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Abstract 

Scanning Tunneling Microscope Investigation on the Atomistic 

and Electronic Structures of Two-Dimensional Materials 

Trinh Thi Ly, Ph.D. 

The University of Ulsan at Ulsan, 2021 

Supervisor: Professor Jungdae Kim  

  

Two dimensional (2D) materials have been taking much attention from researchers 

due to their promising characteristic for making devices. The 2D van der Waals (vdW) 

layered materials can be fabricated by a simple mechanical exfoliation from the bulk because 

of weak vdW coupling. In the 2D limit where electrons can only move freely in the plane 

perpendicular to the direction of confinement, the contribution on physical properties of the 

material surface becomes dominant, leading to demand for understanding the surface 

structure. For this reason, we use scanning tunneling microscopy (STM) to directly observe 

the surface structure at the atomic level of some materials such as layered vdW crystals 

(SnSe, SnSe1-xSx, Fe5-xGeTe2), monolayer transition-metal dichalcogenides (TMDs) (VSe2 

and ReSe2) on bilayer graphene (BLG), and ultrathin Cu2O films.  

In this thesis, a brief introduction to 2D materials and scanning tunneling 

microscope are shown in chapter 1 and 2, respectively. In chapter 3, we figure out the origin 

of p-type electrical characteristic in SnSe and the alloying behavior of SnSe1-xSx which are 

helpful for the optimization of thermoelectric properties of SnSe-based materials. Moreover, 
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we find that the non-centrosymmetricity originated from √3×√3 orderings of the Fe(1) - Ge 

pair resulting in helical magnetism in Fe5-xGeTe2, which is included in chapter 4. Following 

that, STM results regarding the charge density wave in monolayer VSe2 on BLG and the 

trapped charge structure at ReSe2-graphene interface are discussed in chapter 5. Finally, 

chapter 6 is intended for the surface structure and the origin of hole source in ultrathin Cu2O 

films. 
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Chapter 1  

Overview of two-dimensional materials 

 Two-dimensional (2D) materials are substances where the electron is confined in one 

direction (1D confinement) and exhibit unique physical properties. In the world of 2D 

materials shown in Fig. 1.1, we can categorize them into two types whose bulk materials are 

either non-layered materials or layered materials. The non-layered materials, in which the 

bonding between elements are all chemical, include metals (Sn, Au,…),[1,2] a metal 

chalcogenides (PbS, CuS, Cr2S3)[3–5], metal oxides (TiO2, ZnO, …),[6] etc. [7]. On the other 

hand, the layered materials are substances in which the intralayer bonds are chemical while 

the interlayer bond between two adjacent slabs is van der Waals bond, so-called layered van 

der Waals (vdWs) materials. Some categories of the layered vdWs materials are shown in 

Fig. 1.1, e.g, one component (graphite, black phosphorous),[8,9] two components 

(chalcogenides: SnSe, SnS, GaSe, InSe, etc.;[10–14] transition metal chalcogenides: MoS2, 

MoSe2, VSe2, ReSe2, etc.;[15–20] metal oxides: MoO3, etc.;[21] halides: CrX3 (X = Cl, Br, I), 

RuCl3, etc.),[22–28] and three components (FeOCl,[29] CrSiTe3,[30] FenGeTe2 (n=3,4,5),[31] 

(Fe2Ge)nFeGeTe2 (n=1, 2,3),[32] etc.). 

To fabricate a 2D material, there are two well-known strategies/approaches, namely 

bottom-up and top-down. The bottom-up approach assembles the atoms in a very thin layer 

by using both chemical vapor transport and physical vapor transport.[33–37] This method can 

be used for both non-layered materials and layered van der Waals (vdWs) materials. The 

top-down approach which was commonly applied to the layered van der Waals (vdWs) 
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materials as mechanical exfoliation,[38–47] ion exfoliation,[48,49,57,58,50,50–56] and oxidation 

exfoliation,[59–63] reducing the thickness of the bulk material to single or few atoms thick 

(typically less than 5nm). For example, graphene, MoS2 and black phosphorene can be 

synthesized from their bulk materials by using a simple scotch tape technique.  

 

After the discovery of graphene by simple mechanical exfoliation in 2004, the 

layered vdWs materials have been attracted many researchers. Graphene exhibits unique 

physical properties such as ultrahigh carrier mobility at room temperature, quantum hall 

effect, etc. Although graphene has shown great promise due to its ultrahigh electron 

mobility, its electronic application is still limited because of its absence of bandgap.[64] 

 

Figure 1.1: Overview of two-dimensional materials world and the fabrication methods. 
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Instead, the emerging 2D semiconducting materials, such as layered chalcogenides, black 

phosphorous, transition metal dichalcogenides, are good candidates because of the tunable 

bandgap with high carrier mobility.[65] Besides, some magnetic layered materials have been 

recently synthesized for the demands of making 2D magnets without killing 

ferromagnetism.[66] 

In the 2D limit, the surface structure plays a prominent role in physical properties. 

Scanning tunneling microscopy/spectroscopy (STM/S) is a powerful tool to investigate the 

surface properties of 2D materials at an atomic level. STM and STS provide the local 

electronic density of states and surface morphologies of the sample. From STM results, the 

quasi-particle band gap, defect, localized metallic, semiconducting behavior are revealed. 

This reason motivates us to investigate the atomistic and electronic structures from the 

surface of some vdWs layered materials via scanning tunneling microscopy.  
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Chapter 2  

Scanning tunneling microscope 

2.1 A back ground theory of scanning tunneling microscopy 

2.1.1 Tunneling junction in STM 
In this section, we present elementary theories of tunneling through a one-

dimensional potential barrier, which will provide us an understanding of the basic physics 

in STM. We first consider a simple problem of a free electron in an infinite square well 

potential showing in Fig. 2.1. 

 

In classical mechanics point of view, an electron in a potential U(z) is described 

 
��

�� + ᵃ�(ᵅ�) = ᵃ�. (2.1) 

where p, m, E are momentum, mass, and energy of the electron, respectively. 

 

Figure 2.1: Metal-vacuum-metal problem in classical mechanics and quantum mechanics 

point of views. 
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 In regions (I) or (III), if ᵃ� > ᵃ�(ᵅ�), the electron has a non-zero momentum ᵅ� =

�2ᵅ�(ᵃ� ᵃ�(ᵅ�)). In other hand, if ᵃ� < ᵃ�(ᵅ�) the electron cannot penetrate into region (II). 

Thus, region (II) becomes forbidden region of electron. 

However, the possibility of an electron moving from left to the right in Fig. 2.1 can 

be calculated in quantum mechanics perspective. The electron now can be treated as a 

wavefunction ᵱ�(ᵅ�) satisfying the Schrödinger equation, 

�

��
��(�)
��� + ᵃ�(ᵅ�)ᵱ�(ᵅ�) = ᵃ�ᵱ�(ᵅ�) (2.2)  

where , z, m are Planck’s constant, the position, and the electron mass. And electron is 

under a potential barrier ᵃ�(ᵅ�): 

ᵃ�(ᵅ�) =
�
�

0 ᵅ� < 0     ᵅ�ᵅ� ᵅ�ᵃ�ᵃ�ᵅ�ᵅ�ᵅ� (ᵃ�)
ᵃ�� 0 < ᵅ� < ᵅ� ᵅ�ᵅ� ᵅ�ᵃ�ᵃ�ᵅ�ᵅ�ᵅ�(ᵃ�ᵃ�)
0 ᵅ� > ᵅ�   ᵅ�ᵅ� ᵅ�ᵃ�ᵃ�ᵅ�ᵅ�ᵅ� (ᵃ�ᵃ�ᵃ�)

 (2.3) 

By solving Eq. 2.2 using Wentzel-Kramers-Brillouin (WKB) approximation with the 

corresponding potential barrier of each region in Eq. 2.3, we obtain the electron wave 

function as a traveling wave equation, 

ᵱ�(ᵅ�) =
�

�ᵱ��(ᵅ�) = ᵃ�ᵃ���� + ᵃ�ᵃ� ��� ᵅ� < 0    ᵅ�ᵅ� ᵅ�ᵃ�ᵃ�ᵅ�ᵅ�ᵅ� (ᵃ�)
ᵱ���(ᵅ�) = ᵃ��ᵃ� �� + ᵃ��ᵃ��� 0 < ᵅ� < ᵅ� ᵅ�ᵅ� ᵅ�ᵃ�ᵃ�ᵅ�ᵅ�ᵅ�(ᵃ�ᵃ�)
ᵱ����(ᵅ�) = ᵃ�ᵃ���� ᵅ� > ᵅ� ᵅ�ᵅ� ᵅ�ᵃ�ᵃ�ᵅ�ᵅ�ᵅ� (ᵃ�ᵃ�ᵃ�)  

 (2.4)  

where ᵅ� and ᵰ� are wave vector and decay constant, respectively. 

Wave vector: ᵅ� =
√

��� (2.5) 

Decay constant: ᵰ� = ���(�� �)
   (2.6) 

We also find the probability current density (j) of each region expressed in below: 

ᵅ� = �
ᵅ�� = �

� (|ᵃ�|� |ᵃ�|�) ᵅ� < 0 ᵅ�ᵅ� ᵅ�ᵃ�ᵃ�ᵅ�ᵅ�ᵅ� (ᵃ�)
ᵅ���� = �

� |ᵃ�|�         ᵅ� > ᵅ� ᵅ�ᵅ� ᵅ�ᵃ�ᵃ�ᵅ�ᵅ�ᵅ� (ᵃ�ᵃ�ᵃ�)
 (2.7) 

The transmission (T) and reflection (R) coefficients can be defined as 
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Transmission coefficient: ᵃ� = ����� 

Reflection coefficient: ᵃ� = |��|� 

From the boundary conditions, we can find the ratios of A, B and C based on the continuity 

properties of wave function and its derivative. 

ᵱ��(0) = ᵱ���(0), and �
�� ᵱ��(0) =  �

�� ᵱ���(0) at z = 0 

ᵱ���(ᵅ�) = ᵱ����(ᵅ�), �
�� ᵱ���(ᵅ�) = �

�� ᵱ����(ᵅ�) at z = w  (2.8) 

Therefore, the transmission and reflection coefficients can be calculated.  

ᵃ� = ����� = �����

(�� ��)�������+������������      (2.9) 

ᵃ� = |��|� = (��+��)�������
(�� ��)�������+������������       (2.10) 

To apply this elementary model of tunneling problem to an STM configuration, two 

metal plates are now the sample and the tip. The work function (�) is well known as the 

energy amount required for an electron exciting from Fermi level (EF) to vacuum level. By 

assuming that the work function of tip is the same as work function of sample, tunneling 

current is not available with zero voltage applied between the junctions. Therefore, a bias 

voltage applied to one of electrodes is necessary to have tunneling current. An example of 

tunneling junction with a negative bias (V) applied to the sample is illustrated in Fig. 2.2. In 

this case, the tunneling current flows from sample to the tip with a given bias eV.  
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As described in Fig. 2.2, an electron state ᵱ�� has energy En (EF - eV < En < EF).  If 

eV <<  ᵱ�, all electrons close to the Fermi level the EF (yellow color) are expected to tunnel 

from sample to tip.2  

From the relations: 

ᵃ�� = ᵃ�� ᵃ�
eV ≪  ᵱ� => ᵃ��~ᵱ�� => ᵱ� = ᵃ�� ᵃ�  (2.11) 

The decay constant in Eq. 2.6 can be rewritten as, 

 ᵰ� =
√

���  (2.12) 

The decay constant ᵰ� indicates that electron wave function is damped in region II (0 < z < 

w). Hence, the probability of an electron found at the position z is proportional to the square 

of the wave function, 

ᵅ� ∝ |ᵱ��(0)|�ᵃ� ��� (2.13) 

Tunneling current is summation of all electron states allowed within energy regime (yellow 

color in the Fig. 2.2),2  

ᵃ� ∝ � ∑ |ᵱ��(0)|��
� � ᵃ� ���        (2.14) 

 

Figure 2.2: A simple tunneling junction model (one-dimensional case) for STM with a 

negative bias (V) applied to the sample. 
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Likewise, the sample’s local density of states (LDOS) in given interval  near energy E can 

be defined as  

ᵰ�(ᵅ�, ᵃ�) = � ∑ |ᵱ��(ᵅ�)|��
� �    , ᵰ�(0,ᵃ�) = � ∑ |ᵱ��(0)|��

� �  (2.15) 

Where ᵰ�(0, ᵃ�� ) is the LDOS near EF in the sample. The tunneling current is, thus, 

expressed below: 

ᵃ� ∝ ᵃ�ᵰ�(0, ᵃ�� ) ᵃ� ���  (2.16) 

Eq. 1.16 tells that LDOS of sample near EF can be measured by changing applied bias 

voltage (V) to the junction and measuring the tunneling current (I). In general, the STM 

images include both surface morphology and LDOS of sample. For this reason, STM 

measurements can provide very insight information of sample surface.  

2.1.2 The Bardeen’s approach to tunneling current 

The previous section is the simplification of tunneling problem which allows to use 

single electron wave function. However, such description does not consider the effects of 

multiple electrons to tunneling current. An approximation method provided by John Bardeen 

can approach to more realistic system. In this method, the tunneling process is treated due to 

transitions from single particle states locating on one side of the vacuum barrier into states 

on the other side. In STM configuration, two sides of vacuum barrier can be understood as 

tip and sample.  
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As illustrated in Fig. 2.3, the tunneling current is originated by overlapping of two 

electron wave functions for sample (ᵱ�) and tip (ᵱ�). In Bardeen’s approach, Schrödinger 

equation is first solved using time dependent perturbation theory. Bardeen’s approximation 

produces reliable results for systems which are well separated, i.e., systems where the 

overlap of the two wave-functions (χ) and (ψ) is small.[67]  

To evaluate tunneling matrix element, some additional approximation is introduced 

in Bardeen’ approach. It is assumed that the potential US to be zero in the tip region and UT 

should be zero in the sample region. Furthermore, in vacuum region, the potential US and UT 

differ from zero. Because of this assumption, Bardeen’s approximation becomes better for 

tunneling processes through a wider barrier, or a larger tip-sample distances.  

Accordingly, the tunneling matrix element in one-dimensional form can be 

determined by integration over surface between the tip and sample, 

ᵃ� = �

�� ∫ (ᵱ� ∇ᵱ� ᵱ�∇ᵱ� ). ᵃ�ᵆ�
∑

            (2.17) 

Furthermore, the rate of electron transfer across the barrier, or probability of the transition 

of an electron from sample state into a tip state is expressed by Fermi’s Golden Rule, 

 

Figure 2.3: Bardeen’s approach to tunneling current. Tunneling current is originated by 

overlapping of two electron wave functions for sample (ᵱ�) and tip (ᵱ�).  
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ᵅ��→� = �� |ᵃ�|�ᵯ�(ᵃ�� ᵃ��)            (2.18)   

The present of ᵯ�(ᵃ�� ᵃ��) implies that elastic tunneling from sample state (ᵱ�) into a tip 

state (ᵱ�) is accounted with ᵃ�� = ᵃ�� only. 

In addition, the Fermi distribution function can be used to describe the probability of an 

electron occupied in an energy state (E),  

ᵃ�(ᵃ�) = �
�+�(� ��)/��� .  (2.19) 

As mentioned in previous section, a bias voltage (V) is applied to the sample in STM 

configuration. Summing over all relevant states including sample states (ᵱ�) and tip states 

(ᵱ�) gives the tunneling current. 

ᵃ� = ��� ∫ [ᵃ�(ᵃ�� ᵃ�ᵃ� + ) ᵃ�(ᵃ�� + )]ᵰ��(ᵃ�� ᵃ�ᵃ� + )ᵰ�� (ᵃ�� + )|ᵃ�|�ᵃ�+�
�

 (2.20)  

ᵰ��   are the densities of states (DOS) of sample and ᵰ��  is DOS of the tip. 

It should be noted that the Fermi distribution can be used at any finite temperature because 

the states near the Fermi energy significantly contribute to the tunneling current. In the case 

of very low temperature; i.e, ᵅ��ᵃ�  can be smaller than resolution of energy required in the 

experiment, the step function can be used instead of Fermi distribution function.[67] The 

tunneling current, therefore, becomes: 

ᵃ� = ��� ∫ ᵰ��(ᵃ�� ᵃ�ᵃ� + )ᵰ�� (ᵃ�� + )|ᵃ�|�ᵃ���
�

 (2.21)  

From Eq. 2.21, to calculate tunneling current, the tunneling matrix elements (ᵃ� ) also need 

to be evaluated. 

