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Abstract 

The discovery of graphene led to a huge wave of interest in two-dimensional (2D) materials. 

The overall aim is to reveal the exotic properties of 2D-materials and tailor them for energy 

saving, storage, and conversion devices such as batteries and electrocatalysts and also for 

recent technologies such as spintronics, topotronics and twistronics. There is a library of 

various 2D-materials with novel properties amongst which bismuthene (2D-Bi) and in 

particular its rectangular allotrope (α-Bi) is of great interest. A large band gap, air-stability 

and low carrier density of this allotrope enables many real-life applications. More 

importantly α-Bi is predicted to be a promising room-temperature topological insulator due 

to its strong spin-orbit coupling. α-Sb is close to α-Bi in terms of morphology but the spin-

orbit coupling is different, which could lead to different topological properties. The 

experimental investigations carried out for this PhD thesis are a step towards filling gaps in 

our knowledge and finding practical applications for these two materials.  

This thesis focused on characterizing the electronic and topological (edge state) properties 

of various α-Bi structures grown on graphite and α-Sb structures grown on pre-existing 

Bi/graphite substrates using scanning tunneling microscopy/spectroscopy. Our findings 

confirm the presence of highly localized edge states for both α-Bi and α-Sb structures and 

also the role of twist and interaction between the layers in determining the electronic 

properties of the edges. 

2D-heterostructures of α-Sb/α-Bi which have large spatial periodicities allow us to explore 

the effect of moiré patterns on the electronic and topological characteristics of the system. 

Moiré patterns allow engineering of both the electronic properties as well as local variations 

of the topological order of the structures.  

Finally we characterized a new phase/structure observed after sequential deposition and 

found it to be a rectangular allotrope of antimony oxide with promising properties that can 

be tailored for photovoltaic devices. 
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Chapter 1  

1 Introduction 

1.1 Beyond Moore’s Law: Topotronics and Twistronics  

One of the greatest challenges facing the world in the years to come is to minimize the amount 

of energy used in computation and information technology. Transistors being the most 

important components of the integrated circuits (ICs), constantly switch and lose energy in 

the form of heat. Today, nearly six percent of the world's electricity is consumed for 

computation and it is doubling every decade due to the dramatic increase in the complexity 

of ICs and density of components for satisfying the higher demand and also achieve better 

quality devices [1]. Over the last decades, computation demands have been unfailingly met 

by progressive shrinking of the size of the transistors known as Moore's Law [Moore's Law 

refers to a prediction based on the observations of Gordon Moore on the number of transistors 

in an IC doubling about every two years]. The average transistor size in the market at the 

moment is a few nanometres and the aim is to introduce the nodes whose sizes are down to 

2nm by 2023 [2]. As shrinking becomes more complex, more expertise and resources would 

be required, while the number of companies capable of providing cutting edge technologies 

to fabricate smaller transistors has been steadily dropping. Also, due to fundamental 

limitations imposed by physics, extreme miniaturization would not be possible and there will 

be little room for further improvement of speed and power of computation in the future, 

resulting in Moore's Law coming to an end. These limitations would be clearly manifested in 

quantum tunneling occurring through gate dielectrics [3] and difficult heat management [4]. 

To meet ever-increasing demands for computational power and to reduce energy 

consumption, traditional silicon-based transistors will have to be replaced with other 

technologies that are currently at an early stage of development. This section provides a brief 
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review of two of the technologies predicted to result in a paradigm shift in the coming 

decades, i.e. topotronics and twistronics. These technologies mainly make the use of two 

dimensional (2D)-materials or, in other words, materials that are characterized by 

confinement in one dimension, strong in-plane bonds, and weak van der Waals (VDW)-type 

interlayer coupling [5]. 2D-materials have exotic tuneable electrical and optical properties 

that are different from those of their bulk counterparts. These properties are predicted to 

revolutionize current technologies in various fields such as quantum computing, spintronics, 

energy conversion/storage and sensing.  

2D-materials can be classified into four categories based on their atomic structures, namely 

(i) Xenes [the suffix -ene addresses to the 2D form of a monoelemental crystal]- with X being 

an element of group III (borophene and gallenene) or group IV (graphene family) or group 

V (including black phosphorus (BP) and the hexagonal allotropes), (ii) chalcogenides, (iii) 

2D-oxides and (iv) supramolecular organic 2D-layers and covalent organic 2D-polymers. 

When the weakly interacting 2D-materials are stacked up, multi-layered systems known as 

van der Waals heterostructures (VDWHs) are generated where many of the constraints of 

conventional interfaces are lifted. This potentially allows engineering of properties for 

desired applications. We begin this chapter with a brief introduction to the key concepts of 

topotronics and twistronics. 

1.1.1 Topotronics      

Topological electronics (in brief topotronics) is a new field where topological materials and 

in particular topological insulators (TIs) are employed to build electronic devices such as 

transistors. TIs, due to their protected chiral spin-polarized edge states (ESs), promise secure 

communication and decoherence-free computation [6-9]. The history (early work), main 

concepts, properties and applications of topotronic devices are discussed in the following. 

History and Early Work     The discovery of the (integer) quantum Hall (QH) effect (Nobel 

prize in 1985) [10, 11] led to the enrichment of condensed matter physics with topology as a 

fundamental mathematical concept for characterization of different phases of matter. The QH 

effect is a version of the Hall effect, but the conductance exhibits steps with quantized values 

Ne2/h (where N is an integer, e is the elementary charge and h is the Plank’s constant) [12, 

13].   The QH effect can be revealed by the application of a large magnetic field perpendicular 

to the sheet of a 2D-semiconductor/material at low temperatures. As a result, electrons 



11 |                Beyond Moore’s Law: Topotronics and Twistronics 

 

 

become confined in the “bulk” (interior) of the sheet and follow cyclotron orbits (called 

Landau levels) with a radius proportional to the magnitude of the magnetic field. At the edges 

of the material, however, electrons are not pinned and can flow freely along partial 

trajectories so they generate a conductive channel – an edge state.  

In 1988, Haldane proposed a model of spinless fermions with broken time-reversal symmetry 

and proved that it is possible to get the QH effect with a net zero external magnetic field [14]. 

Subsequently, Kane and Mele generalized the Haldane’s model to a 2D-system with spin ½ 

and predicted a new quantum state- the quantum spin Hall (QSH) system [15-17] also known 

as the TI. The QSH systems can be understood as two copies of the QH system, one with 

spin up and the other with spin down electrons under opposite internal magnetic fields that 

are due to the spin-orbit coupling (SOC) of the material itself. A QSH insulator is therefore 

characterized by its insulating bulk and two counterpropagating spin-polarized conductive 

edge channels that are more robust than the trivial ESs of QH systems. Figure 1-1 compares 

the schematic structures of QSH (b) and QH (a) insulators.   

 

Figure 1-1 Schematic of the quantum Hall (a) and spin Hall (b) effects.  

Magnetic Field SOC
(No Magnetic Field is needed)

Quantum Hall Insulator Quantum Spin Hall Insulator

(a) (b)

Chiral Edge State Counterpropagating 
Spin-polarized Edge States 
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Concepts    As was shown in Figure 1-1, TIs are guaranteed to conduct on their boundaries 

and guaranteed not to conduct in the bulk [15]. The main concept of TIs is topology, a 

powerful mathematical tool to study continuity. Topology in a general sense is associated 

with the features of geometric objects that are invariant under smooth deformation. A coffee 

cup for instance, as shown in Figure 1-2, can be reshaped into a doughnut so the two are 

topologically equivalent. What matters in topology is the number of the holes in the objects, 

called the genus; it determines the topological invariant (order) of the class they belong to. In 

the case of the coffee cup and the doughnut, the genus is one. Dramatic changes such as 

tearing apart or gluing the object can result in a transition between phases that are 

topologically distinct.   

Topology can also be applied in band theory to classify phases of the matter, based on their 

electronic band structure. Two systems are topologically equivalent if they can be 

continuously transformed into each other very slowly [15]. A TI cannot be transformed into 

a state with a different topology without the closing of the band gap. Hence the band gap 

inevitably closes at the interface between two materials/phases that have different topological 

orders, and gapless states emerge e.g. at the boundaries of a TI in contact with the vacuum. 

This is called bulk-boundary correspondence [15]. 

 

Figure 1-2   Topological equivalence of a coffee cup and a doughnut. The objects are considered 

elastic. By taking the handle of the coffee cup and pulling it outward one can smoothly deform the 

cup and make a doughnut out of it. Ripping, tearing and gluing are not allowed. The genus is 

determined by the number of holes and equals one.  
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Determination of the topological invariant, Z2, which is associated with the topological 

properties of the electrons’ wave functions (ground state) defines whether the insulator is 

topological or not [15, 18, 19].  The topological invariants +1 and -1 classify the insulators 

as ordinary (trivial) and topological (nontrivial) respectively.  The number of times the 

surface (edge) energy bands intersect the Fermi energy in the band structure of a 3D (2D) 

insulator also can determine the topological order. For an odd number of intersections, the 

insulator is topological. The general features of TIs are reviewed next. 

Properties and Applications     The ESs of 2D-TIs are protected by the topology. This 

implies their persistence under the presence of weak perturbations, disorders and defects. 

Owing to the strong SOC, spin and the linear momentum of the electrons are locked at the 

edges (see Figure 1-1) and the elastic backscattering is strongly suppressed, therefore, a 

unique 1D current is generated. The absence of scattering accounts for many of the exotic 

properties and potential applications of TIs. There is limitless potential for new physics to 

emerge, for instance, ferromagnets and superconductors in close proximity to TIs are 

predicted to generate Majorana fermions that are their own antiparticles [20, 21]. Regarding 

applications, TIs guarantee dissipation-less transport as well, finding huge applications in 

future transistors [7, 15]. This might also allow secure communication and decoherence-free 

computation. Since the electrons flowing in the edge channels are locked in their original 

states and spin-flips are forbidden, in principle transmitted information cannot be hacked. 

Experimental Realization of TIs      Heterostructures of HgTe and CdTe were the first 

theoretically predicted and experimentally verified systems where 2D-TIs were realized [22, 

23]. Bismuth is the other vastly explored topological material owing to its strong SOC. 

Although bulk (3D) bismuth is topologically trivial, its 2D rectangular and hexagonal 

allotropes, i.e. Bi (110) known as α-bismuthene (in brief α-Bi) [24], and Bi (111) or β-

bismuthene (β-Bi) [25] are both reported to have exotic topological properties. Bi will be 

discussed in section 1.2. Interesting topological properties were also observed in Bi 

compounds such as Bi2Se3 [26, 27]. Alloys of bismuth and antimony, Bi1-xSbx, in the 

concentration range x~0.07-0.22, were the first experimentally confirmed 3D-TIs, having 

topologically protected surface states [15, 28]. A key question is whether these edge states 

survive on reduction of size to nanoscale [due to coupling between the equivalent states on 

opposite sides of the nanostructures]. 
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1.1.2 Twistronics 

Twistronics (derived from twist and electronics) is a novel concept introduced by Carr in 

2017 for engineering electronic devices [29]. The main idea is using twist (misorientation) 

as an extra degree of freedom to manipulate the properties of 2D-materials. The key results 

were the discovery of superconductivity [30] and strongly correlated insulating states [31] in 

double-layer graphitic systems such as bilayer graphene (BLG) and twisted bilayer graphene 

(TBG). Neither of the graphene monolayers in TBG or BLG superconducts on their own. But 

when the twist angle between the layers is set to certain values, the whole system 

superconducts [30]. Twist angle dependent behavior was also observed in graphene/boron 

nitride (hBN) heterostructures [32, 33] which can develop a bandgap [32]. This enables 

graphene to undergo a transition from a metallic to a semiconducting and/or insulating state 

simply by varying the twist angle. Other interesting properties/effects such as spontaneous 

magnetic ordering [34], charge/spin order [35-38] and topologically protected band gaps [39, 

40] are expected to emerge in different 2D-heterostructures. Recent experiments show the 

great potential of twistronics even for light-driven technologies [41]; it was possible to 

suppress the optical diffraction in a system of two 2D-molybdenum trioxide (MO3) layers 

[41]. In fact, the rotational misalignment between the neighbouring layers in a 2D-

heterostructure results in the formation of a beating periodic pattern/superlattice called moiré 

pattern (MP). MPs whose scales are larger than that of the original lattices [42] are 

substantially responsible for altering the electronic properties of 2D-materials [32]. An 

introduction to MPs is given next. 

Moiré Patterns     Moiré (mɔˈreɪ) pattern is a distinctive interference pattern formed due to 

the superposition of two discrete patterns [43, 44]. MPs are ubiquitous; they are observed in 

fabrics, curtains, architecture and frequently in digital-photo and film shooting. They evolve 

due to the minute changes of orientation or alignment of two original structures with respect 

to each other. Figure 1-3 shows the two different cases where MPs emerge [the system is 

comprised of two parallel linear patterns that are superposed on each other]. The first case is 

related to adjusting the twist angle, θ, between the two patterns (Figure 1-3 (b)-(f)) and in the 

second case the two patterns are aligned but their periodicities, a and a′ (spacing between the 

straight lines in each original pattern), are different (Figure 1-3 (g)-(k)). In general, the 

features of MPs vary in shape depending on the symmetries of the initial patterns. In Figure 

1-3, the features of MPs are periodic (dark and bright) fringes. If the initial patterns were two  
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Figure 1-3  Moiré pattern formed due to a simple superposition of two patterns: (a) The initial patterns 

are identical and the twist angle, θ, between the patterns is zero, thus, no interference pattern is 

observed. (b)-(c) The dark and bright moiré fringes emerge by increasing the twist angle. (g)-(k) The 

moiré fringes emerged for a system in which the twist angle is fixed at zero, but the periodicities of 

the patterns are different.  
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hexagonal or rectangular grids, the MP would exhibit hexagonal or rectangular features 

called “moirons”. In general, based on the symmetry of the original patterns, the moiré 

systems can be classified into two categories, i.e. systems with similar and with mixed 

symmetry. The ability of MPs to tune the band structure of the 2D–materials is now well 

documented in the literature [30, 33, 45-53] and in particular in similar symmetry systems 

[54-56]. Investigations of mixed symmetry systems could open up new directions for device 

engineering. 

MPs can be characterized by the spatial periodicity of the superlattice (λ) and the angle (δ) at 

which the MP is oriented with respect to either of the original structures. Very recently, a 

simple model based on a set of analytical equations to describe the geometry (period and 

orientation) of MPs was developed in our group [57]. This model can generate the MP wave-

vectors for any given rotation angle and any combination of the symmetries of under- and 

overlayers using their independent reciprocal lattices. 

MPs in 2D-materials were first observed on graphite using electron microscopy techniques 

[58]. Later, the invention of scanning probe microscopes (SPMs) by allowing local surface-

sensitive measurements contributed to a deeper understanding of MPs’ effects in various 2D 

heterostructures [59-62]. Graphitic heterostructures including bilayer graphene, twisted 

bilayer graphene, trilayer graphene, hexagonal boron nitride (hBN) on graphene, and HOPG 

have been the most commonly studied systems in which the novel electronic characteristics 

such as high-temperature superconductivity [30, 31, 63] and Mott correlated insulating states 

[30, 64], secondary Dirac points [45, 48, 52], valley polarized currents [65], ferromagnetism 

[51, 66], the Hofstadter Butterfly [45, 66-68], Brown-Zak magnetic mini bands and 

oscillations [45, 66, 68, 69] and many others [70-72] have been observed or artificially 

engineered using MPs within a precisely controllable context. 

Further rich physics can be engineered in multilayered structures. Figure 1-4 (a) 

schematically depicts the twist-related effects in a trilayer platform that includes a sheet of 

graphene encapsulated between two hBN monolayers. The twist angles between every two 

consecutive layers, i.e. graphene and the top hBN layer, and graphene and the bottom hBN 

layer are controlled independently. Figure 1-4 (b) and (d) show the resulting different MPs 

that are generated due to the misorientation of the graphene and the hBN layers. The 

wavelength (periodicity) of these two superlattices dynamically varies by changing the 
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relative rotation angles. These systems are able to artificially create an even wider spectrum 

of electronic properties in 2D-heterostructures (Figure 1-4 (b)) [33]. 

MPs can cause strain to be modulated quasi-periodically throughout 2D-heterostructures 

[73]. This is fundamentally of great importance because it can be used as a tool for tuning the 

physical and electronic properties of 2D-materials and thus engineering devices with tailored 

properties [74, 75]. The variation of strain according to the theoretical predictions generates 

pseudo-magnetic fields (PMFs) [76-78] which can generate flat bands, helical snake-states 

and interface superconductivity [75]. The first experimental evidence in support of the 

formation of PMFs in strained graphene sheets was observed recently [79].  

 

Figure 1-4  Twistronics in a hBN/graphene/hBN heterostructure. The black hexagonal array 

represents the graphene’s lattice while the two top and bottom hBN sheets are shown in red and 

navy respectively. The twist between every successive pair, i.e. the graphene sheet and its hBN 

underlayer (navy) or graphene and its hBN overlayer (red) creates three unique moiré superlattices 

in the form of honeycomb patterns and shown by the white hexagons in (a). The close-up views of 

these MPs are shown in (b) (c) and (d). (c) Moiré of MP which is the interference pattern of the two 

MPs shown in (b) and (d). Credit: Swiss Nanoscience Institute, University of Basel. 
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1.2 Black Phosphorus (BP) Materials 

This thesis focuses on group-V 2D-materials and in particular their rectangular allotropes. 

The bulk crystals of these elements (P, As, Sb and Bi) have A7 rhombohedral structures [80-

82]. In 2D, they crystallize into two main structures/allotropes that are of rectangular and 

hexagonal symmetries [24, 83, 84]. The β-allotrope resembles the vast majority of other 

existing 2D-materials (such as graphene) [85, 86] although it is often buckled. The α-phase 

is commonly referred to as the black phosphorus (BP) structure. As shown in Figure 1-5 (b), 

it is comprised of two layers with two atom bases per each rectangular unit cell, one almost 

at the centre and one at the corner of the cell [24, 87]. The BP structures can be buckled 

meaning that the two atoms in each monolayer are not exactly in-plane. So far it seems that 

the only 2D-materials known with rectangular symmetry are those belonging to group-V, 

except for WTe2 [88]. α-Bi and α-Sb hold promise in the development of the future topotronic 

devices and their heterostructures provide a novel platform for topotronics. An introduction 

to α-Bi is provided in section 1.2.1; α-Sb will be reviewed (in brief) in section 1.2.2  and (in 

detail) further in chapter 4.   

1.2.1 α-Bi Structures 

Morphology     Several Bi structures have previously been grown on various substrates and 

characterized morphologically and electronically [24, 83, 84, 87, 89-109]. On graphite [105, 

106] or MoS2 [84] (the substrates that are used in our group in the past), the α-phase is 

predominant. The formation of α-Bi structures can be described within the framework of 

diffusion limited aggregation (DLA) [106, 110, 111]. The shape of the structures can vary 

depending on the experimental parameters, specifically the flux and coverage of the 

deposited material. Deposition of pure elemental Bi at low coverage and flux results in self-

assembled structures with interesting morphologies. The x-ray photoemission spectroscopy 

results [83, 101] show that α-Bi structures are only weakly bound to the underlying HOPG 

substrate, meeting the condition for VDWHs. The discussed structures include relatively 

large bases/islands (up to hundreds of nanometers wide) with other stripes on top of them. 

The structures have (110) orientation which is usually parallel to HOPG 〈11̅00〉 [105]. Each 

of the bases or overlayer stripes are comprised of an even number of monolayers (MLs) (due 

to the paired layer BP-like structure of the rectangular allotrope). This allows all dangling 

bonds to be saturated compared to the odd-ML structures.  
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Based on the STM height measurements, the Bi bases are taller than the additional stripes 

formed on them (≥300pm-thick), suggesting that there is a wetting layer below the bottom 

2ML α-Bi layer. Hence, the growth leads to the formation of layers with thicknesses 3ML, 

5ML, 7ML, etc. The final structure, then as seen in Figure 1-5 (e), appears to have a ‘wedding 

cake’ profile. Note that the presence of the wetting layer is still controversial and so the 3ML, 

5ML and 7ML layers in this thesis are called 2ML, 4ML and 6ML α-Bi elsewhere [24, 108].  

The surface unit cell of α-Bi was experimentally estimated to be 4.8±0.3Å×4.6±0.2Å [83] 

and therefore almost very close to the dimensions of the surface unit cell of the bulk (3D) Bi 

(a= 4.72Å and b = 4.51Å) (~ 6% and 4% different) [82, 112]. By increasing the thickness of 

the α-Bi layers, significant strain energy would be stored in the films that has to be released. 

This results in a lower cohesive energy and reduced stability. α-Bi structures are found to 

undergo a crystallographic phase transition to β-Bi upon increasing their thickness beyond 

12ML [105]. 

 

Figure 1-5 Schematic ball and stick models of the black phosphorus structures such as α-Bi. (a) 

Perspective, (b) top view, (c) side view along 〈1̅10〉 (armchair) and (d) side view parallel to 〈11̅0〉 

(zigzag) directions. (e) Schematic of a layered Bi structure including a paired layer base on a 

monolayer (ML) wetting layer (3ML in total) and stripes with paired layer configuration on it. The 

different Fermi wavelengths in the 3ML, 5ML and 7ML thick layers cause the energetically preferred 

width of each layer to be different.  

(a) (b)

(d)

(c)

〈 〉 〈 〉

(e)
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The width of the α-Bi structures are found to have well-defined quantized periodicities 

(Figure 1-5 (e)), suggesting a lateral quantum size effect [83, 101]. This quantization is 

similar to the standing wave formation in closed organ pipes. 

Electronic Properties      Figure 1-6 shows the dI/dV(V) spectra (related to the density of 

states (DOS)- see chapter 2, section 2.2.3.5) obtained at the bulk (interior of the 2D-layer) 

of α-Bi structures with 3ML (a), 5ML (b) and 7ML (c) thicknesses. The calculated DOS of 

freestanding α-Bi slabs with relaxed surfaces and for 2ML, 4ML and 6ML thicknesses are 

shown in Figure 1-7 (b), (d) and (f) respectively. The position and the number of peaks in 

the calculated DOSs match reasonably well with those in the corresponding dI/dV(V) spectra 

of the Bi structures [Note that in general, the dI/dV(V) spectra of an ‘n’ ML structure were 

found to be comparable with the DFT-calculated DOS of an ‘n-1’ ML freestanding α-Bi 

slab]. This might indicate the contribution of the wetting layer in isolating the α-Bi structures 

from their HOPG substrate [83, 101].  

