


40 Experimental Part I: Optical Kerr Effect Spectroscopy

1. Load the raw data measured by the lock-in amplifier.

2. Find the maximum amplitude of the signal by varying the phase 0 ≤ φ ≤ 2π,
for the x and y components.

3. Adjust amplitude data to compensate for initial offset caused by static noise

4. Normalize the data with respect to peak amplitude

3.4.2 Curve-fitting

The retrieved signal in OKE is as mentioned previously caused by optical Kerr
effect induced birefringence in the sample, in other words a refractive index

change along the polarization direction of the pump. Various contributions makes
for the detected OKE transient, which properties will soon be discussed in more
detail. In general the detected signal from an OKE measurement can be divided
into regions attributed to the various physical effects dominating. Around zero

time delay, both the pump and probe are temporally overlapping inside the
sample. This results in a signal mainly caused by displacement of electron clouds
and nuclei, the electron response is very rapid while the nuclear response is slower

due to its larger mass. For liquids the interacting EM-wave may also cause
molecular rotation and libration [33],[34], as they will try to align along the

polarization direction of the pump, this is typically visible as a slowly relaxing
tail displaying exponential decay in the picoseconds-range. Determining the

relaxation dynamics on a picoseconds timescale is one of the major advantages of
OKE. Quitevis et al. [35] published one of the early papers on using curve-fitting
for extracting information on these relaxation processes. It has been found that

for OKE measurement the relaxation can usually be curve-fitted by either a single
or double exponential:

A · exp
−t
τi (1− exp

−t
τr ) (3.6)

Where A is the amplitude, τi is the relaxational time-constant, τr is an arbitrary
rise-time. The exact value of τr has been found not to be of vital importance for
long range fitting, but it is typically chosen to be in the range of 10-200fs [36],

[37].

3.4.3 Retrieving spectra

Theoretical foundation:

McMorrow et al. discovered that the OKE experiments not only allowed for the
study of ultrafast temporal dynamics in materials, but contained in addition

valuable spectral information [38]-[39]. It was found that by using the properties
of Fourier transform on the time-domain signal one is able to obtain the Raman

spectrum directly. The following derivation of the relationship between the
measured OKE transient and the frequency-domain signal follows the original

paper by McMorrow and Lotshaw [38].
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The refractive index in an OKE experiment for transparent media can be
described as follows:

nOKE = n+ ∆n (3.7)

where n is the linear refractive index along the polarization direction of the
pump, and ∆n is the induced refractive index change caused by the optical Kerr

effect as described previously, which is related to the material response:

∆n(t) = δn‖(t)− δn⊥(t) =

∫ t

−∞
dt
′
ΦReijkl(t− t

′
)Ipump(t

′
) (3.8)

With Ipump being the intensity envelope of the pulse, Φijkl(t) is called the NLO
polarization impulse response function, and is directly related to the material

response function Rijkl = ΦReijkl. The imaginary part ΦImijkl is on the other hand
related to field-matter interaction in terms of energy exchange. The parallel and

orthogonal refractive index change is given relative to the pump polarization
direction. In general a material excitation is given by:

Q(t) =

∫ t

−∞
dt
′
Φijkl(t− t

′
)E∗k(t

′
)El(t

′
) (3.9)

Φijkl(t) = ΦReijkl(t) + iΦImijkl(t) (3.10)

For transparent materials it can be shown that the NLO impulse response
function can be separated into electronic and nuclear contributions by the

following relation:

Φijkl(t) = σijkl(t) + Φnuc(t) (3.11)

with the electronic hyperpolarizability given as:

σijkl(t) = bδ(t) (3.12)

By using heterodyne detection it can be shown that the measured time-domain
signal may be described as:

T (τ) =

∫ ∞
−∞

G
(2)
0 (τ − t)ΦReijkl(t)dt = G

(2)
0 ∗Rijkl(τ) (3.13)

where G
(2)
0 is the zero-background intensity autocorrelation of the excitation

pulse. This quantity simply contains the information of the pump pulse. In an

experimental setting G
(2)
0 may be measured directly by using a SHG crystal at

the sample position. The Fourier transform of the material response function is
defined as:

Dijkl(∆ω) =

∫ ∞
−∞

Rijkl(t)e
i∆ωtdt = F [Rijkl(t)] (3.14)
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by using the properties of Fourier transform and combining equation 3.13 and
3.14 this gives:

Dijkl(∆ω) =
F(G

(2)
0 (τ))F(Rijkl(τ))

F(G
(2)
0 (τ))

=
F(T (τ))

F(G
(2)
0 (τ))

(3.15)

which ultimately leads to the separation of nuclear and electronic contributions to
the spectrum:

=Dijkl(∆ω) = =F(Rnuc(t)) (3.16)

The electronic hyperpolarizability only affects the real part of the FT material
response:

<Dijkl(∆ω) = b+ <F(Rnuc) (3.17)

This developed procedure by McMorrow and Lotshaw resulted in a way to
directly measure the low-frequency Raman spectrum using OHD-OKE. In

literature the retrieved spectrum is often called the total spectral density (TSD):

=D(ω) = =
[
F(S(τ))

F(G0(τ))

]
(3.18)

a variety of notations for the contributing parts are used. The part used as a
reference for retrieving the Raman spectrum is often called the instrument

function, above denoted G0(τ).
Some materials might exhibit slowly relaxing contributions to the nuclear

response. In some cases it is desirable to remove this slowly reorientational
contribution when calculating the Raman spectrum. The Raman spectrum
obtained from a time-domain signal with these slowly relaxing components

removed is called the reduced spectral density (RSD) [36]. A comparison between
the total spectral density and reduced spectral density can be seen for acetone in

figure ??.

Pratical Considerations:

The implications of the total spectral density calculation is the requirement of a
reference signal to enable measurement of the Raman spectrum. Typically a SHG

crystal is placed within the setup and used to measure the intensity
autocorrelation function at the sample positon, and further used as the

instrument function in the Raman spectrum calculations. In the case of thin-films
deposited on top of a substrate material or other two-layered samples, a method

of retrieving the Raman spectrum would be to measure the pure substrate
separately and use this as the instrument function, to solely have contributions of

the thin-films. One of the challenges when doing OKE is choosing a suitable
region of the time-domain signal for retrieving a reliable Raman spectrum. As no

standard procedures exist, the choices made should be justified based on
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qualitative understanding of the OKE transient, nevertheless it adds some
uncertainty in regards to the obtained Raman spectrum. Because of the

measurement for the sample and instrument-function not being done
simultaneously there exists a possibility for the measured peak positions to be

slightly displaced to each other. By doing relative shift in the post-processing this
displacement can be compensated, the effect of these relative shifts is shown in
the discussion section. As can be seen from the plots, this relative time-shift

between the pulses affects significantly the peak-positions in the retrieved Raman
spectrum. Generally one should take notice that the temporal pulsewidth seen at

the sample position is not the same as the output of the laser due to the pulse
travelling through a range of optical elements. These makes for dispersion and

thereby temporal broadening of the pulse. This can be compensated by applying
a negative chirp to the output pulse from the laser if such an option is available.

