𝑚𝑥)ѱ𝑛
′ (𝑥)

𝑚ѱ𝑛
′ (𝑚𝑥)𝜁𝑛(𝑥) − ѱ𝑛(𝑚𝑥)𝜁𝑛

′ (𝑥)
 

(2-8) 

 

where ѱ𝑛(𝑧) = √(𝜋𝑧/2) × 𝐽
𝑛+

1

2

(𝑧), 𝜁𝑛(𝑧) = √(𝜋𝑧/2) × (𝐽
𝑛+

1

2

(𝑧) − 𝑖𝑌
𝑛+

1

2

(𝑧)). J and Y are the Bessel 

functions of the first and second kind, and 𝑚 = 𝑛𝑝/𝑛𝑚, where 𝑛𝑝 is the refractive index of the particle. 

The different terms in equations (2-5) and (2-6) correspond to the dipole (n=1), quadrupole (n=2), etc., 

contributions. 
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When the particles are much smaller than the wavelength of light, only the dipole contributions in 

equation (2-5) and (2-6) are important. In this case the extinction is dominated by absorption
53

 and the 

absorption cross-section is given by
52

 

 

𝜎𝑎𝑏𝑠 =  4𝜋𝑅2𝑥𝐼𝑚(
𝑚2 − 1

𝑚2 + 2
) 

(2-9) 

 

Equation (2-9) can be rewritten if we express the ration between ε (dielectric constants of the particle) and 

εm (dielectric constant of the medium) as m
2
 = ε/εm 

𝜎𝑎𝑏𝑠 = 
18𝜋𝑉

𝜆
𝜀𝑚
3/2 𝜀2

(𝜀1 + 2𝜀𝑚)2 + 𝜀2
2 

(2-10) 

 

where V is the volume of the particle
52

. Equation (2-10) shows that in the quasi-static limit for spherical 

nanoparticles the plasmon resonance occurs when ε1 = -2εm. An extension of the equation (2-10) to 

ellipsoidal particles was derived by Gans
54

  

 

𝜎𝑎𝑏𝑠 = 
2𝜋𝑉

3𝜆
𝜀𝑚
3/2

∑
(1/𝑃𝑗

2)𝜀2

(𝜀1 + (1 − 𝑃𝑗)𝜀𝑚/𝑃𝑗)
2
+ 𝜀2

2𝑗=1−3
 

(2-11) 

 

where the depolarization factors 𝑃𝑗 for a cylindrical rod are given by 

𝑃𝐴 = (
1 − 𝑒2

𝑒2 ) {
1

𝑒2
ln (

1 + 𝑒

1 − 𝑒
) − 1} 

(2-12) 

𝑃𝐵 = 𝑃𝐶 = 
1 − 𝑃𝐴

2
 

(2-13) 

and 𝑒 = √(1 − (1/𝐴𝑅)2), where AR is the aspect ratio of the rod (length divided by width). Equations 

(2-12) and (2-13) predict two localized surface plasmon resonances for rod-shaped particles. Longitudinal 

resonance corresponds to electrons oscillating along the major axis of the rod and a transverse resonance 

corresponding to electrons oscillating along the minor axis of the rod. A cartoon depicting the oscillations 

of the electron cloud for the longitudinal and the transverse resonances is shown in Figure 2-2. 
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Figure 2-2 A cartoon of the electron displacement in a gold nanorod caused by an external electric field. 

The resonant oscillation of these electrons is called localized surface plasmon. For rods there are two 

resonances – one is transverse and the other is longitudinal, depending on the dimension along which 

electrons are oscillating  

When rods are excited, the incoming energy dissipates through electron-electron interaction, coherent 

vibrations, and heat. Figure 2-3 shows a typical transient signal of GNRs (GNRs type II for the probe 

wavelength 500nm), in order to illustrate the characteristic time scales in the pump-probe experiments 

with gold nanoparticles. After the excitation of the free electrons by a femtosecond laser pulse in a metal 

nanoparticle, three characteristic relaxation processes are observed: a) thermalisation of the electron gas  

(<1 ps), b) electron-lattice thermalisation (several picoseconds), and c) the particle – surrounding medium 

energy exchange (several nanoseconds)
55–58

. 

 

Figure 2-3 Illustrations of the three characteristic processes in excitation of gold. a) Excitation and 

thermalisation of the electrons to a hot Fermi distribution. b) Transfer of the electrons’ energy to the 

lattice via electron-phonon coupling. c) Lattice relaxation. 

 The coherent vibrations caused by the excitation are called the extensional and the breathing breathings 

modes and correspond to the oscillations of the diameter and the length respectively (Figure 2-4). A 

theoretical and experimental analysis of the vibrational response of nanorods to ultrafast laser induced 



2. Theoretical background 

 

12 
 

heating has been performed by Hu et al
59

. Continuum mechanics has been employed to derive expressions 

for the breathing and extensional vibrational frequencies of freestanding nanorods. For a cylindrical rod 

with a length L and radius R, the vibrational frequencies can be expressed in terms of the elastic moduli 

and dimensions of the nanorods as: 

𝜈𝑏𝑟
(𝑛)

= 
𝜑𝑛𝑐1

(𝑠)

2𝜋𝑅
 

(2-14) 

𝜈𝑒𝑥𝑡
(𝑚)

= 
2𝑚 + 1

2𝐿
√

𝐸

𝜌(𝑠)
 

(2-15) 

 

where the integer n indicates the radial mode number (for the fundamental breathing mode, n = 0), integer 

m indicates the extension mode number (for the fundamental extension mode m = 0), 𝑐1
(𝑠)

 is the 

longitudinal speed of sound in gold, E is the Yong’s modulus along the long particle axis, and 𝜌(𝑠) is the 

density of gold. The eigenvalue 𝜑𝑛 for the breathing more of a rod is given by 𝜑𝑛𝐽0(𝜑𝑛) = (1 −

2𝜎)𝐽1(𝜑𝑛)/(1 − 𝜎), where 𝜎 is the Poisson’s ratio. 

 

 

Figure 2-4 A Schematic of the vibrational modes of a cylindrical rod. 

 

2.3. Phononics 

A phonon is a quantum of a vibrational motion in which a lattice of atoms or molecules uniformly 

oscillates at a single frequency. Phonons can be represented as waves and quasiparticles. Such 

quasiparticles can interact with each other, with light or with other quasiparticles such as plasmons or 

magnons.  

 

https://en.wikipedia.org/wiki/Quantum_mechanics
https://en.wikipedia.org/wiki/Vibration
https://en.wikipedia.org/wiki/Lattice_model_(physics)
https://en.wikipedia.org/wiki/Frequency
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2.3.1. Brillouin scattering  

Brillouin scattering is the scattering of light from acoustic phonons. It can also be interpreted as the 

interaction between light and a change of the refractive index, which can be caused by phonons. 

In the presented work Brillouin scattering is discussed in the context of the interaction between an 

ultrashort light pulse and phonon wave packets (Figure 2-5 a).  

 

Figure 2-5 a) A schematic of the Brillouin scattering event. The transducer layer excited from the surface 

generates a strain wave, that propagates towards the substrate. The probe light reflects from the surface 

and interferes with the probe light reflected from the strain wave. Constructive interference appears for the 

wavelengths fulfilling the Laue condition. b) Vector diagram of the Laue equation. 

In the following I summarize the interpretation of the light scattering from hyper-sound waves, as 

discussed by Bojahr et al
3
 and applied in the presented work. The phonon wave packets can be treated as a 

moving Bragg grating with lattice constant d = 2πυs/ωs, where υs is the sound velocity in the propagating 

medium and ωs is the phonons angular frequency. Optical photons are diffracted if they fulfill Bragg’s law  

𝜆𝑚 = 2𝑑𝑠𝑠𝑖𝑛𝜃 (2-16) 

where 𝜆𝑚 =  𝜆/𝑛(𝜆) and 𝑛(𝜆) is the refractive index of the propagating medium. In reciprocal space, the 

scattering of light with a wave vector 𝑘⃗  at a phonon with wave vector 𝑄⃗  is described by the Laue equation:  

𝑄⃗ = 𝑘⃗ ′ − 𝑘⃗  (2-17) 

 

Figure 2-5 b) shows the corresponding vector diagram. In the direction perpendicular to the surface|𝑄| =

2𝑘‖, where 𝑘‖ = 𝑘 ∗ 𝑐𝑜𝑠𝜃. Taking into account that 𝑘 = (2𝜋𝑛(𝜆))/𝜆, rewriting equation (2-17)  

𝑄(𝜆) =
4𝜋

𝜆
𝑛(𝜆)𝑐𝑜𝑠𝜃. (2-18) 

This equation expresses the phonon wave vector, in terms of the given angle and the wavelength of the 

probe light.  

When the probe light, reflected from the propagating phonon wave-packet interferes with the light 

reflected from the surface, it results in a wavelength dependent interference pattern with a period  

𝑇 =  𝜆 / [2𝜐𝑠𝑛(𝜆) 𝑐𝑜𝑠(𝛽)]  (2-19) 
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where β is the internal angle of incidence according to Snell’s law. By analyzing the period T for different 

time delays e.g. for different position of the propagating strain within the investigated medium, one can 

extract the in-depth information about the refractive index and the sound velocity of the medium. 

 

2.3.2. Linear chain model 

For the simulation of the acoustic waves, we use a linear chain model, which was confirmed to be reliable 

by many publications
3,4,60,61

. A detailed description of the model is described by Herzog et al
62

 and the 

UDKM simulation tool box based on this model is elaborated in the publication by Schick et al
63

. In short 

the one-dimensional model consist of N mases and springs, along the z-axis (out of plane). Each unit cell 

of the medium is represented by a masses m1, m2, ...mN, which are connected by springs with a force 

constant 𝑘𝑖 = 𝑚𝑖𝜐𝑖
2/𝑎𝑖

2. Here 𝜐𝑖 is the longitudinal sound velocity, 𝑚𝑖 is the mass and 𝑎𝑖 is the out of 

plane lattice constant of the i-th unit cell (𝑖 = 1,2,… ,𝑁). This model allows for the simulation of all 

longitudinal acoustic modes propagating perpendicular to the surface of the sample. Figure 2-6 

schematically shows the process of the strain generation inside the transducer (orange circles with mass 

M1), and adjacent propagating medium (blue circles with mass M2). At time t →∞ the coherent strain has 

propagated out of the transducers layer and all the masses are located at their new equilibrium position. 

For mass n the new position defines the strain 𝜀𝑛
1, which depends on many parameters such as energy 

deposited into the system, penetration depth, elastic constant etc. 𝜀𝑛
2 is the strain in the adjacent material.  

  

Figure 2-6 A schematic of the linear-chain model. a) For t< 0 all masses are at rest. b) At t = 0 an 

excitation stress Δ is induced by a short laser pulse. In the linear-chain schematic, it is represented by 

incompressible sticks, which lead to an instantaneous compression of the springs. c) New equilibrium 

position in the excited state. 

The linear chain model allows us to simulate the strain profile at certain times after the excitation in 

different structures. The Fourier transformation of a rectangular bipolar strain pulse results in spectral 

phonon density with an amplitude of 
64
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𝐴 =  
4𝑠𝑖𝑛2(

1
2
𝑑𝑇𝑄

′)

𝑄′
 

(2-20) 

where the wave vector 𝑄′  

𝑄′ = 
4𝜋υ𝑠n(λ)cosβ

υ𝑇λ
=  

υ𝑠

υ𝑇
𝑄(λ) 

(2-21) 

 

The variables 𝑑𝑇 and υ𝑇 describe thickness and sound velocity of the transducer. β is the incident angle of 

light within the medium. Figure 2-7 compares the simulated phonon spectra for two transducers with 

different thickness. The plot is essentially the Fourier-transform of the strain in an adjacent material. If the 

spectrum is analyzed for the strain within a transducer, the peak of the phonon amplitude is observed at k 

= 0. 

 

Figure 2-7 Phonon spectra generated in an adjacent material by a transducer of thickness 50 and 100 mn. 

Grey area marks the optically accessible region of probe wavelength. 

 

3. Experimental methods I: Sample Preparation 

3.1. Materials 

3.1.1. Polyelectrolytes 

For an investigation of the dynamics in polymers, homogeneous films with controlled thickness and 

smooth interfaces are required. There are several ways to prepare such structures and the Layer – by – 

Layer deposition technique is one of them. This method is based on the electrostatic attraction between the 

oppositely charged polyelectrolytes, deposited one after another. For the pump-probe experiments, it is 

important to choose the polymers according to the absorption spectra e.g. avoid redundant absorption, and 

chose the photosensitive polyelectrolytes according to the available excitation wavelength. PSS and PAH 
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polyelectrolytes that do not absorb in the visible light range, were chosen for building spacers and 

propagating media. PAzo is a polyelectrolyte that contains photosensitive Azobenzene molecules as side 

groups. Its properties were used to generate strain in the investigated structures.  

