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1 Introduction

The frontiers of condensed matter physics research are often focused on the low-energy excited states
of electrons. In the case of superconductivity, for example, the typical energy excitation scale is
of the order of meV. In order to study these low-energy excited states, scientists have developed a
large number of spectroscopic measurements such as STM (Scanning Tunnelling Microscopy) [1, 2],
ARPES (Angle-resolved photoemission spectroscopy) [3], Neutron diffraction [4], XRD (X-ray powder
diffraction) [5], Infrared and Raman Spectroscopies [6], RIXS (Resonant inelastic X-ray scattering)
[7]. Modern spectroscopic tools are divided into two main categories: single-particle spectroscopy,
which studies the behaviour of single-particle excitations, such as STM, ARPES, and two-particle
spectroscopies, such as Raman, RIXS (Resonant inelastic X-ray scattering). The two types of methods
are complementary and sensitive to different types of excitations. In systems with strong electronic
correlations the differences in the spectral features encode the type of correlations.

Since its invention in 1981 by the German scientist G. Binning and the Swiss scientist Heinrich Rohrer
[8], at their laboratory in Zurich, Switzerland, STM has become well-known for its supreme imaging
resolution. The STM allowed us for the first time to observe information on the surface of a sample
in real time with atomic-level resolution, for which the two scientists, together with Ernst Ruska, the
inventor of the electron microscope, shared the Nobel Prize in Physics in 1986 [9].

The primary function of Scanning Tunneling Microscopy is to get topographical mappings of surfaces.
In using an STM, there has to be a tip rastered across the surface and maintained between the sample
and the tip by making adjustments of the height’s tip. When displayed through various positions and
measurements, the tip’s height plot displays the full dimensions of the required topographical features,
obtaining information that has been atomically resolved on semiconducting and metallic surfaces.

In the last decade, STM has made great achievements in atomic and molecular observation, modification
and processing in a wide range of disciplines such as physics, chemistry and biology [10].

The Raman effect is a type of inelastic scattering of visible light arising from practically all excitations
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in matter, specifically solids including the vibrations of molecules and lattices. It was theoretically
predicted by A. Smekal in 1923 and was first observed in liquids by the Indian scientists C. V. Raman
and K. S. Krishnan in 1928 [11, 12]. Shortly after Raman and Krishnan’s article, Landberg and
Manderstam reported in Russia that they had observed light scattering in quartz with a change in
frequency. Before the 1960s, the application of Raman scattering was limited by the low energy
density and poor monochromaticity of the light sources, but after the 1960s, with the use of lasers,
Raman scattering has become more widely used [13]. Raman scattering is accompanied by an exchange
of energy and a change in the frequency of the light waves before and after scattering. The analysis of
the energy difference before and after scattering gives information about the electronic, magnetic and
lattice properties of a material, which is of great practical value.

In 1955, Peierls pointed out that one-dimensional metal atomic chains are unstable at low temperatures
due to electron-phonon interactions, which will distort the lattice with periodic modulation of the
charge density, the charge density wave (CDW) [14].

Two-dimensional metallic transition metal dichalcogenides (TMDs) are of interest for studying phe-
nomena such as charge-density wave (CDW) and superconductivity. Tantalum diselenide (1T-TaSe;)
are typical metallic TMDs exhibiting rich CDW phase transitions [15, 16].

The bulk 1T-TaSe, transitions from normal state to incommensurate CDW state below 600K and into
commensurate CDW state below 473K [17]. During the I-CDW to C-CDW phase transition, the CDW
supercell undergoes a V13 x V13 reconstruction in which the basal-plane lattice vectors increase by
V13 and rotate by 13.9° with respect to the original lattice vectors [18, 19].

For a comprehensive study of CDW materials, the Raman spectroscopy alone is not sufficient for the
research. If STM and Raman spectroscopy are used in conjunction of each other, the spatial resolution
is improved and the Raman signal can be observed as well in different regions. STM has a very high
spatial resolution, but it is not possible to observe phonons. By studying phonons, we can obtain some
indications of the distortion of the lattice structure in the sample. Using the two technologies together,
the systems with lattice distortions in the CDW phase can be studied in greater detail [20]. Although
there are many studies on Raman or STM for TMD materials, studies on the combination of Raman
spectroscopy and STM for 1T-TaSe, are still lacking.

For this work, Raman scattering and STM measurements have been performed on the CDW material

1T-TaSe;. The basic principles of the Raman scattering and STM are presented in chapter 2. In chapter
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3, the experimental setup is described. The results of the measurements on 1T-TaSe; are presented and
discussed in chapter 4. Chapter 5 introduces the upgrade and mounting of the custom, lab-built TERS

set-up. Chapter 6 finally gives a conclusion of the work done in regard of this thesis.
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2 Principles

2.1 Principles of Scanning tunneling microscopy

STM operates under the principle of quantum mechanical tunneling effect. This microscopy technique
allows us to obtain atomic-level real space images of conducting surfaces [21]. The probability of
electron tunneling through a typical potential barrier depends on the width of the potential barrier,
which will be discussed in detail in this section. The following paragraphs are almost literally taken
from [22].

The quantum tunneling effect is the basic working principle of STM. Quantum mechanics describes
microscopic particles with fluctuations that pass with a certain probability through a potential barrier
above their energy [23]. If a classical potential barrier separates two conductors (e.g. a vacuum
or an insulating oxide layer), it is possible for electrons to tunnel from one conductor to the other.
Consider a one-dimensional model of a square potential barrier with potential energy U(z) and solve
the Schrodinger equation in the potential barrier region:

_h_Zaan(Z)
2m 072

+ U2 (z) = E¥u(2) (2.1

where 7 is the reduced Planck constant, z is the position of the electron, and m is the mass of the
electron [22]. The solution for an electron in the classical propagating region (E > U) has the

following expression:
Un(2) = Y (0)e* 2.2)

Here,
k=~2m(E -U)/h, 2.3)

the corresponding electrons have constant momentum p, = ik, which is consistent with the classical

case. If the position of the electron is in the classically forbidden region (E < U), the solution of the



Master’s thesis 2 PRINCIPLES

wave function is a decay function:
Yn(2) = Yn(0)e™ (2.4)

Here,
k =+2m(U - E)/h, (2.5)

represents the degree of attenuation of the wave function within the potential barrier.