2.1.3 Tunneling matrix 

Bardeen’s tunneling theory have been presented in section 2.1.2 to understand the 
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essential physics of STM. Another application of this approach is the evaluation of the 

tunneling matrix elements, recalled:  

ᵃ� = �

�� ∫ (ᵱ� ∇ᵱ� ᵱ�∇ᵱ� ). ᵃ�ᵆ�
∑

  (2.17) 

Bardeen’s matrix element is the interaction energy due to the overlap of the two 

unperturbed states and has the dimension of energy. Furthermore, this tunneling matrix is 

dominantly affected by the force between the tip and the sample under normal STM 

operating conditions. Therefore, an explicit form of tunneling matrix elements is important 

in the quantitative understanding of STM. 

Evaluating the tunneling matrix elements with respect to STM has been investigated 

by many authors.[67] However, the commonly used methods are introduced by Tersoff-

Hamann and Julian Chen which will be discussed below. 

The previous sections lead two important points of tunneling current. First, from Eq. 

2.16, the wave-function decays exponentially into the vacuum so that only the orbitals 

localized at this outermost tip atom will be dominantly contributed to tunneling process. 

Second, the tunneling current depends on the overlap of the wave-functions of the tip and 

the sample as described in Eq. 2.17. Accordingly, Tersoff-Hamann’s model suggests that 

only the outermost atom at the apex tip, which has a s-wave form, affects to tunneling current. 

Based on this method, the Bardeen’s tunneling matrix can be calculated: 

ᵃ� = ��� �

�� ᵱ�(ᵆ��) (2.22)  

The tunneling current, therefore, becomes. 

ᵃ� ∝ ∫ [ᵃ�( ) ᵃ�( + ᵃ�ᵃ� )]ᵰ��( , ᵆ��)ᵰ�� ( + ᵃ�ᵃ� )|ᵃ�|�ᵃ�+�
�

 (21.23)   

 ᵰ�� ( + ᵃ�ᵃ� ) is assumed to be constant while ᵰ��( , ᵆ��) can be written as, 

ᵰ��( , ᵆ��) = ∑|ᵱ�(ᵆ��)|�ᵯ�(ᵰ� ᵃ�ᵃ� ) (2.24)  
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ᵰ��( , ᵆ��) is donated for local density of state of the sample at tip apex (ᵆ��) which is the basic 

quantity for STM imaging.  

Although this method is usually successful in explanation of STM images, but it fails 

in some cases. For examples, it cannot explain the atomic resolution observed in closed 

packed metal surface. Another problem is that the decay-constants for the wave-functions of 

the tip and the sample are different with the high voltage bias ranges. Furthermore, even 

Bardeen’s approximation does not hold for larger voltages because the basic assumption of 

the separation of the potentials is in a way that the tip potential is zero in the sample region 

and vice versa. Thus, this model can only be trusted for low bias voltages below 1V. 

Although Tersoff-Hamann model provides very simple way to calculate the 

tunneling matrix and elucidation of STM topography, the restriction of s-like tip orbitals 

makes this model fail in some cases. This is because the tip states can be changed by scanning 

conditions so that other tip states should be considered as well. For this purpose, Julian Chen 

proposed a method to extend the Tersoff-Hamann model for a few different tip states to 

obtain the different tunneling matrixes in the table 2.1. 
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Chen’s method can solve some remained issues of Tersoff-Hamann’s method because it can 

cover most of the cases related tip’s effect to tunneling current. In addition, this method also 

strongly proves the role of tip state in appetence of STM images. Hence, this method can 

approach to more realistic STM measurements. The very important achievement of Chen’s 

method is the atomic corrugation amplitude in STM images. With different orbital 

wavefunction of tip (tip states), the different formulars of corrugation amplitude are obtained, 

as shown in table 2.2. 

 

Table 2.1: Tunneling matrixes of different tip states. 
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From the table in table 2.2, the STM topography might look different with different 

tip states. For example, sample surface with the outermost atoms in ᵅ�� states are imaging by 

different tip states; i.e, ᵃ��� ��-state and ᵃ���  -state. Using formular 2 and 8 in Table 2.2, we 

can simply tell the atomic corrugation is increased with ᵃ���  -tip state, as illustrated in Fig. 

2.4. 

 

Table 2.2: Formulars of corrugation amplitude depending on different tip states. 
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We sometime obtained different feature of STM topography images for the same 

surface with the same scanning conditions (bias, setpoint). For example, the tip state effect 

on STM topography is presented in Appendix A. 

  

 

Figure 2.4: An example of tip states effect to atomic corrugation in STM image. Simple 

picture of the corrugation increased by a ‘sharper’ d��-wave tip orbital as compared to s orbital. 



16 

 

 

 

2.2 Scanning tunneling microscope  

Based on tunneling theory, the Scanning tunneling microscope (STM) was invented 

by Binnig and Rohrer and implemented by Binnig, Rohrer, Gerber, and Weibel.[67] STM is 

a powerful technique that can directly resolve the atomic features of the sample surface. If 

the astronomical telescope is able to speculate on landscape of planet, the STM can image 

morphology of surface at atomistic level.  

2.2.1 STM mechanism and two scanning mode 

 

To explain the operation of STM in a simplest way, a schematic including main parts 

of STM is shown in Fig. 2.5. To generate tunneling current between a metallic tip and sample, 

some conditions are needed: a bias voltage (Vs) is applied to sample, and the tip is close to 

the sample surface. The tip is brought close to the sample surface via “coarse approach” 

process. When the “coarse approach” is finished, the required tunneling current is reached 

and detected by feedback loop, the tip-sample distance (z) is within a few angstroms. The 

tip is now ready for “scanning” process. The tip motions are controlled by bias voltages 

applied to the scanner (X,Y,Z). It depends on either constant height or constant current mode, 

 

Figure 2.5: A schematic diagram of the scanning tunneling microscope. 
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the tip motions are maintaining either the tip-sample distance (z) or tunneling current, 

respectively. The tunneling signal is measured as the function of tip location (along lateral 

directions (X,Y)) and converted to voltage signal via pre-amplifier. After one scanning, a 

(n×n) matrix of tunneling signal is stored in personal computer (PC) and displayed as the 

contour plot which is so called “STM image”. The higher values of n×n, the better resolution 

of STM topography.  

To obtain STM image, the tip can be controlled by two modes: “constant height mode” 

and “constant current mode”, as shown in Fig. 2.6. In constant current mode, the tunneling 

current is maintained as a constant value by changing the tip-sample distance (z) with 

available feedback loop. The path of tip is then reflecting the sample surface information. 

On the other hand, in constant height mode, the tip-sample distance (z) is kept constantly by 

disabling feedback loop so that tunneling current is changed accordingly to corrugation of 

sample surface. 

It is noted that the feedback loop is enable in constant current mode, a small-time 

delay is needed. For this reason, the slower and safer scanning is preferred in constant current 

mode than in constant height mode.  To avoid crashing of tip, constant current mode is 

usually used in the unknown surfaces.  
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2.2.2 Scanning tunneling spectroscopy 

From Eq. 2.20, if the DOS of tip (ᵰ�� ) and the tunneling matrix (M) are constants for 

the considered energy ranges, the tunneling current becomes  

ᵃ� ∝ ��� ∫ ᵰ��(ᵃ�� ᵃ�ᵃ� + )ᵃ���
�

. (2.25)  

Furthermore, the differential tunneling conductance dI/dV provides the sample’s 

DOS: 

��
�� ∝ ᵰ��(ᵃ�� ᵃ�ᵃ� ) (2.26)  

Eq. 2.26 tells that we can investigate electronic properties of sample surface using 

STM. This measurement is called scanning tunneling spectroscopy (STS), will explain right 

below. 

  

 

Figure 2.6:  Two operation modes for STM. (a) current constant and (b) height constant.  
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One example of STM tunneling process is shown in Fig. 2.7. We first need to 

understand I-V spectroscopy measurement which is the most popular one. Before measuring 

the I-V spectrum, we must disable the feedback loop to fix the tip-sample distance (�) and 

then the tunneling current is recorded while sweeping sample bias. Using the Wentzel-

Kramers-Brillouin (WKB)approximation method, the tunneling current can be expressed 

with independent position,  

ᵃ�(ᵃ� ,w) = ∫ ᵰ��(ᵃ�� + ᵃ�ᵃ� )ᵰ�� (ᵃ�� )exp � 2w���
� ���+�� ��

� + � � ᵃ���
�

.

 (2.27) 

Assuming that tip’s density of state is constant, 

ᵃ�(ᵃ� , w) ∝ ∫ ᵰ��(ᵃ�� + ᵃ�ᵃ� )exp � 2w���
� ���+�� ��

� + � � ᵃ���
�

  (2.28) 

If ᵰ��  is faster changing than the exponential function, then the dI/dV term will 

become: 

��
�� ∝ ᵰ��(ᵃ�� + ᵃ�ᵃ� )exp � 2w���

� ���+�� ��
� � �. (2.29) 

Thus, the local density of states (LDOS) of a sample can be extracted from the 

numerical derivative of an I-V spectrum (dI/dV).  

 

Figure 2.7: The STM tunneling process with positive bias voltage applied to sample. 
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2.2.3 Measure dI/dV using lock-in amplifier 

 

In technical, we can directly measure the LDOS of sample by lock-in amplifier. STM 

spectroscopy become more powerful with help of the lock-in amplifier, e.g, we can obtain 

both topography image together with mapping of LDOS in real space at a given bias at the 

same time.  

To measure DOS, the lock-in amplifier adds a small sinusoidal voltage modulation 

(ᵃ���� = ᵃ��sin (ᵱ��ᵅ�) with ᵃ�� is set to about 1% to 10% with respect to the total bias voltage 

sweep range which is defined as the difference between the initial value and final value of 

measuring bias voltages. This modulation signal causes a sinusoidal form in tunneling signal. 

The slop of I/V curve corresponds to modulated current amplitude. 

The measured tunneling signal (ᵃ�� ) is combined of real and noise signals. For 

 

Figure 2.8: dI/dV measurement using lock-in amplifier in STM. (a) A schematic of 

experimental set up. (b) I/V curve is obtained together with (c) dI/dV curve from output of lock-

in amplifier.  
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convenience, this tunneling signal is converted to voltage signal (ᵃ������
� ) by preamplifier 

before inputting data into lock-in amplifier: 

ᵃ������
� = ᵃ����

� (ᵅ�) + ᵃ���
� + ᵃ������

� (ᵅ�) (2.30) 

With, ᵃ����
� (ᵅ�) = ᵃ����

� sin�ᵱ��ᵅ� + ᵰ�����  is the voltage signal affected by small 

sinusoidal voltage modulation; ᵃ���
� is time independent and affected by setpoint of tunneling 

currents; and ᵃ������
� (ᵅ�) = ᵃ��

�sin(ᵱ��ᵅ� + ᵰ��) is voltage signal of system noise background 

conditions. The output signal of lock-in amplifier is obtained after multiplying ᵃ������
�  signal 

with ᵃ���� = ᵃ��sin (ᵱ��ᵅ� + ᵰ����): 

ᵃ������� = ᵃ����(ᵅ�)ᵃ����
� (ᵅ�) + ᵃ����(ᵅ�)ᵃ��� + ᵃ����(ᵅ�)ᵃ������(ᵅ�) 

= ᵃ�� ᵃ����sin�ᵱ��ᵅ� + ᵰ����� sin�ᵱ��ᵅ� + ᵰ����� + ᵃ����(ᵅ�)ᵃ��� + ᵃ��ᵃ�� sin�ᵱ��ᵅ� + ᵰ����� sin(ᵱ��ᵅ� + ᵰ��) 

= �
� ᵃ��ᵃ���� cos�ᵰ���� ᵰ����� �

� ᵃ��ᵃ���� cos�[ᵱ�� + ᵱ��]ᵅ� + ᵰ���� + ᵰ����� + ᵃ����(ᵅ�)ᵃ��� +
�
� ᵃ��ᵃ�� cos�[ᵱ�� ᵱ��]ᵅ� + ᵰ���� ᵰ��� �

� ᵃ��ᵃ�� cos�[ᵱ�� + ᵱ��]ᵅ� + ᵰ���� + ᵰ��� (2.31) 

The ᵃ������� signal is filtered to remove terms depending on time, Eq. 2.31 remains 

only the first one: 

ᵃ��������� = �
� ᵃ��ᵃ���� cos�ᵰ���� ᵰ����� (2.32) 

ᵰ���� and ᵰ����  are the phases of the measurement and reference signals. The ᵰ����

ᵰ����  value is adjusted for cos�ᵰ���� ᵰ����� = 1, so-called “phase matching” process.  

It should be noted that if the chosen modulation frequency is equal to noise frequency 

in the system (ᵱ�� = ᵱ��), the signal ᵃ������� after removing time dependent term will include 

the noise term. 

ᵃ��������� = �
� ᵃ��ᵃ���� cos�ᵰ���� ᵰ����� + �

� ᵃ��ᵃ�� cos�ᵰ���� ᵰ���.  (2.33) 

The second term in Eq. 2.32 is affected by noise signal. For this reason, we must 

properly choose the reference frequency frequencies should be satisfy two conditions, i.e, 

the reference frequency should be smaller than the current amplifier bandwidth and different 

from prominent noise frequency (ᵱ�� ≠ ᵱ��), which can be checked in the noise spectrum 

analyzer. If reference frequency ᵱ�� is properly selected, we can significantly improve the 



22 

 

 

 

signal quality by lock-in amplifier. The measured signal in Eq. 2.32 is the expected signals 

of ��
�� . A schematic of experimental set up for dI/dV measurement using lock-in amplifier is 

shown in Fig. 2.8. 
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2.2.4 Overview of home built low temperature STM  

In this section, an overview of home built low temperature STM based Professor 

Kim’s design is presented in Fig. 2.9.[68] Sample and tip are first transferred into load lock 

(1) and turbo (2) and rotary pumps (3) start running. After the load lock reaches a high 

vacuum of ~10-9 Torr (usually after 2 hours depending on the volume space of load-lock), 

we can open the gate valve (4) and move the sample and tip into working space (5) where is 

always under ultra high vacuum (UHV) chamber. In UHV conditions, pressure of 

10���~ 10��� Torr is maintained by ion pump (6) and cryostat system (7). Tip cleaning 

process is done at annealing stage (8). The sample surface treatment is decided based on 

sample characteristic. After cleaning processes, sample and tip are moved into STM head (9) 

for STM measurements. The STM head is kept at 79 K by liquid nitrogen in the cryostat 

system (7). All wires connect between STM head and R9 controller via feedthroughs (10). 

 

  

 

Figure 2.9: A low temperature home built STM system. (a) A picture of low temperature 

home built STM system. (b) A schematic of the STM chamber. 
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2.2.5 STM head pan type  

The STM head is the most important part in STM system. In our STM system, we 

use STM head Pan type which is shown in Fig. 2.10. The Pan type head is one of the most 

widely used designs, especially in LT-STM, and the details of main parts were explained in 

Professor Kim’s thesis.[69]  

 

  

 

Figure 2.10: Pan type STM head. (a-b) Schematic of Pan type STM head: 1. Macor body, 2. 

STM tip, 3. Shear piezo stacks glued on the macor body, 4. Piezo tube scanner, 5. Sapphire 

prism which holds the scanner and tip, 6. Stainless steel spring plate, 7. Sapphire (or ruby) ball, 

8. Macor plate, 9. Sample, 10. Sample stage. (c) The pictures of a Pan type STM head with the 

main parts. 