Poly (ethyleneimine), (PEI) is a cationic polyelectrolyte with a branched structure, purchased as a 50 % 

wt. aqueous solution. This polymer is used to provide a homogeneous layer and a reliable bonding 

between the Quartz substrate and the following layered structure of the polyelectrolytes. Poly(sodium 4-

styrensulfonate), (PSS)  is an anionic polymer, used in transparent spacers. It was also used to cover gold 

nanorods in order to attach them to substrates. Poly (allylamine hydrochloride) (PAH) is a cationic 

polymer and was used as a connector between anionic polyelectrolytes. Poly [1-[4-(3-carboxy-4-

hydroxyphenylazo) benzenesulfonamido]-1,2-ethanediyl, sodium salt] (PAzo) is a photosensitive anionic 

polymer used to create photo-responsive structures.  

For the preparation of the PAzo solution, NaCl and PAzo must be dissolved in water separately and then 

mixed together to reach the needed concentrations of polymer (0.1 % wt) and NaCl (0.7 M). To dissolve 

PAzo in water, the mixture of saline water and the polymer was left constantly stirring for half an hour. To 

prepare the PSS, PAH and PEI solutions, mixtures of saline water and polymers with the correct 

proportions were placed in the ultrasonic bath for 15 min (the concentration of the polymers and NaCl are 

listed in Table 3-1). All polymers are purchased from Sigma-Aldrich (Germany). PSS was dialyzed in 

order to remove the fragments with only few repetition units. All other polymers were used without 

further purification. The complete summary of the parameters used for preparing polyelectrolyte solutions 

is given in Table 3-1.
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3.1.2. Other chemicals  

To investigate whether the Layer-by-layer preparation technique results in a pronounced alignment of the 

Azobenzene molecules, I used a different way of the polymer film preparation. 95 % methoxyethanol 

and 5 % ethyleneglycol solution were mixed with PAzo to reach the final concentration of 250 mg/mL 

and were left over night. The resulting solution is very viscous and spin coating at 11 000 rpm for 1 min 

creates a layer of approximately 1 μm. 

 

3.1.3. Gold Nanorods 

A selection of different GNRs types, used in the investigated complex structures is required for crosscheck 

purposes and for the tuning of the spectral features. 

Several types of gold nanorods (GNRs) were used in this work. Type I, II, and III differ from each other in 

diameter, length, and aspect ratio. These particles were synthesized following the growth method by Sau 

and Murphy
65

. GNRs type IV are very similar to the type II and were purchased from Nanopartz
TM

.  GNRs 

type V were purchased from Sigma Aldrich. All GNR are stabilized by a shell of CTAB surfactant during 

the synthesis process.  

To make the particles attachable to the polyelectrolyte film, they were covered with PSS. For the coverage 

of 5 ml GNRs, they first were centrifuged for 15 min at 8000 rpm speed. The centrifuged particles were 

dissolved in 5 ml CTAB (1μM/L). The resulting GNRs solution was then added dropwise to a 

continuously stirred solution of 5 ml PSS (cwt = 0.2 %, 0.01 M NaCl). In order to remove the free CTAB 

and nonattached PSS molecules the resulting solution was centrifuged at 8000 rpm for 15 min. The part of 

the solution which is devoid of particles replaced by purified water and the centrifugation step was 

repeated. Afterwards the clear solution was removed and the rest (highly concentrated GNRs) was 

redispersed in 0.2 M NaCl solution. The resulting solution was stored at 4 °C. Table 3-2 summarizes the 

properties of the used GNRs. 

Table 3-2 Summary of the used gold nanorods properties. 

Gold nanorods 

type 

Length L (nm) Diameter D 

(nm) 

Aspect ratio 

R (D/L) 

Position of the 

transverse 

plasmon 

resonance (nm) 

Position of the 

longitudinal 

plasmon 

resonance (nm) 

I 63.4 ± 8.1 16.3 ± 1.5 3.9 ± 0.6 511 783 

II 70.1 ± 7.7 23.4 ± 2.8 3.0 ± 0.3 517 663 

III 79.0 ± 9.8 32.7 ± 2.7 2.4 ± 0.3 517 602 

IV 71 25 2.8 514 650 

V 47 25 1.88 513 600 

The data for the rods I, II, and III are taken from  the publication21 by Mitzscherling et al. Parameters for the rods type IV and V are taken from the 

data provided by the selling companies. 
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Figure 3-1 SEM pictures of the used gold nanorods. Pictures a)-c) shows the density on the particles type 

I,II,III on the PAH/PSS surface on 2 μm area. Pictures d)-f) are the same with higher resolution and 

represent the size distribution.  

 

3.1.4. Substrates  

For the correct spectroscopic analysis and to avoid undesirable excitation in the pump-probe experiments, 

the substrates must be transparent in the visible spectral range. For the deposition of the polyelectrolyte 

multilayers, the substrate must be hydrophilized by a very strong acid (described below). Fused silica 

satisfies all the described requirements. Fused silica discs were used in order to provide homogeneous 

distribution of the solutions during the spin-coating. The discs were purchased from Plano (Germany ). 

They have a thickness of 1.58 mm, and the diameter of 24.5 mm.  

 For the X-ray measurements, it is necessary to use substrates with crystalline structure. In this work, a 4 

μm thick Mica film was chosen as a substrate for these measurements, because Quartz films in the 

required thickness range were not available.    
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3.2. Sample preparation 

3.2.1. Cleaning 

To make the quartz discs suitable for the layer-by-layer deposition, they should be hydrophilized by a 

“piranha” treatment. The substrates were left for an hour in the mixture of the 3 parts of concentrated 

sulfuric acid and 1 part of 30 % hydrogen peroxide solution (purchased from Sigma-Aldrich (Germany)). 

Then they were washed excessively with purified water and dried with a nitrogen flow.  

 

3.2.2. Spin-Assisted Layer-by-Layer Deposition 

The spin-assisted layer-by-layer deposition is a reliable and simple way to build a multilayer structure 

with homogeneous layers
66–70

.  This method is based on the electrostatic attraction between oppositely 

charged polyelectrolytes, which were deposited one after another. To avoid dust contamination, it is 

important that the substrate is placed in the spin-coating machine straight after the washing procedure and 

that the first layer is deposited as soon as possible. For the homogeneity of the layers, it is crucially 

important to place the substrate exactly in the center of the rotation axis and to deposit the solutions 

exactly in the center of the rotating sample.  

To build a layer of polymer, the solution of polymer was deposited dropwise onto the continuously 

rotating substrate. After the surface has been homogeneously covered with the polymer, the sample must 

be thoroughly washed with purified water almost immediately (3-5 seconds wait) to wash the non-

attached polyelectrolytes away and the left over NaCl. If the washing step is delayed then the NaCl may 

crystalize while the surface is drying, which will leads to inhomogeneity of the next layers. After the 

washing step, the sample should be dried until no water drops are left on the surface. The steps are then 

repeated, with the oppositely charged polyelectrolyte. The entire procedure of building the layered 

structure is performed with the sample continuously rotating at 3000 rpm. Figure 3-2 represents the 

process of building a structure by spin coating. The resulting thickness of one double layer (dl) of 

PSS/PAH is  ̴2,5 nm
20

. For PAzo/PAH the thickness of one double layer is ̴ 4.7 nm, as has been 

determined by AFM measurements. When films of dozens of double layers are constructed, the total 

thickness deviation is within 10 % of the expected thickness.  

 

Figure 3-2. A schematic of the spin-assisted layer-by-layer deposition of polyelectrolytes. 
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During the work on this thesis I have discovered that for the construction of relatively thick films 

(hundreds of nanometers)  the concentration of NaCl in PSS and PAH and should be decreased to 0.7 M, 

relative to 1M used in previous experiments by our group. The decrease of the NaCl concentration leads to 

the reduction of inhomogeneities, caused by the crystallized salt. This observation is confirmed by the 

publication by Lvov et al
71

. It is reported that the concentration of NaCl in PSS/PAH films which is higher 

than 0.8 M leads to an increase of the layers roughness.  

 

3.2.3. Gold Nanoparticle deposition 

PSS coated gold nanorods can be deposited onto a substrate with a positively charged surface, e.g a PAH 

layer. To do so, the substrate surface was covered completely with a GNRs solution and left for 1 hour. 

The samples should be stored in a box to avoid drying. After 1 hour, the GNR solution was washed away 

with purified water. When GNR are deposited as the first active layer of the sample structure, they are 

deposited onto 4 or 8 double layers of PSS/PAH ( ̴ 10-20nm). 

 

3.3. Investigated structures  

Table 3-3 List of the investigated structures.  

Sample 

name 

Substrate Structure 

24 Quartz 4dl PSS/PAH - GNR type III + (2 dl PSS/PAH)*5 + 10 dl PSS/PAH  

17 Quartz 60 dl + 30 dl + 30 dl + 30 dl + 30 dl + 50 dl PAzo/PAH  

35 Quartz 120 dl PAzo/PAH 

OD Quartz 2412 nm film, prepared by the «One drop» method 

M Mica 880 nm PAzo/PAH 

26 Quartz 116 dl PSS/PAH - (GNR type III - 8 dl PSS/PAH)*4 - 104 dl PSS/PAH - 30 dl 

PAzo/PAH  

15 Quartz 8 dl PSS/PAH – GNR type II + 60 dl PAzo/PAH 

40 Quartz 90 dl PAzo/PAH – (GNR type III – 8 dl PSS/PAH)*8 

42 Quartz 90 dl PAzo/PAH – (GNR type III – 16 dl PSS/PA)*2 

49 Quartz 120 dl PAzo/PAH – 70 dl PSS/PAH – GNR V 

22 Quartz 120 dl PAzo/PAH – 30 dl PSS/PAH – GNR II  

52 Quartz   180 dl PAzo/PAH – 100 dl PSS/PAH – GNR IV 

45 Quartz 90 dl PAzo/PAH – (GNR III – 15 dl PAzo/PAH)*3 – GNR III – 60 dl PAzo/PAH). 

Double layer – dl. 1dl PSS/PAH = 2.5 nm. 1dl PAzo/PAH = 4.7 nm. «-» represents that the following layer is deposited on the top of the previous. 

«+» represents that the following layer is deposited on the top of the previous and the transient dynamics of the sample has been measured in 

between.  
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4. Experimental methods II: Sample Characterization 

4.1. UV-VIS Spectroscopy 

Static UV-Vis spectroscopy was used to define the position of various spectral features such as absorption 

bands, plasmon resonances, or thin film interference patterns. For the pump-probe measurements, static 

spectra were used as references.  

Static reflection (R) and transmission (T) spectra were measured with the UV-VIS-NIR spectrometer 

(VIRIAN CARY 5000), with an integrating sphere (Ulbricht sphere), schematically shown in Figure 4-1. 

This device allows the collection of the specular and diffuse contributions of the reflected and the 

transmitted light. The absorption spectra were calculated as A = 1 – T – R. It is noted that the absorption 

mode of most spectrometers is not applicable for exact absorption measurements, since scattering and 

interference effects in thin films are not considered. 

 

Figure 4-1. A schematic representation of an integrating sphere. In a) the sample (S) is placed on the 

transmission port. Transmitted light is scattered on a diffuse reflector (R) and collected by the detector 

(D). For reflection measurements, the setup in b) is used. The sample placed on the reflection port. 

 

4.2. Spectroscopic Elliposometry 

For the interpretation of the pump-probe experiments, it is important to have a precise measurement of the 

thickness and refractive index of the investigated films. The measurements were performed using a 

spectroscopic ellipsometer (Sentech). The incident, linearly polarized beam, is reflected from the sample 

under an angle of typically 60 degrees. After the reflection from the sample, the beam goes through a 

second polarizer, which is oriented perpendicular to the first one. The reflection from an investigated thin 

film leads to an elliptical polarization due to the interference of multiple reflections from the interfaces 

(film/substrate, film/air) and propagation in the medium. Equation (4-1) determines the relation between Ψ 

(the intensity ratio of p- and s-polarized light), Δ (the phase shift between p- and s-polarization) and the 

ratio of the measured reflection 𝑅∥ and 𝑅⊥ 



4. Experimental methods II: Sample Characterization 

 

23 
 

𝑅∥

𝑅⊥
= tan𝛹 ∗ exp (𝑖𝛥) 

(4-1) 

To extract the layer’s thickness and the refractive index, a model of optical properties of the film has to be 

built. Ψ and Δ are calculated using Fresnel formulas and equation (4-1). 

 

4.3. Pump-probe spectroscopy 

Time resolved techniques are very helpful for investigating the internal structure and dynamics in complex 

composite materials. In this chapter, the information about the pump-probe setup and its components is 

presented.  

The pump - probe technique        The pump-probe technique allow us to perform time resolved 

measurements with short light pulses. By changing the delay time between pump and probe pulses arrival 

at the sample, one can observe the dynamics of the investigated system at different time delays after the 

sample has been excited. To perform such an experiment the pump and probe beams must overlap in 

space and in time. The time difference between the pump and probe pulses, is controlled by a delay stage 

from Newport, which moves mirrors to change the path length of the pump pulse. 