The above solution indicates that the electron has a certain probability of penetrating the potential
barrier to reach the other side of the barrier, which is a manifestation of the quantum tunneling effect.
Based on the wave function we can calculate the probability of an electron appearing at any position.
When the tip of the scanning tunneling microscope is close enough to the sample, electrons on one
side of the tip may appear on the sample side, and vice versa. Assuming that the distance between the
sample and tip is d, the probability of finding electrons from the ¢, (z) state of the tip on the sample
side is:

p o [ (0)[?e 24 (2.6)

Therefore the probability that an electron in the eV energy range near the Fermi surface will be present
in the sample as:
Ey
po Y Wn()Pe ™ = p(E) - eV 2.7)
Ef—eV

where E is the Fermi energy of electrons. The tunneling current is determined by the total number of
all possible states in the energy interval E s — eV per volume-unit momentum space, and the tunneling
current is determined by it. The above equation uses the expression for the density of states near the

Fermi surface with energy E as:
E
1
ps(z.E) = = > ()P (2.8)
€ E-e

Therefore, the probability of electron tunneling within the energy eV interval near the Fermi surface
is proportional to the density of states near the Fermi surface. The e~>*¢ term is the basis for the
longitudinal resolution of the STM.

In order to form a stable tunneling current, several additional conditions need to be met [24]. The first
is that the electron hopping rule is satisfied, which means that under the condition that the tip wave
function overlaps with the sample wave function, electrons can only hop from the electron-occupied

state of the tip to the electron-unoccupied state permitted by the sample, or conversely, from the
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Figure 2.1: Tunneling effect under a vacuum potential barrier [22].

sample-occupied state to the permitted tip unoccupied state. According to Fermi’s Golden Rule, the
hopping probability is determined by the hopping matrix element M. In addition the electron obeys
Fermi-Dirac statistical law, and the probability of an electron occupying an electronic state with energy
E is:

f(E) =1/{1+[exp(E - Ef)/kpT]} (2.9)
Secondly, a voltage needs to be applied between the sample and the tip in order to produce unequal

electron tunneling probabilities on both sides. The total tunneling current can be therefore as:

2 +00
I = 47;; / IM>[f(EF — eV +€)— f(Ep +€)ps(Er — eV +€)p,(Ep + €)de (2.10)

where the tunneling matrix element is an Elements of Bardeen matrix, which can be written as:

_hof 0w o
M= Zm/(X 9 V)98 1D

denotes the effect of the overlap of the two wave functions, where y and i are the wave functions of
the electron at the tip and the sample, respectively. The dependence of the tunneling current on the
distance is also included in M. The exponential relation relating the work function can be obtained by

applying the WKB approximation under the weak correlation condition, i.e.:

IM|? ~ exp(—/8mapz/h) (2.12)
where ¢ is related to the work function of the tip and sample.

6
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It is now necessary to make a few approximations to the expression for the tunneling current for
further simplification. For low-temperature experiments, the k37 is generally relatively small, so the
Fermi distribution function for very small thermal width can be approximated as a step function. The
subtraction of the two step functions in the equation can form a gate function equal to 1 only between
0 and eV and O in the other intervals, so that the infinite integral can be reduced to an integral over a
finite energy range.

Assuming that the tunneling matrix M is approximately constant over the energy range covered by the
experiment, it can be expressed as a constant outside the energy integral, and the current expression

can be simplified to the convoluted form of the density of states of the sample and tip as follows:

4 2 /8 ev
I= 7;; exp(— ;lnqbz)/ os(Ep —eV +€)p,(Ep + €)de (2.13)
0

The assumption of treating M as a constant is based on the assumption that the vacuum potential
barrier between the tip and sample is relatively homogeneous and that the correlation between the wave
functions of the tip and the sample is weak, i.e. there is no hybridization of the electron orbitals of the
tip and the sample.

In practice, the tunneling matrix element is significantly affected by the arrangement of the atoms at the
tip or the surface state of the sample, especially for a multi-band systems, where the tunneling spectra
obtained in different cases may vary relatively widely and where careful discrimination is required and
where the steady state at the tip is critical for STM measurements.

In most cases, we are more concerned about the information of the density of states of the sample, so the
tip of the metal material with a flatter density of states near the Fermi surface is generally selected, thus
the density of states of tip in the above equation can be placed outside the integral as an approximate
constant term. The tunneling current is therefore proportional to the integral of the density of states of

the sample, and differentiating the current with respect to the bias voltage V, we obtain:

dI
Ty < Ps(E) (2.14)

From this equation we can see that, under certain approximate conditions, the first order derivative
of the tunneling current is proportional to the local density of states at the location where the sample
tunneling occurs, which is the principle of the STM measurement of the local density of states of the

sample.
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Figure 2.2: Schematic view of the working principle of an STM with the key operational modes. (a) A
combination of the tip and the sample for the tunneling based imaging. (b) Constant-current STM mode. (c)

Constant-height STM mode [25].

Figure 2.2 shows the two modes of operation often used in STM measurements, the constant-current
STM mode and the constant-height STM mode.

In constant-current mode, the tunneling current is kept constant during the STM image scan and a
feedback circuit is used to control the movement of the scanner in the z-direction, so that the distance
between the sample and the tip is constantly changing. The constant-current mode is mainly used to
observe samples with large surface variations, and is one of the common modes of operation for STM.
The disadvantage is that some grooves between the particles on the sample surface cannot be accurately
detected, and that the tip could be easily damaged when there are defects on the sample surface.

In constant-height mode, the height of the tip is kept constant during STM image scan and information
on the surface variation of the sample can be obtained by changing the tunneling current. The constant-
height mode can only be used for samples with small surface variations. The advantage is that the
scanning speed is fast and the effect of noise and thermal drift on the signal can be reduced. In our

measurement, the constant-current mode is used [26].
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2.2 Principles of Raman scattering

Raman scattering is a two-photon process. A first photon with energy w; and momentum k; is absorbed
by the sample and a second photon with energy w,; and momentum k; is scattered off [27]. Through

the principle of conservation of energy and momentum, the following can be surmised:

hQ = hw; — hwy (2.15)

hq = hk; — hik, (2.16)

where in the energy 7€ and the momentum 7q are transferred into the system. In inelastic scattering,
the process starts with that of an excitation from the initial state |/) to a virtual state |v) before relaxation
to a final state |F') occurs. In order to characterize this process a comparison between the energy levels
of the initial and final states is necessary. Shown in Fig. 2.3 (a) is a process with a relatively low final
state |F') energy level, called an anti-Stokes process, wherein the scattered photons exhibit a blue shift.
In the event the final state |F') is located in a higher energy level, this is known as a Stokes process in
which the scattered photons demonstrate a red shift. An illustration of such a process is given in Fig.
2.3 (b).