 

Figure 1-6  dI/dV(V) spectra taken from the bulk of 3ML (a), 5ML (b) and 7ML (c) Bi structures  

produced by averaging 30 different dI/dV(V) curves. Spectral histograms below each spectrum 

indicate the observed energy range for each peak; the scale on the right is in thousands of counts. 

Image reproduced from [83].  

(a) (b)

(c)

3ML Bulk 5ML Bulk

7ML Bulk

(a) (b)

(c)
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Figure 1-7 DFT-calculated band structure and DOS of a freestanding α-Bi slab with 2ML thickness 

(a) and (b), 4ML thickness (c) and (d), and for 6ML thickness (e) and (f). Reproduced from [83].  

(a) (b)

(c) (d)

(e) (f)
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For the thicknesses of 3ML and 5ML, a semiconducting electronic nature is predicted, as the 

thickness increases to 7ML, it becomes metallic [24, 83, 101]. The system exhibits 2D-Dirac 

fermion states at the high-symmetry points X̅1 and X̅2 [87]. These 2D-Dirac states are of 

interest as they are strictly protected by the nonsymmorphic symmetry of the lattice even in 

the presence of SOC [87].  

The band topology of ultrathin α-Bi is sensitive to the buckling which seems to be 

controllable by charge doping and interaction with the substrates [24]. α-Bi structure on 

HOPG is found to have negligible surface buckling, hence, it is topologically nontrivial [24]. 

The topological properties of α-Bi will be discussed in chapter 3. 

1.2.2 α-Sb Structures 

Antimony is the nearest neighbor of Bi amongst the elements of group-V. Theoretical 

predictions suggest great similarities between the two elements, particularly in 2D, such as 

their crystal structures (the number and the symmetry of their stable allotropes and their 

lattice parameters) [84, 113],  their 2D-Dirac states that are robust against SOC [87, 114] and 

their non-trivial topological nature [84, 114]. In experiment, deposition of Sb on most 

substrates including HOPG does not result in growth of the crystalline 2D-phases, neither α-

Sb nor β-Sb [106], leaving us with a gap in our knowledge of it. However, growth on top of 

the Bi structures on HOPG is found to be a way of decoupling Sb structures from the substrate 

and yield 2D-phases [84]. Bi structures act like substrates for the antimonene to grow on. 

Chapter 4 is devoted to the investigation of α-Sb (grown on α-Bi/HOPG bases) and in 

particular to their electronic properties.  

1.3 Motivation for the Present Work and Plan of This 

Thesis 

The ultimate objectives of this thesis are (i) to investigate the exotic quantum mechanical 

phenomena that are predicted to occur in 2D-materials, such as spin-polarization and 

dissipation-less electron transport, and (ii) to find practical approaches to engineer 

nanostructures with useful and tunable properties. Accomplishing these objectives would be 

a step towards the commercialization and integration of topotronic and twistronics 

technologies to future devices. The experiments carried out for this project are built upon the 

experiences gained over 15 years of extensive study of potential topological materials 
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bismuth and antimony. These two group-V 2D materials, and particularly their rectangular 

allotropes α-Bi and α-Sb, are promising candidates for topotronic devices. An immediate 

consequence of the topological protection for these two TIs should be the emergence of the 

conducting edge states. As a primary objective, we aim to detect the edge states of these 

allotropes using scanning tunneling microscopy/spectroscopy (STM/STS). This thesis is 

outlined as below, 

Chapter 2     A review of the methods for carrying out our experiments and analysis of the 

recorded data is provided in chapter 2. 

Chapter 3    Our priority in this chapter is to investigate the edges of α-Bi 2D-structures, 

since the preliminary spectroscopic studies in Ref. [83] indicate the emergence of edge states 

near the Fermi level, although the resolution of the recorded data was not sufficient for a 

definitive conclusion. The chapter focuses on intensive spectroscopic studies with high 

energy resolution using lock-in spectroscopy (LI-STS) in order to confirm the existence of 

the edge states.  

Control of coupling between the edge states and the states in the underlying bases provides 

an important route to engineering topology. 3ML, 5ML, and 7ML Bi all have distinct band 

structures (see Figure 1-7). Therefore, it is expected that the edges of identical 2ML stripes 

(Figure 1-5 (e)) supported on bases with different thicknesses, could be different as well. 

Establishing the evolution of the edge states and potentially the topology of the structures 

with the thickness of their underlying bases/substrates is thus another subject investigated in 

chapter 3.  

Chapter 4     α-Sb has the same BP structure as that of α-Bi, but the SOC is different, 

therefore, this chapter focuses on the study of the electronic properties of α-Sb structures 

grown on Bi bases with different thicknesses (3ML, 5ML and 7ML) and their edge state was 

investigated. The work is motivated by the recent theoretical predictions on the nontrivial 

topology of the α-Sb allotrope [84], and the lack of experimental evidence and published STS 

studies.  

The α-Sb/α-Bi heterostructures exhibit interesting moiré patterns with one of the largest-

periods (λ~8nm) ever observed in 2D-systems. The recent observations [115] and theoretical 

predictions [116, 117] for other moiré systems raise this possibility that the moiré patterns in 

α-Sb/α-Bi heterostructure modulate the electronic properties of the edges and potentially the 
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topology of α-Sb. Chapter 4 also explores this prospect. The recent models [57] and [118] 

are used when possible to explain the moiré patterns. 

Chapter 5   This chapter is devoted to exploring a new phase/structure that was observed 

after sequential deposition of antimony on Bi/HOPG substrates. This phase, whose size and 

thickness are limited to tens of nanometres and few hundred picometers respectively, coexists 

with pure Bi and Sb structures and is immediately distinguishable from them due to its unique 

triangular shape. The triangular nanostructures (TNSs) are fully characterized 

(morphologically and electronically) using STM/STS in chapter 5. The composition of the 

TNSs is revealed by investigating the different plausible 2D-structures which have similar 

characteristics to those of the TNSs we observe in experiment. 

Chapter 6     The summary of the key findings of this PhD thesis and also an outline of the 

future work are presented in chapter 6. 

 



 

 

 

 

Chapter 2 

2 Experimental Techniques 

This chapter provides a general overview of the materials, experimental methods and analysis 

techniques applied throughout this thesis. It begins with section 2.1 where the 

crystallographic structure of bismuth, antimony and highly oriented pyrolytic graphite 

(HOPG) are briefly examined. Section 2.2 is devoted to introducing the ultra-high vacuum 

variable temperature system and its components, the methodology related to the growth of 

the samples, and the main concepts behind scanning tunneling microscopy/spectroscopy. 

Finally, section 2.3 reviews the principal characterization/analytical techniques used to 

assess the recorded data. 

2.1  Materials 

2.1.1 Bismuth and Antimony  

The 2D BP-like A17 structure of the two elements was introduced in section 1.2, for 

completeness this section overviews the bulk crystal structure of elemental Bi and Sb 

(evaporant materials) and also that of the highly oriented pyrolytic graphite (substrate) used 

in this project. 

Pure Bi (Sb) crystalizes into the rhombohedral A7 structure [81]. The rhombohedral lattice 

is built on three vectors, a⃗ 1,  a⃗⃗ 2 and a⃗ 3, which are equal in magnitude ((a(Ro)) and not 

mutually orthogonal (see the orange arrows in Figure 2-1). The lattice parameters of the bulk 

Bi unit cell are a(Ro)Bi=4.72Å, and Bi=57.35° and for Sb are a(Ro)Sb=4.51Å and 

Sb=57.71°. 
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It is also possible to describe Bi and Sb crystals using an alternative hexagonal indexing. The 

reason for this is that the rhombohedral and hexagonal lattices both belong to trigonal system 

with threefold rotational symmetry [80, 81, 119]. The hexagonal primitive cell itself is 

formed by three basic vectors, a⃗ 1,  a⃗⃗ 2 and c  that are indicated by the dotted red arrows in 

Figure 2-1. The numerical values of a1(Hex), a2(Hex) and c are 4.53Å, 4.53Å and 11.79Å 

respectively (see Figure 2-1) [119]. Rhombohedral indexing has been used throughout this 

thesis. 

2.1.2 Highly Oriented Pyrolytic Graphite (HOPG) 

Growth of the nanostructures with topological phases of interest requires a weakly 

interacting, smooth and atomically flat surface. HOPG has almost all of these features, 

therefore, is commonly used as a substrate. In terms of crystallography, HOPG has hexagonal 

symmetry and a rhombus-like unit cell (see Figure 2-2) with an in-plane lattice constant of 

2.46Å which is the distance between every other carbon atoms. The lattice constant along the 

 

Figure 2-1 Rhombohedral crystal structure of Bi (Sb) in a hexagonal representation. The 

rhombohedral unit cell is shown by the solid orange-colored lines, and the hexagonal unit cell with 

dotted navy-colored lines. The orange and red arrows are the basis vectors of the rhombohedral and 

hexagonal lattices, respectively. The lattice constants of the rhombohedral unit cell are a1(Ro)= 

a2(Ro)=a3(Ro)=4.72Å and the angle between each pair of basis vectors is α=57.35°. For the 

hexagonal unit cell a1(Hex)=a2(Hex)=4.53Å and c(Hex)=11.79Å. Image reproduced form [119]. 
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c-axis is twice the distance between two layers, i.e. 2×3.35=6.7Å. The well-defined heights 

of single-layer steps can be used in order to calibrate the measurements in the z-direction. 

The term “highly oriented” indicates the nearly perfect match of atomic position in 

neighbouring grains. There is however an angular disorientation between these grains which 

is characterized by the “mosaic spread”.  For the highest quality grades, the mosaic spread is 

less than 1°. Mechanically cleaving HOPG normally results in generation of large flat terraces 

for growth of nanostructures. In this project, the best quality commercial HOPG (SPI-1) 

which is called grade ZYA with a mosaic spread angle of 0.4° ± 0.1° is used as the substrate. 

2.2 Ultra High Vacuum Variable Temperature (UHV-VT) 

System 

Preparation and characterization of the samples for this project were both carried out in-situ 

under ultra-high vacuum conditions (base pressure ~5×10-10mbar). In this section, the 

“Scienta Omicron VT-AFM XA” UHV system and its working principle are introduced.  

2.2.1 Chamber Construction 

Omicron VT-AFM XA shown in Figure 2-3 (a) hosts two main parts in a vacuum chamber, 

the heating/deposition stage and the scanning probe microscope (SPM) stage. The chamber 

 

Figure 2-2 (a) Side view and (b) Top view of graphite layered structure. Two different sites of 

carbon atoms are represented by α (black) and β (red). The rhombus-like unit cell with the lattice 

constant, a, is marked by blue dashed lines and c-axis is perpendicular to the planes. 

(a) (b)
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also houses other components such as ion getter and titanium sublimation pumps, a sample 

transfer wobblestick, a parking carousel to store up to 12 samples/tips, and a fast entry lock 

(FEL) located on the backside of the chamber through which the samples and the microscope 

probes are inserted to the main chamber. The FEL is isolated from the main chamber with a 

gate-valve and is pumped down by a turbomolecular pump (not visible in Figure 2-3 (a)). A 

vacuum pressure gauge and a cold cathode are integrated into the chamber and the FEL 

respectively to measure the pressure [120].  

The heating/deposition stage includes (i) a manipulator with x, y, z and rotational ranges of 

motion, equipped with direct current and resistive AC heating facilities for heating up or 

degassing the samples/substrates/tips and especially to position the substrates in the 

evaporant beam emanating from the effusion cells, (ii) two water-cooled effusion (Knudsen-

type) cells with the maximum operating temperatures up to 1400°C and filled with 5N 

(99.999%) high purity evaporant Bi and Sb materials [head of the effusion cells is in direct 

contact with a type-K thermocouple which reads the temperature of the cell], and (iii) a quartz 

crystal microbalance (QCM-Sycon STM-100) to measure the flux of the atomic beam (see 

Figure 2-3 (b)).  

The other section of the vacuum chamber houses a VT-SPM (Figure 2-3 (c)) whose main 

components will be discussed in detail in section 2.2.3. In brief, the microscope stage is 

comprised of a scanner on which a probe (tip) is mounted, a vibration isolation unit, a cryostat 

which is fixed to the base flange with a heat exchanger of a liquid Helium (LHe) flow cryostat 

projecting through the microscope base plate. The thermal connection between the sample 

and the cryostat is established through a copper braid. The minimum temperature achievable 

by cooling the samples down by our system is ~50K. Locking the microscope stage is 

possible using a push-pull motion drive (PPM). PPM allows the sample and probe exchange 

by means of the wobblestick.  

The main ports to the chamber are devoted to evaporators, sputter ion gun, residual gas 

analyzer, sample viewing, pressure measurement and vacuum pumps. Knife-edge flanges 

with copper gaskets are used as removable seals that are exposed to the UHV environment. 

The protocols for baking out and venting the Omicron VT-AFM XA are thoroughly 

explained elsewhere [83, 120]. 
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Figure 2-3 Overview of the Scienta Omicron VT-AFM XA system [121]. (a) Vacuum chamber 

housing the microscope and the heating/deposition parts; some of the components are indicated by 

arrows; the fast entry lock (FEL) is on the back-side of the chamber thus is not visible. (b) Side port 

view of the inside of the system directed at the heating/deposition part showing the manipulator with 

integrated heater and its ranges of motion along x, y and z directions, effusion cells and quartz crystal 

microbalance. The entrance to FEL and the sample parking carousel are also shown. (c) Microscope 

(protective housing removed); the zoomed-in view of the base plate including the vibration isolation 

unit (spring suspension plus eddy current damping) system, scanner, an STM tip, and other 

components inside the black rectangular frame is shown. 

Connector Plate 
Cryostat (CPC) inside 

Cryostat Shielding

STM Tip mounted on 
Piezo Scanner 

Spring Suspension System 
protected by stainless steel bars

Push Pull Motion Drive (PPM) Sample Holder

Eddy Current Damping Stage: 
a ring of copper plates 
coming down between 

permanent magnets

He Flow 
Cryostat

(c)

Vacuum 
Chamber

Front Viewport

Wobblestick

SPM 
(STM/AFM)

Stage 

Manipulator

Ion  
Pump Titanium 

Sublimation 
Pump

(a) (b)



30 |                                     Ultra High Vacuum Variable Temperature (UHV-VT) System 

 

 

2.2.2 Preparation and Growth  

The preparation procedure starts by ex-situ mechanical exfoliation of the HOPG substrate 

and inserting it into the vacuum chamber. The substrate is then loaded into the manipulator 

and degassed using resistive heating at T=800K for 16 hours to provide a clean surface for 

the next step and finally, it is cooled down to room temperature. 

Before deposition, the temperatures of the effusion cells should be increased in a stepwise 

fashion at every 20 minutes to reach the final temperatures ~450°C for Bi and ~300°C for Sb 

respectively. When increasing the temperature, pressure of the chamber must stay below 

1×10-8mbar at all times. If necessary the temperature increments can be slowed down. Also, 

it is essential to calibrate the fluxes of the evaporators before deposition. For this purpose, 

the water-cooled quartz crystal microbalance is moved forward and placed in front of the 

effusion cells. When the evaporator shutter opens, the microbalance measures the deposition 

rate. It is essential to note that the rate at which the material is deposited on the quartz 

microbalance might differ from the rate at which it is deposited on the desired 

substrate/sample. The ratio of the two rates is called "tooling factor". The tooling factor 

should be determined prior to experiments to apply the desired correction if needed (i.e. for 

calibration of the quartz microbalance). This is usually done by depositing a fixed thickness 

of a material on the thickness monitor followed by deposition of the same amount on a 

substrate. The substrate then is taken out of the chamber and scratched using a tweezer. The 

thickness of the deposited film which is the same as the depth of the scratch measured by 

AFM/profilometer divided by the thickness measured by the thickness monitor gives the 

tooling factor (refer to [83] for further details).  

The deposition rate is chosen to be ~0.01Å/s [83, 105, 122]. The deposition is done 

sequentially by evaporating 2ML of Bi onto the HOPG substrate (held at ~295K), followed 

by 0.6ML of Sb. Both bismuth and antimony under such low flux and coverages have been 

shown to favour growth with interesting morphologies [84, 122]  

2.2.3 Scanning Probe Microscopy/Spectroscopy 

Scanning probe microscopes (SPMs) were first used to record the real-space surface images 

of silicon in the early 1980s [123]. SPMs are imaging tools that make it possible to image a 

sample down to the level of single atoms. Additional applications of SPMs include 

measurement of the surface conductivity, static charge distribution, localized friction, 
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magnetic fields, elastic moduli and also nano-manipulation or fabrication of artificial 

nanostructures [124]. The significant advantage of SPMs over diffraction methods such as x-

ray and low-energy electron diffraction is their ability to characterize local structures.  

This section discusses the fundamental physics of SPMs and their instrumentation to their 

practical capabilities with a focus on the scanning tunneling microscope (STM). Detailed 

literature on the physics of atomic force microscopes (AFMs), their general principle, design 

and applications can be found elsewhere [125]. 

2.2.3.1 Key Principles of the STM  

The basic concept of the STM is quantum tunneling between a conductive tip and a sample 

that are brought in the vicinity of each other [123, 126, 127]. One of the commonly used 

tunneling theories/formalisms is briefly reviewed below. 

One Dimensional Tunnel Junction in Wentzel–Kramers–Brillouin (WKB)  

Approximation (1D-WKB)     The 1D-WKB formalism was developed by solving the one-

dimensional or separable barrier models for single particles and the use of one of the several 

types of WKB approximation [128, 129]. In this formalism, the probability of the 

transmission of one electron from the STM tip to the sample (or the reverse) through the one-

dimensional trapezoidal barrier between the two (see Figure 2-4) can be approximated by, 

 𝑇(𝑤, 𝐸, 𝑒𝑉) ≈ exp[−2𝑤 × √(
2𝑚

ℏ2
(
Φ𝑠𝑎𝑚𝑝𝑙𝑒 + Φ𝑡𝑖𝑝

2
+

𝑒𝑉𝑏𝑖𝑎𝑠

2
− 𝐸)] 2-1 

where w is the tunneling barrier width or tip-sample separation distance, Φsample and Φtip are 

the surface and tip work functions, ħ is the reduced Planck’s constant and m is the electron 

mass; Vbias is the bias voltage applied between the tip and the sample and E indicates the 

energy of the electron flowing in the direction of the tunneling junction. 

Expression 2-1 clearly shows the exponential dependence of the transmission probability on 

the tip-sample separation distance w. Due to this exponential relationship, the value of the 

tunneling current is extremely sensitive to the sample surface corrugation and typically yields 

a vertical resolution of the order of picometers [130]. The tunneling current, It, is obtained by 

integrating the density of states of the sample and the tip, ρsample (E) and ρtip (E), weighted by 

the tunneling transmission probability (T) at a given energy (E),  
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 𝐼𝑡 ≈ ∫ 𝜌𝑠𝑎𝑚𝑝𝑙𝑒(𝐸)𝜌𝑡𝑖𝑝(𝐸 − 𝑒𝑉). 𝑇(𝑧, 𝐸, 𝑒𝑉)
𝑒𝑉

0

𝑑𝐸. 2-2 

This contribution of the density of states of the sample allows electronic effects to be studied 

using the STM. In the next section, the actual design of each of the components in STMs is 

investigated.  

2.2.3.2 Experimental Setup and Instrumentation  

Scanner     The Scanners that drive the STM tips are piezoelectric materials (often made of 

ceramics) whose dimensions alter in response to an applied voltage. Scanners, as 

polycrystalline solids whose crystals have their own randomly aligned electric dipole 

moment, should be poled to be able to respond to the voltage and expand/contract along the 

desired x, y, and z directions. Regular use of the scanner motions in different directions is 

recommended so as to prevent the depolarization of the dipoles of a poled scanner. The Curie 

temperature at which significant depolarization of the piezoelectric materials occurs is ~ 

150°C. Thus, scanners should strictly be isolated from temperatures above 150°C. The 

Omicron VT-AFM XA uses a single tube scanner design with a maximum (x, y) scan range 

of ~10μm×10μm and a z-travel of ~1.5μm that makes it possible to achieve vertical 

resolutions better than ~0.01nm. Application of a sawtooth voltage to the x and a voltage 

ramp to the y electrodes induces raster motion and causes the scanner to move back and forth 

in the x-y plane (parallel to the sample’s surface) [123].  

Electronics and Control Unit     The electronics and control units in STMs are responsible 

for driving the scanner, biasing the tunneling junction, recording the tunneling current and 

therefore generating the STM images. The key components are (i) a computer into which 

digital to analog (DAC) and analog to digital (ADC) converters are integrated [DACs to be 

used for applying the bias voltage setpoint to the sample or the tip and ADCs for the output 

signal acquisition/conversion], (ii) a high gain I-V converter (108-1010V/A) placed in the 

vicinity of the tip for amplification of current, (iii) high voltage amplifiers for polarization of 

the piezo transducers, (iv) a feedback loop to be used for constant current imaging mode, (v) 

proportional-integral and derivative (PID) filters to control the feedback and (vi) a lock-in 

amplifier for improving the signal to noise ratio in scanning tunneling spectroscopy (STS). 
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Vibration Isolation system     The mechanical noise (vibration of the building, running 

people, vacuum pumps and etc.) has to be kept at the lowest level to enable high-resolution 

scanning probe microscopy. Omicron VT-AFM XA is isolated from the mechanical noise 

via a vibration isolation block comprised of four soft springs to hold the base plate of the 

microscope suspended together with eddy current dampers (copper plates separated by 

permanent magnets (see Figure 2-3 (c)). The vibration isolation system is essential in 

particular to damp the low-frequency noises [120]. In order to minimize the effect of the 

natural oscillation of the building, the STMs are placed on the ground floor and preferably 

on large concrete blocks resting either on sand beds, elastomer barriers, or on second-stage 

pneumatic isolators (air cushions) which separate them out from the ground floor. 

Tip     The STM tips are pieces of metallic wires mounted on the piezoelectric scanner. Tips 

with sharp apices and a low aspect ratio are essential to maximizing the resolution of the 

STM images. The apex of an ideal tip is single atom-terminated, therefore, most of the 

tunneling current only passes through that last atom and allows determination of the position 

and local DOS of the sample with the highest precision [123, 128]. In experiment, this is hard 

to achieve as a number of different atoms might contribute at once to the atomic configuration 

of the tip.  