Ti:Sapphire Laser System        All-optical time-resolved measurements were performed with a 

commercial regenerative femtosecond laser system from Spectra Physics. This system contains three 

parts. The oscillator (MaiTai) provides ultrashort laser pulses with high repetition rate. These pulses are 

amplified by the amplifier (Spitfire Pro), which is pumped by a high-power diode laser (Empower). A 

Ti:Sapphire crystal is used as the active medium in the oscillator and the amplifier. The central 

wavelength of the amplifier was set to 795 nm and the repetition rate was 5 kHz. The pulse length was  ̴ 

120 fs and the energy of a pulse was 340μJ. About 20 % of the 1.5 Watt of the p - polarized output was 

used for the described setup and then split between the pump and probe beams.  

Frequency Doubling        In order to generate pump beam with a wavelength within the absorption band 

of Azobenzene, the fundamental wavelength of 795 nm has to be frequency doubled. This effect was 

achieved by focusing the beam into a 1 mm thick nonlinear birefringent crystal β - barium borate (BBO)
72

. 

In order to use the generated second harmonic, one has to remove the fundamental 795 nm by using a BG-

38 filter. The polarization of the resulting second harmonic is perpendicular to the original one. 

White Light Generation        To generate white light for the probe pulse, I used the supercontinuum 

generation effect
73–75

. This is a nonlinear effect that is mainly driven by self-phase modulation (SPM). 

During the propagation, an ultrashort pulse of light induces a change of the medium’s refractive index, 

due to the optical Kerr effect. This refractive index variation will cause a phase shift in the pulse, which 

will lead to a change in the frequency spectrum of the pulse. Such an effect can appear in many solid 

materials and gases. In this setup, a Sapphire plate was used as a medium for the white light generation.  



4. Experimental methods II: Sample Characterization 

 

24 
 

Experimental Setup        Time resolved optical spectroscopy measurements were performed with the 

optical setup presented in Figure 4-2. A 20 % fraction of 795 beam, coming out from the amplifier goes to 

a beam splitter, where it is separated into the pump and the probe pulses. Most of the power goes to the 

pump beam, which is directed over the delay stage. The delay stage moves the mirrors for the pump beam 

and therefore shortens or elongates the optical path of the pump relative to the probe beam. After the delay 

stage, the beam goes through chopper. Synchronization of the chopper frequency to the pulse repetition 

rate allows distinguishing spectra of pumped and unpumped sample. After the chopper, the beam is 

shaped by lenses and directed to the sample though the BBO. The probe beam is directed though the white 

light generation setup, followed by a Calflex X filter. Both beams are focused onto the sample surface. 

The reflected and the transmitted probe beams are simultaneously detected by a two-channel fiber 

spectrometer from Avantes. 

 

Figure 4-2 A schematic of the experimental setup for the pump-probe spectroscopy. The inset represents 

the sample holder.  

In order to increase signal-to-noise ratio of the recorded data, each data set is an average of several (5-20) 

loops, where each loop is a set of spectra recorded for different time delays.  

For Azobenzene containing samples it is important to take into account the modifications of the 

polyelectrolytes under the excitation, especially with a high fluence. Due to repetitive switching and 

heating, the surface and thickness of the film will be modified with time. To make the measurements 

consistent, the Azobenzene containing samples were continuously rotated so that each spot is illuminated 

only for one pump-probe event over the cycle.   
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4.4. Time resolved X-ray Diffraction  

In order to calibrate the strain induced by the investigated transducer, we used the time resolved X-ray 

diffraction. These experiments were performed by using femtosecond X-ray pulses, to track the dynamics 

in the crystalline material (Mica). As an X-ray source, we used a laser driven plasma X-ray source. 

A detailed description of the laser driven plasma source used for the ultrafast X-ray diffraction can be 

found in the publication by Schick et al
76,77

.  In summary: a high energy pulsed laser beam is focused onto 

a continuously refreshing copper tape, and by that generates X-ray pulses. The plasma X-ray source 

provides a temporal resolution below 200 fs at an X-ray photon energy of 8.047 keV (Cu Kα). 

5. Gold nanorods. Static and transient spectroscopy 
One of the main results presented in this thesis is the response of GNRs to the propagating hyper-sound 

waves inside relatively thick multilayer samples. Such complex structures, containing Gold nanorods and 

photosensitive polymers, were investigated with static and transient spectroscopy. In order to distinguish 

various superimposed spectral features, I have investigated each component of the complex structures 

separately. 

In this chapter, static transmission, reflection, and absorption spectra of GNRs are presented, discussed, 

and compared to the transient measurements. A set of transient measurements performed under the 

different pump pulse fluences is presented.   

 

5.1. Transient response of GNRs in comparison to the static spectra.  

The absorption spectra of GNRs directly markers the eigen frequencies of the electrons oscillating within 

the rods e.g. plasmon resonances (see chapter 2.2 for more detailed elaboration). For the complex 

structures, with relatively thick layers of polymers, it is impossible to use static reflection to define the 

position of GNRs plasmon resonances as the transmission spectra are dominated by the absorption band of 

Azobenzene. Therefore, only absorption can be used as a reference for the complex structures investigated 

in this thesis. This chapter qualitatively identifies the correlation between the static absorption, reflection, 

transmission and the transient spectroscopy of GNRs.  

Sample 24 is a layer of GNR type II deposited on 10 nm PSS/PAH buffer on a Quartz substrate as 

described in 3.2.3. The static spectra of reflection, transmission, and absorption are presented in Figure 

5-1 a)-c). All the spectra clearly show two plasmon resonances: the transverse and the longitudinal. The 

Positions of these resonances are defined by the GNRs aspect ratio and by the dielectric properties of the 

surrounding medium. The absorption of the transverse resonance (PRT) for the particle of type II, used in 

this sample, appears around 530 nm. The position of the longitudinal resonance (PRL) in the absorption 

spectrum is around 640 nm. Two vertical lines drawn on the top of all three spectra indicate the positions 
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of PRT and PRL in the static absorption spectrum. It is visible that the minimum or the maximum related to 

the position of the transverse plasmon resonance appears at the same wavelength in all three spectra, while 

the longitudinal plasmon resonance is slightly shifted in the transmission spectrum and even more so in 

the reflection spectrum in respect to the absorption spectrum. The longitudinal mode of the plasmon 

resonance in gold nanorods is very sensitive to changes of the dielectric function of both the surrounding 

and particle itself. By tracking the dynamics of the PRL under the laser excitation, one can study the inner 

processes of the investigated complex system. 

Figure 5-1 d) and e) shows the relative change of the transient reflection (RCTR) and transmission 

(RCTT) at certain times after the excitation. Relative changes of the transient spectra are complex data and 

it is sometimes difficult to assign a direct connection between the positions of the features appearing in 

these spectra to the static ones.  

If we assume for example an arbitrary static spectrum containing a peak and this peak would transiently 

broaden, change in intensity or shift – all these changes will result in essentially the same features in 

intensity modulations of the transient spectra leading to the appearance of minima and maxima in the 

spectra of relative changes. The final spectrum of the relative changes would depend on what exactly is 

happening (width change, intensity change or shift) and what is the sign of the feature (width increase or 

decrease etc.). In the presented work, we will not discuss in detail the connection between the positions of 

the plasmon resonances related features in static spectra versus transient relative changes. 

Figure 5-1 b) shows the static reflection spectrum overlaid with the relative changes of the transient 

reflection for the same sample (sample 24). Figure 5-1 e) shows the same data sets for transmission 

spectra. In this experiment, the fluence of the 398nm on the sample was ≈ 1 mJ. The excitation of the 

GNRs leads to the negative signal in RCTR in the area corresponding to the left shoulder of the 

longitudinal peak in the static reflection spectrum. This negative signal extends to smaller wavelength up 

to the peak position of the transverse resonance peak. In the other regions (left shoulder of PRT and right 

shoulder of PRL) it appears as a positive signal on the transient reflection spectrum. In the transmission, 

the signs of the signal are opposite to the signs in the transient reflection spectra. However, the change in 

ΔR/R doesn’t fully account for the change in ΔT/T =  – ΔR/R – ΔA/A, so there must be some 

modification of the absorption ΔA or scattering. 
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Figure 5-1. For sample 24 of GNRs type III,deposited on a small buffer of PSS/PAH (10 nm) on a Quartz 

substrate. a),b) – measured static spectra of reflection (R) and transmission (T). c) Static absorption 

spectrum, calculated as A = 1 – T – R. of sample 24. d) The relative change of the transient reflection for 

different time delays, overplayed with the static spectrum of reflection. e) The relative change of the 

transient transmission for different time delays, overplayed with the static spectrum of transmission. 398 

nm pump pulse, fluence - 1 mJ. 

 

5.2. Transient response of GNRs to the excitation with different 

fluences. 

In the presented work, different experiments were performed with different fluence of the excitation pulse. 

In the complex structures, where GNRs are embedded or covered with an absorbing polymer, the fluence 

absorbed by GNRs will be different, comparing to the uncovered case. Part of the excitation pulse is then 
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absorbed by the covering layer, therefore the effective fluence seen by GNRs is different. To understand 

what is the influence of the different fluences to the transient response of GNRs, I performed an 

examination of the GNR’s transient response depending on the excitation fluence of the 398nm pump 

pulse. Transient data for the relative change of the transmission and reflection of sample 24 (GNRs type 

III on 10nm PSS/PAH on Quartz) are presented in Figure 5-2. This figure represents the typical response 

of the GNRs type II, for which the position of the transverse plasmon resonance is around 530 nm and the 

position of the longitudinal plasmon resonance is around 640 nm. For the other types, the positions of the 

minima and maxima of the ΔT/T and ΔR/R will be different, depending on the aspect ratio of the GNRs. 

Typically transient spectra of GNRs measured during the work on this project would not show the 

expected breathing mode of longitudinal plasmon resonance (see chapter 2.2). In Figure 5-2 b) this mode 

can be seen as a modulation in ΔR/R spectrum at wavelengths 600-650 nm. The spectral minimum shifts 

slightly to higher wavelength at   ̴ 80 ps and then shifts back to the initial position at   ̴ 140 ps. The 

weakness of this feature in these experiments is explained by the noticeable size distribution of the excited 

GNRs that were probed by the ⌀ 120 μm probe pulse. 

 

Figure 5-2 The relative change of the transient a) transmission, b) reflection for sample 24 (GNRs type III 

on 10nm PSS/PAH on Quartz). Excitation wavelength - 398nm, fluence - 1.2 mJ. 

Figure 5-3 shows cuts at 5 ps of ΔR/R for the same sample excited with the different fluences (from 0.5 to 

1.2 mJ). Higher fluence leads to the higher amplitudes of the relative changes in the spectra and to a slight 
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shift of the spectral features towards higher wavelength. However, the difference between the positions of 

the features is not crucial for the data interpretation. 

 

 Figure 5-3 Cuts at 5 ps of the ΔR/R measurements with different fluences for sample 24 (GNRs type III 

on 10nm PSS/PAH on Quartz). 

 

5.3. Transient response versus PSS/PAH coverage  

It is known from the literature that the position of the longitudinal plasmon of GNRs is very sensitive to 

the surrounding medium
21,78–80

.  This effect is used in many applications for sensing in chemistry
22,81–83

 

and biology
27

. However, the transient response to the excitation of the covered GNRs is not well studied. 

In order to have a better understanding of the complex sample architectures investigated studied in this 

work, I performed a series of pump-probe experiments for GNRs covered with different amounts of 

PSS/PAH. The results are presented in Figure 5-4, which shows the static and transient spectra of sample 

24 (GNRs type III on 10nm PSS/PAH on Quartz) covered with 2, 4, 6, 8, 10 and 20 dl of PSS/PAH. Static 

spectra of reflection, transmission, and absorption are presented as the reference spectra in the Figure 5-4 

b), c), e), d). The absorption spectrum shows an increase of the plasmon resonance intensity and a shift to 

higher wavelength for thicker covering film. This effect is connected to the changes in the average 

dielectric function of the surrounding medium, which then affects the positions and intensity of GNRs 

plasmon resonances. In a similar static experiment published by Kiel et al.
20

 gold nanopsheres were 

covered by PSS/PAH double layers and the shift of the corresponding plasmon resonance was observed. 

After a certain coverage thickness, the shift saturates. The shift of the plasmon resonance was observed to 

be up to  ̴30 nm depending on the particle size. In a recent publication by Mitzscherling et al.
21

 where a 

similar investigation was performed for gold nanorods, the shift of the transverse plasmon resonance was 

found to be 15 nm until the saturation and up to 100 nm for the longitudinal plasmon resonance.  

The key measurement presented in this subchapter is the relative change of the transient reflection, Figure 

5-4 a). It shows that, depending on the coverage, the signal in ΔR/R may appear as positive or negative 
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signal. For instance, the transient signal of ΔR/R at 625 nm appears to be negative for the uncovered 

sample, while after the deposition of 20 dl of PSS/PAH the signal at this wavelength becomes positive, 

due to the strong shift of reflection pattern to higher wavelength.  