In the Raman process, high energies and small momenta are transferred to the system due to the
dispersion characteristics of light, and the momentum of the probed excitation is close to zero (i.e.,
q ~ 0). A sketch of a Raman spectrum is displayed in Fig. 2.4, where the number of scattered photons
I,(Q) is plotted as a function of the Raman shift Q denoted in the units of wavenumber (cm™).

The peak positioned at = 0 originates from the elastically scattered photons. The inelastic processes
are shown on either side of the incident energy and labeled €2 and €. The anti-Stokes peaks (€2 < 0)
have the same energy but are lower in intensity in comparison to the Stokes peaks (€2 > 0). The relation

between the Stokes and the anti-Stokes spectra is given by the principle of detailed balance which has

Ias w; +Q hQ
Ias _ _nee 2.17
IST (a)i—Q)exp( kBT) ( )

where /45 and g7 are the rates of photons in the anti-Stokes and the Stokes processes, respectively. kp

the following form:

is the Boltzmann constant and T is the temperature [26].
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Figure 2.3: (a) anti-Stokes process with annihilation of an excitations which results in a blue shift for scattered
photons. (b) Stokes process where an excitation is created and this results in a red shift for scattered photons

[28].

Photons are not only characterised by their momentum and energy (k, w), but also by their polarisation.
One of the most powerful assets of Raman scattering is the selection rules. The excitations that are
projected out when taking measurements can be selected by their symmetry.

The symmetry of the excitation I' is that of the operator, that projects the initial state |i) with symmetry

I'; onto the final state |f) with symmetry ;. Therefore, the following can be deduced:
I=I\xI; (2.18)

where I and I'y are hereby represented by the polarisation vectors e; and e [29]. All scattering
processes that do not fulfill the condition specified in equation 2.18 are thus forbidden. The Raman
scattering from phonons needs to obey this same condition, and for each phonon, a symmetry-dependent

Raman tensor @ can be assigned. More details about Raman selection rules can be found in chapter 4

10
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Figure 2.4: A Raman spectrum with different excitations. The Raman intensity I(€2) is plotted as a function of

the Raman shift (Q)[26].
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3 Setup

This chapter describes the experimental equipment, including the STM Setup, the Raman spectroscopy

and the fabrication of the tips.

3.1 Scanning tunneling microscopy

Figure 3.1: Overview of the lab. The cryogen level monitor, temperature controller and SPM controller are
shown housed on the left rack while the optical table with the cryostat and the optical components for Raman

spectroscopy are on the right [26].

The overall layout of the lab can be seen in Fig.3.1. The sample holder was placed in a cryogenically
pumped UHV cryostat together with the scanning tunneling microscope. This cryostat could be

pumped to a pressure of 1078 mbar and the minimum temperature that the system could attain was

12
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20 K. As STM experiments are very sensitive to vibrations, four vibration isolators (Newport, S-
2000 stabilizer) were utilized underneath the optical table. The instruments on top of the table were
dampened by these vibration isolators to reduce mechanical vibrations. This system was equipped with
the aforementioned cryogenically pumped UHV cryostat (Janis Research, CNDT series) to facilitate
low temperature measurements [30]. During the experiment, the cryostat was flushed with nitrogen to
remove any moisture and dust. The basic pressure that could be achieved before filling with LHe is

107 mbar and when UHV conditions were required, the system was baked out .

cryostat
base plate
piezo stack
parabolic mirror
parts of

ilumination optics

Figure 3.2: Microscope in the open cryostat. The piezo stack was located in the middle, with the parabolic mirror

below the piezo stage for the Raman measurement [26].

Fig.3.2 shows a picture of the microscope unit and the internal optical components in the open cryostat.
The microscope unit was mounted on a base plate and fixed to the cryostat in an upside-down position
and part of the Koehler illumination optics system is shown in the lower left corner of the picture.
Fig.3.3 presents the inverted view of the disassembled microscope head. Importantly, when the tip
needed to be replaced, the L-shape tip-holder was taken out and the new tip was soldered to the edge of
the tip-holder by using indium. Also, the edges of the sample were glued with conductive silver paste,
and as soon as the sample was attached to the sample-holder, the electrical conductivity of the sample
was monitored with a multimeter to ensure that the tunneling current could pass through before the
whole assembly was mounted on the microscope head.

The bottom of the cryostat was attached to a base plate fitted with a height adjustable device. This

plate can be moved up and down in a controlled way with an accuracy of approximately 10 um to

13
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Figure 3.3: Inverted view of the disassembled microscope head. The L-shaped tip-holder was placed upside
down at the bottom of the unit and the sample-holder affixed directly above it. Of note, the L-shaped tip-holder

had to be removed when it required replacement.

compensate for the thermal contraction of the components inside the cryostat while cooling.

In order to avoid collisions between the tip and the sample, the operation was not carried out in a
constant height mode, but in a constant current mode with variable height. All control units were
assembled in a cabinet next to the cryostat, and the measurements were taken and processed using the
program “Daisy”.

Fig.3.4 gives an overview of the user interface of the “Daisy” program. It was developed by Attocube
System AG specifically for this type of measurement. As noted, the parameter panel is displayed on
the left side of the interface where the necessary parameters can be input and changed (such as the
scanning range, scanning speed, PID values, etc.). An open feedback loop ensures that the current is
kept constant. When the STM starts operating, the constant current mode is selected and the scanning
area changes its z-position as the piezoelectric element passes through different positions due to the
height variation. The z-position is again recorded digitally based on the current of the piezo element.

Therefore, the topological information of the sample surface can be depicted.