Another way of obtaining an instrument function instead of measuring the
intensity autocorrelation is by using a Gaussian approximation. Doing this
Gaussian approximation of the intensity autocorrelation may be used yields

reasonable results, given that the temporal pulsewidth at the sample-position is
known.

3.4.4 Retrieving third-order susceptibility

A parameter of interest which can be directly retrieved from an OKE
measurement is the material dependent third order susceptibility χ(3). By using a

material with a known χ
(3)
r as the reference, and do comparisons between the

measured maximum peak amplitudes of the OKE transients, the sample

susceptibility χ
(3)
s can be determined. Since the induced birefringence is

proportional to the intensity of the pump it is crucial that both the sample of
interest and the reference has the same experimental conditions. The most

common method is using the same pump-intensity, Ipump, for both measurements
which gives the following relationship [40]-[41]:

χ(3)
s = χ(3)

r

(
Is
Ir

)1/2(
Lr
Ls

)(
ns
nr

)2
αL

e−αL/2(1− e−αL)
(3.19)

where Is and Ir are the intensities for sample and reference respectively, Lr and
Ls are the corresponding OKE interaction lengths, typically chosen as the sample

and reference thickness. ns and nr are the linear refractive indices at λpump,
while the corresponding absorption coefficient for the sample given as α. If the

sample is particularly absorbing it might become necessary to use a higher
intensity pump Is,pump compared to the intensity used for the reference

measurement Ir,pump. Assuming the length of the sample and reference is similar,

Lr = Ls, another formula might be used to calculate χ
(3)
s [42]:

χ(3)
s = χ(3)

r

(
Is
Ir

)1/2(
Ir,pump
Is,pump

)3/2(
ns
nr

)2
αL

e−αL/2(1− e−αL)
(3.20)
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For an accurate calculation of the third order susceptibility the reflection at the
various interfaces needs to be taken into account. As can be seen in equation 3.19
and 3.20, the calculation greatly depends on the intensity of the pump interacting
with the sample. In case of thin-film measurements the reflection at the interfaces
contribute to an intensity decrease of the pump before it reaches the material of

interest is illustrated in figure 3.6a. This is caused by difference in refractive index
and can be calculated by using the well known Fresnel equations. Reflection at an
air-sample interface for an incoming wave at normal incidence can be described as:

R =
(n− 1)2 + κ2

(n+ 1)2 + κ2
(3.21)

where n is the refractive index of the medium, and κ being related to the
absorption coefficient κ = λα

4π

(a) Thin-film on substrate (b) Pure substrate

Figure 3.6: Reflection at the interfaces

Typical values for the experimentally determined third-order susceptibilities can

Sample material: Refractive index: Calculated χ(3) [esu]:

Strontium titanate SrTiO3 2.3422 1.98 · 10−13

Acetone (CH3)2CO 1.3547 2.3 · 10−14

Table 3.1: Measurement of of third-order susceptibility determined by OKE

be found in table 3.1, based on reported values for the refractive indices at the
pulse wavelength λ = 800nm [43], where the absorption coefficient in SrTiO3 is

approximate to zero [44]. By using CS2 as a reference with χ
(3)
CS2

= 0.67 · 10−13

(esu) the third order susceptibility of acetone was obtained, which further enabled

extraction of χ
(3)
STO.
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3.5 Experimental Results

3.5.1 Acetone

An OKE measurement for acetone can be seen in figure 3.7. Around t = 0 the
pump and probe pulses partially overlap inside the sample causing nuclear and

electronic contributions to dominate, while the slowly decaying contribution
coming after is caused by molecular reorientation [45]. To obtain the Raman

spectrum as shown in figure 3.8, a Gaussian approximation was implemented for
the instrument function. The slow relaxational component was curve-fitted to a

double exponential and subtracted from the signal, to obtain the reduced spectral
density. Implications of this subtraction will be shown in the following chapter.
In the corresponding plot showing the calculated RSD for acetone, seen in figure

3.8, a main peak can be seen centred around 44cm−1. This peak location
corresponds well with reported values found in similar studies [36].

Figure 3.7: Measured time domain signal for pure acetone
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Figure 3.8: Retrieved Raman spectrum for acetone using OKE

3.5.2 Overview of SrTiO3 and BaTiO3 samples:

An overview of the measured samples can be seen in table 3.2. BaTiO3 thin-films
in the range of 10-100nm are grown on top of 500µm thick mono-crystalline

<111> oriented SrT iO3 substrates by means of pulsed laser deposition (PLD).
This results in a <111> thin-film as it follows the substrate material. All of the

following samples uses STO substrates having been factory polished on both sides
except for STO manual where one of the sides has been polished by hand.

Appropriate sample size needed for the various measurements are mostly limited
by practical concerns, since the size requirement to enable OKE measurements
are typically in the µm-range. The default size for the substrates was chosen to

be 5x5x0.5 mm. To reduce uncertainty for the THz-TDS measurements the STO
prepped and BTO 100 have dimensions 10x10x0.5 mm

For consistency all of the following measurements for THz-TDS and OHD-OKE
were done in the same manner as shown in figure 3.9.

3.5.3 SrTiO3 Substrate

The time signal for OKE measurements of the three substrate samples: STO
prepped, STO chamber and STO manual can be seen in figure 3.10.
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Sample name Deposited thin-film Subst. mat. Processing steps

STO manual None SrTiO3 Manually polished

- no chemical steps or annealing

STO prepped None SrTiO3 US bath - acetone and methanol

- HF, Annealing

STO chamber None SrTiO3 Same as prepped

- placed in deposition chamber

BTO 10 10nm BaTiO3 SrTiO3 Same as STO chamber

with PLD deposition of BTO

BTO 20 20nm BaTiO3 SrTiO3 Same as STO chamber

with PLD deposition of BTO

BTO 100 100nm BaTiO3 SrTiO3 Same as STO chamber

with PLD deposition of BTO

Table 3.2: Overview of various samples used for THz-TDS and OKE

(a) Substrate measurements (b) Thin-film measurements

Figure 3.9: Measurement configuration for THz-TDS and OHD-OKE

The corresponding calculated Raman spectrum was retrieved by using a Gaussian
instrument function and subtracting the non-relaxing contribution which can be
seen between the main and second peak. The corresponding RSD plot has peak
values in the region of 84-86 cm−1 which proximity to the reported Raman-peak
at 90 cm−1 suggest that this could be an observation of the TO1 phonon-mode in

SrT iO3 [46].
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(a) Linear

(b) Semi-logarithmic

Figure 3.10: OKE time-domain measurements of STO

Influence of relative rotations

An incoming wave would ideally have an optical axis being parallel to the <111>
crystal planes following the z-axis in figure 3.12. To determine if the STO

samples showed any anisotropic behaviour the angle dependence of the measured
peak value of the OKE signal was investigated. This was achieved by rotating the
sample around the optical axis, which would cause the relative orientation of the
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Figure 3.11: Raman spectrum for various STO samples (RSD)

pump polarization in regards to the crystalline axes to change. This resulted in
the plot shown in figure 3.13, measured for STO prepped.