Data for the ΔT/T signal (Figure 5-4 d), show a noticeable shift of the plasmon resonance- related spectral 

features, as well. 

 

Figure 5-4 Sample 24 (GNRs type III on 10nm PSS/PAH on Quartz) was covered with PSS/PAH and 

measured after 2, 4, 6, 8,10 and 20 dl of polymers. Panel a) and b) show the transient and static reflection 

spectra, while c) presents the static absorption spectra to indicate the resonance position (vertical black 

lines). Panel d) and e) show the transient and static transmission, while f) reproduces the absorption data 

from panel c. 
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6. Azobenzene containing polymer as a transducer 
Soft matter transducers are beneficial, in comparison with solids, for triggering strain into adjacent soft 

materials. The main advantage is the similarity of the acoustic impedances between transducer and the 

investigated object. The ease of the deposition process is another advantage. Besides being cheaper (costs 

of the equipment and material), in comparison to metal film deposition, polymer films can be easily 

removed by solvents. From a spectroscopic point of view, specifically the Azobenzene-based transducer is 

transparent to visible light, which is sometimes very beneficial for broad-band pump-probe spectroscopy. 

One of the goals of the presented research project was to create and investigate a soft matter transducer. 

Some work in this direction has been performed by other members of the group (A. von Reppert, M. 

Sander, S. Mitzscherling) and is published, among other results, in their theses.
84–86

 My work extends the 

knowledge of the photosensitive polyelectrolytes as transducers, investigating the changes of the optical 

and mechanical properties appearing within the transducer during the strain generation, and exploring 

more materials for the strain propagation.  

Azobenzene molecules are known for their reversible photo-isomerization
87–89

, which can be induced by 

illumination at certain wavelength ranges. Azobenzene - containing polyelectrolytes are chosen in this 

work for building the soft matter transducer; however, a number of other photoactive compounds are 

available. Azobenzene - containing transducers were prepared using the two methods, described in 3.1.2 

and 3.2.2. The first „one drop“ (OD)  method, provides a single, relatively thick layer of the polymer. In 

this method, the resulting thickness cannot be controlled precisely. Nevertheless, by varying the 

concentration of ethyleneglycol and the rotation speed of the spin coater during the deposition, one 

can change the average thickness of the resulting film. The second method uses the layer-by-layer 

(LBL) technique66 and provides a precise control over the thickness of the structure and very smooth 

surfaces. It is yet unclear how important the density of the molecules is for the switching and whether 

the switching is crucial for the strain generation.  

The comparison of these two different kinds of structures (OD and LBL) is interesting due to the 

different environments of the Azobenzene molecules, which allow different degree of steric 

hindrance for Azobenzene molecules. The comparison is also important to identify if the LBL 

structures consist of aligned Azobenzene molecules and whether or not that plays a role in the strain 

generation.   

The photo induced dynamics of Azobenzene has attracted a lot of attention and has been studied not only 

on the molecular level but also as a driving mechanism for dynamics in polymer films
17,19,47,90–92

 and liquid 

crystals
33,93–95

. Azobenzene containing polymer films have been studied as photosensitive materials in 

order to imprint gratings 
16,47,96

, manipulate free standing films
33,94,95

, investigate their reversible expansion 

and refractive index change
18,19,97

. As a material for the generation of hyper-sound waves it was first 

studied by M. Sander (diploma thesis)
85

, A. von Reppert (Bachelor thesis)
84

, S. Mitzscherling (PhD 

thesis)
86

. In those studies thin layers of LBL-made PAzo/PAH on quartz were excited, and the strain in 
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Quartz had been the major object of interest. In this chapter, strain inside the Azobenzene containing films 

is discussed, in particular its effect on the refractive index change on the picosecond time scale. 

 

6.1. Transmission data analysis  

Transmission or absorption spectra are very informative for the analysis of internal processes such as 

molecular switching, relaxation, heat diffusion and others. In this chapter, static and transient transmission 

data of Azobenzene containing polymers are presented and discussed.  

Typical static transmission and absorption spectra of LBL and OD films on quartz are presented in Figure 

6-1. The thicknesses of the measured films are 60, 282, 423, 564, 705 nm (sample 17) for the LBL films 

and 2414 nm for the OD film. Spectra of the 60 nm film show clearly the position of the trans - 

Azobenzene absorption band, which is centered around 360 nm. Depending on the exact molecular 

structure of the Azobenzene containing molecule and the surrounding medium the position of this band 

may vary within
14

 ±20 nm. As the film thickness increases, the absorption band saturates and extends to 

higher wavelengths up to 550 nm. For thicker films, it is also possible to distinguish oscillations, which 

are especially pronounced in transmission for wavelength > 550 nm. This effect of a pronounced 

interference in the reflected light is discussed in detail in chapter 6.2. 

Extracting the percent of the transmitted light at 400 nm, for different film thickness for the static 

transmission spectra (Figure 6-1), I have built the graph, which allows for the definition of the penetration 

depth for the linear regime (Figure 6-2, blue squares). When the sample is illuminated with high fluence 

laser pulses, the linear regime of absorption is no longer valid. The data points for the nonlinear 

transmission regime are presented on the same plot (Figure 6-2, black circles). From this plot we estimate 

the penetration depth of the pump pulse in the pump-probe measurements to be   ̴600 nm.  

Figure 6-3 a) shows the broad-band spectrum of the relative change of the transient transmission (ΔT/T) of 

1081 nm thick LBL PAzo/PAH (sample 17). On this graph, one can see the negative signal ΔT/T of 

throughout the entire spectrum for the early times, which then decays with a wavelength dependent time 

constant. The intensity of the negative signal, for the early times, also shows wavelength dependence. The 

spectral structure of the negative signal band can be seen in Figure 6-3 c). In Figure 6-3 a) the very rapid 

response is observed over a very broad spectral range from 450 nm (or even shorter) up to 750 nm. 

Figure 6-3 b) shows the wavelength dependent decay of the negative signal for different wavelengths. In 

the most recent and complete study of the ultrafast broad band transient absorption of Azobenzene 
14

 M. 

Quick et al. presented a careful analysis of the different exited states of Trans and Cis Azobenzene. In this 

study, as well as in many earlier time resolved experiments
36,37,98

, the following characteristic times were 

observed: 0.3, 3 and 16 ps for the trans-to-cis path upon nπ* excitation.  The 0.3 ps time is assigned to the 

relaxation of the population created at the Franck-Condon state to a local minimum (Figure 2-1). 3 ps is 

the time assigned to the relaxation to the intermediate state which then relaxes to the ground state within 
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16 ps. The exact times depend on the structure of the molecule and its surrounding medium. In the data 

presented in Figure 6-3, the first time scales of 0.3 is not resolved, however the decays of around 3 and 16 

ps can be observed. 

 

Figure 6-1 Static transmission and absorption spectra of PSS/PAH film and of the Azobenzene – 

containing films: Layer-by layer films of the thickness 60, 282, 423, 564, 705 nm (sample 17), and a 

2414nm thick layer made by the «one drop» technique. Transmission spectra measured on a spectrometer 

with an Ulbricht sphere. Absorption spectra are calculated as A = 1 – T – R.  
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Figure 6-2 Transmission at 400 nm in linear (black circles) and nonlinear (blue squares) regimes. 

The data set of the relative change of the transient transmission for the OD sample is presented in Figure 

6-4. Similar to the data set for the LBL sample, the panel a) shows the broad-band spectrum of the relative 

change of the transient transmission (ΔT/T), b) is ΔT/T for certain wavelengths of the probe pulse and c) 

shows the broad-band ΔT/T spectra at certain time delays. One can see that the transmitted light does not 

extend beyond 470 nm for this sample. This is due the strong absorption extending up to 550nm (Figure 

6-1). Another noticeable difference from the previous sample are oscillations in the wavelength region 

550-700 nm. These oscillations are a characteristic of the thin film interference effect, which can be 

quantitatively evaluated from the static and the transient reflection spectra (chapter 6.2.1 and 6.2.2). These 

oscillations are present in the previous data set as well, but have a larger period and are less pronounced.  

Spectra of both LBL and OD samples show the strongest negative change of the transmission at 490nm. 

Even though this signal decays significantly on short time scales ( ̴ 20ps), it does not recover completely. 

In fact, the negative change in ΔT/T extends as long as 3.5 ns (Figure 6-5), which is the time limit of the 

setup. On the other hand, we know that the process is reversible since we performed the experiment at the 

5 kHz pulse rate of the laser system. This implies that the induced modifications relax within 200 μs. 

The negative response in the relative change of the transient transmission can be caused by several effects. 

First of all it corresponds to the excited state absorption of the Azobenzene molecule. Additional transient 

absorption might present during the relaxation to the ground state or the isomerized ground state. As 

mentioned above these events are on the time scales of several picoseconds, up to 16ps. Slower times 

scales of the change in transmission can be attributed to the heat flow, film expansion, refractive index 

change and secondary chemical products.  
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Figure 6-3 The relative change of the transient transmission of the 1081 nm thick LBL Azo sample under 

398 nm excitation. a) Broad band ΔT/T. b) ΔT/T at 490-590 nm. c) Broad band ΔT/T at certain time 

delays. 
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Figure 6-4 The relative change of the transient transmission of the 2414 nm thick OD Azo sample under 

398 nm excitation. a) Broad band ΔT/T. b) ΔT/T at 490-590 nm. c) Broad band ΔT/T at certain time 

delays. 
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Figure 6-5 a) Broad-band spectrum of the relative change of the transient transmission of the 2414 nm 

thick OD sample. b) ΔT/T at 490 and 650 nm. 

 

6.2. Reflection data analysis 

Static and transient reflection spectra carry information about the thickness of the investigated film and 

about its refractive index. This information makes reflection spectroscopy a convenient tool for the 

investigation of generation and propagation of the strain, and the dynamics of the refractive index under 

the excitation.  

Data for the transient measurements of the transmission spectra were always measured simultaneously 

with the reflection spectra, and those, which are relevant for the data analysis, will be presented in the 

discussion or in the appendix section.  
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6.2.1. Static Reflection 

Static reflection spectra are used as reference to the transient reflection measurements. Reflection spectra 

for the Layer-by-layer made films of thickness 282, 423, 564 and 705 as well as for the 2414 nm thick OD 

film are presented in Figure 6-6. The spectra clearly show the modulations due to thin film interference 

effect. This effect appears when light beams reflected at the surface and at the polymer-substrate interface 

interfere with each other. Minima of the resulting interference pattern as a function of the wavelength λ 

appear when the following condition is fulfilled  

2𝑛𝑓𝑖𝑙𝑚𝑑𝑐𝑜𝑠(𝛽) = 𝑚𝜆 (6-1) 

where β is the internal angle of incidence according to Snell’s law in the film with the refractive index 

𝑛film (λ) and thickness d. For the PAzo/PAH films, the refractive index at 600 nm was determined by 

ellipsometrly to be  ̴ 1.67 and  ̴ 1.71 for OD films. 

  

Figure 6-6 Static reflection spectra for the 282, 423, 564, 705 nm LBL films and for the 2014 nm OD film. 

6.2.2. Transient reflection 

In order to investigate generation, propagation, and reflection of the strain generated by layer-by-layer 

(LBL) prepared Azobenzene containing polyelectrolyte films, I have prepared a sample (sample 17) with a 

film thickness of 282 nm. After static and transient characterization, I increased the thickness of this film 

by additional LBL deposition up to 1081 nm with intermediate steps at 282, 423, 564, 705, and 864 nm. 

The measurements of the relative change of the transient transmission and reflection were performed for 

the time delay ranges of 340 and 640 ps. The measurements for time delays up to 340 ps were performed 

with the higher time resolution and better statistics by averaging over 15 loops. The measurements of the 

relative changes of the transient reflection and transmission of the time delays up to 640 ps have lower 

time resolution and were averaged over 10 loops. Nevertheless, the data are good enough to show the 

dynamics on the times scales several times greater than the time of the strain wave propagation, which is 

useful for the analysis of the strain dynamics within the film and at the interfaces. These measurements are 

placed in the Appendix section (chapter 11). The data sets for the transient reflection for time delays of 
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340 ps are presented in Figure 6-7 (for the film of 282, 423 and 564 nm) and Figure 6-8 (for the film of 

705, 864 and 1081 nm). All the data sets show several pronounced features. First is the thin film 

interference effect (TFI), shown in the static reflection spectra (Figure 6-6). In the transient spectra, this 

effect appears as modulation of the sign of the ΔR/R across the wavelength axis. As shown in the static 

spectra, the number of the fringes increases as the film thickness increases. Therefore, in the ΔR/R 

spectrum of the 282 nm film one can observe only one region of the negative signal, while for 705 nm 

thick film three regions of the negative signal, corresponding to the TFI. The thin film interference related 

features in the transient spectra are observed immediately after the pump-pulse, indicating an 

instantaneous change of the refractive index of the sample upon excitation. This instantaneous change of 

the refractive index appears as areas of negative and positive signal on the transient ΔR/R spectra. Figure 

6-7 shows the position of these areas overlaid with the static spectra of reflection. 