14
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Figure 3.4: Screenshot of the user interface of the program “Daisy”. The parameter panel is displayed on the
left side, the first image on the right shows the topological image of the sample, and the second image is the scan

line of the scanning area, showing the change in height over the line being scanned.

3.2 Raman spectroscopy

3.2.1 Optical path

The diagram of the optical path of the Raman measurement is shown in Fig.3.5. Within it, the
monochromatic light with a wavelength of 532 nm is emitted by a diode-pumped solid state (DPSS)
Laser (Coherent Sapphire SF). The laser passes a lens with the focus length of f7; = 10mm first, then
a pin hole was mounted to obstruct the stray light past the lens as the focus of the lens overlaps with the
position of the pinhole. Another focus lens with the focus length of f7, = 60mm is used to generate a
light beam with a diameter of 6mm. After that, the laser beam is reflected by a mirror set at an angle
of 45°.

The laser beam then passes through a 1/2 plate, the purpose of which is to adjust the laser power. After

15
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the half-wave plate, a polarizer is present for setting the polarization of the incident light after which an
optical plate is used for focusing procedures. The optical flat is made of quartz and has a silver coating
on one side. The laser light is reflected by the silver coating layer by around 95%-98% of its initial
intensity, but only 4% of the intensity can be reflected by quartz surface. Therefore, a main beam in
the middle and two other dark beams can be formed. The optical flat divides the laser beam into three
strictly parallel beams.

The laser beam then passes through a beam splitter and enters the vacuum chamber. A parabolic mirror
was mounted on the scanner to focus the laser on the surface of the sample. The laser light interacts
with the sample surface and from this, Raman scattered light is emitted, which is then collected by
the parabolic mirror and reflected back towards the beam splitter. This light is further reflected by
the beam splitter and collected by the focus lens. The laser beam then passes through a filter in order
to further reduce the stray light. Subsequently, another polarizer, acting as an analyzer, is used to
select the desired polarization of the scattering light combined with another A/2 plate,which has the
same function as the first 1/2 plate. Finally, the light passes through the focus lens and enters the

spectrometer.

3.2.2 Focusing and alignment procedure

Before starting Raman measurements, the optical path was aligned and optimized, beginning with the
shape of the laser spot which was configured as a regular circle. The laser beam was then adjusted
with a target to confirm that the laser beam passed through the center of each optical element. Next,
to confirm that the light passed through the center of the entrance to the spectrometer, the optics in
front of the spectrometer were checked. If the light did not track as intended, the position of the optical
plates, polarizing mirrors, half-wave plates, focusing mirrors were adjusted accordingly. Finally, the
main beam in the middle was blocked to allow the other two lateral beams to pass through. Fig 3.6
presents the varying output of the focusing procedure using the optical flat. During the alignment, two
parameters could be changed: the z-height of the sample-holder; and the angle of the optical flat. The
sample was illuminated by a Koehler illumination system and the two lateral laser spots can be seen on
the screen. In the Koehler illumination, the image of the light source is defocused in the sample plane,
thus the illumination source is not visible in the image. The visible output from different alignment

configurations are shown in Fig.3.6.

16



Master’s thesis 3 SETUP

Laser . |
Mirror \ N |

Focus lens <D - Spectrometer

Beam splitter
Pinhole [

Focus lens <D
Mirror k % "éfpticalﬂat

M2 Polarizer

N2

Focus lens

2114

Jazhjeuy
sua| snao4

Figure 3.5: Diagram of the optical path of Raman measurement. A solid-state Laser produces a beam of
monochromatic light with wavelength of 532 nm. The light passes through two lenses either side of a pin hole,
the latter of which fixes the beam diameter. A mirror reflects it through a half-wave plate and a polarizer, the
resulting beam is then aligned and split into three beams by an optical flat. A beam splitter and parabolic mirror
contribute to focus the laser onto the surface of the sample. The beam splitter further reflects the beam through
a final focus lens that collects the incident light. A final array further decreases the stray light which then enters

the spectrometer.

The optical elements which collect the scattered light also have to be aligned. For this purpose, a 30°
tilted silicon sample is used. The advantage of using a tilted sample is that the direct reflex is reflected
again on the parabolic mirror and exits the cryostat parallel to the incoming laser beam. This direct
reflex is used as a reference to align the collection optics. For our measurements, the alignment was

done for an incoming laser beam which was reflected at the center of the parabola [31].

3.2.3 Measurement with Raman spectroscopy

The Raman measurement can be controlled via the computer program “Light field”. Fig.3.7 illustrates
its user interface and the parameter panel is shown on the left. The measurement process entails, first,

loading the experimental parameters for measurement, then new background data (without exposure)

17
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Figure 3.6: Focusing with the optical flat. Both the sample’s z-position and the angle of the optical flat were
iteratively adjusted to make the two lateral beams coincide: (a) unfocused since only one spot can be seen; (b)
two spots are visible but they do not overlap; (c) focused conditions, that the two spots overlap and the focus is
on the sample; (d) the spot generated by the central beam is visible and overlaps with the other two spots; and
(e) illustration of the optical path in and out of the optical flat. The central strong light is depicted as the red line

and the weaker lateral light is shown in the orange lines [30].

1s acquired, whereupon the reference CCD image is checked to confirm the measurement wavelength
region (which is supposed to include the elastic and inelastic scattering parts). Finally, the measurement

program is run to obtain the refined Raman spectrum.

3.3 Tip fabrication

Knowledge of the atomic structure of scanning tunneling microscope (STM) probes is essential for
improving spatial resolution and for the reliable interpretation of experimental data. Shortly after the
invention of STM, it was discovered that only probes with a single atom at the point of a sharp tip could

provide stable and reliable imaging with atomic level resolution. Although several forms of monatomic

18
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Figure 3.7: Schematic drawing of the laser beam reflection on a silicon sample. (a) The silicon sample is not
tilted. The direct reflex is not emitted in the direction of the parabolic mirror. (b) The silicon sample is tilted.
Therefore, the direct reflex is reflected again on the parabolic mirror and exits the cryostat parallel to the incoming

laser beam [31].

terminated tips can facilitate atomic resolutions, such resolutions can only be achieved if the sharp tip
collects the vast majority of the tunneling current through the electron orbitals of the single front-most
atom closest to the sample surface [32].