Figure 3.12: Rotation around optical axis

The incoming pulse is assumed to propagate into the plane, perpendicularly to
the <111> direction.

The measurements were performed using Ppump ∼ 4mW , and Pprobe ∼ 150µW .

3.5.4 BaTiO3 thin-film measurements

Time-plots of the retrieved OKE measurements of BTO thin-films of various
thickness can be seen in figure 3.14.

The Raman spectrum calculations were found to be highly dependent on which
part of the time-domain signal were chosen when calculating =D(ω). For the
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Figure 3.13: Measured peak values for STO prepped as a function of rotation around
the optical axis

Figure 3.14: Measured time-domain signals for various BTO thicknesses

acetone and STO Raman spectra obtained in the previous sections, the signal
information corresponding to the region from t= 0 ps was chosen, yielding

satisfying results.

An example of a BTO 100 measurement, using the same criteria can be seen
below in figure 3.15, where there could be seen additional variations between

measurements.
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Figure 3.15: Raman spectrum from t=0 ps BTO 100

If the part appearing before the maximum peak amplitude were included in the
calculations, typical plots shows behaviour as can be seen in figure 3.16. This

sharp peak-position as can be seen, around 150cm−1 could possibly be related to
the quasi-mode seen in BTO, as a combination of the A1 and E phonon modes, as

discussed in section ??.
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Figure 3.16: Raman spectrum calculating from t=-0.4 ps for BTO 100



Chapter 4

Experimental Part II: Terahertz
Time-Domain Spectroscopy

4.1 Sample Preparation

Since the same samples were used for both the THz-TDS and OKE this implies
that all samples used for THz-TDS have smooth surfaces on both sides. For

experimental purposes it should be mentioned that the inherent surface roughness
causing undesired light scattering in the OKE would be considered unlikely to

have any significant effect in a terahertz time-domain spectroscopy measurement.
As the wavelengths corresponding to the typical frequency bandwidth 0.2-6 THz
would have wavelengths in the range λ ∼ 50− 300µm and be considered spatially
broad in comparison to the expected inherent surface-roughness of the substrate.
Similarly to the OKE doing measurements on a sample material and comparing it

with a high quality reference under similar experimental conditions is equally
important in THz-TDS. An overview of the samples can be found in table ??. An
additional difficulty working with wavelengths being located in the far IR, such a

terahertz waves, is the inability to easily trace the beam through an optical
set-up. This is a result of the beam not being detectable by any conventional IR
sensor card, such as mid-IR or the near-IR cards which can be used to trace the
λ = 800nm coming out of the laser. To reduce uncertainty caused by the inability
of knowing the exact position of the THz-beam in the THz-TDS set-up, a set of

10x10mm samples were used for the measurements described in this section,
namely the BTO 100 and STO prepped.

4.2 Principle of THz-TDS

Terahertz time-domain spectroscopy is another type of pump-probe technique.
The information obtained by these measurements partly overlaps with OKE in
regards to the Raman spectrum, although the methods for obtaining this result
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differ quite significantly. The principle is based on using an ultrafast laser-source
to generate THz-pulses, typically achieved by either free space plasma generation,
optical rectification or PCAs as described earlier. The generated terahertz pulse
is either transmitted through the sample, which is the configuration implemented

in this study. Or the set-up can be built so that one measures the THz-pulse
being reflected by a sample, commonly known as measuring in reflection mode. A
measured signal will give information on how the particular sample interacts with
the THz-pulse and enables extraction of various material parameters such as the

frequency dependent absorption coefficient and linear refractive index. For
materials exhibiting high absorption in the terahertz regime, such as water,

reflection mode is often preferred [47], as transmission mode THz-TDS relies on
some part of the pulse being able to propagate through the material.

Transmission measurements are will suited for low-absorbing samples, and for
sufficiently thin highly absorbing materials, such as thin-films deposited on top of

a transparent substrate.

Figure 4.1: Experimental setup for THz-TDS

Experimental setup:

The experimental set-up is shown in figure 4.1. For generating and detecting the
THz-pulses the principles of free-space plasma generation and electro-optic
detection are implemented. A femtosecond laser source emits pulses with

wavelength centred at λ = 800nm having a FWHM pulse duration in the range of
100fs, and a repetition rate of 1kHz. This beam is split into two different optical
pathways by the first beam splitter, a high-energy pump and lesser energy probe
beam typically by a 80/20 BS. The strongest beam is used to generate the THz
wave and passes through an optical chopper, which is frequency connected to a
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lock-in amplifier, as discussed in section 2.1.6. Further it is reflected and focused
by an off-axis paraboloidal mirror propagating through a nonlinear crystal,

namely a β − barium borate (BBO), converting part of the incoming λ = 800nm
wave into its second harmonic, λ = 400nm. These continue propagating until
they reach the focal plane, causing ionization of the air, resulting in plasma

generation and the creation of a THz-pulse. The first- and second-harmonic in
addition to the THz-pulse continue to propagate through the system until they

reach a silicon wafer. The wafer has to objectives, the first is to reflect the
λ = 400nm and λ = 800nm so that only the THz-pulse is allowed to be

transmitted. The second is working as a polarizer for the THz-pulse. Since a
THz-pulse generated by the air plasma is assumed to have a random polarization,
placing a Si-wafer at the Brewster angle causes the transmitted THz-pulse to have
a mostly linear polarization, which is a necessity for being able to detect a signal
using EO-detection. The next step is to focus the THz-pulse, placing the sample
in Rayleigh-range of the focal plane. The transmitted pulse is redirected until it
is reflected by an indium tin oxide (ITO) mirror, so that it eventually overlaps
with the probe in a GaP-crystal causing birefringence due to the Pockels effect

(EO-detection). The probe on the other hand passes through an optical delay line
controlled by a PC, similarly to the OKE. It overlaps with the THz-pulse in the
EO-crystal, before passing through a QWP and Wollaston prism, until finally

being detected by a pair of photodiodes. The measured signal is directly
corresponding to the E-field of the THz-pulse, containing both amplitude and

phase information. This time-domain signal contains the corresponding
frequencies in the range 0.2-6 THz, obtainable by Fourier transform.

What is not shown in figure 4.1 but is of vital importance in THz-TDS systems is
that the system needs to be enclosed in a sufficiently air-tight chamber. Some

groups purge the beam-path with nitrogen before doing measurements [48],
another way of doing it which is implemented for this project is to dehumidify the

air inside the chamber until it reaches an acceptable water concentration. A
sufficiently low humidity was found to be in the range of 3− 5%. The importance
of having a low water concentration is due to the very high absorption by water
in the THz-regime. Making water one of the most limiting factors for THz-wave

propagation in practical applications.
In comparison to OKE where the Raman-active energy-modes are measured
indirectly by the optical Kerr-effect and stimulated-Raman scattering, the

THz-TDS is conceptually an easier method to obtain direct results. As the the
measured transmitted signal through the sample is basically determined by

absorption and reflection in the sample, one may be able to determine absorption
bands directly by looking at the Fourier Transform of the time-domain signal.