The STM tips can be prepared either mechanically by cutting a piece of metallic wire while 

it is subject to a stretching force (the force is applied to make the apex as sharp as possible) 

or by electrochemical etching. The tip preparation process is normally done ex-situ under 

ambient conditions. The preferred materials are usually alloys of Platinum (Pt) and Iridium 

(Ir) because they are chemically inert to oxidation and have sufficient stiffness for STM 

purposes [123]. Pt (90%) – Ir (10%) cut tips were used in the experiments. Etched tips also 

were made by electrochemical etching of the tungsten (W) wires in KOH solution, but due 

to oxidation of W-tips in air, they have not been used frequently.  

To prevent oxidation and contamination, the prepared tips are inserted to the chamber 

immediately. Contaminants can be removed by degassing the STM tip. After degassing, the 

tips are mounted on the piezoelectric scanner of the microscope. For in-situ tip improvement, 

field emission and controlled collision of the tip with metallic crystalline surfaces like Gold 

(Au) are recommended [120]. 
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2.2.3.3 STM Imaging         

Imaging starts by bringing the tip and the sample close enough using the coarse motion of 

the piezo scanner such that a tunneling current flows. By convention, a negative bias voltage 

means that the electrons tunnel from the sample to the tip. In general, two operating modes 

for imaging the surfaces with STM exist, constant height and constant current (see Figure 

2-5).  

In the constant current mode, which is schematically shown in Figure 2-5 (b), a feedback 

loop attempts to maintain a setpoint current that is set by the operator. The feedback loop first 

converts the current to a voltage, then compares it to a reference voltage and finally applies 

negative feedback for driving the piezo. When the current is larger than the setpoint the piezo 

 

Figure 2-4 Schematic diagram showing a simplified view of the data acquisition with STM. The 

energy diagram of a 1D quantum mechanical tunneling junction between the tip and the sample is 

included: when the tip is brought in the tunneling regime, the negative bias voltage (Vbias) applied to 

the sample, pushes the Fermi level of the sample (ɛf) upward. As a result, electrons from occupied 

states of the sample tunnel to the unoccupied states of the tip; Φtip, Φsample, Ψtip, Ψsample, εftip
 and 

εfsample
 are the tip and the sample work functions, wavefunctions and Fermi levels respectively. |z| 

is the barrier width which is replaced by w in the WKB approximation, k=√(2mΦ)/ℏ where Φ is the 

average of the tip and sample work functions, m is the electron mass and ℏ is the reduced Planck’s 

constant. 
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scanner is ordered to withdraw the tip and when it is smaller it brings the tip closer to the 

surface. Mapping the changes in height when the tip scans the surface yields an image 

containing the topographic features. 

In constant height mode (Figure 2-5 (a)), the feedback is disabled to keep the vertical position 

of the tip unchanged. Therefore, the image is obtained by mapping the changes in current as 

the tip is scanned.  

The preferred STM modes depend on the experimental conditions. Imaging in constant-

height mode is faster as the scanner movement along z-direction is inhibited, but surfaces to 

be imaged should be smooth to avoid tip crashes. Constant-current mode, on the other hand, 

measures irregular surfaces with higher precision but is slower.  

Having discussed how STM works, some of the nonlinearities associated with the scanner 

movements that cause distortion of the measurement grid (e.g. non-uniform spacing of 

periodic structures and curvature of linear structures) in experiment and also some of the tip-

related artifacts are discussed in the following.  

2.2.3.4 Intrinsic Nonlinearities of Scanner and Tip-related 

Artifacts   

Hysteresis     The changes in the dimension of the piezo with respect to the increase and 

decrease of the bias voltage can lead to hysteresis (see the inset in Figure 2-6 (a)). Hysteresis 

in the plane of the sample would cause a shift between the data sets taken in opposite fast-

scan directions, i.e. a data set taken by scanning from left to right and a data set taken right 

 

Figure 2-5 Schematic diagrams of constant height and current modes for STM imaging [131].  

(a) Constant Height Mode (b) Constant Current Mode

tunneling current

path of tip

tunneling current

path of tip

Image= I(x, y) Image= z(x, y)
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to left. Hysteresis out of the plane of the sample (perpendicular direction) can lead to an 

inaccurate step-height profile, as shown in Figure 2-6 (a). The scanner contracts so as to 

retract the tip when encountering a ridge along the z-direction while at the other side of the 

ridge, it extends and brings the tip closer. The voltage needed for the extension is higher than 

that of the contraction for the same displacement.  

Cross-Coupling      Cross-coupling describes the tendency to have an unintended z-axis 

component together with the x- or y-axis movement of the electrodes. Sources of the 

phenomenon are numerous and complex. Electric fields that are not uniformly distributed 

across the scanner are one of the sources as they cause strain fields with complex tensor 

components and result in x, y, and z electrodes occasional cross-talking. The greatest 

contribution to the cross-coupling can be from the geometric structure of the piezo scanners. 

For instance, in a tube scanner when one of the x or y electrodes shrinks and the other 

expands, the tube scans in an arc with an out of plane z component (see the inset in Figure 

2-6 (b)) so as to keep the tip under the tunneling condition. Cross-coupling can cause an STM 

to produce bowl-shaped profiles for the flat surfaces (see Figure 2-6 (b)). Levelling and 

averaging are the preliminary methods of handling STM raw output images from cross-talk 

effects. 

Tip-related Artifacts     Despite the ability to reach a high spatial resolution, the acquired 

surface topography images are often affected by artifacts arising from tip convolution effects.  

The most ubiquitous artifact in this regard is "tip broadening", due to which the shape of the 

sidewalls/step edges of the structures in their measured height profile seems dilated. The  

 

Figure 2-6  Effect of the nonlinearities of a scanner on a step. (a) STM trace with hysteresis and (b) 

STM trace with cross-coupling of x and z transducers. Image is reproduced from [132]. 

(a) (b)(a) (b)(b)
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magnitude of the tip broadening (Δ) can be estimated by means of the algorithms designed 

in Refs [133, 134]. Generally speaking, tip broadening is most of concern when the aspect 

ratio of the tip decreases and for the taller structures that are being probed. Figure 2-7 (a) 

schematically shows the broadening in the profiles of rectangular objects/step edges for three 

different tip geometries, sharp, round and flat. Due to the higher aspect ratio of the sharp tips, 

the broadening of their measured profiles is the lowest. Figure 2-7 (b) to (d) depicts some 

tip-related artefacts when the tip is probing a trench between two structures/ridges. A large 

radius tip (Figure 2-7 (b)) cannot penetrate into a trench except near the centre of the trench. 

For a tip with a small radius (Figure 2-7 (c)), the shape of the profiles mainly depends on the 

cone angle.  For a tip with a flat end Figure 2-7 (d)), the measured width of the trench is 

reduced. 

 

Figure 2-7   Tip-related artefacts. (a) Schematic height profiles of a rectangular object measured with 

STM tips with different aspect ratios/geometries. Δ represents the tip broadening. (b)-(d) Profiles of 

a trench between two rectangular objects showing the tip broadening effect caused by the tips with a 

large radius, large cone angle, and a large width with a flat end. Reproduced from [134]. 

Flat
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2.2.3.5 Principle of STS 

Scanning tunneling spectroscopy in principle makes the direct measurement of the LDOS of 

the materials possible. The first derivative of Equations 2-2 with respect to the bias gives the 

dynamic tunneling conductance at the energy ε=eV which is proportional to 

 

𝑑𝐼

𝑑𝑉
∝  𝜌𝑡𝑖𝑝(0)𝜌𝑠𝑎𝑚𝑝𝑙𝑒(𝑒𝑉)𝑇(𝑧, 𝑒𝑉, 𝑒𝑉)

+ ∫ 𝜌𝑠𝑎𝑚𝑝𝑙𝑒(𝐸)𝜌𝑡𝑖𝑝(𝐸 − 𝑒𝑉)
𝑑𝑇(𝑧, 𝐸, 𝑒𝑉)

𝑑𝑉

𝑒𝑉

0

𝑑𝐸

+ ∫ 𝜌𝑠𝑎𝑚𝑝𝑙𝑒(𝐸)
 𝑑𝜌𝑡𝑖𝑝(𝐸 − 𝑒𝑉)

𝑑𝑉
𝑇(𝑧, 𝐸, 𝑒𝑉)

𝑒𝑉

0

𝑑𝐸. 

2-3 

Equation 2-3 can be simplified by considering the density of state of the tip and the 

transmission coefficients constant in the voltage range explored in the measurement. 

Therefore, the second and third terms vanish and 

 
𝑑𝐼

𝑑𝑉
∝  𝜌𝑡𝑖𝑝(0)𝜌𝑠𝑎𝑚𝑝𝑙𝑒(𝑒𝑉)𝑇(𝑧, 𝑒𝑉, 𝑒𝑉) ∝  𝜌𝑠𝑎𝑚𝑝𝑙𝑒(𝑒𝑉) 2-4 

According to Equation 2-4, differential tunneling conductance is a good approximation to 

the DOS of the surface of the sample (modulated by the transmission of the barrier) at an 

energy value of E=eV, with V being the bias voltage applied between the tip and the sample. 

The conventional STS data acquisition technique, therefore, includes recording the I(V) 

curves when the bias voltage is swept in the energy range of interest. The recorded curves 

then can be numerically differentiated to obtain the tunneling conductance which, according 

to Expression 2-3, will be proportional to the density of states of the sample.  

Current-imaging-tunneling spectroscopy (CITS) is a common STS mode applied to record 

the I(V) curves. It allows both the STM topographic image and the STS data to be recorded 

nearly simultaneously. Further details regarding the CITS can be found in Ref [83].  

The modulation technique using a lock-in amplifier is another commonly used experimental 

method of data acquisition for STS. In brief, a low-amplitude sinusoidal voltage at some 

frequency f (VAC=Vmod sin (2πft)) that is produced by a function generator is superimposed 

on the main tip-sample DC bias voltage sweep. This modulation of voltage causes oscillation 

in the tunneling current response. The modulated current can be Fourier decomposed on the 

applied modulation frequency f, 
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 𝐼(𝑉𝑏𝑖𝑎𝑠, 𝑡) = 𝐼(𝑉𝑏𝑖𝑎𝑠) +
𝑑𝐼(𝑉𝑏𝑖𝑎𝑠)

𝑑𝑉
𝑉𝑚𝑜𝑑 sin(2𝜋𝑓𝑡) +

1

4

𝑑2𝐼(𝑉𝑏𝑖𝑎𝑠)

𝑑2𝑉
𝑉𝑚𝑜𝑑

2 sin(2𝜋𝑓𝑡) 2-5 

The first harmonic in Equation 2-5 that is the AC current amplitude (IAC) at the same 

frequency f  is proportional to the differential conductance (dI/dV) and therefore the density 

of state of the sample according to Expression 2-3. The lock-in amplifier extracts this term 

by filtering the signals that are not in phase with the reference modulated bias, Vmod sin (2πft). 

The result is a map that reflects the LDOS of a surface area at a defined energy eV [130].  

The feedback loop is enabled for imaging at each pixel after spectroscopy. Therefore, the 

frequency chosen for the modulated signal should be higher than the cut-off frequency of the 

feedback loop response, otherwise, the tip distance does not remain constant while recording 

the STS data. 

2.3 Image Processing Techniques and Analysis Procedures  

2.3.1 Fast Fourier Transform (FFT) and Lattice Constant 

Periodic structures in the original spatial domain are observed in the Fourier domain (k-space) 

as high-intensity spots/peaks whose radius and direction correspond to the spacing and 

orientation of the main image components respectively [135-137]. Therefore, a fast Fourier 

transform (FFT) can be used to extract information about the reciprocal lattice.  

HOPG is used as an example for further clarification. In section 2.1.2, it was stated that 

graphite is a layered structure of carbon atoms with in-plane hexagonal symmetry. Figure 

2-8 (a) shows the HOPG topmost layer in black, and the layer underneath is displayed by a 

grey grid. As can be seen, the overlayer is laterally shifted by 1.42Å relative to the underlayer. 

This lateral mismatch results in definition of two distinguishable inequivalent sites for the 

carbon atoms in the top layer, carbon atoms of α sites which have their nearest neighbors in 

the layer underneath and β sites which do not. The in-plane lattice constant, a, is the distance 

between every second carbon atom (between atoms from the α sites and/or atoms from the β 

sites) and equals 2.46Å. Since the unit cell of graphite is a rhombus whose sides are of the 

length a, the reciprocal lattice will be another hexagonal lattice built from the k-space lattice 
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vectors b1 and b2 the lengths of which are 4π/(√3a) [138, 139]. Note that we use the 

crystallographic convention (k=1/λ) and so the final measured value is (see Figure 2-8 (b)): 

 𝑏 =  
4𝜋

√3𝑎
×

1

2𝜋
=

2

√3 𝑎 
 2-6 

By a simple calculation, the lattice constant, a, can be related to D, which is the distance 

between the two opposite spots in the FFT: 

  𝑎 =
2

√3𝑏
 =

4

√3 𝐷 
 2-7 

Ideally D1, D2 and D3 are equal, however, this rarely happens due to distortion in the 

experimental images. Averaging the multiple measurements taken for these three values 

gives a better estimation of the lattice constant. 

 

Figure 2-8 (a) Top view of graphite layered structure. Two different sites of carbon atoms are 

represented by α (black) and β (red) circles. The layer beneath the top layer is shown by the dark 

grey hexagonal grid. The rhombus unit cell in direct lattice with the lattice constant, a, is marked by 

the yellow lines (b) Fourier transform of the graphite lattice giving detailed data on the reciprocal 

lattice whose lattice parameter is b (half of the distance, D, between each pair of the facing spots in 

FFT). The crystallographic convention is used where k=1/λ (2π = 1).  

(a) (b)(a)

2D-FFT

(a) (b)
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2.3.2 Calibration Using HOPG Parameters 

The physical parameters of HOPG such as its lattice constant (2.46Å) and height of the step 

edges (3.45Å and 6.67Å for single- and double-layered step edges) are well-known values 

from the literature [140, 141] which can be used for correction of the in-plane and vertical 

measurements respectively. Dividing the measured values for HOPG by the literature values 

gives calibration factors (CFs). Two examples showing the general calibration procedures 

are given in Figure 2-9. 

In-Plane Calibration     For calibration of the lattice constant, an atomically resolved STM 

image taken from an HOPG terrace can be used. In Figure 2-9 (a), the average lattice constant 

obtained from D1, D2 and D3 is 2.58Å, thus, the calibration factor is 2.58/2.46≈1.05.  

Calibration in Z-Direction     For calibration of height, as in the example shown in Figure 

2-9 (b), line profiles are drawn across the typical HOPG step edges that are observed in the 

large-scale STM images. The measured value is the distance between the two horizontal 

dashed lines (the values in the example are 711pm for double steps and 372pm for a single 

step). Dividing these values by 667pm and 345pm (literature values) gives the CF in the z-

direction. The average vertical CF for Figure 2-9 is ~1.08. 

 

Figure 2-9 (a) FFT of the STM image of HOPG (shown in the inset). D1, D2 and D3 are the distances 

between each pair of the facing spots in the FFT. (b) Line profiles are drawn on the HOPG step edges 

in the STM image shown in the inset; profile 1 is drawn on the single step and profile 2 is on a double 

step edge.  
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2.3.3 Slow-Fast Calibration 

The two trace-up and retrace-up channels in STM imaging are obtained when the tip scans at 

a constant rate along a horizontal axis and records the data of the first row (trace), then rescans 

the surface along the same path in that row but in the opposite direction (retrace). It repeats 

the same process along the second line which is one pixel above the first line and proceeds 

further till the final line is probed (see Figure 2-10). The trace-retrace scan speed is higher 

than that of the upward progression, consequently, they are called fast- and slow-scan 

directions respectively.   

For correction of small distortions in the STM image, different calibration factors along these 

directions are required. The known slow and fast calibration factors of 1.06 and 1.11 [84] are 

used here in this thesis to calibrate the data. The lattice constant of HOPG obtained from the 

FFT in Figure 2-9 (a) is used as an example to show the data correction procedure. The 

corrected values are shown in Table 2-1. First, the k vectors connecting the origin of the FFT 

with the high-intensity spots are resolved to their components along the fast- and slow- scan 

directions, k⃗ x and k⃗ y, i.e. D/2=√ (|k⃗ x|
2
+ |k⃗ y|

2
). Then, all the |k⃗ x| and |k⃗ y| values are corrected 

 

 

Figure 2-10 (a) Schematic diagram showing a model for the STM tip raster scan on a given surface. 

The output STM image is generated by the tip probing the sample pixel by pixel in a sequential 

manner; the orange squares represent the pixels of the image. This typical model of raster scanning 

gives two outputs referred to as “trace-up” and “retrace–up” channels.  
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Table 2-1  Correction of the in-plane measurements (D1, D2 and D3 shown in the FFT of HOPG in 

Figure 2-9 (a)) using slow and fast calibration factors (1.06 and 1.11). |k⃗ x| and |k⃗ y| are the 

components of the k vectors resolved along the fast- and slow-scan directions. The k vectors connect 

the origin of the FFT with the high-intensity spots; a is the lattice constant before correction and a′ is 

the corrected value. |k′⃗⃗⃗  x| and |k′⃗⃗⃗  y| are the corrected values. 
𝐃

𝟐
= √(|k⃗ x|

2
+ |k⃗ y|

2
)
 

,  
𝐃′

𝟐
= √(|k⃗ ′x|

2
+ |k′⃗⃗⃗  y|

2
), 

𝑎 =
4

√3𝐷
 and 𝑎′ =

4

√3𝐷′
 . 

 

 

using the fast and slow calibration factors respectively, this way the new calibrated 

components, |k′⃗⃗⃗  x| and |k′⃗⃗⃗  y|, are obtained. Finally, D′/2= (|k′⃗⃗⃗  x|
2

+ |k′⃗⃗⃗  y|
2

)
1/2

 is calculated for each 

point and corrected lattice constants, a′, are calculated. Table 2-1 shows the averaged lattice 

constant after application of CFs which decrease from 2.60Å to 2.41Å, close to the true value 

of 2.46Å [141]. Therefore, a simple estimate of uncertainty in the calibrated lateral 

measurements is 
5

246
 ~2%.

Component |�⃗⃗� 𝒙| |�⃗⃗� 𝒚| 
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𝟏 0.442 0.774 0.891 2.58 0.491 0.820 0.956 2.41 

2.60 2.41 𝟐 0.318 0.815 0.868 2.63 0.353 0.864 0.933 2.47 

𝟑 0.886 0.072 0.871 2.59 0.986 0.076 0.989 2.33 





 

 

 

 

Chapter 3 

3 Edge States of α-Bismuthene  

3.1 Introduction 

In section 1.2, the unique properties of the rectangular allotrope of 2D-bismuth, α-

bismuthene (α-Bi for short) were briefly discussed. Theoretical research suggests that the 

QSH states in α-Bi are very robust [142]. The SOC-induced bulk band gap of this allotrope, 

based on the calculations in Ref. [24], is large enough to make it one of the most promising 

candidates for topotronic devices that operate efficiently at room temperature [112]. α-Bi is 

of interest for spintronic applications such as long-distance spin transport and spin-to-charge 

conversion [112], and it is also an ideal material for demonstration of quantum phenomena 

in 2D-limit such as quantum size effects [83, 101]. This rich physics of α-Bi motivates the 

present chapter. 

The growth and morphological properties of α-Bi nanostructures (on HOPG substrates) have 

been extensively investigated elsewhere [105, 122]. The electronic characteristics were 

studied in our group, using current imaging spectroscopy techniques (CITS) [83]. However, 

the main focus of the study was on the bulk (interior of the α-Bi islands – see section 1.2.1). 

This chapter is devoted to a systematic and comprehensive characterization of the edge states 

of α-Bi structures employing lock-in spectroscopy (LI-STS) instead of conventional CITS. 

As mentioned in section 1.2, α-Bi structures on HOPG have layered profiles comprised of 

3ML thick bases with additional α-Bi stripes nucleated on top of the bases. Electronic 

interactions in such layered structures (between the bases and substrate, and between the 

stripes and the basis), thus, become crucial as they might destroy, suppress or even enhance 

the edge states. We will study how the edges are affected by the interaction with the 

underlying island or substrate.  This chapter starts by reviewing the most relevant literature 

regarding edge states (ESs) of Bi 2D-structures. 
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3.2 Edge States of Bismuthene  

Freestanding slabs of hexagonal (β-Bi) and rectangular (α-Bi) are theoretically expected to 

have spin-polarized 1D edge states [16, 143, 144]. The nature of these states, however, is still 

a matter of debate as discussed below.  

β-Bi Experimental studies on single-layer β-Bi grown on a number of different substrates 

such as Bi2Te3 [145, 146], β-Bi-covered Bi2Te3 [146], Bi2Te2Se [147], Bi2Se3 [148], 

multilayer Bi [25], bulk Bi [25], Si(111) [94] and SiC [104] report the existence of topological 

ESs. In contrast, some studies suggest that monolayer β-Bi has trivial topological properties 

analogous to bulk Bi. Takayama et al. [149], by spin-resolved angle-resolved photoemission 

spectroscopy (μ-ARPES), managed to observe the ESs of β-Bi on Si(111). They reported a 

metallic band dispersion with a giant Rashba splitting for the 1D-ESs of β-Bi and the trivial 

topology of the monolayer β-Bi thin film [149]. Very recently, single layer β-Bi was 

successfully deposited on a single layer α-Bi/HOPG substrate using low-temperature MBE 

[115].  Due to the lattice mismatch between the β-Bi and the α-Bi base, a moiré pattern (refer 

to section 1.2) forms on the surface of β-Bi that modulates the electronic properties of the 

overlayer β-Bi and its topological edge states (TESs)[115]. Despite this previous work, it 

remains unclear whether the ESs originate from Rashba splitting, edge reconstruction or are 

quantum spin Hall states. Guo et al. [115] note the importance of moiré patterns, but the role 

of the substrate is so far not clear. Nevertheless, it is quite clear that the ESs of β-Bi films are 

spin-polarized and could therefore be used for spintronics. 

α-Bi α-Bi structures were grown on only a  few substrates and less is known about their ESs.  

Some of the substrates on which α-Bi were deposited are: Si(111) [95], Ge(111) [91], the 

superconductor NbSe2 [150], graphene supported by SiC [108, 151] and HOPG [24, 96]. The 

initial stage of the self-assembly of Bi nanostructures on many of these substrates is 

dominated by (110)-oriented growth because α-Bi is energetically more favoured [103]. 