In order to obtain a sharper gold tip, the etching of the gold tip was optimized by Nitin Chelwani
and Gabriele Rager. Fig.3.9 (a) shows the tip etching setup. For the etching of gold, 37% fuming
hydrochloric acid (HCI) was recommended as the electrolyte [20]. For this work, the diameter of the
gold wire used was 100 um and that of the platinum ring was 250 um. Once the etching reaction was
initiated by means of the manual switch (S), the platinum ring directed the current flow around the gold
wire, with periodic pulses as stated above. When the contact between the tip and the solution broke, the
etching was automatically stopped, leaving a sharp tip with the desired shape and with varying degrees

of sharpness [30].
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Figure 3.8: The interface of the program Light field. The Raman spectrum of Si(110) sample is shown in the

picture.

The etched tip was characterized in two steps. First, the tip was analyzed using an optical microscope,
which provided information about its geometry. Tips that possessed a shape that was considered
suitable for experimental use were placed under the SEM for further observation. During the tip
fabrication process, the gold wire was annealed at 800 °C for 6 hours. A SEM image of the tips is

shown in Fig. 3.10.
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Figure 3.9: (a) Tip etching setup. The tip is held in a crocodile clip and immersed in the etching solution, (b) the
sketch of the electrochemical tip-etching setup, the voltage pulses are 30 us in duration and they are separated

by 300 ps [26].
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Figure 3.10: The SEM images of tips. The gold wire was annealed at 800 °C for 6 hours.
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4 Measurement

This chapter describes the measurements of Au and 1T-TaSe, samples in STM and the spectra of Si

and 1T-TaSe; samples under Raman spectroscopy.

4.1 STM experiment

4.1.1 Noise spectrum

Before taking any STM measurements, the background noise of the system was measured first. Fig.4.1
shows the time-dependent current and the background noise spectrum without tip approaching.

The noise spectrum was assembled by the software’s built-in Fourier analysis function. In the current
spectrum, the x- & y-axes represent the time and the real-time current intensity, respectively, while in
the background noise spectrum, the frequency is represented in x-axis instead.

Noise is an important matter in STM systems, given that low noise is often critical to STM measurements
[33]. Generally, it comes in two forms: mechanical; and electrical noise [20]. Mechanical noise is
caused by vibration, such as that of buildings, waves, pumps in operation, fans in connected apparatus,
and from the cryostat filled with low temperature liquid. Electrical noise comes mainly from coupling
with the electrical supply, thus its frequency is an integer multiple of 50 Hz which is the frequency of
the power outlet.

In light of this, before the STM measurement, some procedures were undertaken to lower the noise
levels. For the electrical noise, the grounded wire and BNC cable between the feed-through and
pre-amplifier were moved away from the system while some small mechanical noises at low frequency

were also diminished by lifting the optical table on top of vibration isolators.
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Figure 4.1: Current and noise spectra without tip approached. The current intensity is less than 100 fA. The
peaks of the noise spectrum are located at 50 Hz, 150 Hz and 250 Hz. All noise intensities are less than 80

fA/sqrt(Hz).

4.1.2 Parameters setting of the Attocube software

Concerning the STM measurements, there are several key parameters for running STM software, i.e.,
the calibration parameters and polarity parameter of the piezo, P/, threshold current, tunneling current,
bias voltage, scan range and scan speed. During the measurement, the parameters were set as shown

in Tab. 4.1.

4.1.3 STM measurement on amorphous gold

The first measurements on this setup were made on amorphous gold, with the aim of demonstrating
that the instrumentation was in proper working condition. Before inserting the sample into the piezo
head, the gold sample was annealed at a temperature of 800 °C for 6 hours in order to remove the
contaminants. Due to the higher stability of gold compared to other materials, it was easier to tune

the parameters of the system during the scanning of gold samples, and to obtain more accurate noise
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Table 4.1: Parameter setting of the attocube software

Parameters Auto approach Scanning
X-axis 6V & 40 um
calibration 300K
y-axis 6V & 40 um
calibration 300K
Z-axis 3V&2pm
calibration 300K
polarity backward backward
P ~1 A ~1 A
20 Hz . This value determines 50 mHz
the approach speed.
Threshold current 100 pA /

It depends on the noise.
500 pA . This value determines

tunneling current For a lager noise, we should set a lager value.
the approaching speed.
Typically, it can be set from 100 pA to 5 nA .
bias voltage 2V 500 mV
scan range / Less than 40 um* 40 um
No limit. It is suggested to control
scan speed /

the time in 30 min for one image.
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information. Most importantly, it was more convenient to verify if the tip was qualified and stable
during the scanning process of gold sample. As the tip could not be mounted easily in the system as
used in this research, the measurement of gold was performed as a test measurement in order to select
a tip that could work well.

After several sets of measurements were taken and with periodic replacement of the tip, a finalized
gold tip was settled upon to be used in the main experiment. A relatively stable and clear image of the

topography of amorphous gold sample was obtained.

-

3

Figure 4.2: The topography of amorphous gold sample scanned by STM and the scanning lines. The scanning
lines (abscissa: horizontal scan line, ordinate: topography) are shown in Fig.4.2(c) in the backward, and (d)

forward scanning direction. These scan lines correspond to the middle lines in Fig.4.2(a) and (b), respectively.

Fig.4.2 shows the topography of two different amorphous Au samples. The grain boundaries of the gold

are visible in this graph. The experiment was carried out in air temperature of 22 °C and a humidity
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of less than 40%, in order to avoid interference with the tip performance due to excessive water vapor
molecules. As the sample was not absolutely parallel to the movement of the piezo-scanner, a “slope
compensation” function was active to correct for the tilt. During the scanning process, the p and I
values of the PID feedback system were constantly adjusted in the piezo-scanner, as well as the scanning
speed, in order to mitigate the effects of the environmental noise and to avoid the tip resonance. Since
the main objective was to test the topography of 1T-TaSe,, the system was not subjected to UHV
conditions and filled with liquid Helium in the event that the tip did not meet our requirements and

needed to be replaced.

4.1.4 STM measurement on Au(111)

Although the topographical image of the amorphous gold sample was obtained, the spatial resolution
of the system in the z-direction was not easily realized due to the large surface fluctuations. Therefore,
the single crystal gold Au(111), which has a flatter surface structure, was used for the next experiment
to observe the z-directional resolution of the system. The Au(111) sample was cleaned with the same

annealing process as the amorphous gold prior to measurement.