25 

 

 

 

Chapter 3 

Layered chalcogenide materials: SnSe, SnSe1-xSx 

Layered chalcogenide materials (LCMs) have been intensively studied due to their 

versatile physical properties when prepared in thicknesses of a few monolayers. Weak van 

der Waals coupling between layers allows simple mechanical exfoliation as a method to 

fabricate two-dimensional LCMs.[70] 

SnSe is a layered chalcogenide material (LCM) with ultra-high thermoelectric 

performance.  Zhao et al. reported that SnSe single crystals showed a maximum ZT 

(thermoelectric figure of merit = S2T/ value of 2.6 at 923 K, where S,  T are Seebeck 

coefficient,  electrical conductivity, thermal conductivity, and the absolute temperature, 

respectively.[71,72] The ZT value is, therefore, very sensitive to carrier concentration and 

thermal conductivity. SnSe always exhibits p-type semiconducting behavior. To control the 

carrier concentration in SnSe by doping, the source of p-type characteristic in SnSe need to 

be understood. Besides, the higher ZT value is attributed to the lower of SnSe.[73–75] Thus, 

SnSe1-xSx alloys are considered to be a plausible candidate to further enhance the 

thermoelectric properties of SnSe since the phonon scattering from foreign S atoms can 

further lower the thermal conductivity.[76–82] SnSe1-xSx alloying, however, could also affect 

the electrical conductivity resulting in reduction of the ZT value. Therefore, it is very 

important to understand the alloying behavior in SnSe1-xSx at the atomic scale in order to 

design the optimal alloy composition without compromising other properties.  
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In this chapter, low temperature scanning tunneling microscope (LT-STM) 

measurements are used to directly probe the surface structures of SnSe and SnSe1-xSx alloys 

at atomic level. From STM results, origin of p-type characteristic in SnSe, and the alloying 

behavior of SnSe1-xSx are figured out in details. All STM results are confirmed by DFT 

calculation and the details are discussed in published works.[83,84] 

3.1 Structure of SnSe(S) 

Both SnSe and SnS have a layered materials with orthorhombic structure (space 

group #62 at room temperature), as shown in Fig. 3.2a. Each layer is formed by strong 

covalent bonding between Se (S) and Sn atoms and consists of two-atom-thick structures on 

the bc- plane, and weak van der Waals forces hold these layers together along the a-axis. It 

should be noted that Se (S) and Sn atoms are connected in a zigzag fashion along the bc-

plane, as shown in Fig. 3.2b. The structure of SnSe(S) is identical to that of black phosphorus 

with the exception that Sn atoms are slightly buckled upward in the a-direction.[85] DFT 

calculations showed that the lattice parameters of SnSe were about a = 11.90 Å, b = 4.24 Å, 

c = 4.46 Å and the SnS lattice constants were estimated to be about a = 11.58 Å, b = 4.06 Å, 

c = 4.33 Å. These values are similar to experimentally reported ones within about 2%.[86]  
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Figure 3.1: Structure information of SnSe(S). (a) A perspective view of one SnSe(S) layer. 

(b) Top view of SnSe(S), the red and blue balls represent Sn and Se(S) atoms, respectively. (c) 

The side view presents the buckling structure of the SnSe(S) layer structure.  
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3.2 Surface treatment 

Due to the weak van der Waals forces hold layers of LCMs together, the single 

crystals of SnSe and SnSe1-xSx (x = 0.2, 0.4, 0.5) samples can be easily cleaved in-situ by 

Kapton tape inside the STM chamber to obtain clean surfaces, as shown in Fig. 3.2. The 

Kapton tape was used because it has low outgassing under vacuum. This cleaning method 

can be applied for some other vdW single crystals, such as SnS, InSe, SnSe2, etc. 

 

3.3 Origin of p-type characteristic in SnSe 

Form a large scale STM image in Fig. 3.3a, the clean SnSe surface is obtained after 

in-situ cleaving process. The clear atomic images along the cleavage plane of SnSe is shown 

in Fig.3.3b,  instead of zigzag surface structures, the rectangular lattice is obtained in STM 

image.[85]  It is found that Sn atoms are only one which is resolved in STM images of SnSe 

because of its buckling compared to Se atoms. The atomic structure is overlaid in Fig. 3.3b, 

where red and blue spheres represent Sn and Se atoms. As the results, the rectangular lattice 

of Sn atoms is generally observed in STM image.[85] However, in some special case of tip 

state, Se atoms can be resolved in STM images (Appendix A). 

 

Figure 3.2: The cleaving in-situ process using Kapton tape for SnSe and SnSe1-xSx single 

crystals. 
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Figure 3.3: Surface structure of cleaving plane of SnSe. (a) The clean cleavage surface is 

obtained in STM image (3 V, 30 pA). (b) The atomic structure of SnSe along bc-plane (2 V, 50 pA). 
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After fully understand the surface structure, defect nature of SnSe is figured out via 

STM measurements. Three kind of intrinsic defects marked as A, B, and A’ are found in Fig. 

3.4a.[83] From the STM images of defect A taken at filled-state probing in the top of Fig. 

3.4b, there is an Sn atom missing in the dark position with bright contrast surrounding. This 

suggests that defect A is due to lacking an atom of Sn. Indeed, the relaxed structure model 

in Fig.3.4b (middle) and the STM image simulation (bottom) confirmed that defect A is 

assigned for single Sn vacancy (VSn). Besides, it is also found that defects of B and A’ are 

single Se vacancy (VSe) and multiple Se-Sn-Se vacancies (VSe-Sn-Se) and confirmed by DFT 

 

Figure 3.4: Defect nature of SnSe. (a) STM image of SnSe surface showing three kind of 

defect A, B, and A’. (b) STM and DFT simulation images prove that defect A is single Sn 

vacancy defect. Scanning condition for (a) and upper panel in (b) are (-2 V, 50 pA) and (-1.5 V 

and 30 pA), respectively. 
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calculations.[83] The fraction distribution of defect VSn is estimated as 81%, indicating that 

VSn is the most common defect in SnSe.[83] 

 

The electronic structure of VSn is investigated by differential conductance (dI/dV) 

measurement. The p-type characteristics is revealed in the black spectrum, obtained at the 

far from defect area of the SnSe surface, in which the Fermi level (EF) is closer to valence 

band edge than conduction band edge, as displayed in Fig. 3.5. At near VSn site marked as 

the green and pink plus in the STM image, the corresponded green and pink dI/dV spectra 

show an enhancement in DOS at filled state as compared to the black one. This indicates 

negatively charged behavior of VSn since they produce more holes to SnSe bulk sample. 

Accordingly, VSn is confirmed to be an acceptor attributing p-type properties of SnSe single 

 

Figure 3.5: Single Sn vacancy is origin of p-type characteristic in SnSe. dI/dV tunneling 

spectroscopy (the green and pink curves) measured at (the green and the pink) position 

surrounding VSn site.  The STS of VSn is directly compared with that of defect-free areas (black 

cure). The inset shows an STM image of Sn vacancy with the marked position. 
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crystals. It is reported that Bi doping n-type SnSe is due to Bi dopant kills single Sn 

vacancy.[74] This suggests that the most dominant defect (VSn) should be considered during 

synthesis SnSe materials to improve its properties for thermoelectric.[83] 

3.4 Alloying behaviors of SnSe1-xSx 

From the structural similarity of SnSe and SnS, mentioned in section 3.1, SnSe1-xSx 

alloys are considered. All our SnSe1-xSx (x = 0.2, 0.4, 0.6) single crystals (i.e., substitutional 

solid solutions of SnSe and SnS) presented a single phase of orthorhombic crystalline 

structures, well oriented along the c-axis, as shown in Fig. 3.6b. The diffraction peaks were 

shifted to the right as the S content (x) increased, as shown in Fig. 3.6c. This result indicates 

that the lattice constant of SnSe1-xSx decreased because lattice constants of SnS are smaller 

than those of SnSe. In the inset of Fig. 3.6c, the lattice constant of SnSe1-xSx along the a-axis 

changed gradually as a function of S content (x), following Vegard’s law. 
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Figure 3.6: All samples of SnSe1-xSx (x = 0.2, 0.4, 0.6) are single crystals. (a) Atomic 

relaxation model of SnSe and SnS (red and blue balls correspond to Sn and Se (or S) atoms, 

respectively). (b) XRD data of SnSe1-xSx single crystals (x = 0.2, 0.4, 0.5) on the cleavage plane. 

(c) High resolution plot of the strongest diffraction peak (400). The inset shows the change in 

lattice constants of SnSe1-xSx along the a-axis. 
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To directly probe how S atoms were distributed in SnSe1-xSx alloys at the atomic scale, 

we conducted a systematic study of solid solutions of SnSe1-xSx single crystals using a home-

built LT-STM.[68] A recent report showed that STM topographic images normally resolve 

only Sn atoms on the cleaved surfaces of SnSe due to the higher location of Sn atoms 

compared to Se atoms together with the dominant contribution of Sn 5p states in 

tunneling.[83,85] Atomic resolved STM images of SnSe and SnSe
0.8

S
0.2

 are shown in Fig. 3.7a 

and b, respectively. In Fig. 3.7a, the bright extrusions correspond to Sn atoms, and Se atoms 

are located at the dark positions. Although only Sn atoms are visible in both images, the 

SnSe0.8S0.2 surface in Fig. 3.7b presents very distinctive features compared to the SnSe 

surface. Some areas of Sn atoms exhibited much darker contrast (or suppressed intensity) 

with slightly distorted lattices in SnSe
0.8

S
0.2

. This is expected due to substituted S atoms. 
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To reveal the origin of the dark contrast more clearly, we carried out DFT 

calculations for an atomic structure containing three S atoms. As shown in Fig. 3.7c, three 

Se atoms (blue spheres) were replaced by three S atoms (yellow spheres), and then the model 

structure was fully relaxed until the forces acting on each atom were less than 10 meV/Å. 

As shown in the DFT simulation image of Fig. 3.7d, nearest neighbor Sn atoms around S 

 

Figure 3.7: DFT simulation image confirms the substituted S atoms locating at the dark 

positions. (a) STM topographic images of SnSe and (b) SnSe0.8S0.2 single crystals. The inset in 

(a) shows the atomic model of a SnSe cleavage surface where red and blue balls correspond to 

Sn and Se atoms, respectively. Tunneling conditions: (a) Vs = - 2 V, It = 50 pA and (b) Vs = - 

1.7 V, It = 80 pA. (c) Relaxed structural model of a SnSe surface with three substituted S atoms. 

Red, blue, and yellow spheres represent Sn, Se, and S atoms, respectively. (d) Simulated STM 

image for the SnSe supercell with three substituted S atoms. 
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atoms were slightly distorted. Such lattice distortions originate from the lattice parameter 

differences between SnSe and SnS. We also found that the downward arrangement of Sn 

atoms around S atoms resulted in much weaker intensity, which well reflects the dark areas 

in Fig. 3.7b. Based on the excellent agreement between the STM image and DFT simulation, 

we believe that dark localities of Sn atoms in the STM images are related to S substitution. 

STM images were also obtained for SnSe1-xSx with different S compositions. Fig. 

3.8a-c present STM topographic images taken from SnSe0.8S0.2, SnSe0.6S0.4, and SnSe0.5S0.5, 

respectively. It should be noted that the dark areas increased with increasing content of S in 

SnSe1-xSx. This again confirms that these suppressed areas in STM images were caused by 

the presence of substituted S atoms. To map these dark areas, we processed the STM images 

in Fig. 3.8a-c as follows. Fig. 3.8a was filtered through a Fourier transformation to generate 

a perfect lattice image with uniform intensity. Thereafter, we subtracted the perfect lattice 

from Fig. 3.8a to produce Fig. 3.8d; as shown, the dark areas (mapped in red) became much 

more distinctive.[87] Similarly, the dark areas in Fig. 3.8b-c are mapped in red in Fig. 3.8e-f.  
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The red areas in Fig. 3.8(d-f) indicate S substituted areas, and these are statistically 

counted in four different ranges of sizes in Fig. 3.8(g-i): < 1 nm2, 1-3 nm2, 3-5 nm2, and > 5 

nm2. The numbers in the diagrams indicate the fractional percentage of real sizes counted 

from red areas in Fig. 3.8(d-f). As S content increased, the smallest range (0-1 nm2) of red 

areas decreased, while the large ranges (3-5 nm2 and > 5 nm2) increased. This result indicates 

 

Figure 3.8: STM topography images of SnSe1-xSx (x = 0.2, 0.4, 0.5). STM topographic images 

of (a) SnSe0.8S0.2, (b) SnSe0.6S0.4, and (c) SnSe0.5S0.5. All STM images are 20 × 20 nm in size 

with (a) Vs = - 0.9 V, It = 60 pA, (b) Vs = - 1.5 V, It = 40 pA, and (c) Vs = - 2.3 V, It = 20 pA. 

The dark areas in (a-c) were mapped with a red color in (d-f) by subtracting ideal lattices with 

uniform intensity. (g-i) are pie charts showing fractional percentage of areal sizes counted from 

the red areas in (d-f). 
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important information about the alloying behavior in SnSe1-xSx single crystals, i.e., S atoms 

are not just randomly distributed, but they tend to form local clusters of SnS. 

In Fig. 3.9a, we also examined the alloying degree for S atoms and found it to be 

about 60% in SnSe1-xSx single crystals (x = 0.2, 0.4, 0.5), implying that S atoms prefer to 

neighbor with another S atom over Se atoms.[84] The calculated positive mixing energy for 

SnSe1-xSx also in Fig. 3.9b suggests that SnSe1-xSx has a tendency toward local phase 

segregation into SnSe and SnS.[84]  
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Figure 3.9: Alloy degree and mixing energy of SnSe1-xSx alloys. (a) Quantitative analysis of 

S atom distributions in SnSe1-xSx alloys. The alloying degree J for S atoms was estimated to be 

about 60%, which indicates that homo-atoms prefer to bond with one another rather than with 

hetero-atoms. (b) Mixing energies of SnSe1-xSx alloys as a function of S content. The positive 

mixing energies indicates that SnSe1-xSx has a tendency towards phase segregation into SnSe 

and SnS. 
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3.5 Summary 

Based on understanding surface structure of SnSe, the defect nature in SnSe and 

alloying behavior of SnSe1-xSx engineering in materials is studied at atomic level. Single Sn 

vacancy is an important factor need to consider during growth SnSe single crystal and it can 

be more critical for n-type doping SnSe. Besides, understanding the alloying behavior of 

crystalline SnSe1-xSx at the atomic scale will eventually help in the design of optimized 

SnSe1-xSx alloys with high thermoelectric properties.  
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Chapter 4  

Magnetic vdW Materials: Fe5-xGeTe2  

van der Waals (vdW) materials such as graphene, transition metal dichalcogenides, 

black phosphorous, etc., have made a great impact on various fields from fundamental 

science to engineering applications.[29,88,89] Weak interlayer coupling of vdW materials 

allows easy mechanical exfoliation, which is ideal to control dimensionality and stacking 

configuration. Such degrees of freedom in sample manipulations introduce new possibilities 

for exploring novel materials with tailored physical properties.[90,91] With these advantages, 

magnetic vdW materials have received extensive research attention in spintronics.[92–96] 

Compared to conventional ferromagnets, the vdW ferromagnet provides a unique 

configuration of magnetic interactions due to its quasi two-dimensional (2D) nature. The 

pair-exchange interaction is mainly established within the 2D plane, while magnetic 

coupling between interlayers is weak. Therefore, the vdW ferromagnets are ideal for 2D 

spintronic devices that show various emergent spin-orbit coupled phenomena with time 

reversal and inversion symmetry breaking.[97] In spite of a strong desire to develop such 2D 

spintronic devices, low critical temperatures (Tc) of these suggested vdW ferromagnets have 

been an obstacle in applications.[92,93,96] Therefore, achieving a Tc above room temperature 

in the vdW ferromagnet is a critical issue for the development of novel spintronic devices. 

As a promising vdW ferromagnet, the FenGeTe2 family (n = 3, 4, 5) was recently 

proposed based on its high Tc (260 ~ 310 K) and large saturation magnetization.[98–105] In 

particular, Fe5GeTe2 with a rhombohedral space group (R3̅m) is expected to show the 

highest Tc among FenGeTe2 family because the additional Fe layer in Fe5GeTe2 can boost 
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magnetic interaction.[101,102] Also, the additional Fe layer gives rise to three magnetic 

transitions depending on temperature (around 70, 180, and 270 K) for in-plane (ab-plane) 

magnetization, which have not been reported in Fe3GeTe2 and Fe4GeTe2 crystals.[98,101–103] 

Recently, these unconventional magnetic properties have been explained with magnetic 

anisotropy or/and spin reorientation by the Fe atoms in Fe5GeTe2.[100,102,103] However, the 

exact mechanism of such non-trivial magnetic behaviors is still unclear because it is also 

involved with the structural complexity in Fe5GeTe2. For instance, May et al. reported that 

Fe5GeTe2 has ordering driven by Fe and Ge positions,[100] while the ordering of Fe and Ge 

pair was not considered in other works.[103,106] It is very important to clarify these structural 

details because they may have significant effects on the magnetic ordering in Fe5GeTe2. 

Therefore, systematic study for finding the correlation between such non-trivial magnetic 

behaviors and the atomistic structure of Fe5GeTe2 is needed to realize room temperature 

spintronic devices with this new vdW ferromagnet. 