Investigation of the properties of edges is limited to three reports: 

Van der Waals Heterostructure of 4ML α-Bi Nanoribbons Epitaxially Grown on 

Graphene on 4H-SiC (0001) [108]: Sun et al. [108] studied 4ML α-Bi/graphene/SiC 

heterostructures using STM/STS and first-principles calculations. They reported a 2×1 

reconstruction of the bonds at the edges of the 4ML α-Bi. The zoomed-in differentiated STM 

image shown in Figure 3-1 (b) clearly indicates the atomic corrugations (hump-like features) 
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corresponding to this reconstruction. The authors use a freestanding 2ML α-Bi nanoribbon 

to simplify the calculations and show that the edge termination results in the formation of 

odd and even edges, whose atoms have one and two dangling bonds respectively (see Figure 

3-1 (c and d)). At the even edges, atoms reconstruct by forming bonds with their closest 

neighbours and thus become fully saturated, while those of the odd edges remain unsaturated. 

As a consequence, the even edges are energetically more favourable. The simulated STM 

image for the reconstructed even-edge model (see Figure 3-1 (e)) clearly illustrates the 2×1 

reconstruction of edge atoms and agrees well with the experimental STM image (Figure 3-1 

(b)). However, no experimental STS results were reported for the edges and the thickness 

dependence of the ESs (if any) was not systematically studied. 

 

Figure 3-1 (a) STM image of a 4ML α-Bi nanoribbon grown on epitaxial graphene/SiC substrate. 

Imaging parameters: V=-2.5V and I=100pA. (b) Differentiated STM image of the region inside the 

white square in (a) showing the atomic structure at the edge of the nanoribbon. (c) and (d)  Side 

views  (along 〈1̅10〉 direction) of the even and odd edges in the ball and stick model of a 2ML α-Bi 

nanoribbon; upper and lower schematics illustrate the structure before and after relaxation 

respectively. The areas shaded in grey are fixed during structural optimization. (e) STM image, 

simulated for the relaxed even edge model, showing 2×1 reconstruction at the edge. Reproduced 

from [108] . 
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Paired Layer α-Bi Structures Grown on HOPG [83]: ESs of α-Bi in α-Bi/HOPG 

heterostructures were first experimentally observed and characterized in our group using 

STM and CITS spectroscopy [83]. Figure 3-2 (a) shows a typical STM image of 3ML, 5ML 

and 7ML Bi on HOPG [as explained in section 1.2, due to the presence of a wetting layer the 

experimental thicknesses correspond to calculations for 2ML, 4ML, and 6ML α-Bi].  Figure 

3-2 (b) and (c) show the conductance maps corresponding to Figure 3-2 (a) at two different 

energies near EF, where the ESs appear (arrowed). The ESs were found on the entire 

perimeter of 5ML and 7ML structures. These ESs have characteristic peaks at ~+100-

+200meV in the dI/dV(V) curves. In the case of 3ML islands, however, they were either very 

weak (red arrow in Figure 3-2 (b)) or completely absent. Based on (i) formation of ESs 

independent of the crystallographic plane and (ii) the similarity of their measured widths to 

the widths of the topological edge states of β-Bi films on Bi2Te3 [145, 146], they were 

suggested to have a topological origin. 

2ML and 4ML α-Bi Films in α-Bi/HOPG Heterostructure [24]: Lu et al. [24], using 

STM/STS, observed the ESs of 2ML and 4ML α-Bi films deposited on HOPG. Figure 3-3 

(a) shows an STM image of such films. Their calculations revealed a strong dependence of 

the electronic characteristics on the surface atomic buckling of the films (denoted by h in 

Figure 3-3 (a)). Also, the topological invariant (Z2) was calculated for various thicknesses 

and showed that α-Bi films up to 6ML with a flat surface (h~0) are topologically non-trivial. 

 

Figure 3-2 (a) STM image of a 5ML-thick Bi island on HOPG substrate with a 7ML Bi stripe on 

top of it and a 3ML Bi island in their proximity. Imaging parameters: Vt=-0.8V, It =100pA. (b) 

+6mV conductance map corresponding to the STM image in (a). The brighter areas in the 

conductance map have higher LDOS; edge states of 5ML and 3ML Bi are pointed to by the white 

and the red arrows respectively. (c) -6mV conductance map corresponding to the STM image in (a); 

edge states of the 7ML Bi stripe are arrowed. Reproduced from [83].  
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Figure 3-3 (a) Large-scale STM image of 2ML and 4ML α-Bi films (deposited on HOPG). Imaging 

parameters: Vt=2V and I=0.01nA. Atomically resolved STM image of the surface is shown at the 

topmost left corner of (a); Imaging parameters: Vt=-200mV and I=0.11nA; the black rectangle, 

overlaid on the inset in (a) identifies the unit cell of α-Bi with its measured lattice constants in Å. 

Schematic ball and stick side- and top-views of monolayer α-Bi are shown inside the red rectangle 

in (a). Green and blue balls, respectively, represent the atoms of the upper and lower planes of the 

paired layer structure and h indicates the buckling. (b)−(d) Calculated band structures of a 2ML α-

Bi slab at different buckling level (SOC is turned on). (e) Buckling-dependent energy band gap (Δ) 

opened at the Dirac point of 2ML α-Bi. (f) Zoomed-in STM image of 2ML α-Bi. (g) LDOS intensity 

line profile drawn along the red line, perpendicular to the edge of α-Bi and from the edge towards 

the bulk/interior of the structure. Reproduced from [24]. 
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Band structure calculations in [24] yield a band gap of 100meV for flat 2ML α-Bi (Figure 

3-3 (b)). By increasing the in-plane atomic buckling (h), the gap closes at h=0.1Å (see Figure 

3-3 (c)) and reopens with a normal band order for h > 0.1Å (see Figure 3-3 (d)). This leads 

to a nontrivial-trivial transition at h = 0.1Å (Figure 3-3 (e)). Similar properties were predicted 

for the 4ML α-Bi films, but the transition occurs at h ~ 0.14Å. ESs, which appear in the bias 

range 0-200meV, were suggested to be topological because no buckling was observed in 

experiment [24]. The spectroscopic results of Ref. [24] (e.g., the LDOS intensity line profile 

shown in Figure 3-3 (g)) will be compared to our results in section 3.4.5. 

To sum up, the true origin and electronic properties of the ESs of α-Bi are yet to be identified. 

Therefore, new systematic studies of the ESs are required, particularly for 3ML Bi and 

preferably for other thicknesses as well. 

Another important issue that has not been explored in experiments is the interaction of the 

ESs with the surface states of the underlayer/substrate. In this chapter, we aim to explore 

these effects using lock-in spectroscopy (LI-STS) instead of classical CITS measurements.  

Before reviewing our results, it is discussed why LI-STS is preferred over CITS.  

3.3 LI vs. CITS 

The dI/dV(V) spectra of 3ML Bi structures deposited on MoS2 obtained using LI-STS and 

by numerical differentiation of the CITS-recorded I(V) curves of the 3ML Bi sample are 

shown in Figure 3-4 (a) and (b), respectively. Lock-in response and the I(V) curves were 

recorded simultaneously.  The stabilization voltage was chosen to be the same as the voltage 

set-point for the first point of the I(V) curve in order to avoid sudden tip jumps and 

consequent instabilities. The lock-in response signal is recorded in 2ms per point, including 

500μs initial delay. 

Each spectrum in Figure 3-4 is a result of spatial averaging of a fixed number of curves, as 

indicated in the legend.  It is clear that the lock-in data is better both in terms of noise and 

ability to resolve spectral features since averaging over 20 to 50 times fewer spectra is 

required compared to the numerically differentiated spectra (excluding the gap region where 

both have the same characteristics). Thus, when spatial resolution is desired, as it is for the 

ESs, the lock-in technique should perform better. The lock-in data usually does not need post-

process analysis such as Feenstra normalization [152] because the spectral features are well-

resolved in the dI/dV(V) spectra.  
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Having discussed the differences between the CITS and the LI-STS, now we compare the 

results of our LI-STS measurements on the bulk of 3ML, 5ML, and 7ML Bi structures with 

the CITS spectra measured previously in our group for similar structures [101] (see Figure 

3-5). There is a reasonable agreement of the number and position of the peaks in the CITS 

spectra and our LI-STS measurements for all the three thicknesses (compare red and purple, 

green and navy, and dark and light blue curves in Figure 3-5 (a) to (c)). The peaks of the LI 

spectra also line up well with the peaks of the calculated DOS of 2ML, 4ML, and 6ML 

freestanding α-Bi slabs (red, green and dark blue dotted curves in Figure 3-5 (a) to (c)), 

indicating the consistency and robustness of our measurements. This alignment shows that 

the wetting layer is weakly coupled to the α-Bi overlayers as it does not seem to contribute 

to the DOS. 

Now that the merits of the lock-in technique in acquiring better spectroscopy data are 

discussed, we show our results in the next section. 

 

Figure 3-4 dI/dV(V) spectra taken from the bulk of 3ML Bi islands with LI-STS (a) and CITS (b) The 

legends of curves indicate the number of curves averaged spatially. Spectroscopy parameters: ±1V, 

0.5nA, 201 steps (10mV per step), 64 pixels for a rectangular STS grid with the size of 20nm×20nm 

and the pre-amp settings of 3.3nA and 800Hz bandwidth.    
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Figure 3-5 Comparison of the representative dI/dV(V) spectra obtained with LI-STS and CITS 

(taken form Ref. [101]) at the bulk of 3ML Bi (a), 5ML Bi (b) and 7ML Bi (c) structures. Histograms 

in each panel correspond to the CITS measurements and specify the energy ranges of the observed 

peaks; The right-hand side scale in each panel indicates the number of CITS measurements. The 

dotted curves represent DFT-calculated DOS of freestanding 2ML, 4ML and 6ML α-Bi slabs. 
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3.4 Results: Electronic Properties of α-Bi Structures 

New STS results, obtained using the lock-in technique and including the conductance (dI/dV) 

maps and LDOS intensity profiles, are presented in this section. These measurements are 

carried out for 3ML, 5ML and 7ML Bi structures that are in two forms: (i) islands (found on 

bare HOPG) and (ii) stripes (found on 3ML and 5ML Bi bases). The lock-in amplifier used 

to record the STS data modulates the bias voltage with a peak-to-peak amplitude of 20mV 

and frequency of 2700 Hz. I(V) curves were acquired in various bias voltage ranges, but 

mostly in the range ±1V with a setpoint current of 300pA. All data reported here was obtained 

at low temperatures (LT, ~50K). In all the conductance maps/LDOS intensity profiles, dark 

red and navy colours indicate the highest and lowest conductance/intensity.  

3.4.1 7ML Bi Islands on HOPG 

Figure 3-6 (a) shows a typical STM image of a 7ML Bi island on HOPG. STS measurements 

were performed on different edges whose zoomed-in views are shown in Figure 3-6 (b) to 

(e) and corresponding conductance maps at +100mV in Figure 3-6 (f) to (i). A prominent 

bright feature (high-LDOS near the Fermi level) appears at the edges of the island. We refer 

to this feature as the edge state (ES). The ES is observed over the entire perimeter of the 

island, including the curved edges. This lack of dependence on the crystallographic 

orientation of the edge indicates they are inherent to the edges and thus, as was previously 

predicted in theory [24], might have a topological origin. Another feature with a lower 

conductance than that of the ES was detected on the bulk of the island at a position under 

which a HOPG step edge is buried (arrowed in Figure 3-6 (g)). This feature seems to result 

from a grain boundary in the bulk of the 7ML Bi island. 

The LDOS intensity profiles drawn perpendicular to two different edges of the island are 

shown in Figure 3-7 (a) and (b) with their corresponding topographical height profiles in 

Figure 3-7 (c) and (d). The central navy-colored regions in the LDOS profiles correspond to 

the bulk band gap/LDOS valley of the island. The distinct additional light blue features at 

~x=9nm and ~x=11nm inside the navy regions correspond to the ESs. The ESs coincide well 

with the topographical edge (the sloping part of the measured height profile/the lateral 

dilation of the sidewalls and step edges in Figure 3-7 (c) and (d) which is due to tip 

broadening). The spatial distribution (width) of the ESs measured for 7ML Bi islands is 

~3.5nm, comparable to the measured width of the step edge. 
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Figure 3-7 (a) and (b) LDOS intensity profiles corresponding to the edges of 7ML Bi island shown 

in Figure 3-6 (e) and (b); profiles are drawn perpendicular to the edge along the white arrows in 

Figure 3-6 (i) and (f). (c) and (d) Measured height profiles of the step edges of the island 

corresponding to LDOS intensity profile in (a) and (b). 

 

Figure 3-6 (a) Large-scale STM image of a 7ML Bi island on HOPG. Imaging conditions: Vt=+1V, 

It=20pA and T=50K. (b)-(e) Zoomed-in STM topographs of the regions inside the red squares in (a) 

showing various edges of the island with different crystallographic directions. (f)-(i) Corresponding 

dI/dV(V) maps at +140mV. STS parameters: ±1V, 300pA and T= 50K. Red arrow in (g) is pointing 

to the LDOS feature at the position of a grain boundary in the island. 
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3.4.2 7 ML Bi Stripe on 5ML Bi Island 

The results of our STS measurements on 7ML Bi stripes found on 5ML Bi islands are 

qualitatively similar to those of 7ML Bi islands on HOPG. The ESs, regardless of the 

orientation of the edges, are consistently observed in the conductance maps at energies close 

to the Fermi level and with an intensity which peaks at ~+100mV (Figure 3-8 (d) or (e)).  

The LDOS intensity profiles drawn along the white lines in Figure 3-8 (d) and (e) 

perpendicular to the 〈11̅0〉 parallel edges are shown in Figure 3-9 (a) and (b). ESs are clearly 

resolved in both profiles. Comparing Figure 3-9 (a) and (c), it is revealed that the ES of 7ML 

stripes, similar to those of the 7ML islands, lines up with the topographical edge. The 

measured width for the ESs (~2.5nm) is also equal to the width of the topographical edge, 

but it is slightly smaller than the widths of the ESs of the 7ML Bi islands. The step edges 

 

Figure 3-8 (a) STM image of a 7ML Bi stripe on a 5ML Bi base. Imaging conditions: Vt=+1V, It= 

20pA and T=50K. (b) and (c) Zoomed-in views of the regions inside the purple rectangles in (a) 

showing the two parallel 〈11̅0〉-oriented edges. (d) and (e) +100mV conductance maps recorded on 

(b) and (c). STS parameters: ±1V, 300pA and 50K.  
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appear broader for the taller islands due to the effect of tip broadening/dilation. The fact that 

the width of the ESs corresponds to the measured width of the topographic step suggests that 

the ESs are physically located right at the topographic edge – no enhancement of the DOS is 

observed on the flat part of the island. It should be noted these measured widths are in 

reasonable agreement with the spatial distribution of topologically protected ESs calculated 

previously for 2ML α-Bi nanoribbon in Ref. [24]. 

Figure 3-9 (d), which is a 3D-view of the LDOS intensity profile in Figure 3-9 (b), clearly 

demonstrates the additional DOS associated with the ES (arrowed), spanning the bulk band 

gap of 7ML Bi stripe and decaying completely into the bulk away from the edge.  

 

Figure 3-9 (a) and (b) LDOS intensity profiles drawn along the white arrows in Figure 3-8 (d) and 

(e), perpendicular to the 〈11̅0〉 edges of the 7ML Bi stripe (on 5ML Bi island). Note that the electronic 

structure of the α-Bi structures is thickness-dependent, therefore, the 5ML and 7ML regions exhibit 

different spectral features (see Figure 1-6, Figure 1-7, Figure 3-5 and/or Ref. [101]). (c) Height 

profile measured at the step edge of the stripe and corresponding to the LDOS intensity profile in (a). 

(d) 3D-view of the LDOS intensity profile in (b). The arrowed feature in (d) is associated with the ES 

of the 7ML stipe. 
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In Figure 3-10 (a), we schematically show two plausible positions in which an ES can be 

found. These positions are highlighted in red and labeled “b” and “c”; b is located on top of 

the step edge and c is on its side. The cross-sectional illustrations in Figure 3-10 (b) and (c) 

show the positions at which the ESs would be seen in the STM images, along with the 

expected effect of tip-broadening on the topography (line profile) of the step edge (grey 

curves). These features are compared with the experimental data below. 

To explore the position of the ES with respect to the topographic edge, a +100mV 

conductance map is mapped onto a topography image of a 7ML Bi stripe in Figure 3-8 (b). 

The 2D version of the output is shown in Figure 3-11 (a) and 3D views from different 

viewpoints are shown in Figure 3-11  (b)-(c). The regions with the highest intensity (yellow 

and/or white color) in the 3D-views correspond to the ES and are clearly found on the sloping 

sides of the step edge of the Bi stripe and not on top of it.  This clearly is in agreement with 

the schematic view in Figure 3-10 (c) where the ES coincides with the sloping part of the 

measured height profile. 

 

Figure 3-10  (a) Schematic view of a step edge showing two different positions where the ES is 

possible to emerge (red spots denoted by letters “b” and “c”) and also the lateral dilation/broadening 

of the step measured by STM (grey curve). The broadening is proportional to the radius of the apex 

of the tip and its shape. The black curve corresponds to the actual edge. (b) and (c) 2D cross-sectional 

views of the actual step edge versus what STM measures at the steps. The ball and stick model of α-

Bi is overlaid on the left-hand side of the step edges. 

(a)

(b) (c)

Rtip
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Spectra     In Figure 3-12, the dI/dV(V) spectra of a 7ML Bi island (a) and stripe (b) recorded 

on the bulk and at the edges of structures (from the regions inside color-coded rectangles in 

Figure 3-6 (e) and Figure 3-8 (b)) are compared. The spectrum of the bulk of the 7ML Bi 

stripe and that of the island (color-coded in turquoise in Figure 3-12) share strong similarities 

such as the shape of their LDOS valleys and the number and position of the main peaks; they 

also reasonably agree with the reference spectrum of 7ML Bi shown in Figure 3-5 (c). 

The edges of the two structures (pink curves in Figure 3-12) also have very similar spectral 

characteristics, e.g. nonzero DOS higher than that of the bulk and an overall V-like shape. 

Close to EF, they exhibit LDOS peaks at ~+150mV that are absent in the spectra of bulk and 

thus are associated with the ESs of the structures.   

The enhancement of the DOS at the edge of the 7ML island and stripe occurs within an 

energy window between -200mV and +250mV. This is the energy range expected for the 

ESs, as calculated previously for 2ML α-Bi nanoribbon in Ref. [24].  

 

Figure 3-11  Position of the edge state of 7ML Bi stripes. (a) 2D-view of the +100mV conductance 

map of the 7ML α-Bi stripe, shown earlier in Figure 3-8 (d), projected on its corresponding STM 

topograph in Figure 3-8 (b). Yellow- and white-colored regions exhibit the highest DOS. (b) and (c) 

3D-views of the edge from different perspectives indicated by the labels “b” and “c”, small camera 

symbols and the orange arrows.  
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Previous studies with CITS [83] were limited to 7ML Bi stripes and their results are 

consistent with our observations, although the ES was weaker in the CITS data. 

Bias dependant line profiles      The bias dependent line profiles corresponding to the edge 

of a 7ML Bi stripe at different selected bias voltages in the negative and positive ranges are 

shown in Figure 3-13 (j) and (k), respectively. The line profiles are plotted as a function of 

distance and along the color-coded lines in panels (b) to (i). The corresponding topographic 

height profile is also shown so as to identify the position of the 7ML Bi step edge.  

In both positive and negative bias ranges, a clear peak appears that is associated with the 

electronic state at the edge of 7ML Bi. Position of the ES peak (x~4.5nm) does not shift as a 

function of bias in both ranges. This might rule out the possibility that it is originated from 

standing waves or Friedel oscillations [83].   

We observed similar trends for 7ML Bi islands (not shown). The position of the ES of the 

islands is also found to be energy-independent. This behavior is argued in Ref. [146] to be 

experimental evidence supporting the idea that the ESs are topological. In the next section, 

5ML Bi structures are investigated. 

 

Figure 3-12  Experimental dI/dV(V) spectra of a 7ML Bi island on HOPG (a) and 7ML Bi stripe on 

a 5ML Bi base (b). The spectra are extracted from the regions in the bulk and at the edges of the 

structures inside the color-coded rectangles in Figure 3-6 (e) and Figure 3-8 (b).   
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Figure 3-13 Evolution of the edge state of 7MLBi rod (on a 5ML Bi island) as a function of bias 

voltage. (a) STM topograph recorded during spectroscopy and (b)-(i) its corresponding conductance 

maps at different bias voltages (-200mV up to +200mV). (j) and (k) Bias-dependent LDOS line 

profiles as a function of distance in the negative and positive bias range near EF; the profiles are drawn 

along the color-coded lines in (b) to (i) and are perpendicular to the edge. The black curve in (j) and 

(k), associated with the black line profile in (a), indicates where the topographical step edge of 7ML 

Bi is located. 
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3.4.3 5ML Bi Island on HOPG 

Figure 3-14 (a) shows a large-scale STM image of a 5ML Bi island on HOPG. The magnified 

views of the two parallel edges of the island, oriented along 〈11̅0〉 direction, are shown in 

Figure 3-14 (b) and (c) with their corresponding conductance maps at +150mV in Figure 

3-14 (d) and (e). The LDOS intensity profiles drawn parallel to the edges, along the white 

lines in Figure 3-14 (d) and (e), are shown in Figure 3-14 (f) and (g). A distinct LDOS feature 

appears at the edges near EF and it is obvious that it has a modulated intensity. Therefore, it 

is referred to as the “discontinuous ES”. The discontinuous ESs in α-Bi structures were not 

 

Figure 3-14 (a) STM image of a 5ML Bi island (on HOPG). (b) and (c) Zoomed-in views of the 

regions inside the red rectangles in (a) showing the 〈11̅0〉-oriented parallel edges. Imaging conditions: 

Vt=+1V, It=20pA and T=50K. (d) and (e) +150mV conductance maps corresponding to (b) and (c). 

(f) and (g) LDOS intensity profiles drawn parallel to the edges along the white lines in (d) and (e). 

The edge state correlates differently with topography than in the case of other Bi structures, 

potentially due to different coupling with the underlying structures. STS parameters: ±1V, 

300pA and 50K. 

b 

c 
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previously observed elsewhere including Refs. [83] and [24]. We use the term “bright/dark 

regions” to label the highest/lowest intensities at the edge in the +150mV conductance map 

(where the highest intensity is obtained). The bright/ dark regions do not seem to be periodic 

even in wider-scale images.  