4.3 Data Preparation and Processing

Similarly to the OKE setup, the THz-TDS setup uses EO-detection with a lock-in
amplifier, and the data retrieved from the lock-in amplifier is processed in a

similar fashion, please refer to section 3.4.1.
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4.3.1 Retrieving Frequency Spectrum

The detected signal, as shown for air in figure 4.3, will be a direct measurement of
the electric field amplitude and phase of the terahertz pulse. Relative time delay

between detecting the THz-pulse for an air reference compared with a specific
sample material will depend on the refractive index for the given material. The

corresponding frequency information is retrievable by implementing a
Fourier-transform converting the time-domain signal into the frequency-domain.

Due to the measured data being a discrete measurement of the THz-pulse, it
follows that a discrete Fourier Transform (DFT) is needed to extract the
frequency information, which due to computational processing speed is

implemented by a fast fourier-transform (FFT) algorithm.

Figure 4.2: Fresnel reflection and transmission of tearhertz waves hitting a sample

As can be seen from figure 4.2 in the case of THz-TDS transmission
measurement, the detected signal at the EO-detector does not only detect loss

due to absorption in the sample, an equally important factor is the Fresnel
reflection. The transmitted pulse can be described as:

Êt(ω) = Ê0t̂12t̂23e
−αd/2eınωd/c (4.1)

where the Fresnel coefficients t̂12 and t̂23 describe the transmission due to
reflection at the boundaries [20]. α is the frequency dependent absorption

coefficient of the material and d being the sample thickness.

The information contained within a THz-TDS measurement can be extracted
from the experimental transfer function:

Hexperiment(ω) =
Êsample(ω)

Êref (ω)
= T (ω)eıφ(ω)

= t̂12t̂23e
−αd/2eı(n−1)ωd/c (4.2)
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4.3.2 Absorption coefficient and refractive index

Equation 4.2 gives the relationship between the experimental transfer function
Hexperiment and the complex refractive index ñ = n+ iκ, which gives the

refractive index:

n(ω) = 1 +
c

ωd
φ(ω) (4.3)

with the absorption coefficient:

α(ω) = −2

d
ln

[
T (ω)

[n(ω) + 1]2

4n(ω)

]
(4.4)

where d is the sample thickness.

4.3.3 Valid spectral range

When obtaining the corresponding frequency spectrum for a specific sample
depending on the spectral amplitudes it might not be easy to determine at which
limit the obtained spectrum goes from being the actual signal measured to being

noise. This may cause researchers to make wrong deductions from what is
believed to be valid data, therefore a qualitative measure of valid spectral regions
needed to be developed. This question was addressed by Jepsen and Fischer [49].

They found a qualitative way by looking at calculated absorption coefficient α
and comparing this to the limit given by αmax, any absorption above αmax would

imply that the spectrum is not valid.

αmaxd = 2ln

(
DR

4n

(n+ 1)2

)
(4.5)

Where DR is the dynamic range, d is the thickness of the sample. A common way
of defining the dynamic range for terahertz measurements is given as [50]:

DR =
maximum peak amplitude

rms of noise floor
(4.6)

which can be compared with the more familiar signal-to-noise ratio (SNR):

SNR =
mean magnitude of amplitude

standard deviation of amplitude
(4.7)

As mentioned by Jepsen, the αmax tells us limitation for spectral validity, but it
was pointed out that this same limitation was not the same for the refractive

index calculations..
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4.3.4 Fabry-Perot Reflections for thin samples

If the sample is sufficiently thin then surface reflections needs to be taken into
account when doing analysing the detected THz-pulse. As the sample thickness
becomes comparatively thin to the THz-wave then reflection from the interfaces
may no longer be seen as distinct peaks arriving at a certain time-delay after the

main pulse, but may instead be superimposed in the main peak, causing
interference effects. This can be described as [20]:

H(ω) =
Êsample

Êref
=

4n

(n+ 1)2
eαd/2einωd/cFP(ω) (4.8)

where FP(ω) is the contribution caused by the Fabry-Perot reflections.

FP(ω) =
1

1− n−1
n+1e

−αde2inωd/c
(4.9)

4.3.5 Developed Parameter Extraction Algorithm

The Matlab codes for calculating the refractive index, absorption coefficients as
well as the transfer functions were implemented by Sørg̊ard [51]. The main ideas
for these feature extractions were based on the work by Pupeza et al.[52] and will

now be briefly explained.
The idea behind feature extraction from these THz-TDS measurements is using
the experimentally obtained transfer function Hexperiment and compare it to a

theoretical transfer function Htheory. As it is directly dependent on the
absorption coefficient α(ω) and refractive index n(ω) of the sample, one may use
this relationship in order to in order to optimize the theoretical transfer function,

thereby inversely retrieving suitable values for α(ω) and n(ω). The method
calculates possible theoretical transfer functions for the various frequencies and

iterates through possible variations to find a Htheory as close as possible to
Hexperiment. The quality of fit is determined by the calculation of corresponding

error function:

M(ω) = |Htheory(omega)| − |Hexperiment(ω)| (4.10)

A(ω) = 6 Htheory(omega) − 6 Hexperiment(ω) (4.11)

Err =
∑
ω

(|M(ω)|+ |A(ω)|) (4.12)

4.4 THz-TDS: Air Reference

A THz-TDS measurement for air can be seen below in figure 4.3. The main pulse
arrives at around 2 ps, the second peak which can be seen at around 8.5ps is due
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to the reflection of the pulse in the GaP crystal. When choosing an appropriate
region around the main peak, and running it through an FFT algorithm, the plot

in figure 4.4 is obtained.

Figure 4.3: Measured THz-TDS signal for air

Figure 4.4: Corresponding THz-TDS spectrum for air
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4.5 Experimental Results: SrTiO3

For STO the corresponding refractive index and absorption coefficient was
calculating using the obtained used air as a reference:

Hexperiment(ω) =
ESTO(ω)

Eair(ω)
(4.13)

To enable determination of optical parameters for the various BTO thin-films it is
crucial to get a good substrate measurement. As can be seen from figure 4.5 the

measured electric field strength for STO is greatly influenced by the noise present
in the system as it is truly weak. When comparing the plot of measured field

strength of STO prepped to the corresponding air reference in figure 4.4 one can
see that the maximum peak amplitude is less than 2.5% of the measured

amplitude for air. This observation suggests that SrTiO3 could possibly be highly
absorbing in the THz-regime. To make sure that the lack of a sufficiently strong
detected signal was not due to some experimental errors or unexpected material
properties, a thorough study of various scenarios has been carried out, which will
be explained in the discussion section. Since the retrieved signal is in the noise
regime, showing measured electric field strength for the STO comparable to the
spikes contributed by noise, the experimentally obtained material properties has

significant uncertainties. Any of the following observations would need to be
verified before any qualitative understanding of STO and BTO thin-films gained
from these measurements can be established. A long range scan for the 500µm

prepped STO substrate can be seen in figure 4.5.