In this report, we explore atomistic structures of an Fe5-xGeTe2 single crystal by low 

temperature scanning tunneling microscopy (STM) and its temperature dependent magnetic 

behaviors. Subset Fe layers in Fe5GeTe2 are expected to play a major role in magnetic 

ordering. Among these Fe layers, Fe(1) located in the outermost Fe5Ge sublayer can occupy 

one of two possible split-sites, situated either above or below the Ge atom. STM topography 

reveals √3×√3 superstructures on the cleavage surface of Fe5-xGeTe2, which are attributed to 

the ordering of Fe(1) layer. The symmetry of Fe(1) ordering also allows two phases of √3×√3 

superstructures. Intriguingly, observed √3×√3 ordering of Fe(1) - Ge pair breaks the 

inversion symmetry, which is an important microscopic origin of the antisymmetric 

exchange interaction, known as Dzyaloshinskii-Moriya interaction (DMI). The temperature 

dependent magnetization of Fe5-xGeTe2 clearly shows commensurate-incommensurate 
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transition, a typical helimagnetic behavior arising from the DMI, just below Tc = 310 K. We 

also confirm that spin reorientation behaviors are observed within the ranges of 120 ~ 260 

K and 20 ~ 100 K due to competition between helimagnetism and other collinear properties. 

Our findings suggest that the Fe5GeTe2 crystal has helical magnetism with non-

centrosymmetric ordering of Fe(1) - Ge pairs, which can be a source of topologically 

protected spin solitons to develop new types of topology-based spin devices.[107–110] 
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4.1 Surface treatment  

Fe5-xGeTe2 single crystals were cleaved in-situ by conducting epoxy as shown in Fig. 

4.1. The aluminum rod is sticked on the sample surface by conducting epoxy before transfer 

inside the UHV chamber. Then, under UHV condition (pressure of 2×10-10 Torr), using the 

wobble stick to hit the rod along red arrow direction. By this way, the contaminated layers 

are removed from the surface obtaining clean surface. This method can be applied for some 

vdW materials besides using Kapton tape for cleaving. 

 

 

Figure 4.1: Fe5-xGeTe2 surface is cleaved by conducting epoxy to remove contaminations.  
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4.2 Analysis surface structure of Fe5-xGeTe2  

 

Fe5GeTe2 belongs to the FenGeTe2 family (n = 3, 4, 5) where each layer consists of 

a FenGe slab sandwiched by Te layers. The sublayer of FenGe plays an essential role in the 

magnetic properties of the FenGeTe2 system.[102] There is one important structural 

characteristic of Fe5GeTe2 which makes it very different from other FenGeTe2 systems. In 

Fe5GeTe2, Fe(1) positioned in the outermost Fe5Ge sublayer and Ge has two possible split-

sites, raising structural complexity. The X-ray diffraction experiment indicates that Fe(1) - 

Ge split-site pairs can form ordering,[100] while such ordering was not considered in other 

recent works.[103,106] Further atomistic microscopy study is still necessary to confirm these 

structural details of Fe5GeTe2. Fig 4.2a shows the possible split-sites of Fe(1) (Fe(1)up, 

 

Figure 4.2: Structure model of Fe5GeTe2. a) Crystal structure of Fe5GeTe2 (space group R3m̅). 

Two possible Fe(1) – Ge split-sites of b) Fe(1)up – Gedown and c) Geup – Fe(1)down. Vectors a, b, 

and c are along [100], [010], and [001] directions. The black, pink, blue, and red balls represent 

Te, Fe(1), Ge, and Fe(2)-(3) atoms, respectively; open circles indicate possible occupancy sites 

of Fe(1) and Ge.  
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Fe(1)down) and Ge (Geup, Gedown) marked by pink and blue open circles, respectively. Two 

possibilities of Fe(1) and Ge occupancies are presented in Fig. 4.2b as Fe(1)up – Gedown and 

Fig. 4.2c as Geup – Fe(1)down; i.e. the split-site of Ge is determined by Fe(1) position because 

the Fe(1) atom pushes the Ge atom further away.[100] Our density functional theory (DFT) 

calculation also indicates that having Fe(1) both above and below Ge is not allowed due to 

the required bonding length between them.    
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4.2.1 Overview of Fe5-xGeTe2 surface morphology 

 

The clean surface of Fe5-xGeTe2 single crystal is prepared by in-situ cleavage in UHV 

STM chamber. STM topography in Fig 4.3a shows stripe-like structures consisting of two 

areas marked by I and II. In Fig. 4.3b, the line profile taken along the arrow in Fig.4.3a shows 

that the height difference between the region I and II is around 4 Å. Fig.4.3d taken from the 

box in Fig.4.3c, which is zoomed in image from the box in Fig 4.3a, shows that all crystal 

axes of the region I and II are perfectly aligned as marked by dashed lines. 

 

Figure 4.3: Surface morphology of Fe5GeTe2. a) STM topographic image obtained from the 

cleavage surface of Fe5-xGeTe2 shows two different regions, marked by I and II (Vb = 100 mV, 

It = 50 pA at 79 K). b) Line profile taken along the arrow in (a). c) Zoomed-in STM image taken 

from the black box in (a). d) Zoomed-in STM image taken from the black box in (c). The dashed 

lines indicate the crystal axes. e) The fast Fourier transformation (FFT) image of (d). All STM 

images were taken at the same conditions of Vb = 10 mV, It = 50 pA. 
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4.2.2 Origin of √3×√3 superstructure in Fe5-xGeTe2 surface  

 

Atomistic images taken from regions I and II are provided in Fig. 4.4a-b, 

respectively. The ab-plane view in Fig. 4.2b-c shows that the topmost Te layer (black balls) 

has triangular lattice structure. In region I of Fig. 4.3a, interestingly, we observe additional 

superstructures on the hexagonal lattice of top Te layer (Fig. 4.4a). As shown in Fig. 4.4d, 

the fast Fourier transformation (FFT) image of Fig. 4.4a-c presents that √3×√3 superstructure 

 

Figure 4.4: Detailed atomic structures of Fe5-xGeTe2 surfaces. a-b) STM images are taken 

from region I and II in Fig. 4.3a, respectively. STM image obtained from region II in (b) shows 

two different areas, marked by A and B. c) The higher resolution STM image showing both A 

and B areas. (d) The fast Fourier transformation (FFT) images of (a-c) showing both hexagonal 

lattice and √3×√3 superstructures marked as white and yellow circles, respectively.  
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(yellow circles) exists with respect to the hexagonal lattice (white circles). Detailed analysis 

of the √3×√3 superstructure is given in Fig. 4.5. 

 

Interestingly, we find two different phases of the √3×√3 superstructures that are 

directly correlated with two symmetric orderings of Fe(1) layers such as Fe(1)up - Fe(1)down 

- Fe(1)down (udd) and Fe(1)down - Fe(1)up - Fe(1)up (duu). Both Figs 4.5a and 4.5b exhibit 

√3×√3 superstructures with “udd” and “duu” orderings of Fe(1) layers, respectively. Since 

 

Figure 4.5: Comparison between STM and DFT simulation images of √3×√3 

superstructures. a) and b) STM images of √3×√3 superstructures with “udd” and “duu” 

orderings of Fe(1) layers, respectively. The Y-shaped feature connects three Te atoms to one 

Fe(1)up atom at the center. c) and d) DFT simulation STM images of “udd” and “duu” orderings. 

e) and f) show the line profiles crossing Te (black) and Fe(1) (pink) lattices taken along the 

solid lines in (a) and (b), respectively. The suggested models are provided below the line profiles 

and the Fe(2)-(3) atoms are not illustrated for simplicity. The scanning conditions of (a-b) are 

Vb = 10 mV, It = 50 pA. 
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Fe(1)up locates at the hollow site of Te hexagonal lattices (the ab-plane view of Fig. 4.2b,c), 

such orderings of Fe(1)up layers are directly confirmed from STM topography. Two profiles 

in Fig. 4.5e,f are taken from the Te lattice (black) and Fe(1) lattice (pink) lines in Fig. 4.5a,b. 

Then, the pink lines evidently indicate “udd” (Fig. 4.5e) and “duu” (Fig. 4.5f) orderings of 

Fe(1) layers. Accordingly, Ge layers are expected to order as well, shown in the bottom 

model of Fig. 4.5e,f. In addition, Fe(1) orderings result in a Y-shaped feature which connects 

three Te atoms to one Fe(1)up atom at the center as marked in both topographs of Fig. 4.5a,b. 

These Y-shaped features eventually give rise to the √3×√3 ordering in Fig. 4.5a,b. The Y-

shaped feature and its periodic array are very well resolved in our DFT simulation images 

of Fig. 4.5c,d, supporting that our structural analysis is correct.   

Fig. 4.6a and 4.6b show the line profiles along the arrows in Fig. 4.6c (“udd”) and 

4.6d (“duu”), respectively. We find that the Te lattices are distorted due to the orderings of 

underneath Fe(1) atoms. For the “udd” order (Fig. 4.6a), the Te-Te atomic spacing increases 

up to ~ 4.3 Å (d1) with Fe(1)up, compared to ~ 3.6 Å (d2) with Fe(1)down. Similar behavior of 

lattice distortions is also observed for the “duu” order as shown in Fig. 4.6b. 
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4.2.3 B area-Fe deficiency area 

Fig. 4.7a is a magnified topograph taken from the B area in region II of Fig. 4.4b 

showing simple hexagonal structure which is attributed to Fe(1)-deficiency commonly 

existing in Fe5GeTe2 single crystal. In fact, FFT image in Fig. 4.7c clearly shows an 

undistorted hexagonal structure of the top Te layer. In order to confirm this, DFT simulation 

 

Figure 4.6: Lattice distortion of the top Te layer. a-b) Line profiles crossing Te atoms along 

the black arrows in (c) and (d). d1 and d2 indicate Te-Te atomic spacing with Fe(1)up and 

Fe(1)down, respectively. c-d) STM topography images showing “udd” and “duu” ordering of 

Fe(1). e) Table of d1 and d2 values.). All STM images were taken at the same conditions of Vb 

= 10 mV, It = 50 pA. 



52 

 

 

 

(Fig. 4.7b) is conducted for Fe4GeTe2 considering the absence of Fe(1) layer in Fe5GeTe2, 

which indeed shows very good agreement with STM experiment (Fig. 4.7a).  

 

It is known that Fe-deficiency commonly exists in the FenGeTe2 system.[99,101,111,112] 

We confirm that Fe-deficiency exists in our single crystal sample, and its composition is 

estimated to be Fe4.8GeTe2. Then, the B area in Fig. 4.7a having an undistorted hexagonal 

lattice of Te is attributed to local Fe(1) vacancies whose ordering is responsible for √3×√3 

superstructures. Our DFT simulation of the STM image on Fe4GeTe2 structure (Fig. 4.7b) 

also agrees with STM observation in Fig. 4.7a. Previous STM studies reported simple 

hexagonal structure without any superstructures in Fe4GeTe2.[102,111] Two phases of √3×√3 

Fe(1) orderings are observed in both region I and II, while the Fe(1)-deficient area is found 

mostly in region II in Fig. 4.3a. 

It should be noted that the √3×√3 ordering observed in STM image breaks the 

inversion symmetry in the Fe5-xGeTe2 crystal. This non-centrosymmetric structure is 

Figure 4.7: Comparison between STM and DFT simulation images. a) STM topography 

image of Fe-deficient area in Fe5GeTe2 (Vb = 10 mV and It = 50 pA). b) DFT simulation image 

of Fe4GeTe2. (c) FFT image of (a). 
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essential for the chiral magnetic property of a matter because it induces the asymmetry in 

the electronic structures, resulting in Dzyalosinskii-Moriya interaction.[113–115] Detailed 

investigations on the magnetic property of Fe5-xGeTe2 are discussed in the following section.  

4.3  Magnetic properties of Fe5-xGeTe2 
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Here, we perform the magnetic measurement in terms of T and H to investigate the 

effect of the √3×√3 Fe(1) - Ge ordering on magnetic properties of Fe5-xGeTe2 crystal. The 

magnetic field of H = 5 mT is applied with in-plane (H//ab-plane) and out-of-plane (H//c-

axis) orientations for the measurement of temperature-dependent magnetization (M-T) upon 

heating after zero field cooling (ZFC) from 390 K down to 2 K. We note two important 

observations; our Fe5-xGeTe2 sample has Tc ≈  310 K which is higher than that of Fe4GeTe2 

(≈  270 K) due to the enhancement of ferromagnetic spin-pair interaction as reported in 

Ref.[102]. Additionally, a sharp peak, hereafter referred to as the magnetic anomaly, is 

Figure 4.8. The magnetic properties of Fe5-xGeTe2. a) Fe5-xGeTe2 crystal (upper) and 2D 

helical ordering (lower) based on chiral soliton lattice phase of Fe5-xGeTe2 with crystallographic 

direction marked. The arrows represent the total magnetization (including both Fe and Ge 

magnetic moments), which exhibits a helical ordering along the b-axis. The three layers of the 

arrows show the magnetization profile along the a-axis. b) Temperature dependence of 

magnetization measured for in-plane (red, H//ab-plane) and out of plane (black, H//c-axis) field 

with 5 mT. The commensurate (blue-shaded area)-to-incommensurate (yellow-shaded area) 

transition appears around 273 K. The inset shows the magnetic anomaly of H//ab-plane (upper) 

and H//c-axis (bottom). c) and d) Comparison of temperature-dependent magnetization in 

various applied magnetic fields for (c) H//ab-plane and (d) H//c-axis, respectively. The forced 

ferromagnetic state was observed in both cases of H//ab-plane and H//c-axis under 1 T 

(saturation field). e) Temperature dependence of magnetization with the forced ferromagnetic 

state fitted by Bloch 3/2 law. The red solid line is the fitted curve. The MFM images of Fe5-

xGeTe2 in f) 140 K and g) 77 K. The stripe domain wall was observed. The red and blue indicate 

spin-up and down states of domain, respectively.  The inset of (g) is the line profile taken along 

the white dotted line, which exhibits the fan-like fine structures in the magnetic domains (also 

schematically illustrated in the inset). 
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observed around 273 K in both cases of H//ab (red) and H//c (black) as shown in the inset 

of Fig. 4.8b. Although a similar anomaly was reported in Fe5-xGeTe2, its origin still remains 

unknown.[103] We propose that the anomaly indicates the onset of helimagnetism 

accompanying the helical alignment of spins as suggested in Ref.[116] (see also Fig. 4.8a). In 

the two phases of √3×√3 Fe(1) - Ge orderings (referred to as the “udd” and “duu” phases), 

the inversion symmetry is broken within each layer. Therefore, from the symmetry grounds, 

the two-dimensional Dzyaloshinskii-Moriya interaction (DMI) in the Hamiltonian must 

exist. We find the ratio between DMI and exchange energy of the Fe5-xGeTe2 crystal at 140 

K is about 0.1, implying the large contribution of DMI to the total energy in the system (see 

Appendix B2-B4). In general, a helimagnet ground state is known to arise from competition 

between this DMI and ferromagnetic exchange in the non-centrosymmetric system.[116–118] 

The aforementioned magnetic anomaly can be understood by considering the symmetry-

inferred existence of the DMI as follows. For temperatures just below the Curie temperature, 

the magnetization is small and thus the Zeeman coupling (linear in the magnetization) 

dominates the exchange interaction and the DMI (quadratic in the magnetization). In this 

case, the system is in a uniform phase (also called the commensurate phase), where the 

magnetization is uniform in the direction of the applied field. As the temperature decreases, 

the magnetization increases, and this can be seen in Fig. 4.8b for temperatures between 273 

K and 310 K. When we decrease the temperature further, eventually the exchange interaction 

and the DMI take over the Zeeman coupling. In this case, the system enters a chiral soliton 

lattice phase (also called the incommensurate phase), where the magnetization changes 

periodically along one direction with pitch determined by the competition among the 

exchange energy, the DMI, and the Zeeman coupling. In this chiral soliton lattice phase, the 

magnetization changes spatially and thus the average magnetization in one specific direction 
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is smaller than the saturation magnetization. This leads to a sudden drop of the average 

magnetization as shown in Fig. 4.8b around 273 K. This transition between the uniform 

phase and the chiral soliton lattice phase is called commensurate-to-incommensurate (C-IC) 

transition.[116,119] The phase boundary between the uniform phase and the chiral soliton 

lattice phase has also been studied in the context of two-dimensional chiral magnets with the 

DMI in Refs.[120–122] Analytical study regarding the C-IC transition and the magnetization 

profile on the chiral soliton lattice phase is provided in Appendix B1. This C-IC leads to the 

magnetic anomaly just below Tc, indicating formation of magnetic soliton lattice.[116] A 

similar magnetic anomaly has been experimentally observed in helical magnetic systems, 

i.e., T1/3NbS2 (T = Cr and Mn)[117,123,124] and CuB2O4
[119]. Therefore, we attribute the 

observed anomalous peak at 273 K to the helimagnetic behavior of the magnet induced by 

the structural inversion asymmetry of the Fe(1) - Ge √3×√3 ordering. This striking chiral 

behavior has not been observed in other vdW magnets yet. Therefore, the Fe5GeTe2 is indeed 

promising to realize the skyrmion-based memory devices and future nano-inductors.[107–110]      

In the range 110 ~ 260 K, a broad cusp is observed in the case of H//ab. It was 

reported that Fe4GeTe2 shows a similar cusp explained by simple anisotropy changes.[100,102] 

However, it is rather complicated for the Fe5GeTe2 because of the helical character. Spin 

reorientation should occur via competition between DMI and other energy terms such as 

Heisenberg exchange interaction, magneto-crystalline anisotropy, and magnetostatic 

energy.[125–127] It is natural to see the transition from the helimagnetic spin alignment to the 

commensurate state due to the competitions. Since all those energies are T dependent, 

quantitative study for each energy parameter is required to manifest exact origin of the large-

range cusp. In spite of such complexity of magnetism in the Fe5-xGeTe2 crystal, it is clear 

that an easy axis of magnetization is on the c-axis within the temperature range, which will 
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be further discussed in the magnetic force microscopy (MFM) results (Fig. 4.8f,g). Small 

magnetization with the c-axis is due to the formation of stripe domain structures. Details are 

discussed in the following paragraphs. 