In transient ΔR/R spectra, the TFI related pattern is changing in time, namely the entire pattern is shifting 

to lower wavelengths with time delay. For thicker samples, this shift is observed for longer time delays. 

Figure 6-9 shows the comparison of the relative shift of the TFI pattern for the samples with different 

thicknesses. The left y-axis represents the time until which the observed shift lasts, which is also the time 

when the strain generated at the surface reaches the substrate and reflects from it. The TFI pattern depends 

on the refractive index and the thickness (equation 6-1 ) therefore, the transient dynamics of this pattern 

must also be related to the changes in these parameters. The shift of the TFI pattern towards lower 

wavelengths means that thickness of the film increases and the refractive index decreases. This conclusion 

comes directly from the equation (6-1) applied for the case of an expanding film (d increases). Similar 

results have been observed by Tanchak et al
19

 on longer time scales.  This effect will be discussed in more 

detail in chapter 8. 

Another notable feature for all the ΔR/R of sample 17 is the pronounced oscillations as a function of the 

time delay. The wavelength-dependence of the oscillation period is given by formula (2-19) and is 

characteristic of time-domain Brillouin scattering (TDBS)
3,99

.  Here,  is the internal angle of incidence 

according to Snell’s law in the film, with refractive index 𝑛film(λ) and the sound velocity in the film is vs. 

TDBS can be interpreted as interference of the probe light reflected at the surface and from the 

propagating strain pulse (Figure 2-5). Figure 6-10 shows ΔR/R for a 564 nm thick LBL sample of 

PAzo/PAH. This measurement is averaged over 17 loops and has step size of 2 ps which results in good 

statistics of the measurement. The raw data in Figure 6-10 a) show pronounced “fan” – like structure of 

the oscillations, where the period is increasing with the wavelength. The oscillatory component is 

extracted by applying a high frequency filter. Only the components of the spectrum, oscillating with the 

period below 80 ps are extracted. The oscillatory component presented in Figure 6-10 b) shows this “fan” 

– like structure more clearly. The observation of the TDBS confirms the presence of a strain wave. The 

relation between the observed TDBS signal and the strain wave propagation is discussed in detail in 

chapter 8.  
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Figure 6-7 The relative change of the transient reflection for sample 17 (LBL film on Quartz) for different 

thicknesses. a) 282nm, b) 423nm) 564nm.  
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Figure 6-8 The relative change of the transient reflection for sample 17 (LBL film on Quartz) for different 

thicknesses. a) 705nm, b) 864nm) 1081nm. 
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Figure 6-9 A comparison of the relative shift of the thin film interference pattern (right y-axis) for the 

samples with different numbers of double layers (thicknesses). The left y-axis represents the time until 

which the observed shift lasts, which is also the time when the strain generated at the surface reaches the 

substrate and reflects from it. 

By analyzing the tilt of the TDBS oscillatory pattern one can follow the dynamics of the strain 

propagation within the transducer. The phase of these oscillations and their amplitude carries information 

about the interfaces impedance mismatch. At T1 = 180 ps the strain generated at the surface has reached 

the Quartz substrate. The impedance of the polymer film is Zpoly ≈ 3.4 and the impedance of Quartz is ZQ = 

12.7. This results in acoustic reflection coefficient Rac = (Zpoly - ZQ)/(Zpoly+ZQ) = 60%. Therefore, 60 % of 

the strain pulse is reflected from the Azo/Quartz interface, while 40 % propagates into the Quartz 

substrate. After T1 the strain pulse propagates towards the surface, which result in an opposite tilt of the 

TDBS oscillation pattern with respect to the pattern before T1. Another reflection occurs at T2 = 2*T1 = 

360ps. At the film/air interface, no losses occur and the whole strain pulse is reflected back into the 

polymer layer. The third reflection at the Azo/Quartz interface at T3 = 540 ps again results in losses of the 

strain pulse to the substrate and the TDBS signal is no longer observed after this time delay. The timing of 

the discussed reflections is given by the thickness of the film d = 564 nm and by the sound velocity in the 

film, which is 3.4 nm/ps. The dynamics of the strain front propagation and reflections will be discussed in 

detail and compared to the simulations in chapter 8. 

Strain related effects such as thickness changes are more pronounced in transient reflection spectra. 

Moreover, TDBS appears mainly in those spectra, therefore further analysis of the strain propagation, 

reflection, and interaction with nanoparticles will be performed by discussing the transient reflection 

spectra. Transient measurements of the transmission spectra were always measured simultaneously with 

the reflection spectra, and those, which are relevant for future data analyses will be presented in the 

discussion or in the appendix section.  
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Figure 6-10 a) The relative change of the transient reflection (ΔR/R) of sample 35 (564 nm PAzo/PAH on 

Quartz). b) The oscillatory component of ΔR/R 

 

6.2.3. «One drop» structure 

This subchapter presents results obtained on "one drop" Azobenzene thin films, which are typically 1-2 

μm thick and have a different structure compared to the LBL films. Unlike the LBL-made samples, films 

obtained by this method are not expected to have an ordered structure, caused by the preparation method. 

By measuring the transient reflection for these structures and comparing the data to the LBL samples, one 

can conclude if the order in LBL structures (if there is any) plays a role in the strain generation. 

The thickness of the investigated film (Sample OD) was measured by ellipsometry (chapter 4.2) and found 

to be 2414 nm. Relative changes of the transient reflection for the 2414 nm OD sample are shown in 
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Figure 6-11 a). In Figure 6-11 b) the oscillatory component of the ΔR/R is presented. Both plots show 

features very similar to those observed for the LBL sample e.g.: the shift of the thin film interference 

pattern and the Brillouin scattering. For the 2412 nm thick film, these features are expected to last up to 

700 ps, and such duration is observe in the presented transient spectra of ΔR/R. The presence and the 

length in time delay over which the TDBS oscillations can be observed, tell us that the strain has been 

created at the surface of the film and propagates towards the substrate, similar to the LBL-made structures. 

A detailed comparative analysis of the strain generation efficiency between these two Azobenzene – 

containing types of films, other types and other photosensitive molecules is certainly interesting and is a 

part of the outlook of this thesis.   

 

Figure 6-11 a) Relative change of the transient reflection (ΔR/R) of 2414 nm thick OD film on Quartz. b) 

Oscillatory component of ΔR/R. 



6. Azobenzene containing polymer as a transducer 

 

45 
 

6.3. Strain in an adjacent polymer 

One of the main advantages of soft matter transducers is the match between the acoustic impedances of 

the transducer and the investigated soft materials such as polymers or biological tissues. Up to now, there 

are only few studies
7,9,100

, that have investigated the properties of soft materials by following the strain 

inside the material on picosecond time scales. However, all of those studies use common metal 

transducers such as aluminum or titanium for the strain generation. Such hard materials have significantly 

different acoustic impedances compared to biological tissue. This results in multiple reflections of the 

strain wave at the interface. Most metal transducers reflect a lot of the incident pump light, which leads to 

low efficiency, in sense of the transformation of the incoming light into strain. Moreover, metal films 

usually require additional treatment in order to provide a reliable and homogeneous connection between 

the transducer and the studied material. Therefore, a soft matter transducer would be beneficial for the 

strain generation into other soft matter materials.  

In order to investigate the strain propagation into an adjacent polymer, I have prepared a sample with the 

following structure:  on a Quartz substrate 116 dl PSS/PAH - (GNR type III - 8 dl PSS/PAH)*4 - 104 dl 

PSS/PAH - 30 dl PAzo/PAH (sample 26 in Table 3-3). This structure allows investigation of the strain 

propagation inside the adjacent polymer and shows the opportunity to detect the position of inner 

impurities down to tens of nanometers. PSS and PAH polyelectrolytes do not absorb light in the region of 

the pump pulse wavelength of 400nm as can be seen in Figure 6-1. The relative change of the transient 

reflection for this sample (Sample 26) is presented in Figure 6-12 a). The wavelength range is chosen to 

avoid the areas of the plasmon resonances, which are at 530 and 700 nm. Similar to the data discussed in 

chapter 6.2.2, one can see the modulation of the signal across the wavelength range. This is the thin film 

interference – related pattern, which appears from the interference between the probe pulse, reflected from 

the surface and the film/Quartz interface. Another feature similar to the data discussed before is the 

intensity modulation of the signal along the time delay axis. This is the time-domain Brillouin scattering 

(TDBS), originating from the interference of the probe light reflected at the surface and from the 

propagating strain pulse. The presence of the TDBS confirms that the strain generated by the Azobenzene-

containing transducer is propagating thought the adjacent polymer. Unlike in the previous data, no shift of 

the thin film interference pattern is observed in this case. Due to the small thickness of the transducer 

relative to the total thickness of the sample, both parts of the bipolar strain pulse must be present in the 

structure at early times (81 ps). Only the first half of the bipolar strain pulse is present in the sample up to 

41 ps, however the signal of the hot electrons is dominant at these time delays. The changes of the 

thickness and the refractive index are canceled out by the opposite signs of the bipolar strain pulse parts, 

therefore no shift of the TFI pattern is observed. 
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Figure 6-12 a) The relative change of the transient reflection for sample 26 (252 dl PSS/PAH with GNR 

incorporated in it, plus 30 dl PAzo/PAH on top). T1 is the time when the strain generated at the surface of 

the sample has reached the PSS/PAH layer. T2 corresponds to the time when the strain has reached GNR. 

T3 is the time after which the strain leaves the layer of GNR. T4 corresponds to the time when the strain 

has reached the Quartz substrate. b) ΔR/R for 640nm, the exponential decay has been subtracted.  

 

6.4. Strain in hard adjacent materials 

One of the central advantages of PAzo/PAH transducers is the match of the acoustic impedance with soft 

materials. However, it can also send strain into hard adjacent materials, such as Quartz or Mica. In this 

chapter strain propagation and detection in such hard materials is discussed.  

 

6.4.1. Strain in Quartz 

Sample 17 is a film of PAzo/PAH on Quartz. In this measurement, the film thickness was 60 dl, which 

corresponds to approximately 282 nm. The relative change of the transient reflection for this sample was 

briefly discussed in chapter 6.2.2, where the data of ΔR/R are shown in Figure 6-7 a). The original data of 

ΔR/R discussed in this sub-chapter were measured for longer delay time and placed in the appendix 

section (Figure 11-1 a). Here we will discuss only the oscillatory component of ΔR/R, shown in Figure 

6-13. The dynamics of the TDBS pattern discussed in 6.2.2 for T1, T2, T3 for the same sample with the 

PAzo/PAH film of 564nm is also true for the thickness 282 nm and discussed in this subchapter. The only 
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difference is the timing, which is now shorter due to the smaller thickness. For this sample, only one full 

period of the TDBS can fit between the reflections from the interfaces. After the third reflection, no TDBS 

from the strain propagating within the polymer film is observed, but TDBS with a higher frequency 

appears. These higher frequencies of the Brillouin scattering come from the strain propagation in a 

material with a higher sound velocity. In quartz it is 5.8 nm/ps versus 3.4 nm/ps in PAzo/PAH
101

. The 

observation of the TDBS with a frequency corresponding to the sound velocity in Quartz (according to the 

equation (2-19)) confirms that strain has propagated into the substrate. In samples with thinner layers of 

PAzo/PAH the TDBS in Quartz is more visible because the phonon spectrum generated by thinner 

transducers is more suitable for the spectral region covered by our white light probe
85

.  

 

Figure 6-13 Oscillatory component of R(t)/R0 for 282 nm thick PAzo/PAH film on quartz (sample 17).  

 

6.4.2. Strain in Mica 

In order to calibrate the strain amplitude generated by the optical excitation of PAzo/PAH films we 

measured the strain as it propagates into a crystalline medium. The change of the lattice constant can be 

measured in real time by ultrafast X-ray diffraction
61

. We chose mica as a suitable substrate since it has a 

weak absorption at 400 nm and it is suitable for the deposition of polyelectrolytes. Another advantage of 

mica over other crystalline materials is the relative ease in obtaining thin films (several μm). It is 

important that the thicknesses of the substrate and the transducer film are comparable so that the strained 

area in the substrate is comparable to the unstrained one. I prepared a film with dPAzo/PAH = 880 nm onto a 

4.5 μm thick Mica substrate (Sample M). Figure 6-14 shows the detected shift of the Bragg angle , from 

which the transient strain calculated via  obs(t) = c(t)/c =  -  * cot(where c is the out-of-plane 

lattice constant of mica. The maximum compression of mica is observed at t = 260 ps, when the expansion 

wave created at the surface has propagated fully through the transducer. At this time, the compressive 

leading part of the wave front has propagated around 1.3 m into the substrate
61

. The average strain within 
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the first micrometer is about four times larger than the measured strain since the remaining 3.2 m of the 

mica film are unchanged from its initial lattice constant. Hence the strain pulse detected in mica has an 

amplitude of about  = - 5×10
-5

. This is consistent with our simulation
62,63

 of   the strain in mica (dashed 

line in Figure 6-14) based on a linear chain-model (chapter 2.3.2). The agreement of the simulation with 

the measured data confirms that the hyper-sound-pulses creation and propagation of sound in the 

investigated soft-matter materials can be well described by a linear chain model (with the sound-velocity 

νpoly = 3.4 nm/ps characteristic of hyper-sound in polymers).  