Figure 4.5: <111> grown 500µm STO substrate, scanned over a range of 70ps

Two regions were found to be of particular interest, as they show behaviour that
resembles pulse-shapes. One can be seen around 4ps time-delay, the other
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broader pulse-shape can be seen around 32ps. A better resolution plot of these
regions can be seen below in 4.6.

(a) Enlarged region around 4ps time delay (b) Enlarged section around 30os time delay

Figure 4.6: A more detailed view on the interesting areas



62 Experimental Part II: Terahertz Time-Domain Spectroscopy

Figure 4.7: THz-TDS signal of SrTiO3 with air as reference
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Compared with the air reference, the THz-pulse transmitted through the STO
substrate is significantly weaker, making it challenging to distinguish the

interesting regions when comparing the two at a normal scale as seen in figure
4.7. A magnified plot of the two regions can be seen in figure 4.8. At the first
peak, one can see that the peak seems to overlap with the main peak of the

reference signal. The broader peak measured for STO at around 30 ps does not
seem to have any similarity to the reference pulse.

(a) Region around 4ps time delay compared with
detected signal for the air reference

(b) Region around 30ps time delay compared with mea-
sured air reference

Figure 4.8: Magnified plot for the regions around 4ps and 30ps for STO substrate

Positioning of the first STO peak suggests that either the THz-pulse propagating
through the sample see a refractive index in the range of 1, or that some of the

beam is not hitting the sample properly.
As can be seen in the discussion section, the criteria for having a valid spectrum
αmax is not fulfilled for the THz-TDS measurements of STO prepped, and has

therefore not been plotted. As was mentioned by Jepsen [49] the criteria for the
refractive index calculations is not bound by the same αmax, the corresponding
plots for the two regions at 4ps and 30ps can be seen below. Figure 4.8d shows
some interesting behaviour, the measured signal at 30ps relative delay shows a

calculated refractive index in the range of 16-19, which is similar to the
measurements reported for THz-TDS by Han et al [46] for ¡100¿ single crystal

STO having n ∼ 19, as well as Katayama et al [53]. The periodic spikes in figure
4.8 is believed to be artefacts caused by inaccuracy for calculation of the

theoretical transfer function Htheory as will be shown in the discussion section.
The first peak measured around 4ps time delay shows a behaviour worth further

investigation. Since a measured signal in this region would imply a refractive
index n ∼ 1, it would be a logical assumption to believe it to be caused by some

part of the pulse not hitting the sample. However, as the retrieved signal does not
have the same pulse-shape as the reference pulse, either does it have a refractive
index constant at n=1, it would imply that it does interact with the sample in
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(c) Calculated refractive index for region around 4ps delay

(d) Calculated refractive index for region around 30ps delay

Figure 4.8: Calculated refractive index for SrTiO3 the two regions of interest

some manner. The oscillation around 0.5 THz corresponding to 16.7cm−1 shows
behaviour one would typically expect from a phonon-mode. A similar peak can
additionally be found at 1.8 THz, corresponding to 60cm−1. However, based on
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the observed Raman-active phonon-modes in bulk STO having been reported in
the region of 90cm−1 for the TO1 mode, in addition to the TO2 − LO1 at

∼ 170cm−1 [46] makes this a less likely explanation.

4.6 Experimental Results: BaTiO3

Due to the substrate measurements of STO prepped indicating low transmittance
in the THz-region, it follows that any detected signal for BTO 100 would show
the same limitations in regards to extraction of valuable material parameters.

Hexperiment(ω) =
EBTO on STO(ω)

ESTO(ω)
(4.14)

A long-range plot of BTO 100 and STO prepped can be seen in figure 4.9, with
the magnified regions of interest shown in figure 4.10.

Figure 4.9: THz-TDS measurement of 100nm BTO with STO as reference

These plots suggests that BTO has a refractive index less than one as the sample
signal seems to arrive before the reference, the post-processing algorithm was

controlled to make sure the reason was not due to any user error. Studies of 22nm
and 44nm BTO thin films on MgO substrate done by Misra et al [14] found a

refractive index in the range of 12 > n > 6 for 0.2-2.5THz, for bulk BTO at 1THz
they reported n=19. For a BTO thin-film such as the one used in fig.4.9 having

thickness of 100nm, a visible time-delay between the BTO and STO prepped
measurements would not be expected, as the film would cause Fabry-Perot

reflections and interfere with the main-peak itself. This can easily be shown using
a lowest estimate for nBTO = 6 and thickness of 100nm =⇒ ∆t = 2fs.
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(a) 100nm BTO plotted against STO substrate, re-
gion around 4ps

(b) 100nm BTO plotted against STO substrate, re-
gion around 30ps

Figure 4.10: THz-TDS measurement of 100nm BTO plotted against STO substrate
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Discussion

5.1 Optical Kerr-effect Spectroscopy

5.1.1 Sample Preparation

The initial trial run of measurements were done on mono-crystalline <111>
oriented SrT iO3, prior to any chemical steps or annealing similar to STO
manual. These samples had one smooth side which was required for later
deposition of BTO, and one non-polished side with some inherent surface

roughness. When the OKE set-up had been properly aligned a trial run of these
STO sample was performed. It was found by visual inspection using the IR

sensor card that the incoming λ = 800nm probe beam did not reach the detector,
and even if the probe and pump power were increased a significant amount of

noise hindered any good measurements. The corresponding signal is shown below
in figure 5.2a. As shown in figure 5.1a instead of passing through the sample,

possibly with some attenuation, the beam instead showed a halo shaped
broadening, making it impossible to obtain a reasonable OKE transient signal. A
100nm epitaxial BTO layer on STO was also tried in OKE, with same substrate
material, but having undergone various deposition steps, but the findings were
similar with pure STO. Different possibilities were examined; absorption was

considered, but a literature study found that prior measurements for STO in the
λ = 800nm range showed very high transmission [44]. The possibility of some

other material property causing scattering behaviour was considered, but found
not likely. The resulting hypothesis was that the inherent surface roughness on

the backside of the STO substrate was the primary cause of this scattering,
therefore a procedure for polishing STO was developed.
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(a) SrT iO3 polished front side, unpolished back (b) SrT iO3 polished both sides

Figure 5.1: SrT iO3 polished front side, unpolished back

(a) Unpolished SrT iO3 (b) Polished SrT iO3

Figure 5.2: Effect of surface roughness on OKE measurements of SrT iO3

When developing the polishing procedure different paper roughness were used,
continuously examining effects on surface structure by visual inspection of the
light reflection and by using an optical microscope. After some testing it was
found that when using very fine paper only the upper parts of the peaks were

removed, and deeper valleys still remained. On the other hand if too rough paper
was used, it posed a risk of causing even deeper fractures on the surface, possibly
due to either contaminants in the polishing process or due to material properties.
In studies it has been shown that STO is a brittle material exhibiting conchoidal

fracturing due to the lack of cleavage planes [54]. The resulting method which
produced decent results used first a medium roughness paper with relatively light

pressure, removing the taller peaks, moving straight to a very fine paper with
heavy pressure, making the surface smooth. As this was done by hand it is a
source of error due to some slight variation in thickness and surface structure.