Fig. 4.8c-d exhibit the M-T curves at various magnetic fields under H//ab and H//c, 

respectively. The observed magnetic anomaly in Fig. 4.8b disappears with an increase in 

applied magnetic field in Fig. 4.8c. This indicates a IC-C transition that helimagnetic state 

turns into other spin ordering as mentioned above.[124] For H//ab (Fig. 4.8d), the other cusp 

appeared for 0.2 T in the range 30 ~ 100 K, implying another magnetic phase transition in 

terms of T and H. Relatively large external magnetic field of ~ 0.3 T is required to observe 

the transition below 100 K. The forced ferromagnetic (FFM) states, which means the full 

saturated state, are formed under high magnetic field (> 1 T) in both cases of H//ab and H//c. 

Here, the saturation magnetic moments of H//ab and H//c are about 9.0�� /Fe5-xGeTe2 and 

9.4�� /Fe5-xGeTe2 at 10 K, respectively. In addition, the exchange stiffness energy (Astiff) is 

1.856 pJ/m at 0 K, estimated from the fitted M-T curve with the FFM state using the Bloch 

T3/2 law (Appendix B2).  

As shown in the magnetic force microscopy images (Fig. 4.8f,g), Fe5-xGeTe2 crystal 

has stripe domain structure at 140 K and 77 K, confirming that the crystal has a magnetic 

easy axis within the c-axis. This explains why the trend of the M-T curves for H//c is different 

from those of H//ab with a small external field; the M//c becomes saturated below certain 

temperatures, while M//ab shows anomaly and cusps. The wide range plateau for the H//c 

case is due to that the total magnetization within the c-axis does not change, forming such 

stripe domain structures. In particular, fan-like fine structures in the magnetic domains are 

seen at T = 77 K (see the inset of Fig. 4.8g), which is below the temperature for phase 
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transition (~120 K).[100] Such fine structures can result from strong DMI giving rise to 

chirality in magnetic properties of the Fe5-xGeTe2 crystal. From domain size in the MFM 

image scanned at 140 K, the estimated DMI energy density (D) is ~ 0.36 mJ/m2. This value 

is comparable to the known DMI values of other materials. The DMI of various 

ferromagnetic systems has been reported to be an order of 0.1-3 mJ/m2.[125,128–132] Thus, the 

ratio of DMI and exchange energies when T = 140 K is ~ 0.1, which is an important 

parameter to form such helical ordering as discussed in the Appendix B1 and B4. This ratio 

implies that DMI contribution to the total energy in the Fe5-xGeTe2 crystal is large enough 

to have such helical magnetic structure as confirmed with our analytical study. The details 

regarding the analytical model explaining the magnetic anomaly and the related energy 

parameters are given in Appendix B2-B4. Though further study is still required to understand 

the helimagnetic behavior in terms of T and H, our observations demonstrate the presence 

of helimagnetism in the Fe5-xGeTe2 crystal with the √3×√3 ordering. 
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4.4 Conclusion 

Although Fe5-xGeTe2 is considered a promising vdW ferromagnet due to its room 

temperature ferromagnetism, the microscopic structure and magnetic property of Fe5-xGeTe2 

are not fully revealed due to the structural complexity. The √3×√3 superstructure observed 

at the cleavage surface of Fe5-xGeTe2 is attributed to the ordering of underlying Fe(1) atoms. 

We find that two symmetric orderings of Fe(1) coexist in the Fe5-xGeTe2 system, and both 

orderings give rise to the √3×√3 superstructure. Two symmetric Fe(1) orderings are directly 

identified by resolving Fe(1)up atoms in STM topography. The non-centrosymmetricity 

originated from √3×√3 orderings of the Fe(1) - Ge pair could cause helical magnetic ordering 

in Fe5-xGeTe2 due to competition between the antisymmetric exchange interaction and 

Heisenberg interaction. These results will provide an important role of Fe(1) orderings for 

understanding chiral or helical ordering in the Fe5-xGeTe2 crystal, which are promising 

characteristics to develop topology-based spin devices. 
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Chapter 5 

Monolayer transition-metal dichalcogenides: VSe2, 

ReSe2 

The transition-metal dichalcogenides (TX2) layer materials form a structurally and 

chemically well-defined family. Electrically, however, they cover a wide spectrum of 

properties, such as, insulator (HfS2), semiconductors (MoS2, ReSe2), semi-metals (WTe2, 

TeS2), and metals (NbS2, VSe2). Several of the materials such as TaTe2, WTe2 and ReSe2 

show structural distortions that throw their properties out of line as compared with their 

undistorted analogues.[133]  

Gaining an understanding of electronic reconstruction due to dimensionality and 

heterointerface coupling in layered van der Waals systems remains an open issue. Although 

the influence of the interface is often considered to be negligible for the transition metal 

dichalcogenides (TMDs) due to the weakness of the weak van der Waals interactions, the 

substrate may play an important role due to strain.[134,135] To understand the effect of 

substrate to TMDs sample surface, the surface structure and electronic properties of TMD 

sample surface need to be clarified at atomistic level. 

In this chapter, we will discuss about surface structure of ML VSe2 on BLG and 

interface effect of graphene-ReSe2 in ML ReSe2 on BLG. 
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5.1 Monolayer VSe2 on BLG: Lattice Distortion driving Charge Density 

Wave of √3 × 2 and √3 × √7  

A charge density wave (CDW) consists of static spatial modulations of electron 

distribution and lattice distortion observed in various metallic systems, including 

superconductors.[136–140] Unique Fermi surface structure in which a single reciprocal lattice 

vector connects two large segments of the Fermi surfaces (Fermi surface nesting) is 

considered as one of the main origins for the CDW formation.[141,142] CDW phenomena often 

accompany periodic lattice distortions called Peierls instabilities.[142–144] There are also other 

origins of CDW such as Fermi patch,[145] van Hove singularity,[146] and periodic lattice 

distortion.[147] In order to understand the fundamental properties of CDW phases, it is 

important to clarify whether CDW modulations are predominantly attributed to charge 

orderings or lattice distortions. For this purpose, scanning tunneling 

microscopy/spectroscopy (STM/S) is an ideal tool because it is sensitive to both charge 

distributions and lattice structures with atomic resolution. Although STM topographic 

images contain mixed information regarding spatial charge distributions and lattice 

structures, one can separate those two signals via differential conductance (dI/dV) spatial 

mapping, which represents only charge information.  

When their thickness is reduced to the two-dimensional limit, TMDs exhibit 

intriguing properties which are very different from those of the bulk.[148–154] For instance, 

vanadium diselenide (VSe2) has been studied due to the emergence of room temperature 

ferromagnetism [155–160] and new CDW phase at monolayer (ML) thickness.[161,162] It is well 

known that bulk VSe2 is a good example of three-dimensional CDW with 4 × 4 × 3 

periodicity driven by Fermi surface nesting.[163–166] Considering quasi two-dimensional 
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characteristics of TMD materials, one might speculate that ML VSe2 would show 4 × 4 

CDW, which is simply projected 3D CDW of 4 × 4 × 3 into a 2D plane.[141] Surprisingly, 

recent STM studies reported that a new CDW phase with completely different periodicities 

of √3 × 2 and √3 × √7 emerges in ML VSe2 grown on graphene substrates.[161,167] The role 

of dimensionality on the emergence of new CDW phase is of great research interest in VSe2 

system. However, so far, no theoretical calculations have been successfully demonstrated 

the existence of √3 × 2 and √3 × √7 CDW phase observed in STM studies, and also the origin 

of this new CDW has not been clearly investigated. 

Here, we provide a systematic investigation on the new CDW phase of √3 × 2 and 

√3 × √7 in ML VSe2 using low temperature STM/S. STM topography shows that the new 

CDW phase in ML VSe2 has a strong stripe modulation with √3 × 2 and √3 × √7 

periodicities.[161] Interestingly, the stripe modulation is significantly suppressed in 

simultaneously taken dI/dV mapping images. We directly compared the signal intensities of 

the stripe modulations for topographic and dI/dV mapping images taken at various bias 

voltages. Indeed, the √3 × 2 and √3 × √7 modulations are significantly weakened in the dI/dV 

mapping images at all bias ranges, indicating that charge ordering is not the driving factor 

of the observed modulations. In addition, detailed topographic analysis confirms the direct 

match between the modulations and the lattice distortions of Se atoms: i.e. the √3 × 2 and 

the √3 × √7 periodicities correspond to a gap feature and an isolated Se atom of the distorted 

lattice structures, respectively. Our work provides important information regarding the 

nature of the √3 × 2 and √3 × √7 CDW in ML VSe2. 
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5.1.1 Sample preparation 

ML VSe2 samples were prepared on epitaxial bilayer graphene on SiC substrates 

using a molecular beam epitaxy (MBE) system under a base pressure of 2×10-10 Torr. A  Se 

capping layer of 100nm was then deposited at room temperature to protect the sample from 

degradation during transfer to the STM chamber. The capping layer was removed by several 

circles of Ar+ sputtering and then annealing at 300 °C for several hours. The sample cleaning 

process is showing in Fig. 5.1 

 
Figure 5.1: Sample cleaning process for VSe2 on BLG 
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5.1.2 Results and Discussion 

 

ML VSe2 films were grown on top of epitaxial bilayer graphene (BLG) on 6H-

SiC(0001) substrate by using MBE method. All STM/S measurements were carried out at 

 

Figure 5.2: STM images of ML VSe2 on BLG.  (a) STM image of the morphology of ML 

VSe2 grown on bilayer graphene (BLG) (Vb = 3 V, It = 30 pA). (b) Line profile taken along the 

arrow in (a). (c) High resolution STM image showing strong stripe modulation (√3 × 2 and √3 

× √7 CDW) marked by dashed lines (Vb = -1.6 V, It = 50 pA). (d) Fourier-filtered image 

generated by selectively taking the stripe modulation peaks (red circles) and VSe2 lattice peaks 

(white circles) in (e). (e) Fast Fourier transformation (FFT) image of (c). 
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79 K under the base pressure of ∼ 7 × 10-11 Torr. Fig. 5.2a shows that the surfaces are mostly 

covered by ML thickness of VSe2 film. The height of ML VSe2 is measured to be around 6.9 

Å in Fig. 5.2b. As shown in Fig. 5.2c, ML VSe2 exhibits strong modulation along the 

diagonal direction (marked by dashed line) which is the √3 × 2 and √3 × √7 CDW reported 

previously.[161] Detailed analysis regarding √3 × 2 and √3 × √7 periodicities will be discussed 

later. The fast Fourier transformation (FFT) image of Fig. 5.2c presents hexagonal lattice 

peaks (white circles) and superstructure peaks inside the hexagon of white circles in Fig. 

5.2e. Fig. 5.2d presents Fourier-filtered image obtained by selectively taking the white and 

red circle peaks in Fig. 5.2e. Since Fig. 5.2d precisely preserves the diagonal modulation 

(dashed lines in Fig. 5.2c-d), those two strongest peaks (red circles in Fig. 5.2e) directly 

correspond to the CDW modulation in Fig. 5.2c. Therefore, the modulation peaks provide 

essential information for understanding the nature of the √3 × 2 and √3 × √7 CDW phase in 

ML VSe2.  

Although a few STM studies reported the emergence of √3 × 2 and √3 × √7 CDW 

phase in ML VSe2 
[161,162], the detailed structural analysis is still lacking. In order to 

understand the nature of the CDW modulation, it is important to find out whether the 

modulation comes mostly from charge orderings or lattice distortions. Both spatial charge 

distributions and lattice structures contribute to STM topography, while differential 

conductance (dI/dV) spectroscopy resolves only the local charge distribution. Figs. 5.3a and 

5.3c are the topographic and simultaneously taken dI/dV mapping images of ML VSe2 at -

1.5 V, respectively. Corresponding FFT images are also given at Figs. 5.3b and 5.3d, 

respectively. As shown in Fig. 5.3b, the CDW peaks (red circles) usually appear strongest 

for topographs. On the other hand, the diagonal modulation in the dI/dV mapping image 

(Fig. 5.3c) is difficult to discern, and the associated FFT peaks (red circles) are significantly 
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weakened compared to those in the FFT image. In order to get more systematic data, we 

measured the intensity ratio (R = ICDW / Ilattice) of the CDW peaks (ICDW) to the lattice peaks 

(Ilattice) at various bias ranges for both topography (RT) and dI/dV mapping (RM) images. 

Table 5.1 shows that the CDW modulations are stronger than hexagonal crystal lattices in 

topography images for all bias voltages (RT ≥  ~1). However, the CDW peaks are 

significantly suppressed in the dI/dV mapping images for all bias voltages (RT < 1), 

indicating that charge orderings are not the driving factor of the CDW modulation. This 

result, therefore, suggests that the CDW modulation observed in STM topography is mostly 

from lattice distortions rather than charge orderings.  
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Figure 5.3: STM topography and dI/dV mapping images of ML VSe2 on BLG. (a) STM 

topography image and (b) corresponding FFT image of ML VSe2. (c) Simultaneously taken 

dI/dV mapping image and (d) corresponding FFT image. The white and red circles in (b) and 

(d) indicate the Bravais lattice of VSe2 and CDW peaks, respectively. Scanning condition: Vb = 

-1.5 V, It = 50 pA. Scan size: 5 nm × 5 nm.  
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Detailed topographic analysis indeed verifies that the √3 × 2 and √3 × √7 modulations 

are directly linked with lattice distortions of the top Se atoms in ML VSe2.  Fig. 5.4 shows 

that the stripe CDW modulation consists of two alternate periodicities of √3 × 2 (pink 

rectangle) and √3 × √7 (black parallelogram). It is found that the stripe CDW modulation 

involves strong lattice distortions of Se atoms which appear as if they form pairs, i.e. the 

atomic spacing of Se-Se atoms is reduced to ~ 2.8 Å in Se pairs, compared to 3.2 Å for 

undistorted Se-Se atoms. As a result, two distinctive features of a spatial gap and an isolated 

Se atom exist as marked by pink and black circles, respectively, in Fig. 5.4a. Interestingly, 

the profile (Fig. 5.4b) taken from the blue line in Fig. 5.4a shows that the spatial gap and an 

isolated Se atom directly correspond to the √3 × 2 and √3 × √7 periodicities (marked by pink 

and black vertical arrows), respectively. Based on our observations, we propose a simple Se 

lattice distortion model (Fig. 5.4c). Further theoretical and experimental investigations are 

 

Table 5.1. The intensity of CDW phase in topography and dI/dV mapping. R is the intensity 

ratio (R = ICDW / Ilattice) of CDW peaks (ICDW, red arrows) to VSe2 hexagonal lattice peaks (Ilattice, 

white arrows) in the FFT images of Figs. 5.3(b,d). RT and RM are the ratio values obtained from 

FFT images of topography and dI/dV mapping, respectively. 
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required to elucidate the exact structural model of the √3 × 2 and √3 × √7 CDW phase in 

ML VSe2.  