3.4.4 5ML Bi Stripe on 3ML Bi Island 

In Figure 3-15, we show an STM image of a typical 5ML Bi stripe on a 3ML Bi island (a) 

and the zoomed-in views of its parallel edges along 〈11̅0〉 direction ((b) and (c)). The 

corresponding conductance maps at +180mV are shown in Figure 3-15 (d) and (e). The ESs 

of 5ML Bi stripes are not modulated like those of the 5ML Bi islands. This different 

electronic characteristic of the edges most likely originates from the different coupling of the 

Bi to its underlayer (i.e. HOPG or 3ML Bi). 

The LDOS intensity profiles drawn perpendicular to the 〈11̅0〉-oriented edges, along the 

white lines in Figure 3-15 (d) and (e), are shown in Figure 3-16 (a) and (b) respectively. ESs 

(arrowed) appear at x~5nm in both profiles. We measure the width of the ESs of 5ML stripes 

to be ~3nm and equal to the measured width of the topographical edge, consistent with the 

other Bi structures studied in the previous subsections. 

 

Figure 3-15 (a) STM image of a 5ML Bi stripe on a 3ML Bi island on HOPG. (b) and (c) Zoomed-

in views of the regions inside the navy-colored rectangles in (a) showing the parallel edges. Imaging 

conditions: Vt=+1V, It=20pA and T=50K. (d) and (e) Corresponding conductance maps at +180mV. 

STS parameters: ±1V, 300pA and 50K. 

b 

c 
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Spectra     The dI/dV(V) spectra taken from the bulk and edge of a 5ML Bi stripe (from the 

regions inside the navy- and pink-colored rectangles in Figure 3-15 (b)) are shown in Figure 

3-17 (b). Spectra acquired from the position of bright and dark regions at the edge of a 5ML 

Bi island and also from its bulk (pink, orange, and navy rectangles in Figure 3-14 (c)) are 

shown in Figure 3-17 (a) so as to provide a side by side comparison of the spectral features 

of the two structures. Spectra of the bulk of two structures (navy-colored curves in Figure 

3-17) are similar and in agreement with the reference 5ML Bi spectrum in Figure 3-5 (b).  

In the case of 5ML Bi island (see Figure 3-17 (a)), a comparison of the pink and orange 

curves reveals modulation of the ES peak at +150mV between the bright and dark regions. 

The weak shoulder at +150mV in the spectrum of the dark region suggests that the ES is 

suppressed but not totally destroyed.  

Bias-dependent line profiles     Figure 3-18 shows how the ES of the 5ML Bi islands evolves 

as a function of bias voltage. We separate the bias-dependent line profiles plotted as a 

function of distance for the dark (Figure 3-18 (a)) and bright (Figure 3-18 (b)) regions. The 

corresponding height profiles of the topographical edge measured along the black lines at the 

positions of the bright and dark regions are shown in Figure 3-18 (a) and (b) respectively. 

The ES has a width of ~3-4nm (between the navy-colored dashed lines). The position of the 

ES of 5ML Bi island is not strongly energy-dependent, but it seems that the ES in the dark 

regions is shifted towards the bottom of the step edge compared to the ESs in the bright 

region.  

 

Figure 3-16  LDOS intensity profiles drawn perpendicular to the edges of 5ML Bi stripe (on a 3ML 

Bi base) and along the white arrows in Figure 3-15 (d) and (e). The LDOS features corresponding 

to the ESs of the 5ML Bi stripe are arrowed. 
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Figure 3-17 Experimental dI/dV(V) spectra of a 5ML Bi island (on HOPG) (a) and a 5ML Bi stripe (on 

a 3ML Bi base) (b). Spectra are recorded at different positions of the island and stripe that are 

highlighted by the color-coded squares in Figure 3-14 (c) and Figure 3-15 (b) respectively.  

 
Figure 3-18  Evolution of the edge state of 5ML Bi island (on HOPG) as a function of bias voltage. 

Bias-dependent line profiles versus position are plotted for a dark (a) and bright (b) region of the edge 

that appears in the conductance map shown in Figure 3-14 (e). Profiles are drawn perpendicular to the 

edge, along the color-coded lines in the 0V, +50mV, +100mV, +140mV, and +200mV conductance 

maps. The black curves in (a) and (b) demonstrate the height profiles of the island step edge measured 

at the position of bright and dark regions.  
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3.4.5   3ML Bi Island on HOPG 

An STM topograph of a 3ML Bi island is shown in Figure 3-19 (a) with the magnified views 

of its 〈11̅0〉-oriented parallel edges in Figure 3-19 (b) and (c). The corresponding 

conductance maps at +150mV are shown in Figure 3-19 (d) and (e) where no obvious 

electronic state is observed at the actual edges. However, there seems to be an additional 

LDOS feature some distance away from the edge (white arrows in Figure 3-19 (d) and (e). 

There also consistently appear some other bright patches/regions in the conductance maps 

(red arrows in Figure 3-19 (d)) which turn out to have similar characteristics (see below). 

Spectra      The dI/dV(V) spectra recorded at different positions of 3ML Bi island, highlighted 

by color-coded rectangles in Figure 3-19 (b), are shown in Figure 3-20. The spectrum taken 

from the position of the additional feature is represented by the pink curve in Figure 3-20 and 

exhibits a prominent peak at ~+150mV. This peak can also be found in the spectra of the 

bright regions (red curve), but with a weaker intensity and is completely absent from the 

spectra taken from other positions of the island (purple and blue curves).  It should be noted 

that the spectra recorded previously at/near the edges of 3ML Bi islands with CITS (see Ref. 

[83]) do not exhibit any clear peak/LDOS feature near the Fermi level [83].  

 

Figure 3-19 STM image of a 3ML Bi island (on HOPG). (b) and (c) Zoomed-in views of the regions 

inside the white rectangles in (a) showing 〈11̅0〉-oriented edges. Imaging conditions: Vt=+1V, It= 

20pA and T=50K. (d) and (e) +150mV conductance maps obtained on (b) and (c). STS parameters: 

±0.5V, 300pA and 50K. White arrows in (d) and (e) are pointing to an additional LDOS feature near 

the edges and red ones (in (d)) point to the bright regions inside the bulk and at the edges. 
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Figure 3-20 Experimental dI/dV (V) spectra of 3ML Bi island on HOPG. The spectra are recorded 

at different positions of the island marked by the color-coded rectangles in Figure 3-19 (b) 

 

Figure 3-21 Evolution of the edge state of 3MLBi as a function of bias voltage. (a) STM topograph 

recorded during spectroscopy and corresponding conductance maps in bias voltages ranges 0mV-

+300mV ((b)-(f)) and -300mV-0mV ((i)-(l)). (g) & (m) Bias-dependent LDOS line profiles as a 

function of distance; the profiles are drawn along the color-coded lines in the corresponding 

conductance maps, perpendicular to the edge. The white dashed lines mark the boundary of the 

island. The black curves show a height profile corresponding to the step edge. 
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Bias-dependent line profiles     In Figure 3-21, the bias-dependent line profiles of the edges 

of 3ML Bi are plotted as a function of position in two different bias voltage ranges near the 

Fermi level, from -300mV to 0mV (g) and from  +100mV to +300mV (m). Figure 3-21 (b) 

to (l) show where the line profiles are drawn with respect to the edge. The corresponding 

height profile is also added to the plots in (g) and (m). The green and grey dots indicate two 

features called P1 and P2. P1 appears at positive energy and at ~5-6nm away from the 

topographical edge; hence, it corresponds to the additional feature in Figure 3-21 (e). No shift 

in the position of P1 (marked by the green dots) as a function of bias is detected. P2 appears 

at negative bias and is aligned with the protrusion in the topography of the island at ~x=7.5nm 

(arrowed). P1 has a maximum intensity at ~+150mV and so has characteristics similar to the 

ESs for other Bi thicknesses, whereas P2 appears in the negative bias range and most likely 

has a different origin. 

Interestingly, the +150mV additional state observed near the edges of 3ML Bi islands and 

the topological ESs of β-Bi ultra-thin films in β-Bi/Bi2Te3 heterostructures share some 

similarities [146] such as their (i) positions which are distant with respect to the actual edge, 

and (ii) width (~2-4nm) [146]. These similarities might suggest that they have a similar 

origin. 

Observation of ESs away from the topographical edge is very unusual, but previous 

calculations have identified ESs in α-Bi nanoribbons [24]. We compare our results to these 

calculations and also the experimental observations reported in Ref. [24], in Figure 3-22. 

Figure 3-22 (a) shows the experimental spectra recorded at the position of the additional 

features and at the bulk of 3ML Bi in the bias voltage range of ±0.5V [This reduced bias 

range for spectroscopy ensures a higher energy resolution of the spectral features and in this 

spectrum, the ES is significantly enhanced]. Figure 3-22 (b) is reproduced from Ref. [24] and 

has two panels; the left panel shows the calculated band structure of a 2ML α-Bi ribbon and 

the right panel shows the corresponding experimental dI/dV spectra [24]. The bands 

corresponding to the electronic states at the nanoribbon’s edge are marked by the red points 

and those of the bulk are shaded in green in the left panel. The edge bands cross each other 

linearly at X and decay into the bulk continuum at Г while having an odd number of cross-

sections with the Fermi level along Г-X direction that guarantees their non-trivial topological 

nature (refer to section 1.1.1 for details). Maxima and minima of the edge bands (shaded in 

orange) coincide reasonably well with the two distinct LDOS features in the experimental 
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spectra marked by ‘α’ and ‘β’. The α feature, as seen, is only localized at the edge (disappears 

completely at a distance equal to 4nm away from the edge), hence, it is associated with the 

ESs [24]. The β feature, however, couples with the state “δ” which has a noticeable intensity 

at the edge as well as in the bulk of the island. The remaining LDOS feature, “γ”, only appears 

away from the edge (approximately at x≥4 nm) and thus corresponds to the bulk bands only. 

The ~+150mV peak associated with the additional feature in the 3ML Bi islands (pink curve 

in Figure 3-22 (a)) is well aligned with the maxima of the topologically protected edge bands 

calculated for 2ML α-Bi ribbon (red arrow). This suggests that the additional feature might 

be similar to the ESs of 2ML α-Bi and therefore originate from the non-trivial topology.  

It should be noted that the additional features were not always observed for 3ML Bi islands. 

The inconsistent appearance of such features might be due to 3ML islands not all strictly 

exhibiting the same buckling (depending on HOPG purity, Bi/HOPG orientation, HOPG step 

edges, strain, MPs, grain boundaries, point defects, contaminations, etc.). As a result, the 

topological nature predicted in [24] could be very volatile. Once the first layer Bi (base) is 

formed, a lot of the uncertainty and variation are resolved and thus the 5ML and 7ML results 

are more consistent. Utilizing other materials such as MoS2 as substrate will allow to address 

the role of (coupling with) the substrate in particular in the case of 3ML Bi. 

 
Figure 3-22 (a) Experimental dI/dV (V) spectra acquired at the position of the additional feature 

near the edge and in the bulk of the 3ML Bi island (on HOPG) shown in Figure 3-19 (d). STS 

parameters: ±0.5V, 200pA, 50K. (b) Left panel: DFT-calculated band structure of an α-Bi ribbon 

with the thickness of 2 monolayers, the edge bands are marked by the red dots; bulk of the film is 

shaded in green and the Fermi level is set to zero. (b) Right panel: experimental spectra of a 2ML α-

Bi film deposited on HOPG obtained along the red line in Figure 3-3 (f) (reproduced from Ref. [24]).  

α, β, γ and δ are the main LDOS features in the spectra. α and β correspond to the ESs of 2ML α-Bi. 

γ and δ are associated with the bulk.  
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Figure 3-23 Comparison of the two datasets recorded for 7ML Bi stripes at different temperatures. 

(a) Large-scale STM image showing a 7ML Bi stripe at low temperature. (b) Zoomed-in view of the 

region inside the purple square in (a). (c) Corresponding conductance map at +100mV. Imaging 

conditions: Vt=+1V, It= 20pA and T=50K.  STS parameters: ±0.5V, 200pA, 50K. (d) Large-scale 

STM image showing a7ML Bi stripe at room temperature. (e) Zoomed-in view of the region inside 

the blue rectangle in (d). (f) Corresponding conductance map at +100mV. Imaging conditions: 

Vt=+1V, It= 20pA and T=300K.  STS parameters: ±0.5V, 300pA, 300K. (g) Comparison of the low 

and room temperature dI/dV(V) spectra of the edges of the 7ML Bi stripes. Spectra are taken from 

the regions highlighted by the color-coded rectangles in (b) and (e). 

100 nm

(d) (e) (f)

5 nm 

100 nm

(a)

5 nm

(b) (c)

(g)
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3.4.6 Temperature Dependence of the ESs 

To find different real-life applications, the ESs should survive room temperature. Figure 3-23 

compares two datasets obtained for 7ML Bi stripe at room temperature (a-c) and low 

temperature (d-f). The +100mV conductance maps of both stripes shown in Figure 3-23 (c) 

(low temperature (RT)) and (f) (room temperature (LT)) reveal the ES, however, with a lower 

intensity/DOS at RT (Figure 3-23 (f)). The suppression of the intensity of the ES at RT can 

be clearly seen comparing the LT- and RT- dI/dV(V) spectra of the edges of the stripes, pink 

and pale pink curves in Figure 3-23 (g). The prominent ES peak at ~+100mV observed at LT 

in the pink curve in Figure 3-23 (g) appears as a shoulder in the pale pink curve, potentially 

due to the greater thermal broadening of the spectral features at RT [123]. Therefore, it can 

be concluded that the ESs of Bi structures are preserved at RT and hence are suitable in 

particular for RT spintronics and topotronics.  
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3.5 Summary 

The conductance maps acquired with LI-STS at ~50K reveal edge states for 7ML and 5ML 

Bi nanostructures, both islands (Bi on bare HOPG substrate) and stripes (on 5ML/HOPG and 

3ML Bi/HOPG bases). These high LDOS features evolve in intensity as a function of bias 

voltage and are only visible near the Fermi level.  

ESs are found on the whole perimeter of the 7ML and 5ML Bi nanostructures including their 

round ends. This insensitive nature to different crystallographic directions of the edges might 

be indicative of the topological origin of ESs, as was previously predicted by Lu et al. [24]. 

We used the bias-dependent conductance profiles of the edge plotted as a function of distance 

to explore the dispersion of the ESs. The conductance profiles reveal that the positions of the 

ES peaks do not vary when the bias changes. Such an energy-independent behavior is put 

forward in Ref. [146] as an argument against alternative explanations such as Friedel 

oscillations. 

The LDOS intensity profiles of the edges of 7ML and 5ML Bi nanostructures reveal that the 

ESs coincide with the topographical edges. The measured widths are ≤5nm, making them 

favourable for thermoelectric coherent edge transport, as argued in [143]. The measured 

widths for all the structures are consistently comparable to that of the step edges within the 

uncertainty of measurements. We measured a slightly greater width for the taller Bi 

structures, i.e. 7ML and 5ML islands in comparison to stripes, most likely because of the 

greater height of the islands which results in greater tip broadening and thus greater measured 

width.   

In the case of 5ML islands (i.e. edges adjacent to the HOPG substrate), the intensity of the 

ESs is modulated, whereas no modulation was observed for the 5ML Bi stripes. This might 

be because the topological states couple differently with the underlying structures.  

The idea that interlayer coupling between successive layers in Bi-based 2D-layered hybrid 

systems contributes to the modulation of the electronic properties is supported by previous 

observations [115] and [90]. In both cases, modulations of the DOS were accompanied by 

either moiré patterns (MPs) or ripples emerging inside the bulk of the Bi films as well as the 

edges. In contrast, we do not detect any pattern in the bulk of 5ML Bi islands, neither in their 

topographs nor in the conductance maps.  
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The spectral signature of ESs appears in the form of clear peaks in the DOS at ~+200meV in 

the bulk band gaps of the Bi structures. Calculations suggest that the ES dispersion spans the 

energy gap of the Bi structures and always has nonzero DOS, consistent with our observation 

that near EF the LDOS at the edges is always higher than the corresponding bulk. The clear 

higher energy peaks observed in the bulk states of 7ML and 5ML Bi appear to be suppressed 

at the edges.  

In the case of 3ML Bi islands, additional states were found ~6nm away from the actual edges. 

There are also some regions inside the bulk of the islands with similar characteristics. We 

suggest that these regions are most likely attributed to defects. The additional states are 

almost certainly not due to the reconstruction of the dangling bonds at the edges of 3ML Bi 

because the dangling bonds (even if present) cannot contribute to a feature nanometres away 

from the step edge. Based on three arguments, we speculate that the additional features might 

be associated with the topological ESs of 3ML Bi islands. (i) Their spectrum exhibits a sharp 

peak at ~+150mV; this peak lines up perfectly with the maxima of the topologically protected 

edge bands, calculated previously in Ref. [24] for the 2ML α-Bi nanoribbon. (ii) Additional 

features such as topological ESs of β-Bi bilayers in β-Bi/Bi2Te3 heterostructures [146] are 

found slightly distant from the edges. (iii) The width of the additional feature agrees 

reasonably well with the spatial distribution of the topological states calculated and also 

observed experimentally for Bi films in both Refs. [24] and [146]. 

Finally, we note that the ESs of Bi are also detectable at room temperature, suggesting that 

they are sufficiently robust for practical use.



 

 

 

Chapter 4 

4 𝛼-Antimonene  

4.1 Introduction 

In chapter 1- section 1.2, antimonene was indicated as a promising monoelemental 2D-

material similar to bismuthene. Free-standing single layers of BP-like antimonene (α-

antimonene or α-Sb) are predicted to be topological direct band-gap semiconductors with 

excellent thermoelectric (TE) performance and thus one of the best candidates for various 

applications in spintronics and quantum computation [84], FETs [153] and TE-based energy 

conversion devices [154]. However, the growth of 𝛼-Sb is challenging in practice. Deposition 

of antimony on a variety of substrates results in the formation of either 3D structures [106, 

155] or the β-Sb films [156-163]. Employing 𝛼-bismuthene (α-Bi), which has a similar 

crystal structure and physical properties to α-Sb, as a substrate was an approach adopted by 

our group to fabricate α-Sb structures for the first time [84]. Because of the strong in-plane 

bonding and the dangling-bond-free surfaces of α-Sb and α-Bi, they assemble a stack of 

weakly bonded layers. Here we aim to show that the properties of 𝛼-Sb in the α-Sb/α-Bi 

heterostructures are tuneable (can be modulated) most likely due to the generated moiré 

pattern and/or interlayer coupling between the two components [164].  

The characterization of α-Sb structures grown on α-Bi substrates with different thicknesses 

is the primary focus of the study in this chapter. We begin by reviewing the existing literature 

on α-Sb in section 4.2. Then the morphology of α-Sb is investigated in section 4.3. The in-

depth spectroscopic studies of the single- and double-layer α-Sb (which have not been 

performed previously), are presented in section 4.5. The aim of these studies is to determine 

the influence of α-Bi substrates on the electronic and topological properties of α-Sb. The edge 

states at the boundaries of all the structures of interest and the topological states that are 

predicted for the newly found α-Sb allotrope are all investigated. Section 4.5 highlights 

modulation of the edge states of α-Sb. The chapter includes a summary of the results in 

section 4.6 and concludes with section 4.7. The follow-up ideas can be found in section 4.8. 
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4.2 Literature Review 

In contrast to β-Sb, which is well studied [113, 163, 165-167], very small literature on α-Sb 

exists to date. This small literature mostly includes the theoretical works. The morphology, 

electronic features, the band structure and topology are reviewed below.  

4.2.1 Physical Properties of 𝜶-Sb 

Structure of the α-Sb Single Layers    α-Sb similar to 𝛼-Bi has a puckered lattice composed 

of two atomic sublayers (see Figure 1-5). But in α-Sb, sublayers have to be buckled [113, 

165]. The buckling is responsible for an asymmetric reconstruction of the lattice and helps 

the structure maintain its long-wavelength stability at room temperature and above [113, 

165]. Table 4-1 summarizes the calculated structural parameters of a single layer 

freestanding 𝛼-Sb. 4.28Å and 4.74Å are the frequently reported lattice constants of the 

anisotropic rectangular unit cell of 𝛼-Sb along the zigzag (〈11̅0〉 or (a)) and armchair (〈1̅10〉 

or (b)) directions, respectively (refer to Figure 1-5). Both of these values are very close to 

the experimentally obtained values of 4.29Å and 4.86Å [84] and 4.29Å and 4.76Å [168]. 

Note that the convention of armchair direction is adopted in this thesis for consistency with 

the literature of puckered BP-like structures and should not be mistaken with the typical 

armchair direction in graphene’s literature (see also chapter 1).  

Structure of α-Sb Multilayers     In the case of α-Sb, only two stacking sequences of single 

layers are reported to form stable bilayers, AA and AB [113, 162, 165]. In an AA stack, the 

lattices of the two layers are aligned, and in an AB stack, one of the lattices is translated by  

Table 4-1 Structural parameters of freestanding single layer α-Sb, a and b are the lattice constants; R1 

and R2 are the bond length (Sb-Sb distance) between the sublayers and in the same sublayer 

respectively; θ1 and θ2 are the angles between the neighbouring bonds and Ec is the cohesive energy 

(the total energy required to break the atoms of a 2D-material into its isolated constituting atoms). 

Reference Functional b (Å) a (Å) R1 (Å) R2 (Å) θ1 (°) θ2 (°) Ec(eV/atom) 

[113] DFT-D2 4.74      4.28 2.86 2.91 94.6 103.5 -4.29 

[113] GGA 4.74 4.36 2.87 2.94 95.3 102.4 -4.03 

[165] DFT-D2 4.74 4.28 2.84 2.91 95 103 - 

[169] GGA 4.73 4.36 2.87 2.95 95.3 102.8 -4.04 

[154] GGA 4.74 4.36 2.87 2.95 95.2 102.6 - 

[168] GGA 4.80 4.40 - - - - - 

[84, 114] GGA 4.64 4.28 - - - - - 
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amount of  
𝑏

2
 with respect to the other such that all the atoms of layer A locate at the hollow 

sites of layer B [23]. There is still no agreement on which stacking arrangement is the most 

stable one with both AA [165] and AB [113, 162] stacking reported as energetically 

favourable. Various values between 6Å and 6.16Å are obtained for the equilibrium interlayer 

separation (the distance between the upper sublayers of the underlayers and those of the 

overlayers in an α-Sb bilayer). From the single layer to the bulk, the interlayer distance 

decreases while the van der Waals interactions become stronger [162]. The lattice of the 

overlayer in bilayers of α-Sb is predicted to remain the same along the 〈11̅0〉 (b) direction, 

but contract slightly along the 〈1̅10〉 (a) direction up to a point where the thickness reaches 

three layers. Above the critical thickness of three layers, the chemical bonds start to form 

between layers leading to their strong hybridization, so the bulk is restored prevalently and 

the system changes to the A7 structure [162]. Elsewhere, the critical thickness is reported to 

be ~4nm, above which the system gradually relaxes to form an A7 bulk structure [170]. 