Figure 4.3: (a) The measurement of the topography of Au (111) scanned by STM. (b) The distribution of the
atomic layer heights in the area corresponding to the red line in Fig.4.3(a). The x-axis denotes the distance from
each point on the red line to the left end of it, y-axis denotes the relative height of the atomic layers at each point

on the line.

The topography of Au(111) is shown in Fig.4.3 (a), from which the atomic steps can be clearly resolved.
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The boundaries between two atomic layers on the surface are located between the light and dark blue
areas, and each step corresponds to a single atomic layer of gold atoms. The height of the atomic steps
in the region indicated by the red line is shown in Fig.4.3(b), which is approximately equal to 220 pm.

This result infers that the Attocube scanner has a z-axis resolution superior to 220 pm.

Figure 4.4: The FFT spectrum of time-dependent z. The peak of the spectrum is located around 50 Hz.

With the time-dependent FFT of z, the resolution of the z-axis can be directly obtained as shown in Fig

4.4. The highest peak is around 22 pm. It means that the limit of the resolution is 22 pm.

4.1.5 STM measurement on 1T-TaSe;

After the test measurements of the gold samples, the system was maintained in its original conditions
and the 1T-TaSe, sample was placed on the sample-holder. For removing contaminants and obtaining a
flat surface, the sample was cleaved with adhesive tape. Then, the Dewar was filled with liquid nitrogen
to the cool the system down to around -160 °C and reach a pressure of approx. 10~ mbar.

Even many attempts and adjustments, a clear topographical image of 1T-TaSe, was not obtained. Fig.
4.5 shows the topography sample surface scanned by STM. The surface characteristics of 1T-TaSe;
cannot be observed from this picture, nor is the expected CDW phenomenon discernible.

The reason for this was surmised to be the contamination of the sample after being cleaved. Due to
the limitations of the instrument design, an in-situ cleavage of the sample was not possible in this
experiment, which resulted in the tip also adsorbing impurities. Therefore the tunneling current could

be unstable.
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Figure 4.5: The topography of the 1T-TaSe, surface scanned, the abscissa and ordinate are the axes of the TaSe,

surface and the blue scale denotes the topography.

4.2 Raman measurement

4.2.1 Raman spectra of Si(110)

Before the measurement of the Raman spectrum of 1T-TaSe;, the spectrum of silicon was tested first
for the purpose of improving the collimation of the optical path by adjusting the lenses and laser light
during the measurement [34]. Silicon has a cubic diamond structure and for single-crystalline silicon,
the Raman spectrum has a phonon peak at 520 cm™! obeying Toe symmetry [35]. As this phonon is
very pronounced and narrow, silicon is widely used for calibration purposes in Raman spectroscopy.

The Raman spectrum of Si is shown in Fig.4.6. The wavelength of laser light was 531.9 nm and

the exposure time was set to 1 second, while the polarization direction is taken as XY direction, and
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Figure 4.6: Raman measurement process. (a) Typical background data. (b) CCD image for Si sample, the
brighter spot corresponds to light with the Raman shift of 519 cm™! and the darker spot represents the light with

the original wavelength of the laser. (c) Raman spectrum of Si (110) sample.

the measurement was carried out at room temperature. Fig.4.6 (a) shows the background data of the
measurement. By adjusting the optical flat and other optical lenses, the highest degree of Raman
intensity was finally reached. Fig.4.6 (c) shows the Raman spectrum of Si (110) sample, and the peak

of the Raman spectrum appears around 519 cm~!, which was as expected.

4.2.2 Raman measurement on 1T-TaSe,

In this chapter, the Raman spectral results of 1T-TaSe; will be presented.

The experiments were initially conducted at low temperatures, for which liquid helium was filled into
a Dewar. The chamber was pumped to a pressure of 2.2 x 1078 mbar. Since there is a finite thermal
resistance between the sample holder and the He bath, it was not possible to cool it to the temperature of

the liquid helium, i.e., 4K. The experiment was started at a temperature of 20K and then the temperature
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gradually increased, with measurements taken at increments of 5K, until it reached 295K.

1T-TaSe,: octahedral
1T-TaSe, % % conrdination geometry

b) b > as”

Figure 4.7: (a) The photo of 1T-TaSe, sample, (b) The crystal structure of 1T-TaSe;,. Blue circle represents the

Ta atom and green circle represents Se atom, respectively [36].

The crystal structure of 1T-TaSe, is shown in Figure 4.7(b). 1T-TaSe; has a layered crystalline structure,
consisting of planes of hexagonally arranged tantalum (Ta) atoms sandwiched by two selenium (Se)
layers coordinating around the central Ta atom in an octahedral arrangement. The three atom thick
Se-Ta-Se layers are weakly bound via a Van der Waals interaction along the direction of the c-axis
[37, 38].

The space group of 1T-TaSe; is P63/mmc (No.194). According to the Raman selection rule, there are

7 Raman activated modes, i.e. 2A,, 2E;,, 3Ey, [35]. Their Raman tensors can be written as follows,

a 00 00O 0 0 -c

Aig=10 a 0 |.Eig=[0 0 ¢ |.Eg=| 0 0 0 |,
0 0 b 0 c O -c 0 0
- 4.1)
d 0 0 0 -4 0
0 0 O 0O 0 O

The coordinates of the samples relative to the experimental space are shown in Fig. 4.8. The a-axis of

the sample is parallel to the x-axis of the apparatus. The Raman intensity can be expressed as below:

I ~ letael?, (4.2)
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Figure 4.8: The coordinates of the samples with respect to the instrumentation layout.

where e is the polarization vector of scattering light, e; is the polarization vector of incident light, @ is
the Raman tensor. To confirm whether a phonon mode can be observed in a certain symmetry channel,
the Raman intensity should be calculated according to Eq. 4.2. For example, if we set the XX channel,
the polarizations of both incident light and scattered light are parallel to the x-axis. Then, the Raman

intensity of the XX channel for A, mode is read as:

a 0 0 1
PX~11 0 0010 a 0|=|o0|?P=d° (4.3)
0 0 b 0

This means that the A;, mode is observable in the XX channel. Based on this principle, XX and XY
channels are listed in Tab. 2.
Figure 4.9 shows the comparison of the Raman spectra of 1T-TaSe, with different polarization directions

of XX and XY in the temperature range of 25K to 40K as stated. In the absence of lattice distortion,
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Table 4.2: Symmetry channels and the related Raman modes in 1T-TaSe,