This polishing study showed proof of concept, and for even more accurate results
it was decided to order a couple of <111> SrT iO3 substrate industrially polished

on both sides.
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5.1.2 Acetone Measurements

The effect of subtracting the slowly relaxing contribution coming from molecular
reorientation for acetone can be seen in figure 5.3.

Figure 5.3: Comparison between resulting Raman spectrum with and without long-
term relaxation removed

5.1.3 SrT iO3 analysis of time-domain signal

The OKE set-up was aligned and tested by using a variety of water and acetone
samples, this step is crucial since measurements depend on having a good overlap
of the pump and probe inside the sample. After achieving proper alignment the

resulting dynamic range for the various measurements were typically in the range
DR ∼ 2000− 5000.

Directionality of crystalline lattice

For <111> oriented samples the observed direction of the crystalline axes for an
incoming wave can be illustrated as shown in figure 5.4. When compared with
figure 2.12 the vector describing the [111] would be be in the z-direction. The

[100], [010] and [001] would correspond to the a1,a2 and a3 directions
respectively, and their projections onto the (111) plane is illustrated in figure 5.4.

An incoming wave would ideally propagate in the z-direction, where the xy
directions in the figure are inserted for readability.
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Figure 5.4: Relative angles for the crystalline orientations for STO and BTO cubic
and tetragonal symmetry

Observation of a 2nd and 3rd peak

For STO prepped and STO chamber, as can be seen in figure 3.10b, a visible
second peak can be clearly observed at a delay of 7.8 ps relative to the main peak.
A possible explanation could be that it is due to a reflection of the pump pulse at

the STO-air interface. By using the sample thickness dsample = 500µm and
refractive index of STO n(λ = 800nm) = 2.3422 [43] it can be seen that the time
delay corresponds well with the expected position of a peak caused by reflection:

t =
2 · dsample · nSTO

c0
= 7.8ps

where c0 = 3 · 108 is the speed of light in vaccuum. For STO manual on the other
hand, the second peak arrives at a later delay, possibly due to either different

thickness, or some change in material properties as it has not undergone the same
annealing and chemical steps as the two other STO samples. Another interesting
observation is the peak around 10ps. It can also be seen that even if the second

peak for STO manual arrives at a different delay compared to the two others, the
third peak still overlap with STO chamber and STO prepped, making this an

observation worth future study.

Plateau between the 1st and 2nd peak

As can be seen in figure 3.10, in the region between the 1st and 2nd peak the
measured signal does not relax to zero, which could be attributed to a couple of

reasons. At first it would seem that a very slowly relaxing contribution is causing
this effect, but this would not explain the sudden drop to zero after reaching the

second peak. A hypothesis could be that as the reflected part of the pump
overlaps with the probe inside the sample on its way back thereby contributing to
the measured OKE signal. That at each delay the reflected pump would overlap
with the probe in another part of the material, until they overlap at 7.8 ps again
travelling in the same direction in the sample. The sudden decrease could be due
to only negligible amount of pump intensity being reflected a second time. There
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is one downfall of this hypothesis, mainly that the interaction time where these
two pulses overlap would be extremely short, as it would only be in passing,
making it questionable if it would be long enough to make an impact on the

measured OKE transient. From figure 5.5 it appears that STO prepped seems to
have slightly slower time constant. To reach a qualitative understanding of the

occurring phenomena causing this very slowly decaying intermediate region
between the main and second peak further study is required.

Figure 5.5: Comparison between STO substrate and BTO

5.1.4 SrT iO3 obtained Raman spectrum

In figure 5.6 the normalized total spectral density is plotted for the three STO
substrates. The lack of subtraction causes a slight ripple in the retrieved

spectrum, the maximum peak position however is similar.

Rotation around optical axis

An interesting observation was seen in figure 3.13, that the relative peak
amplitude for STO prepped appears to be angle-dependent. A couple of reasons
could result in this behaviour, one of them being experimental inaccuracies most

likely caused by the beam not hitting exactly at the same sample spot during
rotation. Given a non-perfect sample, contaminants such as silver glue from
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Figure 5.6: Normalized Raman spectrum STO, without slowly relaxing contribu-
tion removed

deposition chamber, residual material from chemical preparation or inherent
sample inhomogeneity could be the contributing factor for what appears to be

angle dependence. Assuming the measured value gives an accurate picture of STO
characteristics it suggests a directional dependent third-order susceptibility χ(3).
When comparing with a previously obtained measurement, a similar behaviour

can be observed, seen in figure 5.7, suggesting this could be a viable explanation.

Figure 5.7: OKE angle measurements of STO with slight adjustments in the ex-
perimental set-up
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General remarks on the validity of the BTO thin-film measurements

A considerable amount of effort went into investigating how the various
parameters affected the resulting Raman spectrum for the OKE measurements of
BTO. Since it was found that the spectral information was highly dependent on

chosen regions this adds considerable uncertainty to the retrieved Raman
spectrum. The results shows promise in finding spectral contributions lying in the

range of expected quasi-mode frequencies, but these should be confirmed by
further studies, to validate that these peaks are not attributed to some other

physical effect or post-processing artefact. As the OKE is relying on third-order
nonlinear effects it does not enable a straight-forward extraction of these

phonon-modes. Considerations such as similar k-vectors between measurements
(in regards to sample directionality), similarity in material properties of reference

and sample substrate, as well as relative peak displacement between
measurements could all possibly contribute to errors in Raman spectrum

calculations.

Effect of relative peak positions for the BTO and STO measurements

Since the sample and reference can not be measured simultaneously some slight
adjustment of the relative peak-positions have been implemented by some studies
[37]. The effect of this shift can be seen in figure 5.9 for STO chamber, shifting

the relative peak positions by a temporal displacement −30fs < τ < 30fs.