 

  

 

Figure 5.4: Lattice distortion of the top Se atoms. (a) STM topography of ML VSe2 shows 

the CDW phase with √3 × 2 (pink rectangles) and √3 × √7 (black parallelograms) periodicities 

(Vb = -1.5 V, It = 30 pA). (b) The line profile is taken along the blue line in (a) and shows the 

strong lattice distortion of the top Se atoms. (c) Schematic model of Se lattice distortions.  
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5.1.3 Conclusion 

Understanding the origin of the new CDW phase observed in ML VSe2 is very 

important because it may provide insight into the role of dimensionality and heterointerfaces 

in TMD systems. It is therefore necessary to explore whether the main component of the 

CDW modulation is driven by charge orderings or lattice distortions. Interestingly, the CDW 

modulation is significantly suppressed in dI/dV mapping images while topographs always 

exhibit strong CDW phase regardless of applied bias voltages. This result indicates that the 

√3 × 2 and √3 × √7 CDW is mostly attributed to strong lattice distortions of Se atoms rather 

than charge orderings. Furthermore, we suggest that the lattice distortions of Se atoms appear 

as if they form pairs, giving rise to two topographic features of a spatial gap and an isolated 

Se atom. The spatial gaps and isolated Se atoms also directly correspond to the √3 × 2 and 

√3 × √7 periodicities of CDW phase, respectively.  

  



71 

 

 

 

5.2 Monolayer ReSe2 on BLG 

 The vertical staking van der Waals (vdWs) heterostructures constructed by graphene 

and thin atomic layered have been attracted many interests because of their potential in 

photodetector,[168] field-effect transistors (FETs),[169,170] Schottky diodes,[171] etc. Besides 

transition metal dichalcogenides (TMDs)-based materials (MoS2, MoSe2, WSe2),[172,173] 

ReX2 (X=Se, S) have been recently investigated for those purposes due to their in-plane 

anisotropy properties.[174–176] In particular, ReSe2/graphene heterostructure is reported as 

good candidate for conductive bridging random access memory (CBRAM),[171] 

photodetection,[177] FETs[178]. Nevertheless, it was reported that FETs and infrared 

photodetector composed of ReSe2 exhibit low charge carrier mobility and low responsivity 

of devices.[179,180] To enhance the device performance, a clear understanding of 

ReSe2/graphene interface is required. Unfortunately, the experimental and theoretical 

investigations on this issue are still very limited. For this reason, it is worth studying 

ReSe2/graphene heterostructure using scanning tunneling microscopy. 

Up to now, experimental studies on ReSe2/graphene heterostructure have been 

focusing on the surface structure without discussing the interlayer coupling in detail. In 

previous work, the STM image of monolayer ReSe2 showed a distorted 1T atomic 

structure.[181] The moiré patterns were also resolved in the STM images of ReSe2 overlaying 

graphene[181] and graphene on ReSe2
[182] due to a combination between triclinic lattice 

symmetry (monolayer ReSe2) and a honeycomb lattice (graphene). That detailed information 

at the atomic level is very important to understand this ReSe2/graphene system, however, to 

fully realize its application, further information is always required. For example, high 

mobility, which is attributed to low Schottky barrier height, are imperative for FETs.[178] 

From angle-resolved photoelectron spectroscopy (ARPES) measurement, the minor 
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Schottky barrier (<0.1eV) is found in monolayer (ML) ReSe2 on bilayer graphene (BLG), 

resulting in weak charge interaction at the interface.[183] However, more experimental 

observations to deeper understand the graphene/ReSe2 interface are still needed. When metal 

and semiconductor approach each other, the charge at the interface might be redistributed 

due to semiconductor band edges aligning with metal Fermi level.[184–188] To visualize the 

charge redistribution in other similar systems, the charge density difference (CDD) is 

theoretically calculated.[184–188] In our best knowledge, there is no delicate experimental 

study resolving such charge distribution at the interface of vdW heterostructure. 

In this work, we directly observe the trapped charge at ReSe2/graphene (R/G) 

interface in ML ReSe2 grown on BLG materials via scanning tunneling 

microscope/spectroscopy (STM/S) measurements combined density functional theory (DFT) 

calculation. Scanning tunneling spectroscopy (STS) taken at ML ReSe2 areas shows a band 

gap of 1.7 eV with conduction and valance band edges are 0.5 eV and -1.2 eV, respectively. 

When the scanning bias applied to the sample is either in the conduction band or valence 

band of ReSe2, the STM images of ML ReSe2 on BLG shows a slight distorted hexagonal 

lattice of distorted 1T (1T’) structure which is well agreed with DFT simulation results. 

Interestingly, STM image taken at bias range within the energy gap of ReSe2 reveals an 

unexpected pattern following Re-chain of ReSe2 layer, which is different from graphene 

atomic structure. The calculation of the charge density difference (CDD) at the R/G interface 

confirms that the unexpected feature taken at “in-gap” bias voltage is related to the top view 

of trapped charge distribution at the R/G interface. Furthermore, the trapped charge effect 

on ML ReSe2 edge is significantly enhanced. We believe our work will provide a deeper 

understanding of interlayer coupling at R/G interface and open more opportunities to use 

this material in practical applications.  
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5.2.1 Atomistic and electronic structures of ML ReSe2 on BLG 

In Fig. 5.5a, the model structure of ML ReSe2 is introduced. It was reported that the 

1T’ phase of ML ReSe2 includes one Re atomic layer (white balls) in the between Seupper 

(darker green balls) and Selower (light green balls) atomic layers. From the top view of 

1T’phase in the bottom panel in Fig. 5.5a, every four adjacent Re atoms get closer forming 

Re4 cluster (marked by the dashed diamond) and Re4 clusters links along a direction.[181,183]  
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The atomic structure of ML ReSe2 on BLG/SiC is well resolved in STM images. The 

STM image in Fig. 5.5b shows that ML ReSe2 has been successfully prepared on BLG. The 

STM image taken at 1V on ML ReSe2 area shows the distorted hexagonal lattice, in Fig. 

5.5c. To understand the origin of this structure, the scanning tunneling spectroscopy (STS) 

obtained at ML ReSe2 and displayed in logarithm scale for convenience (Fig. 5.5d). By linear 

 

Figure 5.5: Introduce of ReSe2 on BLG. (a) Model structure of ML ReSe2 on graphene. Dark 

(light) green, white, and brown balls represent upper(bottom) Se, Re, and C atoms. Vector a, b, 

and c are three crystal axes. Vector a is along Re-chain direction. (b) The morphology of ReSe2 

on graphene (Vb = 1.5 V, It = 30 pA). (c) The STM image of ML ReSe2 (left side) taken at bias 

voltage of 1 V is compared to the DFT simulated STM image (right side). The bright spots in 

STM images at 1 V are mostly attributed by upper Se and Re atoms. (d) The STS measurement 

displayed in logarithm scale (log(dI/dV)) taken at ML ReSe2 shows the valence band maximum 

(VBM) and conduction band minimum (CBM) at -1.2 eV and 0.5 eV, respectively. 
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fitting both sides of band edges, the valance band maximum and conduction band minimum 

energy levels (ECBM; ECBM) are estimated at (-1.2 ± 0.05 eV; 0.5±0.05 eV). From the 

electronic structure of ML ReSe2, it is reasonable to claim that the structure observed at 1 V 

above ECBM corresponds to ML ReSe2 structure. Indeed, the measured lattice parameters, 

distance between two neighboring oval spots, along a and b directions are 6.6 Å and 6.5 Å, 

respectively, in line with previous works.[182] Furthermore, previous STM studies on ML 

ReSe2 reported similar structure, however, the origin of this structure was reported 

inconsistency. It was reported that Seupper atoms attributed to STM image of ML ReSe2 that 

is confirmed by the DFT calculation using Tersoff-Hamann approximation. [189] While the 

other work believed that they observed Re atoms.[181]   

To give clear explanation of atomic feature in the STM image, we conducted DFT 

simulation using revised Chen’s method. This method explicitly considers the contribution 

of the tip orbitals to the tunneling current, was proved beyond conventional Tersoff-Hamann 

method.[190] The DFT simulation image at 1 V is displayed right panel of Fig. 5.5c showing 

reasonable agreement with the STM image. By overlying the model structure on both STM 

and DFT image, we found that the oval spot matches to both Seupper atoms and Re4 cluster 

position. Seupper atoms are expected to be resolve because they are closest to the tip compared 

to Re and Selower atoms. For Re atoms, although they are much lower than Seupper, the 5d 

state of Re are dominantly contributed to density of state. For this reason, both Seupper atoms 

and Re4 cluster are able to be resolved in STM image of ML ReSe2. Above understanding 

on STM image of ML ReSe2 will eventually help for further understanding R/G interface, 

going to discuss right below. 
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5.2.2 Trapped charge in vdW heterojunction of ML ReSe2 on BLG 

To further approach the R/G interface, we propose a measurement method by 

reducing tip-sample distance together with removing contribution of ReSe2 states to 

tunneling current. In current constant mode of STM, to reduce tip-sample distance, we can 

either increase the setpoint or decrease the bias voltage applied to the sample (Vs). The 

second way is preferred because we can also eliminate the possibility of ReSe2 states 

attributing to tunneling signal by reducing the Vs to the values within the energy gap of 

ReSe2, namely “in-gap” bias voltage. The STM images taken in the ML ReSe2 at “in-gap” 

bias voltage (from -1.2 eV to 0.5 eV) are carried out.  

 

 

Figure 5.6: STM image taken at bias voltage within ReSe2 energy gap.  Within one scan 

image, the bias voltage is switched from 0.1 V to 1.0 V at the certain position (black arrow) and 

changed back to 0.1 V (at the white arrow position). The scanning condition at It = 50 pA. 
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To have a fair comparison, a switched-bias voltage STM image from the ML ReSe2 

area are shown in Fig. 5.6. While the tip is scanning from beginning to the black arrow 

position, the Vs is set at an “in-gap” bias voltage (0.1V). The tip is stopped at the position 

marked by black arrow, and then Vs is changed from 0.1 V to 1 V. The tip is continuously 

scanning until the white arrow position with the Vs is 1V. At the white arrow position, the 

tip is stopped again and then the Vs is changed back to 0.1V. Finally, we obtain the completed 

STM image including the upper, middle, and bottom parts which are corresponded to STM 

topography at 0.1V, 1V, and 0.1V, shown in Fig. 5.6.  

The structure observed in middle part of Fig. 5.6 is consistent with Fig. 5.5c, whereas 

the STM topography parts taken at “in-gap” bias voltage reveal differently, namely “in-gap” 

pattern. This topography is not expected because the tip is now probing forbidden region of 

ReSe2 band. However, it is reasonable to think this unexpected topography might relate to 

graphene substrate since the tip is approached closer to the sample surface and the graphene 

state is available at this bias range. Nevertheless, the features are totally different from that 

of graphene.[161] Another possibility is the moiré patterns caused by lattice mismatch 

between graphene substrate and ML ReSe2 but the moiré patterns in ReSe2/graphene found 

in previous report have much longer periodicities.[191] Besides, by overlaying the model 

structure of ML ReSe2 in Fig. 5.6, we find that the “in-gap” pattern is following the Re-chain 

of ReSe2 (dotted lines) with the periodicity (d) of 6.6 Å, implying that it is still somewhat 

related to ML ReSe2. As the results, we believe that “in-gap” pattern is correlated to R/G 

interface.  
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The exact origin of “in-gap” pattern is clarified by the density functional theory 

(DFT) calculations. The “in-gap” STM topography (Fig. 5.7a) is directly compared to the 

DFT simulated STM image at the bias within the energy gap of ML ReSe2 on graphene (Fig. 

5.7b). Both STM and the DFT images show pattern with combination of linear (the dotted 

lines) and hexagonal features (the dotted parallelogram), indicating that they are agreed well 

each other. Interestingly, the features in Fig. 5.7a-b are matching with the top view of charge 

density difference (CDD) distribution in Fig. 5.7c. The charge density difference is 

 

Figure 5.7: Origin of the “in-gap” pattern. (a) STM image taken from ML ReSe2 area at 0.1 

V (It = 50 pA) is compared to (b) DFT simulated STM image at 0.5 V. (c) The trapped charge 

distribution between vdW gap graphene and ReSe2 monolayer along top view (upper) and side 

view (bottom). (d) Plane-averaged charge density different (CDD) along the c axis. The red and 

blue colors present accumulated and depleted electron regions, respectively. The size of (a) is 

2.3 nm ×2.3 nm. 
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calculated as follows: Δ = R/G- R - G, where R/G, R, and G are charge density of the 

ReSe2/graphene heterostructure, ML ReSe2, and graphene, respectively. To have 

quantitative picture of charge distribution, the plane averaged CDD, Δaverage(z), along c 

direction is plotted in Fig. 5.7d where the blue and red colors represent electron depletion 

and accumulation regions. Fig. 5.7d indicates that the electron density near the top surface 

of graphene is transferred to ML ReSe2 and accumulated (trapped) right below Selower atoms. 

Thus, remarkable charge rearrangement occurs at the R/G interface, see the side view of this 

charge distribution in the bottom of Fig. 5.7c. Accordingly, the unexpected pattern observed 

at the bias within the energy gap of ReSe2 is the trapped charge distribution in ab-plane.  

As mentioned above, the trapped charge layer is formed right below the Selower atomic 

layer, suggesting that the small step of trapped charge layer with respect to graphene should 

be observed at the bias voltage within the energy gap of ML ReSe2. STM images including 

both ML ReSe2 terrace and graphene substrate taken at 1.5 V and 0.3 V are showing in Fig. 

5.8a and b, respectively. The solid (dashed) orange line profiles at 1.5 V (-2 V), which locate 

in the conduction band (valance band) in Fig. 5.8c reveal the typical step edge of ML ReSe2 

on graphene around 8 Å. This value includes the vdW gap and the thickness of single ReSe2 

slab. While the solid (dashed) black line profiles at 0.3 V (-1V) reveal that the step between 

ML ReSe2 terrace area and graphene show a smaller value of 3.6 Å, which is comparable to 

theoretical value of R/G vdW spacing (3.44 Å). This again confirms the existence of trapped 

charge layer in the R/G interface. 
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In addition, we also investigate the trapped charge effect on ML ReSe2 edge via the 

STM/S measurements. From the bias dependent STM image in Fig. 5.8a-b, the edge feature 

become obvious at “in-gap” bias voltages, while it is not distinguishable from the ML ReSe2 

terrace at 1.5V. In fact, the height of the edge region at 0.3 V or -1V (as shown in Fig. 5.8c) 

Figure 5.8: Effect of trapped charge on the edge of ML ReSe2 on BLG. (a-b) STM images 

of ML ReSe2 on BLG taken at bias voltages of 1.5 V (in conduction band of ReSe2) and 0.3 V 

(“in-gap” bias voltage), respectively. The edge feature is significantly enhanced at “in-gap” bias 

voltage. The size of STM images in (a) and (b) are 35 nm × 15 nm. (c) The line profiles obtained 

from bias dependent STM images of the edge. The solid (dotted) black and orange line profiles 

are obtained from STM taken at positive (negative) bias voltages locating within the energy gap 

and conduction (valence) band of ReSe2. (d) The STS measured along a line crossing the edge 

of ML ReSe2 on BLG from position “I” to “IV” marked in (a-c). All STS in (d) are converted 

to logarithm scale; the blue dashed lines indicate the tendency of graphene electronic structure. 
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is greater than that of ML ReSe2 terrace area. Besides, the electronic evolution from metallic 

(graphene) to semiconducting (ML ReSe2) behavior is also conducted. The dI/dV line 

spectra are measured from position “I” to “IV” in Fig.  5.8a, crossing graphene, edge, and 

ML ReSe2 areas, displayed in Fig. 5.8d. From the red curves taken at the transition region, 

general behavior such as band-bending[192,193] or metal induced gap states[194,195] is not 

observed. Instead, we fond undefined electronic with small gaps which might be driven by 

graphene (indicated by the dashed V-shape in Fig. 5.8d). It was reported that charge 

redistribution at vdW heterostructure could form an interface dipole.[188] We could expect 

the dipole field produced at R/G interface. Moreover, this dipole field could be affected by 

dangling bonds that disturbs electronic structure at the edge region.  Therefore, the strong 

edge feature and undefined electronic behaviors again prove the presence of trapped charge 

layer at R/G interface.  
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5.2.3 Conclusion 

As the results, we provide delicate experimental observation in the trapped charge 

layer at R/G interface. Although the interaction between ReSe2 and graphene is weak vdW, 

the charge from graphene is still transferred to ReSe2 and trapped underneath Selower atomic 

layer. More interestingly, this trapped charge layer forms a pattern following the Re- chain, 

which can be resolved in STM image by applying an “in-gap” bias voltage to the sample. 