Symmetry channels Polarization orientation e;* Raman modes
XY t, (r 0 0 (0 0) Erg
XX = (r 0 0) (1 0 0 A+ Eo,

Intensity (counts)

il

71

40K/
35K

o]

25

1T-TaSe, xx—

96

\
177(E,,)
40K

35

30

25K

1T-TaSe, xy4 ||

i

0 50 100 150 200 250 3000 50 100 150 200 250 300

Raman shift (cm™)

Figure 4.9: The Raman spectra of 1T-TaSe, with different polarizations in the temperature range of 25K to 40K.

the Raman spectra of 1T-TaSe, in XX channel should consist of a pair of peaks with A, and Ej,

symmetry. According to the literature, these peaks should occur between 150-250 cm™!. We identify

the Raman lines between 150-250 cm™! as either arising from the normal Raman-active phonons of

1T-TaSe;, or new Raman-active phonons due to the collapse of the optical-phonon dispersion curves in

the presence of a commensurate superlattice [15]. In the studied temperature range, these peaks should

shift in frequency with increasing temperature. The peak at ~ 187 cm™! can be assigned as A ¢» While

the peak at ~ 177 cm™! is Eo, symmetry. The ~ 154 cm~! Raman peak maybe originates from the

zone-folded phonons in the C-CDW phase of 1T-TaSe; [36].

In addition, the other two Raman peaks are located near 210 cm~!and 230 cm™!, but there is uncertainty
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concerning whether these belong to the E, or Aj, symmetry.

In the polarization direction of XY, the peak of A, 187 cm~! should not occur, but is nonetheless
observable. One possible reason is that when the sample was mounted, the a-axis of the sample was
not strictly parallel to the x-axis of the system, therefore all the Raman components belonging to
other polarization directions would appear. Another reason is potentially the parabolic mirror in the
system which may have caused some rotation of the polarization. As the light reflected by the sample
incidents at different angle with respect to the parabolic mirror and is re-reflected differently , the
polarization of the scattered light was changed. Thus the collected scattered light has a contribution of
different polarization. Furthermore, the aluminium coating of the parabolic mirror may cause a phase
shift between the incident and reflected light, producing elliptical polarization light rather than linear
polarization on the sample [26].

Figure 4.10 shows the Raman spectra of 1T-TaSe; in the temperature range of 20K to 295K. As the
temperature increased, the peaks shifted towards left and the phonon lines got broader.

To further analyze the data, we fit the Raman peaks using curve fitting. Typically, phonon peaks can

be fitted with a Lorentz function as follows:

ao

y= [1+(
Tan a

)] (4.4)

where ag is the amplitude of the peak, a; is the center of the peak, a, is the width of the peak(a; > 0).
However, if there exists electron-phonon coupling in the sample, the peak becomes asymmetric. In
such cases, a Fano function should be used, as shown below,
X—aj )2

az

T+ 5oy

ao(a3 +

y= (4.5)

where a( is the amplitude of the peak, a; is the center of the peak, a, is the width of the peak(a; > 0),
and a3 is the asymmetry factor [39].

The Voigt function, which is a Lorentz function convoluted by a Gaussian, was chosen to fit the Raman
peaks in our experiments and based on the fitting results, the temperature-dependent locations of the
peaks and FWHM were determined.

The fitting result is shown in Fig.4.11. First of all, we can clearly see that the phonon energy gradually
increases as the temperature decreases. For some phonons, the energy shift is relatively large, e.g.,

P1, but for high-energy phonons, the dependence of phonon energy on temperature is not immediately
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obvious. This is due to the fact that phonons of different energies have different Gruneisen constants
and different phonon coupling coefficients, which determine the energy shift of phonons at different
temperature [40].

From the fitting curves, it is evident that the line-width of the phonon tends to decrease gradually as the
temperature lowers. This is attributed to the lattice contraction described by the constant Gruneisen
parameter and anharmonic decay in other phonon modes [40], but for P1 it is an anomaly. One
possible reason for this is that because of low Raman shift of P1, its energy value is close to the filter’s
cut-off frequency and the filter affects the shape of the peaks, which leads to a decrease in line-width
with the rising temperature. For the other peaks, especially PS and P6, their linear relationship is
difficult to discern. The reason for this is that perhaps there was too much interference while taking the
measurement and the experimental setup was not completely isolated from the external light sources,

which may have lead to irregularities in the experiment’s results.

34



Master’s thesis 4 MEASUREMENT

1T-TaSe, xx 3] 1T-TaSe, xyT_)

Intensity (counts)

0 50 100 150 200 2500 50 100 150 200 250
Raman shift (cm™)

Figure 4.10: The Raman spectra of 1T-TaSe;. The experiment was started at the temperature of 20K and
measurements were carried out with every 5K increase until the temperature of the system reached 295K. The

wavelength of the laser light is 531.9 nm.
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Figure 4.11: Curve fitting result of six Raman peaks in the XX channel. The left axis represents the peak
frequency and the right axis represents the line width. The six peaks are labelled as P1 to P6 with the increasing

Raman shift, respectively.
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S The upgrade and mounting of the TERS set-up

In this chapter, an upgrade of the TERS system during the research phase based on the original TERS
equipment is introduced. During the last three months of the research phase, a small team (Dr. Ge He,
Leander Peis and Minghao Zhang) worked on the disassembly of the old system and the integration
and installation of a new one. By the end of the project, the equipment was mostly installed, but was
still in the process of being tested, therefore there was insufficient time to record measurements using
the new TERS system. However, the advantages and improvements brought by the new assembly are

still evident.