From our model we predict that the corresponding expansion of the PAzo/PAH film at t = 260 ps will be  

= 5×10
-4

. The model simulates a linear chain of masses and springs, which are adjusted such, that the mass 

density and sound velocity of the materials are described correctly. The optical excitation is assumed to 

instantaneously generate a stress profile with given by the absorption depth in the PAzo/PAH film. For 

calculating the strain in PAzo from the measured lattice deformation in mica, the model automatically 

takes into account three factors
61,63

: i) 60 % of the compressive sound has been reflected at the 

PAzo/Quartz interface due to the acoustic impedance mismatch. ii) The static expansion of the 

photoexcited PAzo layer adds to the coherent sound wave. iii) The strain in mica is reduced by ratio 5/3. 

iv) of the sound velocities as the pulse is stretched.  

 

Figure 6-14 The time dependence and amplitude of the measured change of the diffraction angle  (blue 

circles) agrees well with the average strain of the strained part of mica as calculated by the linear chain 

model (dashed line). 
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7. Transient response of gold nanorods to hyper-

sound waves  
One of the main goals of the project was to explore the interaction between gold nanoparticle and hyper-

sound waves on the picosecond time scale. To reach this goal I have tested numerous structures, varying 

the components thicknesses, order, and other parameters. In this chapter, I will present the measurements 

obtained for selected samples that contributed the most into understanding the phenomena. The second 

part of the chapter represents the data showing the response of GNRs to hyper-sound 

 

7.1. Sample Architecture  

Designing the sample structure is an important step in measuring and understanding phenomenon. It is 

especially challenging when the phenomena are novel and no literature is available. This chapter will 

show the steps of the sample design which were taken on the way to our successful results. The results 

presented in this chapter shows the results of the systematic analysis of the structures, which helped to 

develop a better understanding of the phenomena of GNRs ability to sense the hyper-sound waves.  

 

7.1.1. Position of the GNR within the sample 

Sample 15        After it was established that PAzo/PAH film can generate strain and the strain will then 

propagate into the substrate (chapter 6.4.1), it was logical to design sample architecture such that the 

GNRs are placed between the polymer transducer and the Quartz substrate. Measurements of the transient 

spectroscopy were performed for the sample after the deposition of GNR type II on 8 dl of PSS/PAH. The 

relative changes of the transient reflection are shown in Figure 7-1 a). Data for the transmission are placed 

in the Appendix (Figure 11-5 a). Both plots clearly show the signal related to the transverse and the 

longitudinal plasmon resonances. This crosscheck measurement was performed to make sure that the 

particles are deposited and provide the signal in the transient data under the excitation by the 398 pump-

pulse. After this cross check measurement, additional 60 dl (282 nm) of PAzo/PAH were deposited on top 

of GNRs. The relative changes of the transient reflection and transmission for this sample structure are 

presented in Figure 7-1 b) and Figure 11-5 b) respectively. These measurements should be compared to 

the data presented in paragraph 6.2.1, where the data for the PAzo/PAH film on Quartz are discussed. 

Besides the characteristic features discussed in that section such as thin film interference effect and time 

domain Brillouin scattering, one can also observe the signal related to GNRs. This signal can be observed 

clearly at the wavelengths around 525 nm, the region that is related to the dynamics of the transverse 

plasmon resonance of GNRs. The signal appears at the higher wavelength relative to the uncovered 

sample Because the GNRs are now covered (see chapter 5.3 ). The positive signal at 525 nm decays 

significantly within 50 ps and stays visible up to 600 ps. However, relative to the data without GNRs, no 
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difference is observed at the wavelengths containing the signal related to the longitudinal mode of the 

plasmon resonance. Neither of the modes show pronounced strain related dynamics. This sample has been 

grown up to 230 dl of PAzo/PAH, however already after 90 dl the signal from PAzo/PAH becomes a 

dominant and the signal related to GNRs was not observed. This brings us to the conclusion that the 

density of GNRs as well the amount of the absorbed light is important for the visibility of the induced 

dynamics of the plasmon resonances.  

  

 

Figure 7-1 The relative change of the transient reflection for sample 15 (GNR type II on 8 dl of PSS/PAH 

on Quartz, covered 60 dl PAzo/PAH on top.  

Sample 40        The idea of the next design was to place the gold nano-particles on the top of PAzo/PAH 

layer to make sure that enough light will reach them and excite the plasmon resonances. In order to 

increase the amount of the particles in the sample, a stack of GNRs/poly multilayer was built on the top of 

a PAzo/PAH film. The exact structure of sample 40 is the following: 90 dl of PAzo/PAH grown on a 

Quartz substrate, followed by 8 repetitions of (GNR III + 8 dl PSS/PAH). Static reflection and absorption 

spectra of the resulting structure are presented in Figure 7-2 a). The reflection spectrum shows two main 

spectral features - thin film interference effect and the plasmon resonances. The transverse plasmon 

resonance is centered at 525 nm and the longitudinal one contributes is at 700 nm. The absorption 
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spectrum shows clearly the positions of both modes of the plasmon resonance. These positions are shifted 

relative to the reference values from Table 3-2, because the GNRs are covered (see paragraph 5.3). The 

transient reflection spectrum (Figure 7-2 b)) shows features related to both components of the reflection 

spectrum (thin film interference and the plasmon resonances). The analysis of the oscillatory component 

of ΔR/R (Figure 7-2 c) shows that there is time domain Brillouin scattering, which disappears after 

approximately 30 ps. This can be explained by the strong damping caused by the several layers of GNRs. 

From this we can conclude that the observed shift of the maximum at 600-700 nm in ΔR/R can be 

attributed to the interaction between GNRs and the hyper-sound wave, however a different sample 

architecture is required for a clearer investigation of the phenomenon. The data of the relative change of 

the transient transmission is placed in the appendix section (Figure 11-6).  

 

Figure 7-2 a) The measured static spectrum of reflection (R) and the absorption spectrum constructed as A 

= 1 –R – T. b) Relative change of the transient reflection for sample 40 (Quartz – 90 dl PAzo/PAH – 

(GNR type III – 8 dl PSS/PAH)*8). c) The oscillatory component of the ΔR/R. 

Sample 42        This sample is very similar to the previous one and consist of 90 dl of PAzo/PAH 

deposited on the Quartz substrate, covered with two repetition of (GNRs type III + 16 dl PSS/PAH). By 

decreasing the number of layers with gold, the damping of the propagating strain wave should be reduced. 

However, it also leads to much weaker absorption by GNRs, hence the lower intensity of the GNRs -
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related signal in ΔR/R. The static spectra of reflection and absorption of sample 42 are presented in Figure 

7-3 a). The position of the longitudinal plasmon resonance appears at ̴ 710 nm. The transverse mode of the 

plasmon resonance is masked by the strong absorption of PAzo/PAH. The thin film interference pattern is 

clearly visible in the static reflection spectrum. Figure 7-3 c) shows the relative change of the transient 

transmission. This plot shows the negative signal corresponding to the excitation of Azobenzene, as well 

as the positive signal at 680 nm, corresponding to the longitudinal mode of GNRs and a weak signal at 

530, corresponding to the transverse plasmon resonance. This plot is used as a reference for the tracking of 

GNRs- related features. In Figure 7-3 b) one can also see the spectral features, corresponding to GNRs 

signal, however it is difficult to distinguish them from the TFI-related pattern. The weak positive signal at 

650 nm shifts to higher wavelength for about 20 ps. This shift is assigned to the dynamics of GNRs. 

However, the shift either does not last for long or moves out of the available spectral range of the probe-

pulse, which does not allow us to assign is to the clear observation of the interaction between GNRs and 

the hyper-sound wave. The plot of the extracted oscillatory component of the ΔR/R for this sample (not 

presented) shows the Brillouin scattering effect, but only one period of the TDBS oscillation fit into the 

measured time delay range of 85ps. 

 

 Figure 7-3 a) The measured static spectrum of reflection (R) and the absorption spectrum constructed as 

A = 1 –R – T. b) Relative change of the transient reflection for sample 42 (Quartz – 90 dl PAzo/PAH – 

(GNR type III – 16 dl PSS/PA)*2). c) The relative change of the transient transmission.  
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Sample 49        The idea behind the structure of this sample is to use the particles with the position of the 

longitudinal resonance at the wavelengths as small as possible, in order to be able to observe the dynamics 

throughout the entire spectrum of the used white light. To prevent the damping of the strain pulse 

propagating though the GNRs layer, I used only one layer of GNRs but with an increased concentration. 

The structure of sample 49 is the following: Quartz – 120 dl PAzo/PAH – 70 dl PSS/PAH – GNRs type V. 

The static reflection and absorption spectra of the sample are shown in Figure 7-4 a). In the static 

absorption spectrum, the peak of the longitudinal resonance extends up to 680 nm. This is probably caused 

by the presence of GNR clusters, which may have their longitudinal resonance at much higher wavelength 

than the single rods. However, in the plot of the relative change of the transient transmission (Figure 7-4 

b) one can clearly see that the maximum of the positive signal related to the longitudinal plasmon 

resonance of GNRs appears at 580 nm, as expected for the GNRs type V. The results for the relative 

change of the transient reflection are show in Figure 7-4 b). No pronounced dynamics related to the GNRs 

interaction with the hyper-sound were observed. The cause of absence of the spectral features related to 

the response of GNRs to hyper-sound, in this data set is the overlay of the GNR spectral features and the 

fringes related to the thin film interference effect. 

 

Figure 7-4 a) The measured static spectrum of reflection (R) and the absorption spectrum constructed as A 

= 1 –R – T. b) The relative change of the transient reflection for sample 49 (Quartz – 120 –70 dl PSS/PAH 

– GNRs V c) The relative change of the transient transmission. 
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In conclusion, of this chapter several parameter of the sample architecture were found to be important for 

the observation of the desired effect of GNRs response to the hyper-sound generated by a polymer 

transducer. 

 The layer of GNRs has to have a high enough density to produce a strong transient signal. 

 For the clearer visibility, the thickness of the transducer has to be thick enough to produce a 

relatively long strain pulse, in order to prolong the interaction between GNRs and the strain.  

 In order to be able to observe the dynamics of the GNRs plasmon resonances, particles should be 

chosen such that their longitudinal resonance is at lower wavelength (close to the transverse 

mode).  

 The total thickness of the sample has to be tailored in such a way that the thin film interference 

does not overlay with the position of the GNRs longitudinal plasmon resonance. 
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7.2. GNRs’ response to the hyper-sound waves 

The knowledge gained during the investigation of the samples described in the previous chapter allowed 

us to design samples that show the desired effect of GNR sensing hyper-sound wave on the picosecond 

time scale. In this chapter, the transient measurements of these samples will be presented and discussed. 

Sample 52        This sample consists of a relatively thick transducer layer deposited on a Quartz substrate, 

followed by a transparent spacer layer with GNRs on top. The exact structure of the sample is the 

following: Quartz – 180 dl PAzo/PAH – 70 dl PSS/PAH – GNRs type IV. The static absorption and 

reflection spectra are presented in Figure 7-5 a). The static spectrum of the reflection shows the thin film 

interference pattern. In the static absorption spectrum, the longitudinal mode of GNRs plasmon resonance 

appears at 650 nm and the transverse mode (530 nm) is masked by the strong absorption of Azobenzene.  

 

 

Figure 7-5 The measured static spectrum of reflection (R) and the absorption spectrum constructed as A = 

1 –R – T. b) The relative change of the transient reflection for sample 52 (Quartz – 180 dl PAzo/PAH – 

110 dl PSS/PAH – GNR IV) 

The plot of the relative change of the transient reflection is shown in Figure 7-5 b). The transient data 

clearly show the features, observed in the previous samples, such as the thin film interference and the 

Brillouin scattering. White lines indicate the timing of notable features. T2 = 248 ps is the time when the 

strain pulse, generated at the PAzo/spacer interface reaches the substrate. The time is calculated from the 

thickness of the PAzo/PAH layer (846 nm) and the sound velocity in the polymer (3.4 nm/ps). In the ΔR/R 

plot this time is indicated by the disappearance of the modulations related to the Brillouin scattering from 

the strain in the transducer film, indicating that the strain has reached the Quartz substrate and has been 

weakened by the reflection. T1 = 80 ps is the time when the strain pulse, generated at the PAzo/spacer 
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interface, has reached the layer of GNRs. The time range between T1 and T3 = T1 + T2 = 328 ps 

corresponds to the time over which GNRs are exposed to the propagating strain pulse. During this time, 

the negative signal in the ΔR/R at 630 nm shows a shift towards higher wavelength. This feature is related 

to the response of GNRs to the hyper-sound wave by timing of the response. Our interpretation of the 

physics behind this process is explained in detail in the discussion section. The buffer layer of PSS/PAH 

in this sample allows us to distinguish features related to the response of GNRs. The plot of the relative 

change of the transient transmission is placed in the appendix (Figure 11-7). 