Stability of the α-Sb Single Layers     Both ab initio calculations of phonon frequencies and 

high-temperature molecular dynamics calculations imply the thermodynamic stability of α-

Sb [113, 165]. Based on the calculations, the cohesive energy of 𝛼-Sb is negligibly different 

(15meV/atom) from that of β-Sb, thus, it is expected to be stable as well as β-Sb in experiment 

[113, 165]. Even the defective 𝛼-Sb is predicted to remain stable because of the small 

formation energy of the vacancies in it compared to the other 2D-materials [165].  

Stability of the α-Sb Multilayers     Multilayers of α-Sb are believed to be less stable than 

multilayers of β-Sb when the thickness is over three layers [18]. The reason is suggested to 

be the stronger interlayer interaction in β-Sb multilayers compared to that of α-Sb [18].  

4.2.2 Electronic Properties of 𝜶-Sb 

Electronic Properties of Free Standing 𝜶-Sb    Single layers of α-Sb are frequently 

predicted to be semiconducting with a direct band gap of less than ∼0.3eV. However, there 

is still no consensus about where (along which direction) the band gap occurs in the k-space.  

Table 4-2 recaps all the existing literature on the electronic parameters of α-Sb (obtained 

experimentally and/or theoretically). The asymmetry of the lattice of α-Sb is proposed to 

result in the dominant contribution of py orbitals. As the py-py overlaps are much stronger 

than the overlap of pz-pz, the location of the band gap from the Γ point shifts to somewhere 
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Table 4-2 DFT-calculated and the experimentally-observed electronic properties of single-layer α-Sb. 

Reference method Eg 

PBE/SOC/HSE(eV)  

Eg (eV) 

experimental 

Type of the gap/ 2D material   

[113] DFT-D2 0.28      - Indirect/ Semiconductor 

[165] GGA 0.16/0.19/0.34 - Direct/Semiconductor 

[169] DFT-D2 0.22/0.21/0.26 - Direct/ Semiconductor 

[154] GGA 0.20/0.22/0.28 - Direct/Semiconductor 

[114] EXP N/A N/A Semiconductor with Dirac States 

[171] EXP 0.26 0.2 ≥ Direct/ P-Semiconductor 

[168] EXP 0.19 0.17 Indirect /Semiconductor 
 

along the Γ-Y direction [154]. The high curvature of the conduction band minimum (CBM) 

and the valence band maximum (VBM) attributes to the small effective mass (m∗) of the 

carriers in α-Sb and hence their ultrahigh mobility. The holes’ mobility is higher than the 

electrons’ mobility and is calculated to be comparable to that of graphene [154]. The transport 

measurement of α-Sb multilayers, MBE-grown on bulk WTe2 substrate, confirms the 

ultrahigh mobility of the carriers and the good electrical conductivity of this allotrope in 

experiment [171].  

Electronic Properties of 𝜶-Sb Bilayer, Trilayer and Epitaxial Films     Bilayer and trilayer 

[113, 165] and the epitaxial films of α-Sb grown on WTe2 and MoTe2 substrates [168] are 

revealed to be metallic due to the stronger interlayer coupling and charge transfer from their 

substrates to them respectively. Interestingly SnSe2 rectangular substrates seem to match 

experimentally quite well with α-Sb. The α-Sb films grown on these weakly interacting 

substrates are nearly freestanding, thus, maintain their semiconducting nature [114]. 

Strain Dependence of the Electronic Properties in α-Sb     α-Sb is suggested to preserve 

its semiconducting direct band gap for a wide range of the in-plane strain [154]. Figure 4-1 

(a) and (b) shows the progression of the α-Sb band gap as a function of strain along the zigzag 

and armchair directions.  Calculations along the zigzag direction suggest that α-Sb transforms 

from a direct to an indirect semiconductor by compressive strain, larger than − 2% and at the 

critical strain value of − 3%, it turns into a metal (Figure 4-1 (a)). Nearly double this amount 

of strain (~− 7%) is needed to turn the rectangular allotropes of the other elements of group 

V into metals [172], suggesting the high dependence of the electronic properties of α-Sb on  
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the negative strain compared to its counterparts. By applying tensile (positive) strain up to 

+8%, α-Sb is supposed to remain a direct semiconductor while its band gap gradually 

increases. Reaching +8%, it becomes an indirect semiconductor. 

When strain is applied along the armchair direction (along 〈1̅10〉, Figure 4-1 (b)), the 

moderately strained α-Sb (strain applied within the range of -10% to +10%) remains 

semiconducting. A direct to an indirect transition occurs at the critical strain value of -5%. 

The band gap decreases gradually by the strain increase from zero to +5%, then reaches its 

minimum value at +5% and increases afterward (up to +10%) [154].  

4.2.3 Topological Properties of 𝜶-Sb 

As pointed out in section 1.1.1, the topological invariant (Z2) can be determined by the 

product of the parity eigenvalues (δi) of the occupied (valance) bands of the material at four 

time-reversal invariant momenta (TRIM for short) in the Brillouin zone. The topological 

invariant of the freestanding α-Sb film is reported only once in the literature [84].  

Given the Equation 4.1, 

 (−1)v = ∏ δi

TRIM

i=1

                                                                                                                       (𝟒. 𝟏) 

 

Figure 4-1 Calculated band gap of α-Sb as a function of the applied strain along zigzag or 〈11̅0〉  (a) 

and armchair or 〈1̅10〉 (b) directions. The negative and positive strain correspond to the compression 

and stretch of the lattice of α-Sb respectively.  Image reproduced from [154]. 
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the product of all the calculated parity eigenvalues at the TRIM of both single- and double-

layer α-Sb is equal to -1 (see Figure 4-2 (a) and (b)). That implies v to be equal to one and 

subsequently, an odd Chern number is obtained, indicating the nontrivial topological nature. 

The effect of strain on the topological properties of α-Sb, however, is still unexplored. 

4.3 Morphological Properties of α-Sb Structures Grown 

on Bi Bases 

This section describes the morphological properties of α-Sb structures grown on Bi on HOPG 

and MoS2 substrates. The experimental parameters used for growth of antimony on the Bi/ 

(HOPG or MoS2) are as follows: coverage of 0.6ML, Sb crucible temperature at 574K during 

deposition, flux set to a value between 0.008Å/s and 0.021Å/s and the substrate at room 

temperature. We obtained similar results for HOPG and MoS2, and so to simplify the 

presentation, mainly the results from the α-Sb/Bi heterostructures grown on HOPG are 

shown. 2ML is the term used to describe a single layer of α-Sb as it is composed of two 

sublayers such as α-Bi; in a similar fashion, 4ML refers to bilayer structures. 

4.3.1 Growth 

As mentioned in section 4.1, antimony tends to form 3D-structures on bare HOPG or MoS2 

[106, 155]. But in the presence of Bi bases, the atoms landed directly on the substrates, diffuse 

up the Bi structures and form 2D planar structures [84]. Both rectangular and hexagonal 

 

Figure 4-2 (a) Surface Brillouin zone of the single- and double-layer (denoted by 1L and 2L) α-Sb 

structures with the final parity products (+/-) shown for each of the TRIM. (b) Corresponding parity 

eigenvalues of the valence bands at every TRIM point in the BZ. Image reproduced from [84]. 

(a) (b)
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allotropes of Sb that were predicted theoretically to be stable were found on Bi bases in 

experiment.  

The α-Sb structures were often found on 5ML and 7ML Bi islands (not shown here), but very 

scarcely on 3ML Bi and only if the MoS2 was the substrate (see Figure 4-3 (a)). The major 

antimony-based structures on 3ML Bi bases are β-Sb and the “disordered Sb”. Our 

observations suggest the disordered Sb (arrowed in Figure 4-3 (a)) to be a metastable 

structure that eventually recrystallizes into α-phase over months (Figure 4-3 (b) and (c)). This 

two-step growth mode is driven by energetics and is not well understood at this stage. 

The 2ML α-Sb structures were mostly formed in proximity to the additional Bi stripes and 

stripes on top of the Bi bases, suggesting the stripes to contribute to facilitation of the growth 

of α-Sb. 

 

Figure 4-3 (a) Large-scale STM topograph of an Sb/Bi VDWH. A 2ML α-Sb film (pink) and 1ML 

β-Sb (orange) are both formed on a 3ML Bi base (light green). The arrowed zones show a metastable 

phase of Sb called “disordered Sb”. (b) and (c) STM topographs of the same VDWH as in (a) 

showing recrystallization of the disordered Sb into α-Sb over months. Imaging conditions: 

Vt=+0.4V, It=10pA and T=295K. The scale bars correspond to 100nm. 
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We never observed 2ML or thicker layers of β-Sb, indicating that 2ML α-Sb is energetically 

more favoured compared to these structures. Considering the formation energies calculated 

for freestanding α-Sb and 2ML β-Sb that are of a same order within their accuracy [113, 165], 

the preference for formation of the α-Sb allotrope might highly likely come from the same 

symmetry of α-Sb and their underlying Bi.  

We occasionally observed 4ML α-Sb structures in our Sb/Bi heterostructures as well. 

Multilayers of α-Sb in the sequence of thicknesses, 6ML, 8ML, etc (as for Bi) and also more 

4ML structures are expected to be grown by deposition of additional Sb.  

4.3.2 Atomic Arrangement 

2ML α-Sb exhibits a BP-like structure very similar to the structure adopted by 2ML α-Bi (see 

section 1.2). The lattice constants of the α-Sb structures formed on the Bi bases are measured 

using fast Fourier transform (FFT) of their atomically-resolved STM images. The obtained 

values along the zigzag and armchair directions (a and b respectively) are noted by “Exp.” in 

Table 4-3 for different substrates and for different Bi thicknesses. The measured lattice 

constants slightly vary depending on the underlying substrate onto which Bi is initially 

grown, i.e. for HOPG and MoS2, and also on the thickness of the Bi bases, but they are all 

very similar within their uncertainties. An atomically resolved STM image of the bulk of α-

 

Figure 4-4 (a) Atomically resolved STM image of a 2ML α-Sb structure deposited on a Bi island. 

(b) Magnified view of the region inside the red rectangle in (a). The unit cell of α-Sb is presented by 

a black rectangle. a and b are the lattice constants along the zigzag (〈11̅0〉) and armchair (〈1̅10〉) 

directions (c) FFT of the STM image in (b), showing the rectangular symmetry of α-Sb. FFT analysis 

yields: a=4.29Å and b=4.86Å. Imaging conditions: Vt=+0.3V, It=20pA and T=295K. 

(a) (b) (c)

1 nm

(d)

2 nm
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Sb and its corresponding FFT are shown in Figure 4-4 (b) and (c). The zigzag chains of Sb 

atoms along 〈11̅0〉 direction are clearly resolved in (b).  

The black rectangle, superposed on Figure 4-4 (b), schematically represents the unit cell of 

α-Sb whose measured dimensions are a×b=4.29Å×4.86Å and it is observed to be aligned 

with the unit cell of underlying Bi base (see Figure S1(d) in Ref. [84]). Figure 4-5 shows a 

2ML α-Sb structure (a) and its atomically resolved STM images obtained from the bulk near 

the edge (b) and right at the edge (c) respectively. Figure 4-5 (c) has a higher resolution, but 

 

Figure 4-5 (a) Atomically resolved STM image showing the edge, MP and the defects of a 2ML α-

Sb structure (found on a 5ML Bi island). (b) Magnified view of the region inside the black rectangle 

in (a). The zigzag chains of Sb atoms along 〈11̅0〉 direction are clearly resolved. (c) Magnified view 

of the region inside the red rectangle in (a), showing the atomic arrangement at the step edge of 2ML 

α-Sb. (a) Height profiles P1 and P2 corresponding to the blue and red lines drawn along the zigzag 

direction at the edge and in the bulk of α-Sb. (e) Simulated STM image of a reconstructed 2×1 edge 

reproduced from [108]. Imaging conditions: Vt= +0.1V, It= 20pA at T=295K. 

(d)

(e)

5nm

(a) (b) (c)
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the quality of the image is fairly poor compared to Figure 4-5 (b), partly because of the 

obvious drift. The atomic arrangement at the edge is similar to what was observed previously 

for 2ML α-Bi edges in Ref. [108]. Height profiles P2 and P1 in Figure 4-5 (d) show the 

atomic height corrugation measured at the edge and in the bulk parallel to the edge 

respectively. The observed periodicity for P2 is half of the one observed for P1, consistent 

with the even edge (2×1) reconstruction model [108], whose corresponding simulated image 

is shown in Figure 4-5 (e). Two clear kinks are observed at the edge and associated with an 

extra row of atoms. Such kinks are important because they serve as nucleation sites for the 

additional Sb atoms during the growth.  

4.3.3 MPs in α-Sb/Bi System 

The MPs observed in four different VDWHs of (i) α-Sb on 3ML Bi (on HOPG), (ii) α-Sb on 

5ML Bi (on HOPG), (iii) α-Sb on 7ML Bi (on HOPG) and (v) α-Sb on 3ML Bi (on MoS2) 

were characterized morphologically in our group in the past [84]. They were successfully 

simulated with a superposition model using the software “VESTA” [173] and an analytical 

model described in [57]. Thus, we only briefly review their morphological characteristic in 

this section. MPs on α-Sb structures regardless of the choice of the main substrate (HOPG or 

MoS2) and the thickness of the underlying α-Bi base (2ML or 4ML or 6ML α-Bi equivalent 

to 3ML Bi and 5ML Bi and 7ML Bi) appear as fringes in topography images (see Figure 4-3 

for example). The measured height profile of the MPs has a modulation with the amplitude  

Table 4-3 Experimental (Exp.) lattice constant values of 2ML α-Sb structures obtained by FFT 

analysis of the atomically resolved STM images of 2ML α-Sb/3ML Bi/HOPG, 2ML α-Sb/5ML 

Bi/HOPG, 2ML α-Sb/7ML Bi/HOPG and 2ML α-Sb/3ML Bi/MoS2 heterostructures. The optimized 

lattice parameters (Sim.) predicted by simulation of each heterostructure are also added to the table. 

The optimized lattice parameters are within four picometers of the observations. All values are in Å 

Substrate. 

Underlayer. 

Overlayer 

Type 

HOPG 

3ML Bi 

2ML α-Sb 

 Exp.            Sim.     

HOPG 

5ML Bi 

2ML α-Sb 

 Exp.       Sim.     

HOPG 

7ML Bi 

2ML α-Sb 

Exp.         Sim.     

MoS2 

3ML Bi 

2ML α-Sb 

Exp.         Sim.     

𝒂 4.26±0.1        4.29 4.19±0.1     4.21 4.25±0.1     4.27 4.29±0.1   4.27 

𝒃 4.76±0.1        4.76 4.86±0.1     4.86 4.85±0.1     4.86 4.86±0.1   4.87 

𝝀 87±9           86.8 68±9             68 83±7          - 72±8        71.9 
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of h≤50pm. The crests and troughs of the topographical MPs of α-Sb are nearly perpendicular 

to the preferred Bi island elongation axis, i.e. Bi 〈11̅0〉 direction (see Figure 4-3 (b)) and 

their period (λ) varies in the range 7−9nm. Periodicities of the MPs measured experimentally 

with their uncertainties for the four different VDW systems mentioned above are summarized 

in Table 4-3. 

Figure 4-6 schematically shows the simulation of the MP in an α-Sb/α-Bi system using 

VESTA. In the simulation, a ball-and-stick model representing the α-Sb structure is 

superposed on a similar one representing α-Bi (see Figure 4-6 (a)). The lattice parameters of 

α-Bi are set to the literature values given in [125], while those of α-Sb’s are allowed to change 

until an optimal match between the simulated fringes and the experimentally observed MP is 

achieved. This way, the optimized lattice parameters for α-Sb, indicated by “Sim.” in Table 

4-3, are all obtained. The optimized values agree well with the experimental lattice constants.  

 

Figure 4-6 (a) Schematic side view of the ball and stick model of α-Sb on that of α-Bi (along 〈1̅10〉 

or armchair direction- along b-axis). (b) 3D-view of the expanded structures in (a). MP appears as 

fringes that are perpendicular to the 〈11̅0〉 direction or a-axis. (c) 2D-view of the region inside the 

navy rectangle in (b) from the top. Unit cells of α-Sb and α-Bi, highlighted by the black and red 

rectangles in (c), have the dimensions of 4.28Å×4.86Å and 4.54Å×4.86Å respectively. Periodicity of 

the MP in (c) is 7.3nm. 

α-Sb α-Bi
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b

c
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c
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Our simulations also confirm that the MPs of the α-Sb structures are inclined with respect to 

the Bi <11̅0> direction (consistent with experimental observations and showing the nearly 

perfect registry of α-Sb and the underlying Bi).  

As seen in Figure 4-6 (c), stacking between the α-Sb and α-Bi layers periodically varies 

throughout each MP period from the AA mode (perfectly aligned lattices) to the AB mode 

(completely misaligned lattices). [The AB stacking mode is formed when one of the layers 

is shifted by half a unit cell along its shorter lattice vector, a, i.e. along the 〈11̅0〉 direction of 

either Bi or Sb]. Note that the intermediate stacking orders with imperfect lattice matching 

also exist which occur in transition from AA to AB mode. What was drawn above is a 

simplified perspective of the stacking orders. In reality, the stacking configuration along the 

larger lattice vector, b (along the direction perpendicular to the MP), can be in a way that the 

layers are either exact or mirror images of each other. The regions with the AA stacking order 

are atomically densely populated. These stacking order of layers with respect to each other 

can have a notable effect on the single-particle band structure and stability of the 

heterostructure. For double-layer black phosphorus, which has a similar structure to α-Sb and 

α-Bi, the interlayer distance as the parameter which reflects the strength of the interlayer 

interactions, the total energy and electronic band structure are calculated. The results suggest 

a higher stability and lower interlayer distance for AB stacking mode compared to the AA 

one and also predict it to be a trivial insulator/semiconductor, while AAs would be Dirac 

semimetals [174]. Similar detailed calculations would be required to understand the effect of 

stacking on the properties of α-Sb/α-Bi heterostructures. 

4.3.4 Grain Boundaries 

Figure 4-7 (a) shows an STM image of a 5ML Bi island with a 2ML α-Sb film grown on it. 

Interestingly, the MP is different in the two different parts of the film labelled Gup and Gdown 

and separated by the black dashed line (see Figure 4-7 (b)). This change in the MP might 

indicate the presence of a grain boundary (GB) at the position of the black dashed line. FFT 

analysis of Figure 4-7 (c) and (d) (the zoomed-in STM images of the two zones) yields the 

lattice constants of aup=4.26Å, bup=4.86Å for Gup, and adown=4.31Å, bdown=4.89Å for Gdown 

all within the uncertainties indicated in Table 4-3. The measured periodicities of MPs in Gup 

and Gdown are 7.4±0.8nm and 8.3±1.5nm respectively and their angles with respect to the 

zigzag direction of the α-Sb lattice (highlighted by the red and green dashed lines) is ~90°.  
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The MPs of Gup and Gdown are both simulated and shown in Figure 4-7 (e) and (f) (using the 

method previously described in section 4.3.3). Assuming aBi= 4.54Å and bBi=4.86Å as the 

literature values for the lattice constants of 5ML Bi, the optimal match between the 

experimental MPs in Figure 4-7 (c) and (d) and simulations occurs when the lattice constants 

of the overlayer α-Sb are set to a´up=4.29Å and b´up=4.86Å for Gup, and a´down=4.27Å, 

b´down=4.86Å for Gdown. [These values are all within the experimental uncertainty range 

obtained via high-resolution imaging] and when the α-Sb and α-Bi are rotated 86° from Gdown 

to Gup (see the insets of Figure 4-7 (e) and (f)).  

We can easily rule out the possibility of the α-Sb structure being only comprised of one grain. 

Figure 4-7 (g) shows a simulated MP (for Gdown) for a stack of α-Sb/α-Bi in which α-Sb and 

α-Bi are in the same orientation and rotated by 86° respectively in Gup (compare the insets of 

Figure 4-7  (e) and (g)). This way, we assume that only α-Bi has a grain boundary and not α-

Sb. The simulated MP (Figure 4-7 (g)) is clearly different from the experimental observation. 

Thus, Gup and Gdown are certainly two different grains of α-Sb whose orientation is aligned 

with the underlying 5ML Bi grains. MP simulations carried out for α-Bi/α-Sb 

heterostructures confirm that α-Bi and α-Sb are always aligned (to within  ~0.2°) [84]. 

It is interesting to note that the misorientation angle measured previously for the N1- type 

GBs in Bi [83], match perfectly with the misorientation angle between the grains of α-Sb (the 

angle between the green and red dashed lines in Figure 4-7 (c) and (d) that is ~86°). The 

identical orientations of the grains of Bi and Sb might suggest a strong interlayer interaction, 

but it is more likely that both Sb grains nucleate at the Bi grain boundary and grow in the 

same orientations as the underlying Bi.  The N1-GBs in Bi are the major type of GBs occurred 

because no rearrangement of atoms along the GB is required, and it is thus energetically more 

favoured [99]. Searching for other types of GBs (such as the ones observed for Bi) in α-Sb 

structures and characterization of their electronic properties are recommended for future 

work. 
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Figure 4-7  (a) STM image of a 2ML α-Sb structure on a 5ML Bi island. The black dashed line 

separates two parts of the structures called Gup and Gdown where the fringes of MP take different 

directions. (b) Magnified view of the region inside the red rectangle in (a). (c) and (d) High-resolution 

STM images of α-Sb taken at the position of the black rectangles in (b). Imaging conditions: Vt= 

+0.3V, It=20pA at 295K. (e) and (f) VESTA-simulated MPs of (c) and (d). The green and red dashed 

lines are parallel to the zigzag rows of antimony atoms in Gup and Gdown respectively. (g) Simulated 

MP for a 90° rotated stacking order between the α-Sb and α-Bi layers. The insets in (e) to (g) show 

the stacking order between the layers. 
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4.4 DFT Calculations 

The DFT-calculated DOS and the electronic band structures of 2ML and 4ML α-Sb are 

presented in Figure 4-8. The calculations were performed by our collaborator, Dr. Guang 

Bian from the University of Illinois, Urbana Champaign, USA in order to examine the origin 

of the experimentally observed electronic features of the α-Sb structures. ABINIT package 

within plane-wave expansion and pseudopotential framework (the Hartwigsen–Goedecker–

Hutter (HGH) pseudopotential to account for the relativistic effects) with the kinetic energy 

cut-off of 400eV for the wave function was used for the calculations. A Γ-centred 13×13×1 

Monkhorst-grid was applied for k-point sampling in the Brillouin zone. The atom coordinates 

were allowed to relax by energy minimization until the Hellmann–Feynman force acting on 

each atom converged to below 0.001eV/Å. A vacuum gap of 15Å was set along the z 

direction between neighbouring layers for the simulation of multilayers.  