Those understanding about trapped charge at R/G interface is very critical in the view of 

device application because the interlayer coupling is an effective way to improve the device 

performance.  
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Chapter 6 

Ultrathin Cu2O Films 

Beside van der Waals materials, we are also interested in ultrathin films of Cu2O 

sample surface. In this chapter, we will discuss about stoichiometric surface structure and 

intrinsic defect of Cu2O.  

6.1 Introduction   

Copper (I) oxide, or cuprous oxide (Cu2O), is a p-type semiconductor with a direct 

band gap of ~2.1 eV.[196] Cu2O has been widely investigated due to its various potential 

applications such as solar cells,[197,198] photocatalytic splitting of water,[199–203] and CO 

oxidation.[204] Notably, it is rather uncommon for binary oxides to possess p-type 

characteristics due to the omnipresent defect of oxides (oxygen vacancy), which tends to 

provide electron donors and lead to n-type behavior. Here, what makes Cu2O a unique choice 

of oxide material is its intrinsically stable p-type nature. Although there are some technical 

obstacles such as high off-state current,[205,206] and low hole mobility,[207] Cu2O is considered 

a promising candidate for a p-type counterpart in oxide-based electronics. It is often stated 

that the p-type character originates from hole-producing Cu vacancies, which are easily 

generated due to low formation energy.[208,209] The shallow acceptor level of a Cu vacancy 

can effectively supply holes in Cu2O.[209] Although this is the generally accepted mechanism 

of p-type conduction in Cu2O, clear and direct observation of both the atomic and electronic 

characteristics of the Cu vacancy is lacking. 

The O/Cu(111) system has been intensively studied to understand the complex nature 

of the oxidation process. At the early stage of oxidation, Cu2O-like surfaces, the so-called 
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“44” and “29” structures, are formed and consist of Cu-O hexagonal rings, functioning as 

precursors to bulk Cu2O.[210–216] It has been reported that CO reduction can convert “44” and 

“29” structures to defective structures with pentagonal and heptagonal Cu-O rings as a 

metastable phase.[204] Closely related to these studies, the actual surface structures and 

terminations of Cu2O(111) have been a subject of debate. A recent study involving scanning 

tunneling microscopy (STM) and hybrid density-functional theory (DFT) calculations 

suggest that the stoichiometric surface of Cu2O(111) is more stable under oxygen-lean 

conditions, contradicting previous semi-local DFT predictions where the formation of a Cu 

vacancy is deemed to be thermodynamically favorable.[217,218] This vacancy formation on 

Cu2O(111), which corresponds to removal of the coordinately unsaturated Cu (CuCUS) atom, 

is supported by recent X-ray photoelectron spectroscopy measurements.[219] Further high-

resolution experiments and simulations are still needed to shed more light on the actual 

surface termination of Cu2O(111).  

The manipulation and augmentation of Cu2O(111) surface for various applications 

have been thoroughly investigated. To pursue those objectives, the growth of the high 

crystalline phase of Cu2O surface is of interest. In these aspects, several experimental groups 

have prepared ultrathin crystalline Cu2O surfaces in UHV condition and investigated its 

fundamental properties such as the morphological changes,[220,221] the structural properties 

of defects  on Cu2O(111) surface under the controlled conditions,[215,222] and the adsorption 

behavior of water molecules on prepared surfaces.[223,224] In particular, Nilius et al. prepared 

high crystalline Cu2O(111) surface on Au(111) (where their structural coherence is about 

4.2%).[217,223] However, the preparation of the high crystalline Cu2O(111) surface on 

Cu(111) surface is rather challenging due to the anticipated high lattice mismatch. 



85 

 

 

 

In this work, we investigate the surface structures and intrinsic point defects of 

Cu2O(111) thin films grown on Cu(111) surfaces via the combination of DFT calculations 

and home-built low-temperature STM. In particular, our DFT-derived simulated STM 

images are obtained beyond the simple Tersoff-Hamann approximation to consider 

explicitly the orbital contribution from the STM tip. Our combined STM/DFT studies 

indicate that Cu2O(111) is indeed stoichiometric where the CuCUS atoms appear as bright 

spots with a hexagonal structure in STM topography. Also, besides the possibility of 

kinetically-formed oxygen vacancies reported in previous work,30 intrinsic defects identified 

as a Cu vacancy and Cu adatoms commonly exist on Cu2O(111) surfaces. The inverted 

contrast behavior of filled and empty state probes of VCu indicates that the surface VCu is 

negatively charged. Accordingly, the dI/dV spectrum taken at the single VCu reveals the 

strongly enhanced conductance at negative bias range, compared to that of the defect-free 

area. This charged behavior is attributed to the acceptor character of VCu. Our observation 

confirms that the surface VCu provides holes to Cu2O system at the atomistic level. 
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6.2 Sample preparation  

Fig. 6.1 describes the processes of the high-quality Cu2O(111) surfaces prepared on 

Cu(111) films. Firstly, highly crystalline Cu(111) films grown on sapphire (Al2O3) substrate 

are oxidized at ambient conditions (room temperature), and about 5-nm-thick surface oxide 

is formed on Cu(111) film during this procedure. High-quality Cu2O(111) surfaces are 

prepared on Cu(111) films by three cycles of Ar+ sputtering at 0.5 kV for 10 min under Ar+ 

pressure of 2.5 × 10-5 Torr, and annealing at 600oC for 30-45 min. The Ar+ sputtering and 

annealing procedures are done in ultra-high vacuum (UHV) STM chamber.   

 

 

Figure 6.1: Two process of Cu2O surface preparation. (a) Oxidation in ambient conditions. 

(b) Cleaning surface inside UHV chamber. 
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6.3 Surface structure  

The role of the metal host is essential in the preparation of high-quality oxide 

surfaces. Highly crystalline Cu(111) thin films are prepared on sapphire substrate, and a ~ 

5-nm-thick surface oxide is formed on Cu(111) film under ambient conditions. The clean 

Cu2O(111) surface is obtained by Ar+ sputtering and annealing at 600℃ in an ultra-high 

vacuum (UHV). In Fig. 6.2a, STM topography exhibits a uniformly oxidized surface with 

well-ordered triangular terraces. The line profile taken along the blue arrow shows the single 

step height of Cu2O film about 2.1 Å which is similar to that of Cu(111).  

As shown in Fig. 6.2c, the stoichiometric Cu2O(111) surface consists of 

coordinatively unsaturated copper (CuCUS), coordinatively saturated copper (CuCSA), 

coordinatively unsaturated oxygen (OCUS), and coordinatively saturated oxygen (OCSA). 

From the structure model, the OCUS has only bonding with the underneath oxygen (Ounder). 

Therefore, nonstoichiometric surface without CuCUS (Cu2O(111)–CuCUS structure) could be 

possible. To date, it is still debatable whether the nonstoichiometric surface is 

thermodynamically more favorable than the stoichiometric surface. Complementing the 

STM imaging, the role of DFT simulation is critical to resolve this issue. All DFT-simulated 

STM images hereafter are based on the revised Chen’s method that explicitly includes the 

tip orbitals.  
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Figure 6.2: Surface structure of Cu2O(111) films. (a) Large-scale STM topography of the 

Cu2O(111) surface shows well-ordered terrace structures (Vs = 4.5 V, It = 30 pA). (b) The line 

profile taken along the blue arrow in (a) showing the single step about 2.1 Å. (c) The top and 

side view of structure model of stoichiometric Cu2O(111) surface. The red, light blue, dark blue, 

yellow, and white circles represented for coordinatively unsaturated oxygen (OCUS), 

coordinatively unsaturated copper (CuCUS), coordinatively saturated copper (CuCSA), 

coordinatively saturated oxygen (OCSA), and underneath oxygen atoms. 
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 A high-resolution image shows bright spots of a hexagonal lattice, as shown in Fig. 

6.3a. Our DFT simulation of the stoichiometric Cu2O(111) surface using the revised Chen’s 

method  (Fig. 6.3b) shows good agreement with STM topography (Fig. 6.3a), confirming 

termination of the Cu2O(111) surface where the bright spots correspond to CuCUS atoms. 

Moreover, we are able to unveil some fine structures in the STM images of the stoichiometric 

Cu2O(111) surface. The bright linear features marked by dashed lines in Fig. 6.3a and 6.3b 

match very well and clearly coincide with the positions of the CuCSA atoms. On the other 

 

Figure 6.3: Atomic structure of Cu2O(111) surface. (a) High-resolution STM image exhibits 

hexagonal structures of stoichiometric Cu2O(111) surface (Vs = 1.4 V, It = 30 pA). (b) STM 

image of stoichiometric Cu2O(111) surface is simulated at +1 V with the revised Chen’s 

approach using a sharp tip apex on W(110). (c) High-resolution STM image exhibits triangular 

structures of stoichiometric Cu2O(111) surface (Vs = 0.2 V, It = 30 pA).(d) STM image of 

stoichiometric Cu2O(111) surface is simulated at +1 V with the Tesoff-Hammann method. Top-

view structural model of the stoichiometric Cu2O(111) surface is overlaid on the STM and 

simulated STM images. The bright line features in experimental and simulated STM images are 

denoted as dashed lines in (a) and (b). Image size of (a) and (b) are 3 nm×3 nm. 
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hand, the 3-fold symmetry reflecting OCUS atom and OCSA atom around CuCUS atoms in the 

simulated image of Fig. 6.3b is not visible in the STM image of Fig. 6.3a, but appears in 

different bias image in Fig. 6.3c, suggesting that the 3-fold symmetry in Fig. 6.3b is also 

real.  It is noted that the bright linear features are pronounced when we compare the STM 

images simulated with the revised Chen’s method (Fig. 6.3b) with those of the Tersoff-

Hamann approach (Fig. 6.3d). This result implies that including the contribution of the tip 

states to the STM simulation is important in capturing the correct electronic structure of the 

Cu2O surface. 

Our measured lattice constant (distance between CuCUS atoms) of prepared 

Cu2O(111) surface is ~ 6.5 Å which is much larger than that of Cu2O layer on Au(111) (6.00 

Å) or that of bulk Cu2O (6.04 Å).[220,223] The strained lattice constant (of about 8.33 %) as 

compared to the optimal lattice constant is attributed to the role of the Cu(111) support where 

structural incoherence between the thin oxide and Cu(111) can exist. 
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6.4 Intrinsic defect – An origin of p-type characteristic 

 

 

We further investigate intrinsic defects existing on Cu2O(111) surfaces in STM 

topography. Two types of defects labelled defects A and B are observed in Fig. 6.4a. The 

high-resolution image in Fig. 6.4b indicates that defect A originates from removal of the 

Figure 6.4: Intrinsic defects in the Cu2O(111) surface. (a) Two different defects labelled 

defects A and B are observed in STM topography (size: 30 × 30 nm2). (b) and (d) High-

resolution STM images of the locations marked by yellow (defect A) and white (defect B) boxes 

in (a), respectively (size: 4 × 4 nm2). All STM images are produced at Vs = 1.6 V and It = 30 

pA. Simulated STM images (using revised Chen’s approach) are shown for defect A (at +1.5 

V) in (c) and defect B (at +1.5 V) in (e) with surface atomic structures. (c) For defect A, one 

CuCUS vacancy defect exists on the p(2 × 2) Cu2O surface supercell. (e) For defect B, the STM 

images are simulated with one Cu adatom (upper) and three-adatom (lower) models to confirm 

possible Cu clusters on the p(3 × 3) surface supercell. The atomic structures are overlapped to 

the simulated STM images. The Cu, O, and Cun atoms are depicted as white, red, and turquoise 

circles, respectively. 
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surface CuCUS atom, as marked by an arrow, suggesting that defect A is the CuCUS vacancy 

(hereafter, will be represented by surface VCu). This is supported by our DFT-STM 

simulations where the topographs of both experiment and theory agree very well (Figs. 6.4b 

and 6.4c).  

As shown in Table 6.1, the calculated defect formation energy of surface VCu is 

thermodynamically favorable. Concurring with a recent work,[225] the bright circular features 

are caused by the six CuCUS atoms surrounding the surface VCu (defect A), while the dark 

almost-triangular feature is strongly associated with the surface VCu. 

 

In contrast, defect B shows bright protrusions on top of the surface, as shown in Fig. 

6.4d. The bright protrusions show slight variance in brightness and topology, i.e., their sizes 

and brightness vary somewhat from defect to defect. Interestingly, similar features of our 

measure STM images of defect B was observed in a previous work where the possibility of 

Cu adatom formation on Cu2O(111) surface was proposed. In that work, the origin of the 

most common bright protrusion features of the STM images was assumed to be the isolated 

 

Table 6.1. Defect formation energy of single and paired surface defects of Cu2O(111). 
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Cu atom binding on top of the OCUS atom with other various types of adatom defect 

configurations and sizes suggested.[226]  

Thus, to further verify the presence of Cu adatoms on Cu2O(111), we perform DFT 

calculations of possible Cu clusters (Cun) on Cu2O(111). Here, we choose to model the 

isolated Cu adatom (majority; denoted as Cu1) and larger adatom clusters with three Cu 

atoms (denoted as Cu3) as representative cases to test the possible adsorption sites on 

Cu2O(111). 

From our calculations, the single Cu adatom binds to the “quasi” three-fold hollow 

site (i.e., located at two CuCSA and one CuCUS atoms), forming O-Cu chemical bonds to the 

nearest OCUS atom with a bond distance of 2.04 Å. This is 10 % larger than the bond length 

between CuCSA-OCUS on the stoichiometric surface (at 1.84 Å). Our DFT-simulated STM 

image (Fig. 6.4e) for this surface defect captures the anisotropic bright feature of the 

experimental STM image (Fig. 6.4d). With brighter circular feature originated from Cu1 

atom, CuCUS atoms at outermost surface possess the bright protrusion feature which can be 

observed in the experimental measurement. 

To investigate the thermodynamic stabilities of these defects, the Eform
Defect of Cu1 is 

calculated with respect to the stoichiometric Cu2O(111). Our results show that the Cu adatom 

defect is unfavorable with Eform
Defect = +0.31 eV (Table 6.1). However, interestingly, when 

we compute the formation energy of a defect pair (which is composed of one VCu and Cu1) 

Ef
Pair, the formation of Cu1 in the presence or co-existence of surface copper vacancies is 

indeed favorable (Ef
Pair = –1.40 eV). These results imply that the formation of defect B 

(cluster) is the natural consequence of the formation of defect A (Cu vacancy).  The extracted 

CuCUS atoms from the center of Cu-O hexagonal rings may now bind to a “quasi” three-fold 

hollow site on Cu2O(111). We confirm our preliminary hypothesis via a statistical analysis 
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of the experimentally measured defect densities of A and B. The counted density of defect 

A and B is about 0.1 defects/nm2 and 0.08 defects/nm2, respectively, lending support that the 

relative ratio between defect A and B is fairly similar. 

Indeed, with a closer inspection of the simulated STM image of Cu adatom clusters 

(for both Cu1 and Cu3; in the Fig. 6.4e), one will find similar topographs with the 

experimental image and thus suggesting the possible presence of small Cu adatom defects 

(defect B) on the stoichiometric Cu2O(111) surface. The observed Cu adatom shows 

completely different topographic features from the triangular shape of oxygen vacancies 

reported in single crystals.30 This implies that our strained Cu2O thin films grown on the Cu 

substrate can have different surface defect characteristics (e.g. formation energies and 

electronic structures) as compared to those of Cu2O single crystals. We note, however, as 

discussed in other work[226], the observed bright protrusion features may also be signature of 

complex Cu-O defect (CunOm) formation on this oxide surface.  

 

 

Figure 6.5: Bias polarity dependence of STM images at the same location. Cu vacancies 

(VCu) and Cu clusters (Cun) present different contrast behavior in (a) empty and (b) filled state 

images (size: 15 × 15 nm2). 
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 These two defects, VCu and Cun, present very different electronic characteristics 

depending on the polarity of the sample bias. Figs. 6.5a and 6.5b exhibit topographic images 

for the same location at +1.6 V and -1.6 V, respectively. Interestingly, the hollow feature of 

VCu in the empty state becomes a bright spot in the filled state, while Cun remains unchanged 

as a bright protrusion in both states. Such inverted contrast behaviors of VCu imply that VCu 

is not neutral but negatively charged. Recalling theoretical predictions that the p-type nature 

of Cu2O is attributed to VCu,[209] VCu easily ionizes to its -1 state by producing a hole carrier. 