Sample 22        In order to crosscheck the dynamics related to the GNRs observed in the previous sample 

(Sample 52), I have designed another sample with different type of GNRs and with different thicknesses 

of the transducer and spacer layer. Due to the different thicknesses, the timing of the described 

characteristic features is expected to be different. Due to the different type of the GNRs used in this 

sample, the position of the spectral features related to the interaction between GNRs and the strain wave is 

expected to be at a different wavelength in comparison to the previous sample. This sample has a reduced 

spacer thickness with respect to the previous structure in order to shorten the delay before the strain pulse 

arrival to the layer of GNRs. However, in order to maintain the same conditions of the interaction between 

GNRs and the strain wave the spacer layer cannot be left out completely. The structure of sample 22 is the 

following: Quartz – 120 dl PAzo/PAH – 30 dl PSS/PAH – GNRs type II. The thicknesses of the 

transducer, the spacer, and the type of GNRs are chosen in order to avoid the superimposing of the 

spectral feature in the transient spectrum of ΔR/R.  

Figure 7-7 a) shows the static absorption and reflection spectra. The static reflection spectrum shows the 

thin film interference. The absorption spectrum shows the position of the longitudinal plasmon resonance 

of GNRs. The spectrum shows two plasmon resonances at ≈ 630 and at ≈ 710 nm. The resonance at higher 

wavelength is likely to be caused by the clustering of GNRs. The relative change of the transient reflection 

is presented in  

Figure 7-7 b). The observed features are the same as for sample 52: thin film interference, Brillouin 

scattering, and the GNRs response to the strain wave. For this sample, the response of the transverse mode 

of the plasmon resonance is clearly visible. At wavelength around 525 nm the positive signal of ΔR/R 

shows only a weak shift to higher wavelengths. This is due to the relatively low sensitivity of the 

transverse mode of the plasmon resonance
80,102,103

. 

The main difference between this sample and the previous one (sample 52) is the timing of the GNRs 

response. Because the spacer layer between the transducer and GNRs is reduced in this sample, the strain 

wave reached the GNRs earlier and the shift of the signal related to the longitudinal plasmon resonance 

occurs earlier. The time difference in the observed features, confirms the assumption that the red shift is 

indeed a GNRs’ related feature. Our interpretation of the physics behind this process is explained in the 

discussion section. The plot of the relative change of the transient transmission is placed in the appendix 

(Figure 11-8).  
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Figure 7-6 The measured static spectrum of reflection (R) and the absorption spectrum constructed as A = 

1 –R – T. b) The relative change of the transient reflection for sample 22 (Quartz – 120 dl PAzo/PAH) 

 

Figure 7-7 The measured static spectrum of reflection (R) and the absorption spectrum constructed as A = 

1 –R – T. b) The relative change of the transient reflection for sample 22 (Quartz – 120 dl PAzo/PAH – 30 

dl PSS/PAH – GNR II) 
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Sample 145       In this sample, 4 layers of GNRs type III are embedded in a thick layer of PAzo/PAH. 

The exact structure of the sample is Quartz – 90 dl PAzo/PAH – (GNR III – 15 dl PAzo/PAH)*3 – GNR 

III – 60 dl PAzo/PAH. Figure 7-8 a) shows the static absorption and reflection spectra. The static 

reflection spectrum shows the thin film interference pattern. The absorption spectrum shows the position 

of the longitudinal plasmon resonance of GNRs, which is strongly shifted to higher wavelengths, because 

GNRs are embedded in a medium with a relatively high refractive index. The transverse mode of the 

plasmon resonance is hidden by the strong absorption of Azobenzene. Figure 7-2 b) shows the relative 

change of the transient reflection. In the wavelength range 450-650 nm one can see the shift of the thin 

film interference pattern, similar to the previous samples. At 550 nm the signal related to the transverse 

mode of the plasmon resonance is visible. Besides the dynamics at very early times (  ̴10 ps) it remains in 

the same position, similar to the dynamics of the transverse plasmon resonance in the ΔR/R of the 

previous sample (sample 22). Thin film interference and the Brillouin scattering are observed in the 

relative change of the transient reflection. The dynamics of the longitudinal plasmon resonance of the 

embedded GNRs is discussed in chapter 8. The plot of the relative change of the transient transmission is 

placed in the appendix (Figure 11-9). 

 

Figure 7-8 The measured static spectrum of reflection (R) and the absorption spectrum constructed as A = 

1 –R – T. b) The relative change of the transient reflection for sample 45 (Quartz – 90 dl PAzo/PAH – 

(GNR III – 15 dl PAzo/PAH)*3 – GNR III – 60 dl PAzo/PAH). 
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8. Discussion 
In this chapter we discuss the results presented in the previous sections and will develop a physical model 

of the observed phenomena. A linear chain model (chapter 2.3.2) is used to guide the intuition and to 

confirm the observed timescales and sign changes. The simulations are only a first step towards modeling 

the ultrafast viscoelastic response of the polymer. 

 

8.1. Strain dynamics 

In order to analyze the properties of PAzo/PAH as a transducer and additionally to calibration the strain by 

X-ray experiments (chapter 6.4.2), we have simulated the data from the optical experiments (Figure 6-10). 

Using Fresnels’ equations for a multilayered structure, and treating the propagating strain wave as a 

reflecting interface (difference of the refractive index), we could reproduce the optical data and retrieve 

the transient change of the refractive index. A decreased refractive index nazo of Azo‐containing polymers 

for expanded films was already observed by Tanchak et. al
19

 on much longer time scales. In their 

publication the observed decrease of the refractive index of Δn/n = ‐ 1% for a relative thickness change of 

Δd/d = + 1.4 %. The ratio between the changes in thickness and refractive index is consistent with our 

observations on ultrafast time scales: the strain calibrated by X-rays is 𝜀 = Δd/d  ̴5x10
-4

 and the refractive 

index change, retrieved from the simulations of the optical data (Figure 6-10) is Δn/n = -2.6x10
-4

. 

Using the linear-chain model, described in paragraph 2.3.2 we have simulated the strain for sample 35. 

Figure 8-1 shows four snapshots of the strain front motion at times, at which the main strain-front 

originating at the surface is in the center of the film. The green shaded area depicts the static strain profile 

generated by the stress profile assumed in the simulations, according to the approximate penetration depth 

of about 500 nm for the intense excitation pulses with a wavelength of 398 nm. In the linear regime 

(Figure 6-1) the penetration depth is less than 250 nm. The lines (red, orange, green, blue) in Fig. 3(c) 

indicate the time-dependent profile of the coherent bipolar strain pulse. Adding the static (green shaded 

area) and propagating bipolar strain yield the total transient strain. Initially, it is essentially an expansion 

wave travelling from the surface to the substrate with a smaller leading compressive part
61

. The reflection 

of the bipolar strain pulse from the substrate ‐ a material with larger acoustic impedance ‐ conserves its 

sign. According to the acoustic impedance mismatch, a fraction of (Zpoly ‐ ZQ)/(Zpoly+ZQ) = 60 % of the 

wave is reflected (Table 8-1). After the first reflection (t = 180 ps), the acoustic waveform propagates 

towards the laser probe‐pulse. The refractive index change at the strain front now has the opposite sign, 

yielding a phase shift of π in the oscillation pattern (Figure 6-10 b). At t = 360 ps the acoustic pulse is 

reflected at the surface/air interface which reverses the sign of the wave and of the propagation direction. 

Therefore, no phase shift is observed in the TDBS signal (oscillatory pattern). The third reflection at t = 

540 ps is so weak that the signal vanishes in the noise. 
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Figure 8-1 ) A representation of the calculated strain front within the PAzo/PAH (sample 35) at different 

time delays. The green shaded area corresponds to the static strain in the polymer layer resulting from the 

optical excitation 

Due to the high precision of the Layer-by-layer sample preparation, the thickness of the PAzo/PAH 

transducer films can be tuned to produce the strain waves in the frequency range 1 -100 GHz. The 

thickness of the transducer also defines the generated phonon spectrum in the adjacent material (see 

chapter 2.3.2). By tuning the thickness of the transducer film, one can tune the generated phonon spectrum 

in the adjacent/investigated material. 

Table 8-1 Optical and acoustic properties of the materials used. 

Material Density 

 [kg/m
3
] 

Sound velocity  

[nm/ps] 

Acoustic impedance  

Z [10
6
 Ns/m

3
] 

Refractive index 

@ = 600 nm 

PSS/PAH 940
69

 3.4 3.1 1.47 

PAzo/PAH Unknown 

 (estimated value 1000) 

3.4 3.4 1.67 

Quartz 2200
101

 5.8
101

 12.7 1.45
101

 

Mica 2700 5.0
104

 13.5 1.56 

Values from the literature are indicated by citations. Sound velocities are measured values according to the equation (2-19). Refractive indices are 

measured by ellipsometry.  

 

8.2. Sensing hyper-sound waves with gold nanorods  

The qualitative (chapter 8.1) and quantitative (chapter 4.4) agreement of the simulations in the linear-

chain model with the experiments allows us to use it for understanding the interaction between the strain 

waves and gold nanoparticles. 

Figure 8-2 shows schematic representation of the structures for samples 52 and 22 (Figure 7-5 and  
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Figure 7-7). The inset represents a zoom into the area at the surface. The arrows schematically represent 

the dynamics of the strain waves. At the (PAzo/PAH)/(PSS/PAH) interface after the excitation, an 

expansion wave propagates towards the substrate, and a compression wave propagates towards the 

surface. At the surface, the strain wave is reflected differently: from the (PSS/PAH)/air interface the strain 

is reflected with a change of sign (case a), whereas the sign of the strain amplitude stays the same when 

the wave is reflected from a (PSS/PAH)/GNR interface. 

 

Figure 8-2 A schematic of the sample composed of an Azo-functionalized optoacoustic transducer 

(PAzo/PAH), a transparent PSS/PAH layer for the free propagation of hyper-sound waves and GNRs on 

the surface. The arrows schematically represent the dynamics of the strain waves. At the surface in case 

a), a compression wave reflects from the (PSS/PAH)/air interface with a change of sign, whereas the sign 

of the strain amplitude stays the same when the wave is reflected from a (PSS/PAH)/GNR interface. This 

leads to transient tangential pressure within the polyelectrolyte at the interface with the GNRs. 

The evolution of the strain pulse for cases a and b was simulated and the results are shown in Figure 8-3. 

For the case a, when the strain pulse is reflected at the (PSS/PAH)/air interface, for times up to 80 ps the 

strain front is negative (compression). After the reflection, the strain reverses the sign and becomes an 

expansion wave and therefore cancels out the compression at the surface at later times. Figure 8-3 b) 

presents the simulations of the evolution of the strain pulse for the sample with bulk gold on top. The 

larger acoustic impedance of gold (ZGNR= 63.810
6
 Pa

*
s/m

3
 compared to ZPSS/PAH= 3.4*10

6
 Pa

*
s/m

3
) leads to 

a reflection without inversion of the sign, therefore the superposition of the incident and the reflected 

waves leads to an enhanced compressive strain in the out of plane direction. In fact, 87 % of the wave is 

reflected as a compression wave and 13 % would nominally propagate through the particle. Then these 13 

% would reflect from the GNR/air interface with the change of sign and become an expansion wave. In 

our simulation, we used a very thick gold layer to get rid of the reflection at the surface, because we are 

convinced that the reflected soundwave will be no plane wave since the soundwave is scattered by the 

surface curvature of the particle. 
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Figure 8-3 The simulation of the strain pulse evolution. The horizontal axis represents the sample depth. 

z=0 corresponds to the sample surface. The interface between PAH/PSS and PAzo/PAH is at 300 nm. a) 

Simulations of the strain pulse evolution for sample 52, without gold on top. b) Same structure, however, 

with bulk gold on top to simulate the strain dynamics at the interface to the gold nanoparticles.  