(a) Relative shift of peak position from t=0 to t=-30fs (b) Relative shift of peak position, from t=0 to t=30fs

Figure 5.8: Relative displacement between the measured signals around t = 0 for
BTO 100
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(a) Relative shift i peak position from t=0 to t=-30fs (b) Relative shift i peak position, from t=0 to t=30fs

Figure 5.9: Effect of relative shift on resulting Raman spectrum for STO chamber

5.2 Terahertz time-domain Spectroscopy

5.2.1 Sample Preparation

Since the terahertz wavelengths are spatially broad compared to typical inherent
surface roughness in the µm range, having unpolished samples are assumed not to
cause any significant effect on THz-TDS measurements as discussed in the earlier
chapters. However, it is difficult to make any qualitative observations that either

confirms or disprove this insensitivity to inherent surface roughness as the
THz-TDS measurements as shown in section 4.5 are weak and a subject of

considerable uncertainty. A concern when using two separate samples to extract
material information such as in OKE and THz-TDS, is that the STO for both
samples should show similar material properties. There are various factors that
could make for a difference, especially annealing and chemical processing-steps

are considered important. Another factor could be local variations in the samples,
or variations among samples coming from the same batch. One method to limit
some of these uncertainties would be to use one substrate material and deposit

BTO on half, while leaving the other half untouched for use as a reference.
Thought possibilities however are not always feasible, in this case due to the PLD
deposition process making sharply defined edges of the films challenging. It was
therefore decided to use one of the 10x10x0.5 mm <111> STO substrates and
divide it into four smaller samples, where three of these have been used in the

prior experiments namely the BTO 20, BTO 10 and BTO chamber.
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5.2.2 SrT iO3 and BaTiO3 Measurements

The THZ-TDS measurements on STO showed limited applicability, since even
determining position of the detected pulse was not trivial. Similar studies using
THz-TDS to investigate SrT iO3 and BaTiO3 have been done by various group,
but none have reported using STO as a substrate for BTO measurements. BTO
thin-films on MgO substrate by Misra et al. [14], BTO powder form by Wan et

al. [55] and STO thin-films measured in THz-TDS reflection mode by Katayama
et al. [53] all show the promise of using THz-TDS for perovskite measurements.

Sufficiently strong THz-TDS transmission measurement of bulk STO single
crystals enabling feature extraction are rarely reported 1.

To investigate if the lack of measured signal could be caused by other effects than
absorption and reflection a variety of different possibilities were investigated as

will now be discussed.

Positioning of sample along the optical axis

One of the uncertainties is whether the THz-beam hits the sample correctly.
Since it has a Gaussian shape and a beam waist of 1 mm, a reasonable

assumption would be that as long as the sample is in the Rayleigh range then the
sample size should not be an issue. The effect of vertical and horizontal

movement of the sample were also investigated without observing any significant
improvement. Since the path of THz pulses is not traceable it is assumed the

pulse follows to some degree the λ = 800nm and the SHG λ = 400nm beams, and
thus these are used when adjusting the placement of the sample. This assumption
was seen to give a reasonable sample positioning when doing THz-TDS on various
liquids. As is shown in figure 5.10, three different scenarios should be considered.
In position one the sample size is too small in comparison to the beam waist, thus

part of the THz-beam is not hitting. In the second position on the other hand,
the sample is positioned in the focal plane or Rayleigh range making the whole
beam interacting with the sample. At position three however, only a part of the

beam is hitting the sample. A thorough investigation of the positioning along the

Figure 5.10: Positioning of the sample, three different varieties

1Han et al. [46] reported absorption coefficient as well as refractive index for 500µm thick
STO the region 0.1-1 THz, indicating feasibility, but the paper lack any reported time-domain
signal
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optical axis was performed, but no apparent solution was found. Even when using
the STO prepped having physical dimensions 10x10x0.5 mm some observed peak

around zero delay compared to air-reference could be seen. When moving the
sample a sufficient distance away from the assumed Rayleigh-range it could be

seen from the measurements that parts of the pulse were no longer hitting.

Possible refraction of THz beam

Since the exact direction of the beam is unknown it is likely that the beam might
have some angle and not be at normal incidence compared to the surface. This
angle could cause a refraction of the beam, resulting in a displacement of the

beam in comparison with the original path. Especially for materials exhibiting
high refractive index even smaller angles would cause a measurable displacement
as the refraction angle follows Snells law: n1 sin θ1 = n2 sin θ2. Such a refraction
would cause the beam to slightly shift direction at the first interface causing the
transmitted beam to have some spatial shift compared to its unaltered path as
shown in figure 5.11a. The same effect could be caused by inhomogeneity in the
material as illustrated in figure 5.11b. One possibility would be that this shift
could cause the wave to travel a slightly different path than it would otherwise

(possibly even shorter?). This could be a possible explanation for what is
occurring between the BTO and STO shown in section 4.6. One other effect of
such a spatial displacement might be that if this shift is large enough the THz
and probe pulse would no longer properly overlap in the EO-crystal, thereby

making the detection process of the peak the limiting factor and not the
interaction of the THz-pulse with the sample. A significant amount of time was

therefore spent on testing this hypothesis, changing rotations and measuring
changes, but no configuration was found to substantially improve the signal for

any of the STO prepped or BTO 100.

(a) Effect of angle on measurements (b) Refraction due to inhomogeneity
in the sample

Figure 5.11: Possible reasons for refraction in the THz-TDS

Polarization rotation due to anisotropy:

A last considered possibility is that the material could exhibit some anisotropic
behaviour, thus causing a shift in the polarization of the THz-beam as it

propagates through the sample. The the GaP-crystal is optimized for a certain



Terahertz time-domain Spectroscopy 77

polarization for detection of the THz-pulse. This would cause such a shift
undesirable as it would make the induced birefringence in the crystal align more

along a less desirable direction, thereby causing less polarization shift in the
probe and thereby also reducing the detected signal amplitude. This hypothesis
was tested by rotating the sample to see how it affected the measurements. Due
to the crystalline structure of STO being cubic centro-symmetric the presence of

such an anisotropy is found unlikely.

Figure 5.12: Polarization shift due to possible birefringence

5.2.3 Experimental Results:

Validity of measurement:

As transmission measurements using THz-TDS proved to be challenging for STO
and BTO, the uncertainty of retrievable experimental parameters is therefore of
great importance. In figure 5.13 the corresponding αmax for STO is plotted, it
can be seen that the validity criterion for the measurements are not fulfilled,

which means that no reliable spectral information can be obtained.

Refractive index:

The retrieved refractive index from the STO prepped showed some unexpected
behaviour. For the peak arriving at 30ps, found in section 4.5, the baseline

approximately lies in the region of expected values, but the large oscillations or
spikes does not seem to overlap with any known phonon-modes or absorption

bands. It was found that these most likely are artefacts caused by the refractive
index calculations. The reason for these sudden spikes which can be seen around

0.7, 1.4, 2.01 and 2.71 THz seems to be attributed to inaccuracies in the
numerically optimized transfer function Htheory. This can be seen when

comparing the respective spike positions in refractive index to corresponding
frequencies for the theoretical transfer function. In the region of each spike a

deviation between the numerical Htheory and measured Hexperiment can be found.
When considering the first peak found at 4ps, the numerical transfer function is
found to give a good representation of Hexperiment as can be seen in figure 5.15.