The relaxed lattice of α-Sb (4.28Å×4.64Å) is compressed by an amount of 3.5% along 〈1̅10〉 

direction compared to the experimentally observed lattice (4.28Å×4.86Å, see section 4.3.2). 

However, the changes of the DOS and band structure under such a small amount of uniaxial 

strain (will be shown later in this section) are minimal, therefore, ignored.  

T     esStatDensity of  he calculated DOS, shown in Figure 4-8 (b) and (d), suggests that 

both 2ML and 4ML freestanding α-Sb structures have semiconducting nature [114] (in 

agreement with the theoretical predictions discussed in section 4.2.2). We will compare these 

density of states with our experimentally measured dI/dV (V) spectra of 2ML and 4ML α-Sb 

structures deposited on Bi bases in section 4.5. In this section, we mainly focus on the 

electronic band structures and their features. 

Band Structure     Figure 4-8 (a) and (c) show the dispersion of the states of freestanding 

2ML and 4ML α-Sb along the high-symmetry directions in the k-space. The electronic 

properties of 2ML α-Sb strongly depend on the competition between the states at the valance 

band maxima at V1 and Γ. An indirect-direct transition is expected for 2ML α-Sb by small 

perturbation, but the presence or absence of an overlap in the bands is expected to have little 

effect on the measured density of states. The number of bands calculated for the 4ML slab 

increases compared to that of the 2ML one and the bands clearly overlap. As a result, 4ML 

α-Sb is semi-metallic [114]. Both 2ML and 4ML structures have band crossings at the two 

high-symmetry points X̅1 and X̅2. Because of the nonsymmorphic symmetry of the lattice of  
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Figure 4-8 (a) DFT-calculated electronic band structure and DOS of freestanding (a) 2ML and (b) 

4ML α-Sb. SOC is considered in the calculations. The Fermi level is set to E = 0. 
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DP1  
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α-Sb, the bands are initially degenerate along X̅1−M̅−X̅2  in the absence of SOC (not shown 

here, but can be found in Ref. [114], FIG.2 (d)). This degeneracy leads to the formation of a 

nodal line at the boundary of the Brillouin zone (Figure 4-9 (a)). Interestingly, when the SOC 

is turned on, the degeneracy of the bands is lifted and the nodal line is gapped everywhere 

except at X̅1 and X̅2 (see Figure 4-9 (b) and also Figure 4-8 (a) and (b)); this way a Dirac 

fermion system is formed. The 2D-Dirac states of 2ML and 4ML α-Sb (marked by ‘DP1’ and 

‘DP2’in Figure 4-8 (a) and (b)) are protected by the symmetry of the crystal and not by its 

topology, therefore, breaking the symmetry (for example by distortion of the lattice) will 

generate energy gaps at these points (see Figure 4-9 (d)). The 2D-Dirac states of α-Sb 

resemble those of graphene but are spin-orbit coupled [114]. These findings encourage the 

idea that other novel phenomena observed in graphene-based systems might be manifested 

by α-Sb as well.  

Effect of Strain     In Figure 4-10 (a) and (b), the band structures of 2ML and 4ML α-Sb 

under different amounts of biaxial strain are shown and compared with the band structure of 

the unstrained structure. DFT calculations for 2ML α-Sb predict the enhancement of the band 

gap under tensile strain. Compressive strain causes the band structure to become complicated 

 

Figure 4-9 Effect of SOC (b) and SOC plus symmetry-breaking distortion (c) on the electronic 

configuration of α-Sb shown in (a). The blue-highlighted points/lines show the Dirac/nodal 

points/lines in the Brillouin zone. Reproduced from Ref. [87].  

(a) (b) (c)
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and it seems that the system becomes more metallic. In the case of 4ML α-Sb, strain causes 

drastic changes to the electronic properties and 4ML α-Sb becomes metallic. 

4.5 Electronic Properties of α-Sb Structures Grown on Bi 

Bases 

The following sections present STS measurements including the conductance (dI/dV) maps, 

LDOS intensity profiles and the spectra of bulk and edges of the 2ML and 4ML α-Sb 

structures on Bi bases with different thicknesses. In all the conductance maps/LDOS intensity 

profiles, red and blue colours indicate the highest and lowest conductance/intensity. The 

measurements were taken using a lock-in amplifier with an AC modulation of 10mV-20mV 

at 2700Hz. All data in this section was obtained at LT. 

 

Figure 4-10 DFT-calculated electronic band structure of 2ML freestanding α-Sb under (a) 5% and 

(b) 10% biaxial tensile strain and also under (c) 5% and (d) 10% compressive strain. SOC is 

considered in the calculations. The red bands correspond to the unstrained 2ML α-Sb structure. The 

Fermi energy corresponds to zero energy. 
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4.5.1 2ML α-Sb on 7ML Bi 

4.5.1.1 dI/dV Maps and LDOS Intensity Profiles 

Figure 4-11 (a) shows an STM image of a typical Sb/Bi heterostructure on HOPG. A 

zoomed-in view of a 2ML α-Sb structure formed on top of a 7ML Bi base is shown in Figure 

4-11 (b). Figure 4-11 (c)-(l) show the corresponding conductance maps. This STS dataset was 

recorded in the ±0.7V bias voltage range. This short bias range facilitates better resolution of 

the spectral features. The conductance maps are shown at different energies so as to highlight 

the important features of the α-Sb structure.  

 

Figure 4-11 (a) STM image of a 2ML α-Sb  structure  (pink) on a 7ML Bi island (orange). Imaging 

conditions: Vt=+0.7V, It=20pA and T=50K. (b) Magnified STM image of the region inside the red 

rectangle in (a); the image is obtained during spectroscopy. (c)-(l) Corresponding dI/dV maps at 

different energies. STS parameters: ±0.7V, 300pA and 50K.  
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Bulk    The most noticeable features in the conductance maps of α-Sb in Figure 4-11 are the 

bright and dark fringes (high and low intensity/LDOS regions respectively) which originate 

from a moiré pattern. [Note that the MP is only partially visible in the topography image 

shown in Figure 4-11 (b), but was discussed in more detail in section 4.3]. The fringes are 

observed in the whole ±0.5V bias voltage range (see Figure 4-11 (c)-(l)). The contrast of the 

fringes is bias-dependent and it is opposite to the contrast of the topographical MP for most 

of the bias voltage range (between -0.5V and +0.1V and also between +0.35Vand +0.5V) 

(compare Figure 4-11 (c)-(h) or (k) or (l) with Figure 4-11 (b)). This simply indicates that 

the crests/troughs of the topographical MP coincide with the dark/bright fringes in the 

conductance maps. 

Figure 4-12 (a) compares the height profile of the topographical MP (black curve) measured 

at the bulk of α-Sb and its corresponding conductance profile (orange curve) taken from the 

conductance map at -14mV. The peaks in the height profile (crests of the topographical MP) 

are aligned with the minima of conductance (dark fringes) in the dI/dV data and vice versa, 

confirming the inversion of the contrast between the two.  

To proceed further, we introduce the LDOS intensity profiles. Figure 4-12 (b) shows a 

typical LDOS intensity profile measured in the bulk region of α-Sb; this intensity profile is 

drawn along the orange line perpendicular to the bright and dark fringes in the inset. There 

are four features at ~+0.4V, -0.3V, -0.6V and near the Fermi level (~+0V), shown by the red 

arrows, whose intensities seem to be almost periodically modulated. These features have their 

maximum intensities occurring at the position of the bright fringes (troughs of the MP), while 

their least intensities coincide with the dark fringes (peaks of the MP) (compare Figure 4-12 

(a) and (b)). Modulation of the intensity also occurs for the +0.2V feature (blue arrows). At 

+0.2V, the highest and lowest LDOS is found at crests and troughs of the MP respectively. 

Edge     A feature with a relatively high LDOS starts to emerge at the edge of 2ML α-Sb at 

~-220mV (Figure 4-11 (e)). We refer to this feature as the edge state. The intensity of the ES 

gradually increases as the bias voltage approaches the Fermi level (Figure 4-11 (f) & (g)). At 

both +14mV and -14mV close to the Fermi level, the edge state appears to be modulated in 

the same way the DOS is modulated inside the bulk of the structure (Figure 4-11 (g) & (h)). 

LDOS intensity profile in Figure 4-12 (c), measured parallel to the edge of α-Sb, also 

confirms the modulation of LDOS. At ~+100mV, the contrast of the bright and dark regions 
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of the edge, like that of the fringes in the bulk, reverses (Figure 4-11 (i)). The modulated edge 

state loses intensity in the bias voltage range of ~+200mV to ~+350mV and disappears 

completely when the bias exceeds +500mV (Figure 4-11 (l)).  

Useful information can be extracted from the LDOS intensity profile shown in Figure 4-12 

(e). As this profile is drawn along a line on a bright fringe and perpendicular to the edge, it 

 

Figure 4-12 (a) Height profile of the topographical MP on 2ML α-Sb with a 7ML Bi base (black 

curve) and its corresponding conductance profile (orange curve) taken from the conductance map at 

-14mV. (b) LDOS intensity profile measured perpendicular to the bright and dark fringes in the bulk 

of α-Sb. Modulations of the LDOS features are arrowed. (c) LDOS intensity profile measured parallel 

to the edge of α-Sb. (d) Height profile of the topographical step edge measured perpendicular to the 

edge and (e) its corresponding LDOS intensity profile. The edge state is arrowed. (f) LDOS intensity 

profile measured perpendicular to a dark region of the edge and parallel to a dark fringe. Position of 

the profiles are shown by the black, orange and red lines in the insets; the orange line profile in the 

inset in (b) corresponds to the orange curve in (a). 
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allows us to observe the evolution of the DOS from the bulk to the edge of the structure. The 

zero-bias bulk feature appears as a horizontal, continuous medium blue-colored band and at 

the edge, the intensity of the feature is enhanced (arrowed). This edge state is suppressed at 

the dark regions of the edge (see Figure 4-12 (f), (evidenced by Figure 4-12 (c) as well). 

Figure 4-12 (e) can also be used to determine the exact position of the ES if compared to the 

corresponding height profile of the topographical edge (Figure 4-12 (d)). The ES coincides 

well with the topographical edge (the region between the dashed lines in Figure 4-12 (d)). 

Note that the width of the ES is comparable to the width of the sloped region in the 

topography image which is consistent with the tip broadening effect. 

4.5.1.2 Spectra 

Figure 4-13 (b) shows the experimental dI/dV(V) spectra taken from four different locations 

on the 2ML α-Sb structure and on the 7ML Bi base (on a region close to α-Sb). These spectra 

are all reproducible in different experiments. Red and blue spectra correspond to the bright 

and dark fringes inside the bulk (see the conductance map in Figure 4-11 (g)); pink and navy 

spectra are those of the bright and dark regions at the edges. The spectrum of 7ML Bi base 

(turquoise curve in Figure 4-13 (b)) is in reasonable agreement with the previously reported 

7ML Bi normalized and averaged spectra obtained with CITS [83] and LI (refer to section 

3.4) and also the calculated DOS of 6ML α-Bi [101] that are all shown in Figure 4-13 (a). 

The calculated DOS of freestanding α-Sb is shown in Figure 4-13 (c). In the following 

paragraphs, the origin of the observed peaks in the 2ML α-Sb spectra is discussed. 

Bulk     Red spectrum measured at the position of bright fringes exhibits five LDOS features. 

Three out of these five features, at energies ~-0.3V, -15mV and +0.4V, are suppressed at the 

dark fringes, reflecting the modulation of DOS by MP. The number and estimated position 

of the features in the spectrum of bright fringes are in reasonable agreement with those of the 

calculated DOS of freestanding α-Sb (compare the red curve in Figure 4-13 (b) with the 

black curve in Figure 4-13 (c)). The minor discrepancies between the two curves were all 

resolved by a +80mV energy shift of the calculated DOS with respect to the one presented in 

Ref. [84]. Such energy shifts account for the charge transfer from the Bi base (or the graphite 

substrate) to the α-Sb epitaxial structure for alignment of the Fermi levels between the two 

[168]. We note, however, that the feature of the bright fringes at ~+0.4V is pretty well aligned 

with the peak of 7ML Bi base as well, making it hard to distinguish its exact origin.  
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Figure 4-13 (a) Normalized and averaged tunneling spectra of 7ML Bi obtained with current imaging 

tunneling spectroscopy (CITS) [101] and lock-in (LI) spectroscopy. These spectra are the average of 

thousands of individual curves. The dotted spectrum in (a) shows the calculated DOS of freestanding 

6ML α-Bi. (b) Experimental dI/dV(V) spectra of 2ML α-Sb structure and the spectrum of its 7ML Bi 

base; spectra of 2ML α-Sb are taken at the position of the bright and dark regions/fringes of the 

edge/bulk of the structure shown in Figure 4-11 (g). Spectra of bright regions of the edge and bright 

fringes of the bulk are offset from those of the dark regions of the edge and dark fringes of the bulk 

and 7ML Bi as well for clarity. (c) Calculated DOS of freestanding 2ML α-Sb (shifted 80mV to higher 

energy with respect to the DOS in Ref. [84] and 80mV to lower energy with respect to the DOS in 

Figure 4-8 (a))   
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Edge     The dI/dV(V) spectra measured at the edges of the α-Sb structure, shown in Figure 

4-13 (b), are similar to those of the bulk (compare the pink and red curves or the blue and 

navy curves), except for an enhancement of the ES peak at ~-14mV by the bright fringes. 

This implies a similar modulation of the ES by MP, such as the one observed in the bulk 

(compare the pink and navy curves). The intensity enhancement for the ES is not fully 

understood yet but might have its origin in the interactions of the 7ML Bi base and the α-Sb 

overlayer.  

In order to understand the physics of the α-Sb structures, the results obtained for other 

thicknesses of Bi bases (i.e. 5ML and 3ML) are discussed in the following sections. 

4.5.2 2ML α-Sb on 5ML Bi 

4.5.2.1 dI/dV Maps and LDOS Intensity Profiles 

An STM image of a 2ML α-Sb structure grown on a 5ML Bi base and its corresponding 

conductance maps at some selected bias voltages are shown in Figure 4-14. [There also 

appears a nano-sized triangular structure in proximity of 2ML α-Sb (indicated by the blue 

arrow in Figure 4-14 (a)); this structure is studied in the next chapter].  

Bulk     The bright and dark fringes appear in the conductance maps for most of the bias 

voltage range in which the spectroscopy is carried out, i.e. ±1V (see Figure 4-14 (c), (d) and 

(g) for example). The contrast of the bright and dark fringes is bias-dependent, similar to 

those that appeared in the conductance maps of 2ML α-Sb/7ML Bi heterostructures. It is 

inverted with respect to the contrast of topographical MP (compare Figure 4-14 (b) and (c)); 

except for the bias voltage range between ~+250mV and ~+450mV where the two are in 

phase (compare Figure 4-14 (b) and (g)).  

In a small range, between ~-100mV and ~+200mV, the fringes disappear completely from 

the conductance maps (Figure 4-14 (e) and (f)), contrary to the 2ML α-Sb deposited on 7ML 

Bi for which the fringes were present through the whole bias voltage range. 

Figure 4-16 (a) shows an LDOS intensity profile measured at the bulk of α-Sb, perpendicular 

to the fringes (see the inset). The main features of the bulk occur at ~+0.6V, -0.4V and ~-

0.7V. These features, like the ones observed in the LDOS intensity profiles of α-Sb on 7ML 
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Bi, have their intensities modulated by MP such that the maxima/minima of intensity (pointed 

to by the black/grey arrows) associate locally with the position of bright/dark fringes.  

Edge     A high-intensity feature emerges at the edges of α-Sb in the dI/dV maps at ~-200mV 

similar to the one observed for 2ML α-Sb/7ML Bi heterostructure (see Figure 4-14 (d)). As 

the bias voltage approaches the Fermi level, the ES at +150mV becomes discontinuous at 

some regions of the edge (see Figure 4-14 (f)). Interestingly a discontinuous feature also 

appears at the position of the ES at ~+500mV (arrowed in Figure 4-14 (h)), but with an 

inverted contrast. This feature most likely becomes visible because it has a smaller DOS at 

~+500mV compared to the bright fringes in the bulk of α-Sb and also the 5ML Bi. 

A similar dataset from another 2ML α-Sb/5ML Bi heterostructure with the aim of detecting 

the discontinuous edge state of α-Sb over a larger area was acquired. Figure 4-15 illustrates 

a large-scale view (a), magnified STM image (b), and three dI/dV maps of this dataset (c)-

(e). The dI/dV map in Figure 4-15 (c) highlights the bright and dark fringes at the bulk of α-

Sb. Several bright regions, due to the modulation of the DOS at the entire 40nm length of the 

 

Figure 4-14 (a) STM image of a 2ML α-Sb structure (pink) on a 5ML Bi island (yellow). Imaging 

conditions: Vt= +1V, It= 20pA and T= 50K. (b) Magnified view of the region inside the red rectangle 

in (a). (c)- (h) Conductance maps at different bias voltages corresponding to the STM image in (b). 

STS parameters: ±1V, 300pA and 50K. The white arrows in (h) point to the discontinuous edge state 

with an inverted contrast. 
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edge, are resolved at +250mV (Figure 4-15 (d)). This discontinuous edge state, such as the 

one observed in the previously discussed dataset, loses intensity at +500mV and thus appears 

with an inverted contrast (Figure 4-15 (e)). Comparing Figure 4-15 (c) with Figure 4-15 

(d)/Figure 4-15 (b), it seems that the highest LDOS corresponding to the discontinuous ES 

is at the bright fringes/topographical troughs (this will be systematically proven by Figure 

4-17 (b); the details about the exact location of the discontinuous edge state with respect to 

the topographical edge will also be given later when discussing Figure 4-17 (a)). 

LDOS intensity profiles, corresponding to the edge of α-Sb, are illustrated in Figure 4-16 

(b)-(d). The profile parallel to the edge (Figure 4-16 (b)) clearly shows the modulation 

(discontinuity) of the edge state (light blue feature at ~+150mV). Due to the presence of a 

kink at the edge of α-Sb, the edge state seems to have an additional discontinuity at x≈9nm 

(green arrow in Figure 4-16 (b)). The LDOS intensity profiles perpendicular to the edge 

(Figure 4-16 (c) and (d)), also confirm the presence/suppression of the edge state at 

~+150mV (and ~3nm) at the bright/dark regions of the edge.  

To find the exact position of the edge state with respect to the topographical edge, we 

combined two data fields of the +150mV conductance map that includes the discontinuous 

edge state (Figure 4-14 (f)) and the topography (Figure 4-14 (b)). The 3D and 2D versions 

of the output are shown in Figure 4-17 (a) and its inset respectively, with the 3D-version 

rotated (180° and 40° around the Z and X axes) so as to allow the edge to be seen from the 

front view. The white and yellow colored regions represent the highest LDOS which are 

located on the sides of the topographical edge, not on top of it. The suppression of the DOS 

 

Figure 4-15 (a) Large-scale STM image of a 2 ML α-Sb (pink) grown on a 5ML Bi base (orange); 

Imaging conditions: Vt= +1V, It=20pA and T=50K. (b) Magnified view showing the region inside the 

rectangle in (a). (c)-(e) Corresponding conductance maps at different bias voltages. STS parameters: 

±0.7V, 300pA. 



                Electronic Properties of α-Sb Structures Grown on Bi Bases  | 99 

 

 

at a kink site (illustrated in Figure 4-16 (b)) is also clearly resolved in Figure 4-17 (a) (the 

kink is pointed to by the green arrow). 

None of the conductance maps of 2ML α-Sb on 5ML Bi show the discontinuous edge state 

and bright and dark fringes of α-Sb simultaneously (contrary to 2ML α-Sb on 7ML Bi 

conductance maps). We combined the data fields of two conductance maps in order to 

determine the location of the discontinuous edge states with respect to the bright/dark fringes. 

Using this approach, we also obtained the periodicities of the discontinuous edge state and 

fringes. The conductance maps at ~+150mV and ~-500mV were chosen to be the input data 

fields as one includes the discontinuous edge states and the other shows the bright and dark 

fringes. The inset in Figure 4-17 (b) is a 2D-view of the output conductance map. Two 

conductance profiles along the parallel navy and red lines are shown in Figure 4-17 (b). The 

 

Figure 4-16 (a) LDOS intensity profile measured perpendicular to the bright and dark fringes in the 

bulk of 2ML α-Sb. Modulations of the bulk features are arrowed. (b) LDOS intensity profile parallel 

to the edge. The green arrow points to the discontinuity of the edge state feature at a kink site. (c) 

LDOS intensity profile perpendicular to a bright region of the edge. (d) LDOS intensity profile 

perpendicular to a dark region of edge. Positions of the profiles are shown by the black and red lines 

in the insets. 
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navy-coloured line is drawn at the bulk, perpendicular to the fringes and the red line is drawn 

parallel to the edge. The minima and maxima of the modulations observed in the two 

conductance profiles coincide perfectly, reflecting the alignment of the bright/dark regions 

of the edge with the bright/dark fringes and therefore troughs/crest of the topographical MP.  

This is in agreement with what was discussed earlier for 2ML α-Sb/7ML Bi heterostructure 

in subsection 4.5.2.1. The fringes, as well as the discontinuous edge state, have a periodicity 

of ~7nm (in agreement with the periodicity of the topographical MP, see section 4.3.3).  