5.1 The new design and mounting process of TERS set-up

TERS technology has been developed for over twenty years, and there are many applications of it in
the analysis of molecular structures, chemical reactions, and more. When a beam of light is focused
on the tip, a surface plasma is induced at the apex, creating a strong near field between the tip and the
sample surface, therefore the Raman response could be significantly enhanced at this local point. In the
previous system, ultra-high vacuum was hard to attain and the tip and sample could not be prepared and
transferred in situ, which made the experiments not only more unstable, but difficult to reproduce and
time consuming. In addition, when taking TERS measurements, the Ag tip is always recommended to
be utilized during the experiment in order to have a strong enhancement eftect. However, silver is very
easily oxidized in air, which can cause degradation. Therefore, it is necessary to prepare the tips under
ultra-high vacuum conditions. Furthermore, an additional chamber for sample cleaning, annealing and
cleavage is also required for a better performance of the system. These functions are typically used in
the standard STM set-up but their complete integration will greatly improve the TERS measurements.

The schematic of the new system is depicted in Fig.5.1, where, in addition to the components of the old
set-up, two new chambers were introduced for the in situ preparation. The load lock chamber was for

the insertion of sample and tip. In the preparation chamber, a custom made heater and an ion gun for
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Figure 5.1: The sketch of the new TERS system. The TERS chamber is located in the middle of the system. The
preparation chamber,load lock chamber and sample/tip transfer arm are connected to the right side of the TERS
chamber sequentially. The ion pump and turbo pump are connected to the back and left side of TERS chamber,

respectively. The spectrometer is mounted in the corner of the table.

sample annealing and cleaning were installed. For experimental procedures, the sample or tip is first
placed in the load lock chamber and then transferred into the preparation chamber by using the sample
transfer arm, whereupon the tip or sample is transferred into the TERS chamber when the preparation
process is complete. A closer sketch of the sample/tip transfer system is shown in Fig.5.2. In addition,
the TERS chamber and radiation shield were redesigned as well to match the new pumps and sample
transfer mechanism.

Before starting the instrument upgrade, the old instrument is demounted. The process of the disassembly
of the components was quite fast. Fig.5.3 shows the practical disassembly process during the research
phase. The optics, the spectrometer and old TERS chamber were removed sequentially.

During the installation, the vacuum system was firstly upgraded. To begin with, the chambers were
installed, into which the pump and tubes were connected, followed by the transfer arm and wobble

stick. Then, the sample transfer mechanism was tested under ambient conditions before the entire unit
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Figure 5.2: The sketch of sample/tip transfer system

was pumped and a leak test was carried out. Finally, the system was baked to a temperature of 80 °C
for three days to remove adsorbates on the surface of the vacuum chamber.

After the above components have been mounted, the custom-made heater and Ar ion gun were installed.
Fig.5.4 shows the photo of the annealing process with the custom built heater and the ion bombarding
process with the Ar ion gun. One of the most important aspects of the new design is the in situ
preparation and placement of samples and tips in the preparation chamber. This new design significantly
improves the cleanliness of the samples and tips by isolating them from sources of contamination (e.g.,
air from outside the system.

Remote control of the machine is important, for which a Labview program was developed to help
control the sample temperature, and monitor the Helium level in the cryostat and the vacuum in
different chambers.

The photo of the Lab before the end of the master thesis can be seen in Fig. 5.5.

5.2 Tests on the new set-up

After UHV conditions were achieved, the annealing test was carried out in order to demonstrate that
the built-in heater was and is capable of providing enough thermal energy without contaminating
the chamber. During the test, the sample holder reached a glowing appearance, indicating that the

temperature exceeded 500°C under these conditions, which is normally effective for the annealing. The
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Figure 5.3: Photo of the disassembly process

ion gun was then aligned to the sample surface in preparation for the ion bombardment of the sample.
In order to check that the ion gun works properly, gold-film was used for the test. After approximately
30 minutes of ion bombardment, it was observed that a portion of the gold was removed, proving that
our installation was successful.

Low temperature testing was performed in the last step and after refilling LHe in the system the pressure
of the chamber dropped to 9.72 x 10~'! mbar, which is considered as sufficient UHV for experiments
herein. The lowest pressure recorded before the upgrade was 1 x 10™8 mbar. In addition, the base
temperature, as a contrast to that used in the previous 1T-TaSe, Raman measurements, was lowered to

13K. The duration time of the cooling after filling LHe was also reduced, from 8h to 3h.
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Figure 5.4: Schematic of the annealing process with the custom built heater and the ion bombarding process

with an Ar ion gun.
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Figure 5.5: The photo of the experimental setup after augmentation.
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6 Summary

This thesis investigates the various physical properties of 1T-TaSe, through the use of both STM
and Raman measurements. STM provides an atomic-level resolution and can clearly demonstrate the
topography and information on the electronic density of states on the surface of 1T-TaSe, under CDW
distortion. With the help of Raman spectroscopy, the characteristic spectral features of 1T-TaSe, can
be obtained. By combining the two techniques, topographic and spectroscopic information and single-
and two-particle properties are obtained simultaneously. If tip-enhanced Raman spectroscopy (TERS)
can be used, the resolution of ordered domains may become possible.

Extensive Raman measurements of 1T-TaSe, were carried out and phonon lines were obtained in the XX
and XY polarization configurations from low (20K) to room temperature (295K). For XX polarisation,

1

phonon Raman peaks in the range of 150 cm™! to 250 cm™! were observed, as well as lines from

phonons with Raman shifts of less than 100 cm™!.

For XY configuration, no peaks different from
those XX polarization were observed. One possible reason for this was that the photon polarization
was changed by the parabolic mirror.

For the STM experiment on 1T-TaSe;, the expected resolution could not be obtained and no superlattice
structure was seen. Presumably, the contamination with adsorbates reduced the expected resolution
since neither the sample nor the scanning tip could be handled in situ.

To overcome these issues, the experimental equipment was upgraded during the thesis work. Two new
chambers were introduced into the system for the in-situ preparation and the TERS chamber was also
modified. These augmentations allowed the samples to be cleaved and annealed within the system and
transferring them without breaking the vacuum.

Vacuum and tests at low temperature were carried out on the new equipment, and the vacuum level
that could be achieved was decreased by almost two orders of magnitude compared to the machine

before upgrading. The minimal pressure was observed to be 9.72 x 10~!! mbar. For time limitations

it was not possible to redo the experiments under UHV conditions. Nevertheless, the new equipment
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is expected to facilitate better resolutions and stability.
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