To determine if this signal has any physical value further studies would be
required.
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(a) αmax for SrTiO3 at position 4ps (b) αmax for SrTiO3 at position 30ps

Figure 5.13: Calculated αmax for THz-TDS of STO prepped

Figure 5.14: Optimized theoretical transfer function for THz-TDS of SrTiO3 for
peak around 30ps delay

Figure 5.15: Optimized theoretical transfer function for THz-TDS of SrTiO3 for
peak around 4ps delay
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Conclusion and future work

The purpose of this masters thesis has been to do ultrafast spectroscopic
measurements of SrT iO3 and BaTiO3 with the goal of finding a way to enable
measurements of phonon-modes, where especially observations of such modes in

the BTO thin-films would be of great interest. It has been shown that
transmission measurements using terahertz time-domain spectroscopy yields

limited amount of usable information for these particular samples, due to low
transmission of terahertz waves for the STO substrate material. A range of

plausible causes for this limited transmission has been investigated, suggesting
that it is primarily due to high absorption or reflection, where absorption would
greatly affect transmission due to the substrate thickness being 500µm. These
observations suggests that using an STO substrate for measurements of BTO

thin-films in THz-TDS transmission mode is not recommended. As THz-TDS in
general serves as a valuable tool for determining absorption bands thereby also

phonon-modes, further research would be of great interest and scientific value. To
enable these measurements a variety of strategies could be tested, such as using a
thinner substrate material, or by using thin-films of SrTiO3 or BaTiO3 deposited

on top of a substrate material which shows less absorption in the terahertz
regime. A third option which would enable usage of the same samples as the ones
which has been used in this study would be to build a THz-TDS set-up for doing

measurements in reflection mode.
Alongside the THz-TDS measurements studies have been done using optical Kerr
effect spectroscopy. For STO it was discovered that inherent surface roughness on

the back-surface caused massive scattering, resulting in the need for samples
polished on both sides. The time-domain signals for the resulting SrT iO3 OKE
measurements showed some interesting behaviour. After the main peak a slowly
relaxing contribution can be seen, which drops to zero after a second peak. As
this behaviour does not have any obvious physical explanation, further studies

would be of great interest. Future work could be to investigate if the decay-rate
and its presence depends on any particular material property or other condition.

Such as deposition of a thin-film, out of plane angle, chemical preparation or
temperature. Another interesting observation is the peak arriving at a delay of
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around 10 ps. As this is not likely to be attributed to any known reflection, such
as the one most likely coming from the STO substrate, its occurrence is

intriguing, and it would be interesting to see if this has any physical significance.
From these measured time-domain signals the corresponding Raman spectra were

calculated. The measurements for acetone using a Gaussian approximation for

the intensity autocorrelation G
(2)
0 yielded results which corresponded well with

reported values. By using the same procedure for STO it resulted in a peak at
around 85cm−1 which position indicates that this could be an observation of the
transverse-optic TO1 phonon-mode. This shows great promise for the detection of
phonon-modes in these types of materials by means of OKE. The rotation study

on STO suggests that the third-order susceptibility χ
(3)
STO is possibly dependent

on the orientation of the sample. Caused by the various possible sources of error
this study should be repeated to check its consistency. Further study could be to
use a variety of STO samples, to get an average, and possibly also for substrates

having udnergone different chemical processing steps and annealing temperatures.
A more thorough study of the third-order susceptibility for STO would also be a

venue worth exploring, as well as estimation of the χ
(3)
BTO and see if this is

affected by various film-thickness. Studies of BTO using OKE shows promising
results, displaying Raman peaks in the range of expected quasi-modes, which

could be observations of a combination of the A1 and E phonon-mode found in
BTO. This encourages further work using OKE to enable exact measurement of

phonon-modes in BTO. Spectral variations could be seen depending on data
chosen for spectrum-calculations, indicating the need for further investigations on

how various parameters affect the spectrum, and to confirm that the achieved
Raman spectrum is not attributed to any non-physical explanation.
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Appendix A

Additional OKE and THz-TDS
information

A.1 Physical experimental quantities

A.1.1 Number of photons in one pulse

The output from the fs-laser is measured as around Psource = 3.35W at a 1kHz
repetition rate. For the 800nm pulse we have the following:

Epulse =
3.35W

1kHz
= 3.35mJ (A.1)

We can calculate the approximate number of photons quite easily, as we have
λ = 800nm corresponding to ν = 375THz:

Nphotons =
E

hν
=

3.35mJ

hν
≈ 1.35 · 1016 (A.2)

where h = 6.626 · 10−34J · s is Planck’s constant.
What is calculated above is the number of photons in the pulse coming directly

out of the laser. This is divided into the THz and OKE setup, and attenuated by
adjustable filters to get the desired excitation power. For a pump with 8mW

power the OKE this would give:

Epump =
8mW

1kHz
= 8µJ (A.3)

Nphotons =
E

hν
=

8µJ

hν
≈ 3.22 · 1013 (A.4)

A.1.2 Peak power

Even if a pulse with an energy of 3.35mJ might not seem that much, due to the
pulsewidth being in the range of 100 fs this results in a massive Ppeak. As an
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example if one regards the pulse as a soliton (no temporal or spectral broadening)
and having a sech2 shape:

Ppeak ≈ 0.88 · Epulse
τpulse

= 0.88 · 3.35mJ

100fs
≈ 29.5 · 109W (A.5)

A.1.3 Principle of old OKE setups:

Compared to the set-up shown in figure 3.5 using EO with balanced detection,
many previous OKE setups used a set of polarizers and a single sensitive detector

instead, as illustrated in figure A.1. It worked by using a linear polarizer being
shifted 90◦. If no birefringence in the sample was present it would mean that the

probe maintained its original polarization and got blocked by the second
polarizer, only a polarization shift would allow for a portion of the pulse to be

transmitted. One way of obtaining heterodyne detection is by using quarter-wave
and half-wave plates as was implemented by Quitevis et al. [35] shown in figure
A.2. By first blocking the pump and optimizing the probe to obtain a minimum
static signal in the photodiode, and then rotating the polarizer ≤ 1◦ heterodyne

detection was achieved.

sample

L LLP

LP

LP

PMT

Figure A.1: Schematic for old OKE measurements

sampleL

LLP

LP

LP

PD

QWP

HWP

HWP

Figure A.2: Schematic experimental OKE setup using linear polarizers with addi-
tional HWP and QWP for obtaining heterodyne detection
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A.2 Measured Bandwidth loss for the OKE setup

Towards the end of this project a controlling measurement of the spectrum was
performed at the OKE side of the optical set-up using a spectrometer measuring

the scattered light from an aluminium diffuser. It was found a more reduced
spectral content than expected. After a systematic study measuring the

transmission through the different optical elements it was found most likely to be
caused by a couple of beam-splitters. As stimulated Raman scattering is directly

dependent on bandwidth, this adds some uncertainty, but as the pulse is very
strong, it is still believed that enough photons in the wide spectral range is

transmitted through the set-up to enable reliable OKE measurements.

(a) Measured spectrum from an aluminium light diffusor at various positions

fs-laser
THz-probe

THz-excitation

OKE

Position 2

Position  1

Position  3

BS

BS

(b) Measured positions

Figure A.2: Spectrometer measurements