Although this 1D model oversimplifies the interaction of the strain wave with the nanoparticle, we can 

qualitatively derive an order-of magnitude estimate for the out of plane strain 𝜀, which has previously been 

calibrated by ultrafast X-ray diffraction
105

. Figure 8-4 a) shows the strain 𝜀𝑧 averaged over the first 30 nm 

beneath the polymer/air interface (𝜀poly/air - blue line) and beneath the polymer/gold interface (𝜀poly/gold  

- yellow line). The time of about 300 ps for the decay of 𝜀poly/gold  is given by the thickness of the 

PAzo/PAH layer. The strain rises again, when the strain wave reflected from the substrate arrives at the 

gold layer ( ̴ 350 - 550 ps). Using the high-frequency elastic constant for PSS/PAH we can translate the 

strain into an out-of-plane compressive stress 𝜎𝑥 which will yields a stress with a similar magnitude 

parallel to the particle interface by virtue of Poisson’s effect (Figure 8-4 b). For convenience Figure 8-4 

not only plots the strain-difference calculated for the first 30 nm beneath the surface, but also shows the 

conversion into an ultrafast stress according to 𝜎 = 𝑌𝜀where Y=10.9 GPa/cm
2
 is Young’s modulus of 

PAH/PSS at high frequencies. Figure 8-4 c) shows the observed shift of the longitudinal plasmon 

resonance on the same time axis. The shift is steep, when a large pressure gradient 𝜎𝑥 forces the 

polymer to move around the GNR.  
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Figure 8-4 a) Integrated stress σz and strain εz averaged over the first 30 nm beneath the surface. Blue line 

corresponds to the case a, according to the schematic in Figure 8-2, and the yellow line corresponds to the 

case b. b) The graph shows the in-plane differences of the stress Δ𝜎𝑥 and the strain Δ𝜀𝑥 at the 

polymer/gold and polymer/air interface. The inset visualizes the difference in deformation. c) Trace of the 

position of the experimentally measured ΔR/R0 minimum (white arrow in Fig. 2b), related to the 

longitudinal plasmon resonance of GNRs in Sample 52.  

The analysis of the strain in the vicinity of GNRs placed on the surface, leads to the following 

interpretation of the shift observed in both ΔR/R for sample 52 and 22. We assign the shift of the ΔR/R 

related to the longitudinal plasmon resonance of GNRs to a viscoelastic dynamic response of the 

polyelectrolytes near the surface. The induced shift of the PRL remains for times much longer than the 

sound pulse is incident on the GNRs. In fact, we have not observed any recovery up to 1ns. On the other 

hand, we know that the process is reversible since we repeat the experiment at the 5 kHz pulse rate of the 

laser system. This implies that the modifications around the GNRs relax within 200 s.  

As indicated schematically in Figure 8-2, the incident compressive strain wave is reflected as an 

expansion wave at the interface to air, which cancels the compressive stress of the incident wave near the 

surface. At the interface to GNRs (Figure 8-2 case b), the hyper-sound-wave is reflected as a compression 

wave. Therefore, the incident and reflected waves add up to a large compressive stress in the vicinity of 
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GNRs. We suggest that this pressure difference (under the gold interface and at the poly/air interface) 

leads to a deformation of polyelectrolyte towards the ends of the GNR, which in turn leads to a red shift 

according to effective medium models
21

. As the pressure-difference ceases after few nanoseconds, a 

viscoelastic deformation brings the PSS/PAH polyelectrolyte back to the starting configuration within the 

repetition rate of the experiment. We emphasize that no light is absorbed by the PAH/PSS and therefore 

the response of GNRs on the surface can be safely attributed to the ultrafast pressure step.  

 

Figure 8-5 The measured static spectrum of reflection (R) and the absorption spectrum constructed as A = 

1 –R – T. b) The relative change of the transient reflection for sample 52 after additional PSS/PAH on the 

top of the structure (Quartz – 180 dl PAzo/PAH – 70 dl PSS/PAH – GNR IV – 8 dl PSS/PAH) 

In order to crosscheck the presented assumption I have added extra 8 dl of PSS/PAH on the top of sample 

52. The static reflection and absorption spectra of sample 52 after the coverage are shown in Figure 8-5 a). 

The thin film interference pattern in the reflection spectrum is slightly shifted comparing to the uncovered 

sample, due to the slight change of the total thickness. The position of the plasmon resonance in the 

absorption spectrum is shifted to higher wavelengths, due to the modified dielectric environment of the 

particle (GNRs are now fully embedded in polymer). Figure 8-5 b) shows the relative change of the 

transient reflection for sample 52 after the coverage.  

In this architecture the interface of (PSS/PAH)/air is moved away from the particles, therefore the low-

pressure zone at the ends of GNRs is weaker. Thus, the gradient of the pressure between the zones under 

the gold particles and at their edges is smaller. Moreover, the material transport around the ends of GNRs 

is now sterically hindered by the cover layer. The signal, related to the longitudinal resonance, does not 

show a shift in time. The absence of the shift can be explained by the smaller gradient of the stress under 

the particles and at their edges, which does not result in the viscoelastic deformation of the polymer 
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around the GNRs. This confirms the assumption that in samples 52 and 22 the observed shift of the PRL is 

cause by the viscoelastic deformation of the polymer around GNRs. The plot of the relative change of the 

transient transmission for this sample architecture is placed in the appendix (Figure 11-10). 

In the case of sample 45, GNRs are embedded into the transparent polymer, while in case of sample 45 

they are embedded in the PAzo/PAH film, which absorbs the light of the excitation pulse. Different to the 

covered version of sample 52, spectral features related to the longitudinal plasmon resonance of GNRs in 

sample 45 show a shift towards higher wavelengths (Figure 7-8 b). Figure 8-6 shows the time dependent 

position of the maximum positive change of ΔR/R in the wavelength range 650-769 nm, related to the 

longitudinal plasmon resonance of GNRs in this sample. Up to 100 ps the peak position remains 

unchanged. This time corresponds to the time that it takes for a strain wave generated at the 

(PAzo/PAH)/Air interface to reach the first layer of GNRs. After 100 ps, the position of the peak shifts up 

to 270 ps, which corresponds to the time that it take for the strain wave generated at the surface to reach 

the substrate. In this sample structure, the red shift of the PRL is caused by the change of the refractive 

index of PAzo/PAH due to the strain wave propagation. 

 

Figure 8-6 The position of the maximum positive change of ΔR/R in the wavelength range 650-769 nm 

for sample 45 (Quartz – 90 dl PAzo/PAH – (GNR III – 15 dl PAzo/PAH)*3 – GNR III – 60 dl 

PAzo/PAH). 
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9. Summary 
In the presented work, I have investigated two types of Azobenzene containing polymer film as 

transducers. Both, Layer-by-layer and “One drop” films were investigated via static and transient pump-

probe spectroscopy. By analyzing the time-domain Brillouin scattering (TDBS), we have defined the 

sound velocity in both polymers to be 3.4±0.3 nm/ps. The analysis of the frequency and the amplitude of 

the TDBS pattern for different sample architectures allowed us to investigate the reflection of the strain 

waves from different interfaces (polymer/quartz, polymer/air) and propagation of the strain into soft 

(polymer) and hard (quartz) adjacent materials. I also showed that the hyper-sound wave is attenuated by 

scattering of GNRs embedded in polymer. This bears the possibility of sensing the position of nano 

particles in polymer under the surface.  

A shift of the thin film interference related pattern observed in the transient reflection spectra for 

PAzo/PAH films of different thicknesses was thoroughly analyzed. The observed shift was simulated, and 

interpreted as the transient change of the thickness and the refractive index of the transducer film under 

the excitation. The relative transient change of the refractive index retrieved from the optical 

measurements is Δn/n = - 2.6*10‐4.  

The strain generated by the Azobenzene-based soft matter transducer has been calibrated by X-ray 

diffraction. Tracking the position of the Bragg peak of the Mica film with the transducers on the top, 

allowed us to retrieve the value of the induced strain 𝜀 = Δd/d  ̴5x10
-4

 generated by laser pulse with 

fluence of 4 mJ at 398 nm wavelength. The experimental results were confirmed by a simulation based on 

the linear-chain-mode. 

In order to explore the interaction between GNRs and the hyper-sound waves I have performed a 

systematic analysis of various sample architectures. Those, which have contributed the most into 

understanding the phenomena, were presented and analyzed in the thesis. Two samples, with the similar 

structures (Substrate – transducer – spacer – GNR) showed the shift of the spectroscopic feature related to 

the longitudinal plasmon resonance. The attribution of the observed shift to the GNR-related signal is 

confirmed by the different thickness of the sample components and therefore different timing of the 

feature. The observed shift of the ΔR/R signal related to the longitudinal plasmon resonance was assigned 

to the viscoelastic dynamic response of the polyelectrolytes near the surface. We argue that the 

viscoelastic deformation of the polymer around GNRs is induced by the out of plane difference in strain in 

the area directly under a particle and next to it. This conclusion is supported by simulations of the strain 

dynamics. Experimentally this assumption is proven by investigating the same structure, with GNR 

embedded in PSS/PAH polymer layer. In this case, no shift of the features, related to the longitudinal 

plasmon resonance, were observed. 

Finally, a structure with GNRs embedded into PAzo/PAH polymer was investigated. Spectra features 

related to the longitudinal plasmon resonance of GNRs showed a red shift, which in this case was 

interpreted to be driven mostly by the change of the refractive index of the surrounding medium of GNRs.
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10. Future Prospects 
This work is only a step towards the development of soft matter transducers and a structural analysis of 

complex soft matter structures. Performing a systematic characterization of the PAzo/PAH transducer, for 

different fluences, and other parameter will be a natural step forward. The investigation of the generated 

phonon spectra in adjacent materials depending on the transducers and capping layer thicknesses
85

 will 

develop a convenient tool for the further applications of the proposed transducers. 

Designing new sample architectures for a more informative analysis of the structures is certainly a 

promising direction of the development for the multidisciplinary research. One of the advantages of a 

transducer made of polyelectrolytes is a possibility to create local transducers on nanometer scale, which 

would allow us to investigate elastic properties of single nano-objects such as gold nanorods and their 

functionalized shells. One of the proposed structures could be the direct coverage of gold nanoparticles, by 

a transducer (Figure 10-1 a). Another possible application is to investigate a single nano-object under 

high-pressure conditions by building a transducer lens (Figure 10-1 b). 

 

   

Figure 10-1 a) A schematic of a single nanorods, functionalized and covered by a transducer for the 

analysis of the functionalized shell properties as well as the interface between GNR and shell. b) A 

schematic of a nano-object investigated under high pressure, created by a soft-matter transducer lens. 
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11. Appendix 
This chapter contains the data, which were measured for the longer delay times for sample 17, and the 

data that were used for cross-check of the experimental results, discussed in the main body of the thesis.  

 

Figure 11-1 Relative change of the transient reflection for sample 17 for different thicknesses. a) 282nm, 

b) 423nm) 564nm. (See the discussion in chapter 6.2.2) 
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Figure 11-2 Relative change of the transient reflection for sample 17 for different thicknesses. a) 705nm, 

b) 846nm) 1081nm. (See the discussion in chapter 6.2.2) 
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Figure 11-3 Relative change of the transient transmission for sample 17 for different thicknesses. a) 

282nm, b) 423nm) 564nm. (See the discussion in chapter 6.2.2) 
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Figure 11-4 Relative change of the transient transmission for sample 17 for different thicknesses. a) 

705nm, b) 846nm) 1081nm. (See the discussion in chapter 6.2.2) 
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Figure 11-5 Relative change of the transient transmission for sample 15 a) GNR type II on 8 dl PSS/PAH 

on Quartz b) GNRs and 60 dl PAzo/PAH on top. (See the discussion in chapter 7.1.1) 

 

Figure 11-6 Relative change of the transient transmission for sample 40 (Quartz – 90 dl PAzo/PAH – 

(GNR type III – 8 dl PSS/PAH)*8). (See the discussion in chapter 7.1.1) 
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Figure 11-7 Relative change of the transient transmission for sample 52 (Quartz – 180 dl PAzo/PAH – 70 

dl PSS/PAH – GNR IV). (See the discussion in chapter 7.2) 

 

Figure 11-8 Relative change of the transient transmission for sample 22 (Quartz – 120 dl PAzo/PAH – 30 

dl PSS/PAH – GNR III). (See the discussion in chapter 7.2) 
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Figure 11-9 Relative change of the transient transmission for sample 45 (Quartz – 90 dl PAzo/PAH – 

(GNR III – 15 dl PAzo/PAH)*3 – 60 dl PAzo/PAH). (See the discussion in chapter 7.2) 

 

Figure 11-10 Relative change of the transient transmission for sample 52 after additional PSS/PAH on the 

top of the structure (Quartz – 180 dl PAzo/PAH – 70 dl PSS/PAH – GNR IV – 8 dl PSS/PAH). (See the 

discussion in chapter 8.2) 
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11.1. List of abbreviations  

 

A Absorption 

BBO Beta-barium borite 

CTAB Cetrimonium bromide 

DL Double layer 

GNR Gold nanorods 

LBL Layer-by-layer 

OD One drop 

PAH Poly (allylamine hydrochloride) 

PEI Poly (ethyleneimine) 

PAzo Poly [1-[4-(3-carboxy-4-hydroxyphenylazo) benzenesulfonamido]-1,2-ethanediyl, sodium salt] 

PSS Poly(sodium 4-styrensulfonate) 

PRT Transverse plasmon resonance 

PRL Longitudinal plasmon resonance 

R Reflection 

RCTR Relative change of the transient reflection 

RCTT Relative change of the transient transmission 

SEM Scanning electron microscopy 

T Transmission 

TDBS Time-domain Brillouin scattering  

TFI Thin film interference 
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