Because Cun is just an adatom cluster sitting on top of the Cu2O surface, it should always 

appear as a bright protrusion in topography regardless of the bias voltages and polarities. 
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 The electronic nature of VCu is further investigated by performing dI/dV 

spectroscopy at the single-defect level. Fig. 6.6 shows dI/dV spectra obtained from the center 

of VCu (red, see inset) and a defect-free area (blue). The spectrum of VCu reveals strong 

enhancement in the negative bias range compared to the defect-free area. Again, this is a 

typical characteristic of a negatively charged defect.[83] The charged behavior is attributed to 

the acceptor character of VCu. We observe a smaller gap size of ~ 1.2 eV (compared to the 

2.1 eV in the bulk oxide) in our ultrathin Cu2O film samples, and we attribute this to the 

influence of the underlying Cu metal support.  

 

Figure 6.6: Electronic structure of VCu. dI/dV spectroscopy taken at VCu
 (red curve) and a 

defect-free area (blue curve) (a) on linear scale and (b) on log scale. The I-V spectra are 

obtained with initial set-current 50 pA at 2.5 V (feedback off) and dI/dV signal is 

simultaneously measured by a typical lock-in technique (modulation amplitude of 10 mV and 

frequency of 1.2 kHz). 
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6.5 Conclusion  

High-quality Cu2O(111) surfaces are prepared by ambient oxidation of Cu(111) film 

and show very well-ordered, triangular terraces. STM studies combined with DFT 

calculations clarify that Cu2O(111) has a stoichiometric surface where CuCUS atoms are 

observed with a hexagonal structure. In this study, DFT-derived simulations of STM images 

are obtained by explicitly adding the orbital contributions from the STM tip to the simple 

Tersoff-Hamann approximation. Both high-resolution STM topography and DFT-STM 

simulations consistently reveal the fine structure of stoichiometric Cu2O(111) surfaces, 

showing the detailed features of the CuCSA atoms. Cu2O is intrinsically copper deficient due 

to the low formation energy of VCu.[208] However, the existence of surface VCu and its 

electronic properties have been rarely investigated at the atomistic level. Two surface defects 

commonly exist on Cu2O(111) and are identified as VCu and Cun. Unlike Cun, VCu exhibits 

a negatively charged behavior in both topography and spectroscopy measurements, 

unequivocally demonstrating the acceptor character of surface VCu. Here, we confirm that 

copper vacancies provide holes not only in bulk defects, but also at the surface, which could 

be important for device applications. 
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Appendix A – Tip state effect to STM topography 

images of SnSe 

 For example, Fig. A1 showing the different features obtained in STM topography 

images of SnSe surface. It well known that STM topography images of SnSe showing the 

rectangular periodicity of Sn atoms regardless of bias conditions. In this discussion of STM 

observations of SnSe surface, it is assumed that the W tip is in a four-lobe d orbital state 

such as dxy and d�� �� , which are the dominant states at the Fermi level. However, the atomic 

features of SnSe that are observed can totally change when the tip state is altered. 

Occasionally, we obtain the topographic images shown in Fig. A1a which present two major 

differences compared to Fig. A1b. First, the apparent radius of the Sn atoms (the brightest 

spots) is significantly reduced. Second, new atomic features appear at the position of Se 

atoms, as marked by the green dashed circles in Fig. A1b 

 

Fig. A2a presents typical topographic images of a SnSe surface obtained by a four-

lobe d state tips. The profile of Fig. A2c, taken along the black dashed line (ABC), shows 

 

Figure A1: STM topography images of SnSe surface taken with different tip states. (a) 

Typical four-lobe d state tips and (b) d��  state tips. 



99 

 

 

 

that the corrugation amplitude and apparent atomic radius of Sn atoms are around 14 pm and 

1.8 Å, respectively. On the other hand, Fig. A2b shows much sharper atomic features of the 

Sn atoms. Indeed, the corrugation amplitude remarkably increases to around 70 pm, and the 

apparent radius of the Sn atoms also noticeably decreases to around 1.3 Å in the line profile 

(ABCD) (Fig. A2d). All these observations agree very well with the characteristics of a d��  

state W tip, so the improved topography of the SnSe surface seen in Fig. A2b can be 

attributed to the d��  state of the W tip. Interestingly, weak atomic features of Se atoms are 

also observable, as labelled with green dashed circles in Fig. A2b. This implies that the 

sharply focused shape of the d��  state helps to detect the hidden Se 4pz states of SnSe 

surfaces. There are also bright connections between Sn and Se atoms in Fig. A2b which 

could be some features of Sn and Se atoms from the bottom layer of SnSe surfaces detected 

by the sharp d��  state. We were able to get the dz
2 state only when a negative bias is applied 

to the sample allowing the migration of W+ ions. Although the dz
2 state is not controllable, 

it usually happens in the bias range of - 0.5 to - 2 V which would also depend on the shape 

and sharpness of W tip.  
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Figure A2. High-resolution images of SnSe surfaces with (a) Typical four-lobe d state tips and 

(b) d��  state tip. The line profiles along the dashed lines (ABC) and (ABCD) are shown in (c) 

and (d), respectively. The apparent radius of the Sn atoms is obtained from the FWHM (full 

width at half maximum) of the Gaussian fitting. 
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Appendix B – Magnetic properties of Fe5-xGeTe2 

B1. Transition between a uniform state and a chiral soliton lattice state 

In this section, we discuss a simple model that can qualitatively explain the anomalous cusp 

of the magnetization as a function of temperature just below 280 K shown in the insets of 

Fig. 4.8b. In two phases with √3 × √3 ordering referred to as “udd” and “duu” phases in the 

main text, the inversion symmetry is broken within each layer of Fe5GeTe2. Due to this 

inversion symmetry breaking, there should exist the two-dimensional Dzyaloshinskii-

Moriya interaction (DMI) in the energy. By taking into account of the Heisenberg exchange 

energy, the DMI, and the Zeeman coupling, we model the system with the following energy: 

� = ∫ ���� �
�(�)(�� )�

�
�(�)(� �� � � �m �) �(�)� � �  (Equation B1)  

where � (�,�) is the unit vector in the direction of the local magnetization, �(�) is the 

exchange coefficient varying with temperature �, �(�) is the DMI coefficient, �(�) is the 

magnetization, and �  is an external magnetic field. We consider the situation where the 

magnetization varies along only one direction (see, e.g., Fig. 4.8f-g for MFM images of the 

sample where the change of the magnetization occurs along one direction). Without loss of 

generality, we denote the direction of the magnetization change by the � axis. Then, it 

suffices to consider the following energy line density: � = ∫ �� �
�(�)(��� )�

�

�(�)(� � ∂�� � � ���m �) �(�)� � � . For the simplicity, the magnetic field is 

assumed in the �  direction: � = �� . By factoring out the exchange coefficient, the 

expression can be rearranged as follows: � = �(�)∫ �� �
(��� )�

�
�(�)(� � ∂�� �

� ���m �) �(�)� �� , where �(�) = �(�)/�(�)  and �(�)= �(�)�/�(�)  are the 
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rescaled DMI coefficient and the Zeeman coupling. For the analysis of the energy line 

density, we will closely follow the analysis done in ref.[116,227] for chiral soliton lattices. It is 

known that, in the absence of the magnetic field �(�)= 0, a ground state of Equation B1 is 

given by a helical structure � (�) = (cos(��),0,sin(��)) with the wavevector � = �(T) 

(see, e.g.,[228]). Note that � � = 0 in this ground state. By following the aforementioned 

references, we assume that the magnetization stays in the ��-plane and represent the energy 

line density in terms of the angle � with � = (sin� ,0,cos�): 

� = �(�)∫ �� �
(���)�

�
�(�)��� �(�)cos��  (Equation B2) 

Equation B2 is identical to Equation 2.6 of ref.[116] There are two types of stationary 

solutions. The first one is a uniform state, �(�) ≡ 0, which is also called the ferromagnetic 

phase or the commensurate phase. The second is called the chiral solion lattice (also known 

as the helical phase) or the incommensurate phase, and the solution is implicitly given by 

sin�
�(�)��

�
� = sn�

���

�
��� , where �  is determined by 

�(�)

�
=

��

�√�
, �(�) is the complete 

integral of the second kind, and sn(�|�) is the Jacobi elliptic function. The exemplary 

magnetization configuration of the chiral soliton state obtained by the aforementioned 

solution is shown in Fig. B1. The transition between the uniform state and the chiral soliton 

lattice state occurs at ��(�)= 4��(�). To study the thermal transition between the 

commensurate and the incommensurate phases, let us take the following temperature 

dependence for the coefficients by following:[116] �(�) = �(0)�
�(�)

�(�)
�

�

,�(�) =

�(0)�
�(�)

�(�)
�

�

, and �(�)= �(0)�1 �/�� , where ��  is the Curie temperature. The 

temperature dependence of the coefficients can be much more complicated than the 

mentioned ones in real materials, but, in this supplemental material, we focus on qualitative 
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understanding of the observed cusp, which, we believe, can be obtained with this simple 

modeling. Then, the rescaled coefficients have the following temperature dependence: 

�(�)= � and �(�)= �(0)���/(�� �). Note that � = �(�)/�(�) has no temperature 

dependence. Then, the transition between the commensurate (uniform) phase and the 

incommensurate (chiral soliton lattice) phase occurs at temperature given by � =

�1 �
���(�)

���� �
�

� �� . For temperatures � < � < ��, the system is in the commensurate 

(uniform) phase. The resultant magnetization is in the z direction and it is given by ��(�) =

�(0)�1 �/�� . For temperatures � <  � , the system is in the incommensurate (chiral 

soliton lattice) phase. The average magnetization (in the � axis) in this phase is given by 

��(�) = �(0)�1 �/�� � 1 +
�

��

��(�)

���(�)
�  where �  is determined by 

�(�)

�
= �

�(�)

�(� )
, 

and �(�) is the complete elliptic integral of the first kind.[116] For an illustrative example, 

we calculated the magnetization ��(�)/�(0) for � = 0.05 and �(0) = 0.0004 and it is 

shown in Fig. B1a. The transition temperature is given by � 0.93 �� . Above �  and 

below ��, the ground state is a uniform state, where the magnetization is in the z direction 

parallel to the external field. Below � , the ground state is a chiral soliton lattice state, where 

the magnetization changes in one direction. Fig. B1b shows the magnetization profile for 

� = 0.92 �� < � . Note that the magnetization changes vertically forming the lattice of 

solitons.  
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B2. Determination of the exchange stiffness constant Astiff 

The exchange stiffness constant Astiff can be obtained from M-T curve of the forced 

ferromagnetic state. In low temperature region, the spin-wave stiffness constant Dspin is 

estimated from the Bloch T2/3 low;[115,229]                                                                                                                             

��(�)

��(�)
= 1 ���/� (Equation B3) 

Here,   

� = 2.612
���

��(�)
�

��

�������
�

�/�

 (Equation B4) 

 

Figure B1. a) The spatial average of the z component of the magnetization ��(�) along the 

external magnetic field with the parameters � = �. �� and �(�) = �. ����. The transition 

temperature is given by � �. �� ��. The ground state is given by a commensurate (uniform) 

state and an incommensurate (chiral soliton lattice) state above and below � , respectively. b) 

The magnetization direction � (�,�) for temperature � = �. �� ��  (denoted by the dashed 

arrow in (a) in the chiral soliton lattice phase. The color encodes the z-component of the 

magnetization � � and the vector represents the xy-components of the magnetization �� �,� ��. 



105 

 

 

 

where, ��(0) is saturation magnetization at 0 K. �  is the g-factor. ��  represents the Bohr 

magneton. ��  is the Boltzmann constant. According to Equation B1, we fitted our data (Fig. 

4.8e) in main text), and the obtained Dspin is 1.87×10-22 Jnm2. Then, the constant Astiff at 0 K, 

Astiff (0) can be calculated using relation Astiff(0)= Dspin × ��(0)/ ��� .[115] The value of Astiff 

(0) is 1.856 pJ/m. Finally, the temperature-dependent Astiff(T) is calculated using simplified 

relation [115] as 

������(�)

������(�)
�

��(�)

��(�)
�

�

 (Equation B5) 

At 140 K and 77 K, the estimated values of Astiff(T) with saturation magnetization Ms in Fig. 

4.8e are 1.201 pJ/m and 1.572 pJ/m respectively.  
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B3. Determination of the DMI based on MFM image 

The DMI strength |�| can be estimated by the domain wall energy �� as follows: [109,230] 

�� = 4����������� �|�| (Equation B6) 

���� =
�

�
��������  (Equation B7) 

where, Astiff is the exchange stiffness constant. Keff is effective anisotropy constant. Hsat is 

saturation field.  �� is saturation magnetization.  �� is the permeability of free space. Here, 

the domain wall energy �� is also related to domain width w:[231] 

�� =  
��

�

����
     (Equation B8) 

Here, � is phenomenological fitting parameter determined by the magnet quality factor Q 

[232] and � = 0.31 ± 0.02 for � ≫ 1. Because Q is about 4 in our system, we fixed � = 0.31 

to calculate the domain width. According to ref.,[233] the surface magnetic domain width w 

can be described by arbitrary structure magnetic patterns. And w is defined as;[231] 

� =
�× ����� ���� ���� ������

�× ������ �� �����������
   (Equation B9) 

Then, we can obtain the magnetic domain width w by evaluating the periodicity of the 

magnetic patterns with the line profile (red line) of a wide range MFM image as shown in 

Fig. B2. From this method, the estimated domain width of Fe5-xGeTe2 is 4/m at 140 K. 

Finally, the strength D is obtained with parameters Astiff (140 K) = 1.201 pJ/m, Keff = 7.5×10-

2J/m3, w = 4/m, and � = 0.31 The estimated D is 3.63×10-4 J/m2 at 140 K. 
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B4. The ratio of the DMI and exchange energy 

As mentioned in previous section, the transition between the uniform state and the chiral 

soliton lattice state occurs at ��(�) = 4��(�). The � means the ratio between the DMI 

D(T) and exchange coefficient A(T). When D(T) is zero indicating the absence of DMI, the 

magnetic anomaly is not observed just below Tc.[227] Therefore, � = �(�)/�(�) is a crucial 

parameter. With the experimental values, we estimate the ratio �(�)/�(�) by following 

relation.[126] 

�

���
=

�√��

�

�

������
  (Equation B10) 

where a is lattice constant. Jex is exchange constant meaning exchange coefficient A(T), and 

Astiff is exchange stiffness constant. Therefore, the ratio � of our Fe5-xGeTe2 can be obtained 

with D (140 K) = 3.63×10-4 J/m2, Astiff (140 K) = 1.201 pJ/m, and a = 4 Å. The estimated 

 

Figure B2. The MFM image used to obtain the domain size. 
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value of the ratio � is approximately 0.1. This value is in the range (0.2 ~ 0.01) generating 

chiral soliton lattice state. [116,227,234] 

Appendix C – Tip and sample preparation 

C1. Tip making system 

 

All tips using for all STM experiments are made of tungsten (W) wires using 

electrochemical etching. As shown in Fig. C1, the W wire is dipped into a thin layer of NaOH 

2M solution hold by platium (Pt) ring and the voltage bias is applied between Pt ring (anode) 

and W wire (cathode). There are two processes of tip etching; bias voltage of 20 V is applied 

in fast etching while 2~5 V is applied in slow etching. After around 30 minutes, the bottom 

part is dropped and used as a STM tip. In my experience, the thinner NaOH layer results in 

the shaper STM tip. 

  

 

Figure C1: The schematics of tip etching configuration  
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C2. Tip and sample annealing stages 

 

To save space under UHV conditions and lower making cost, a combination of tip 

and sample annealing stages was designed, as showing in Fig. C2. The tungsten (W) tip is 

cleaned by electron beam (e-beam) method before using. For this purpose, a current source 

of 2 A to 5 A is applied to the tip filament (1) while a high bias voltage (0.5 kV to 1 kV) is 

applied to tip stage (2). For the sample annealing purposes, three modes are available which 

are using e-beam, radiation, or Joule heating. The sample filament (3) is mounted close to 

the sample stage (4). In the e-beam mode, the temperature can increase faster than that of 

radiation mode. In Joule heating mode, the sample is mounted in special way to be grounded 

(5) and current source is flowing through the sample (red arrows). All electrodes (1), (2), 

(3), (4), and (5) are isolated by ceramic washers (6). Both tip and sample annealing stages 

are mounted into the standing aluminum rod (7).  

 

Figure C2: A combination of tip and sample annealing stages. (a) The electronic schematics 

of annealing stages for tip and sample. (b) A picture of tip and sample annealing stages. (1). Tip 

filament, (2). Tip stage, (3). Sample filament, (4). Sample stage, (5). Ground stage. 
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