  

Figure 4-17 (a) Rotated 3D-magnified view of the conductance map of 2ML α-Sb at +150mV 

projected on its corresponding STM topograph shown earlier in Figure 4-14 (b); the inset is a 2D 

unrotated version of (a); the kink is pointed to by the green arrow. (b) Conductance profiles along the 

navy- and red-coloured lines. The lines are drawn in the bulk perpendicular to the fringes and parallel 

to the edge of 2ML α-Sb respectively (see the inset); Note that the red and blue profiles are 3-point 

moving averaged trendlines of the main conductance profiles. The inset in (b) is acquired by the 

projection of a ~+150mV conductance map on a ~-500mV one. 
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4.5.2.2 Spectra 

The experimental dI/dV(V) spectra of 2ML α-Sb deposited on 5ML Bi are presented in 

Figure 4-18 (b). Red and blue curves correspond to the bright and dark fringes at the bulk 

(Figure 4-14 (c)) and the pink and navy represent the bright and dark regions of the edge 

(Figure 4-14 (f)). The experimental dI/dV(V) spectrum of the 5ML Bi base is also shown in 

Figure 4-18 (b) (green curve); it is consistent with the reference 5ML Bi spectra [83] shown 

in Figure 4-18 (a). The calculated DOS of freestanding 2ML α-Sb is shown in (c). 

Bulk     The bulk spectra (measured at the positions of the bright and dark fringes in Figure 

4-14 (c)) have fairly broad LDOS valleys of ~±100mV around EF that are similar to the U-

shaped LDOS valley of the 5ML Bi base. They exhibit three peaks at ~ -0.7V, -0.4V and 

+0.6V plus a very weak shoulder at ~+0.3V. The spectral features at -0.4V and +0.6V match 

with the features of the 5ML Bi base spectrum and also with the peaks in the calculated LDOS 

of freestanding α-Sb. All of these peaks are modulated by the MP which is consistent with 

both the idea that they originate from the Sb and with the idea that they originate from the 

Bi, modulated by the 2ML α-Sb layer. As a consequence, it is impossible to trace their origin 

without carrying out detailed calculations in which the interactions of α-Sb with the Bi 

substrate is taken into account [Note that the calculated DOS is shifted by 80mV compared 

to the one reproduced from Figure 4-13 (c) (the grey dotted spectrum). The different shift 

indicates different charge transfer from the 5ML compared to 7ML Bi bases to α-Sb]. 

Edge     dI/dV(V) spectra were measured at the position of both the bright and dark regions 

of the edge shown in Figure 4-14 (f). The spectrum of the bright regions of the edge (the 

pink curve in Figure 4-18 (b)), has an additional sharp LDOS peak at ~+150mV compared 

to the bulk spectra (red and light blue curves). This edge state is absent from the spectrum of 

dark regions of the edge, indicating that the ES is also modulated by the MP (this is confirmed 

by the intensity profiles in Figure 4-16 (b)-(d)). To understand its origin in detail, DFT 

calculations for the α-Sb/α-Bi heterostructure would be required. 

4.5.2.3 Defects 

Figure 4-19 (b) is a filtered version of the STM image shown in Figure 4-14 (b); it highlights 

three defects in the bulk of the 2ML α-Sb (red arrows). The corresponding conductance map 

at ~+200mV is shown in Figure 4-19 (c) with the defects arrowed in black. The defects are 
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Figure 4-18 (a) Normalized and averaged tunneling spectra of a 5ML Bi island obtained with CITS 

[101] and LI spectroscopy. These spectra are the average of thousands of individual curves. The 

dotted spectrum shows the calculated DOS of freestanding 4ML α-Bi. (b) Experimental dI/dV(V) 

spectra of 2ML α-Sb alongside the spectrum of its 5ML Bi base; The spectra of α-Sb are taken at the 

position of the bright and dark regions of the edge and fringes of the bulk. Each spectrum is the 

average of over 500 individual dI/dV curves; The spectra are offset in (b) to aid visualization. (c) 

Calculated DOS of freestanding 2ML α-Sb reproduced from Ref. [84]). The dotted grey curve in 

(c) represents the DOS shown earlier in Figure 4-13 (c).   
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visible in the conductance maps in a narrow bias voltage range between ~-100mV and 

+200mV, where the discontinuous edge state is also present. The LDOS intensity observed 

on the defects in Figure 4-19 (c) is comparable to that of the bright regions of the edge. 

Figure 4-19 (a) compares the dI/dV spectra measured at the positions of the defects with that 

of the bright regions of the edge (red and green curves) and confirms the similarity of the 

two. Similar results were previously observed for the defects in α-Bi structures [101]. 

Interestingly all three defects, arrowed in Figure 4-19 (b), seem to be located on the edges 

between troughs and crests of the topographical MP. We hypothesize that the defects on the 

crests of the MPs, do not exhibit an edge state-like intensity. Atomically resolved STM 

imaging followed by high-resolution spectroscopy of defects would be required to test our 

hypothesis out and thus are recommended for future work. 

4.5.3 2ML α-Sb on 3ML Bi 

As mentioned in section 4.3.1, the majority of structures, found right after deposition of 

antimony on 3ML Bi bases, are 1ML β-Sb and disordered Sb.  

 

Figure 4-19 (a) dI/dV(V) spectra measured at the position of the bright regions of the edge (green) 

and at the defects inside the bulk of 2ML α-Sb (red). The defects are pointed to in the STM topograph 

of the 2ML α-Sb structure (b) and its corresponding dI/dV map (c) by the red and black arrows 

respectively. 
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The latter most likely recrystallizes into α-Sb over time. When the underlying substrate was 

HOPG, we only found disordered Sb on 3ML Bi bases even after two months’ time (see 

Figure 4-20 (a)). However, when investigating Sb/3ML Bi/MoS2, it was possible to find 

some patches of α-Sb besides the disordered Sb (Figure 4-20 (b)-(d)). Unfortunately, these 

patches were too small to allow us to obtain useful spectroscopy data. Also, the edges of α-

Sb patches were all distorted (Figure 4-20 (c)), making it impossible to visualize and study 

the edge states (if any). For the sake of completeness, the data obtained previously in our 

group for Ref. [84] is shown instead in Figure 4-21 (b). 

The pink and navy curves in Figure 4-21 (b) are the experimental spectra of α-Sb measured 

at the positions of the bright and dark fringes in the bulk of α-Sb on 3ML Bi. They have two 

main features in the ±0.8V bias range that are modulated by MP. Similar to the case of 2ML 

α-Sb on 5ML Bi, it is hard to distinguish the origin of these two bulk features as they match 

with the features of the 3ML Bi base spectrum shown in Figure 4-21 (a) and also with the 

peaks in the calculated DOS of freestanding α-Sb shown in Figure 4-21 (c). 

 

Figure 4-20 Large-scale STM topograph of Sb/3ML Bi heterostructures on HOPG (a) and MoS2 

(b). Imaging conditions: Vt=+1V, It=20pA and T=295K. The white scale bars correspond to 100nm. 

(c) Zoomed-in STM topograph of the 2ML α-Sb on 3ML Bi. (d) Magnified view of the disordered 

Sb on 3ML Bi. The black scale bars correspond to 20nm. 
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Figure 4-21 (a) Averaged dI/dV(V) spectrum of 3ML Bi on MoS2 obtained with lock-in spectroscopy. 

(b) dI/dV(V) spectra of the 2ML α-Sb structure on 3ML Bi/MoS2. the spectra are taken from the 

position of the bright and dark fringes in the bulk of the structure. (c) Calculated DOS of freestanding 

2ML α-Sb reproduced from Ref. [84]. 
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4.5.4 4ML α-Sb on 5ML Bi  

4.5.4.1 dI/dV Maps and LDOS Intensity Profiles 

In section 1.20, we indicated the similarity of the rectangular allotrope of antimony to that of 

Bi in forming wedding cake-like structures.  Figure 4-22 (a) shows an STM image of a Bi 

island on HOPG with 2ML and 4ML α-Sb structures formed on it. The STM image from 

inside the white rectangle in Figure 4-22 (a), enhanced to show both moiré patterns of 4ML 

and 2ML structures, is shown in Figure 4-22 (b) and the corresponding conductance maps 

at different bias voltages can be found in Figure 4-22 (c) to (h).  

Bulk     Bright and dark fringes in the bulk of 4ML α-Sb are observed in the conductance 

maps in the ±1V bias voltage range (see Figure 4-22 (c) to (h)). The contrast of the fringes 

is again inverted with respect to the topographical MP (excluding a short bias voltage range 

between ~+50mV and ~+350 mV). Hence, our observations for the bulk of 4ML are 

generally consistent with what was observed for that of the 2ML structures in sections 4.5.1.1 

and 4.5.2.1. 

 

Figure 4-22 (a) Large-scale STM image of an Sb/Bi heterostructure including a 5ML Bi base (green) 

with 4ML (white) and 2ML (orange-yellow) α-Sb structures on top of it. The inset in (a) is a magnified 

view which shows the MP on 4ML α-Sb; STS is carried out on the white rectangular region. Imaging 

conditions: Vt=+0.5V, It=20pA and T=50K. (b) Zoomed-in STM image showing a 4ML α-Sb 

structure on 2ML α-Sb. (c)-(h) Corresponding conductance maps at different bias voltages. 

Spectroscopy parameters: ±1V, 300pA and 50K. 
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Figure 4-22 (c), (d) or (g) shows the alignment of the bright and dark fringes of 4ML α-Sb 

with those of the 2ML one. Such alignment exists between their topographical MPs as well 

(see Figure 4-22 (b)), i.e. the fringes of the 2ML and 4ML structures seem to share the same 

periodicity.  

The LDOS intensity profile in Figure 4-23 (a), measured in the bulk and perpendicular to the 

fringes, shows the bulk features of 4ML α-Sb occurring at ~-0.5V, -50mV and +0.4V. These 

features are all modulated such that their maximum/minimum intensities (the white/grey 

arrows) coincide well with the troughs/peaks of the MP (the black curve). 

Edge     The ES of the 4ML α-Sb structure (on 5ML Bi base) is also modulated by the MP 

(see the conductance maps in Figure 4-22 (d) and (e) and the LDOS intensity profiles in 

Figure 4-23 (b)-(d)), suggesting their similarity to the ESs of 2ML α-Sb (on 7ML Bi bases) 

shown previously in Figure 4-11 (g) or (h).  

 

Figure 4-23 (a) LDOS intensity profile measured perpendicular to the bright and dark fringes (related 

to the MP) in the bulk of 4ML α-Sb. Modulations of the intensity of the features at energies ~-0.5V, 

-0.05V and +0.4V are pointed to by the white and grey arrows (highest and least intensities 

respectively); the black curve, overlaid on (a), shows the corresponding height profile of the 

topographical MP. (b) LDOS intensity profile parallel to the edge. (c) LDOS intensity profile 

perpendicular to a bright region of the edge. (d) LDOS intensity profile perpendicular to a dark region 

of edge. Position of the profiles are shown by the white lines in the insets. 
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Figure 4-24 (a) Normalized and averaged tunneling spectra of 5ML Bi obtained with CITS and LI 

spectroscopy besides the calculated DOS of freestanding 4ML α-Bi. (b) Experimental dI/dV(V) 

spectra of 4ML α-Sb formed on 5ML Bi on HOPG. The spectra are taken from the position of the 

bright and dark fringes in the bulk and also the bright and dark regions of the edge in Figure 4-22 

(d). The spectra of bright fringes and bright regions of the edge are offset from those of the dark 

fringe and region of the edge. (c) Calculated DOS of freestanding 4ML α-Sb 

(a)

(b)

(c)
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4.5.4.2 Spectra 

The experimental spectra of 4ML α-Sb are shown in Figure 4-24 (b). Figure 4-24 (a) 

illustrates the reference 5ML Bi spectra and Figure 4-24 (c) shows the calculated DOS of 

freestanding 4ML α-Sb (shown before in section 4.4). 

Bulk     The red and light blue curves in Figure 4-24 (b) represent the dI/dV(V) spectra 

measured at the position of the bright and dark fringes in the bulk of the 4ML α-Sb structure 

in Figure 4-22 (d). The LDOS features observed in the intensity profile of the bulk in Figure 

4-23 (a), appear as peaks in the spectrum of the bright fringes. The peaks are either absent or 

suppressed intensity-wise in the spectrum of the dark fringes, confirming the modulation of 

DOS by MP. The spectrum of bright fringes agrees well with the calculated DOS of 

freestanding 4ML α-Sb. 

Edge     The dI/dV(V) spectra measured at the bright and dark regions at the edges of the 

4ML structure in Figure 4-22 (d), are similar to those of the bulk, although the LDOS is 

enhanced in the negative bias voltage range and at ~-500mV or -50mV at the bright regions 

of the edge compared to the bright fringes. As mentioned before in section 4.5.1.2, this 

enhancement of the DOS at the edge is not understood yet and complex DFT calculations 

would be required to find its origin. 

4.6 Summary 

Single (2ML) and double-layer (4ML) α-Sb structures, grown on Bi bases with different 

thicknesses (7ML, 5ML and 3ML), were characterized in this chapter. The α-Sb structures 

have a puckered BP-like structure similar to that adopted by their underlying α-Bi. The 

measured lattice parameters of α-Sb are a2ML=4.29Å and b2ML=4.86Å along the zigzag 

(〈11̅0〉) and armchair (〈1̅10〉) directions respectively with uncertainties below 0.1Å. For the 

different substrates and underlayer thicknesses, atomically resolved STM images of α-Sb and 

underlying Bi reveal the alignment of the unit cells of the two: Bi〈11̅0〉 || α-Sb〈11̅0〉. 

2ML α-Sb structures exhibit moiré patterns regardless of the thickness of their Bi bases or 

the substrate onto which the Bi structures are grown (HOPG or MoS2). The moiré features 

appear as fringes whose measured height is modulated with an amplitude of ~50pm. The 

measured periods of the MPs on 2ML α-Sb are amongst the greatest periodicities ever 

observed in 2D-heterostructures; they are typically in the range 7-9nm. Our simulation and 
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experimental measurements show that MPs are at a right angle with respect to the underlying 

Bi island elongation direction (〈11̅0〉). The N1-type of grain boundaries characterized by a 

dihedral angle of Φ=93±1° and a misorientation angle of Θ=87±1°, previously observed in 

Bi nanostructures [99], were observed for α-Sb as well. Possibly, due to the Sb grains 

nucleating at the grain boundary and growing in the same orientations as the underlying Bi.  

Our STS results acquired for the bulk of the α-Sb structures regardless of the different 

thicknesses of their Bi bases are qualitatively the same. Some bright and dark fringes (high 

and low intensity/LDOS regions) emerge inside the bulk of the 2ML and 4ML α-Sb structures 

in their dI/dV maps. These fringes originate from the MPs and their contrast is bias-

dependent. For most of the bias voltage range in which the spectroscopy is carried out, the 

contrast of the bright and dark fringes is opposite to the contrast of the topographical MP, i.e. 

the crests/troughs of the topographical MPs coincide with the dark/bright fringes in the 

conductance maps. Peaks in the LDOS spectra at the position of bright fringes, are found to 

be suppressed in the spectra of the dark fringes, reflecting the modulation of DOS by MP in 

the bulk of α-Sb structures (in agreement with LDOS intensity profiles).  

To help understand the experimental results, we performed DFT calculations. The DFT-

calculated DOS of freestanding 2ML α-Sb slab, shifted slightly towards lower or higher 

energies, and that of freestanding 4ML α-Sb without any shifts would qualitatively reproduce 

the experimental spectra of bright fringes. [The different energy shifts applied to the 

calculated DOS accounts for the different charge transfer from the Bi bases with different 

thicknesses (or from the graphite substrate to Bi) to the overlayer 2ML α-Sb structures]. 

Reasonable agreement between the calculations and experimental observations suggests the 

nearly freestanding nature of our 2ML and 4ML α-Sb structures. We also noted that some of 

the LDOS peaks in the spectra of bright fringes of α-Sb structures are located at the same 

energies as the peaks in the spectra of the underlying Bi, suggesting that they might be 

originated from Bi and only modulated by the α-Sb layers. Hence, detailed calculations in 

which the interactions of α-Sb with the Bi substrate is taken into account would be useful to 

understand the exact origin of the electronic properties in α-Sb structures. 

Next, we studied the edges. The edges of 2ML and 4ML α-Sb structures exhibit high 

LDOS/intensities near the Fermi energy. The maximum intensities at the edges are achieved 

at ~ -14mV for the 2ML α-Sb/7ML Bi/HOPG system, at ~ +150mV for the 2ML α-Sb/5ML 

Bi/HOPG system and at ~-40mV for the 4ML α-Sb/5ML Bi/HOPG system. These edge states 
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of α-Sb structures are very similar to the edge states of α-Bi structures in Ref. [83]. 

Modulation of edge state at the edges of α-Sb structure is in phase with the modulation of the 

DOS in the bulk of the structure due to MP. The edge states have the highest intensity at the 

bright fringes in the conductance maps/troughs in topography and they are located on the 

sides of the topographical edges and not on top of them. Kinks at the edges cause additional 

discontinuities of the modulated edge states. The dI/dV(V) spectra measured at bright 

(maximum intensity) and dark (minimum intensity) regions of the edges of α-Sb structure, 

are similar to those of the bright and dark fringes of the bulk except that the edge state appears 

as an additional peak near the Fermi level. The peak is modulated by the MP (it disappears 

at the dark regions of the edge). The presence of this additional LDOS peak indicates that 

there are additional bands which are present only at the edges. These additional bands do not 

show up in the calculated band structure and the DOS of 2ML α-Sb in section 4.4 as the 

calculations are performed on a semi-infinite α-Sb slab. 

We also studied some of the defects of the α-Sb structures and found them almost similar to 

those observed in Bi structures in a sense that they exhibit edge state-like intensities at 

energies close to the Fermi level in the dI/dV maps and spectra. This possibly indicates that 

the defects such as the edges are terminated chains of atoms.  
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4.7 Discussion 

The modulated (discontinuous) edge states have been only observed few times in graphene-

based heterostructures [116, 117]  and very recently in β-Bi/α-Bi homostructures [115]. In 

this section, we focus on understanding the physics of α-Sb edges in the presence of MPs. 

Before having the discussion, the most relevant literature to our observations is reviewed 

below. The origin of MPs in general and the specific characteristics of them in α-Sb/Bi 

heterostructures were discussed in chapter 1 (section 1.1.2) and in this chapter (section 4.3.3 

and 4.5) respectively. 

 

Figure 4-25  Bead-like edge states in HOPG reproduced from [117]. (a) STM image of a rotated 

graphene flake on HOPG showing a moiré superlattice recorded at +100mV. The modulated edge 

states appear as bead-like features along the edges. The bright features of the bulk MP, moirons, 

correspond to the AA regions. While the brighter regions (beads) at the edges occur where the stacking 

configuration between the layers changes to AB. (b) Variation of the calculated LDOS along the black 

dashed line in (c). Calculation is done for a system comprised of a graphene nanoribbon on an 

extended graphene sheet. The dashed navy- and green-colored spectra are obtained by integration of 

the states over two different energy ranges, from 100meV to the Fermi level and between 500meV 

and EF respectively. (c) Simulation of the modulated edge states of a graphene flake on a graphene 

nanoribbon (this is done for the zigzag type edges). Zoomed-in views of the AA and AB stacking 

configurations are shown in the right- and left-hand side circles respectively. 
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4.7.1 Graphene-based Systems 

Graphene on HOPG     MPs can occasionally be observed on HOPG because of the 

misorientation of the outermost graphene sheet with respect to the underlying HOPG material 

[117]. Figure 4-25 (a) shows the bulk features of the moiré pattern, moirons, in a typical low-

bias STM image. In addition, bright bead-like features at the edges of the outermost graphene 

sheet are resolved in the image [117]. The beads are identical to the moirons (slightly 

misaligned to them) and are different from the intrinsic zero-mode (the “normal”) edge states 

observed in graphene. Both theory and experiment show that the beads have the maximum 

LDOS at energies close to the Fermi level. The simulations carried out in [117] establish a 

connection between the atomic stacking configuration of the MP and the observed high 

LDOS features (both at the edges and in the bulk). The beads at the edges correspond to the 

AB-stacked regions in which atoms of the overlayer and the underlying sheet are not aligned. 

A close-up schematic view of the AB stacking is shown in the left circle in Figure 4-25 (c). 

In contrast, the high LDOS for the bulk areas is calculated to be at the sites with AA stacking 

where atoms of the two layers are aligned (Figure 4-25 (c), the right circle). The LDOS at 

the AA sites at the bulk (moirons) appears with lower intensities than that of the beads. 

Twisted Bilayer Graphene (TBG)     Modulated edge states have also been observed in 

twisted bilayer graphene (TBG). TBG exhibits modified localized zero-mode edge states 

(referred to as α-ESs in [116]) but also possesses another class of edge states called moiré 

edge states (β-ESs). These two types of edge states are shown in Figure 4-26 (a) and (b) 

 

Figure 4-26  Edge states in TBG. Charge density, 𝜌(r), calculated for (a) low-energy zero-mode edge 

states (α), and (b) moiré edge states (β). α is found exclusively on the zigzag-terminated edges. β, on 

the other hand, is not sensitive to the type of the edge termination, but depends on the details of the 

bilayer commensuration. For β-ESs, a pronounced charge localization occurs at the AA-stacked 

regions of the edge. Reproduced from [116]. 
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respectively. The β-ESs are found to be independent of how the edges of the upper graphene 

layer terminate (zigzag or armchair) [116]. Nevertheless, they are sensitive to the lattice 

commensuration between the two layers at the edges. For very small twist angles, the α- and 

β-ESs may merge into a hybrid edge band; however, this remains speculation due to the 

computational difficulties [116].  Based on the calculations, the charge density of the β-ESs 

is significantly higher than that of the α-ESs (compare (a) and (b) in Figure 4-26). Also, the 

β-ESs seem to extend over a larger area at the edges and protrude further into the bulk of the 

nanoribbon. In TBG, the β-ESs are believed to appear at the AA-stacked regions of the edges, 

as compared to the beads in graphene/HOPG [117] in which the higher LDOS at the edges 

(beads) corresponds to the AB-stacked regions. The β-ESs occur at low energies very close 

to the energy of the twist-induced van Hove singularities in the bulk. 

In summary, both Refs. [117] and [116] argue that the physics of the observed moiré-edge 

states is expected to be mainly governed by the stacking sequence at the edges. However, 

there is no agreement on which sequence (AA or AB) corresponds to the high LDOS edge 

states.  

4.7.2 β-Bi/α-Bi Homostructures       

Monolayer β-Bi is predicted to be a 2D-TI with a nontrivial band topology that is robust 

against strain, electrical field, and substrate interactions [115]. In experiment, however, the 

MPs generated by the superposition of β-Bi on a substrate such as α-Bi are recently observed 

to be able to modulate/suppress the topological edge states of β-Bi [115]. Variation of the 

stacking mode between β-Bi and α-Bi layers causes a height modulation through the MP 

(measured and evidenced by AFM force spectroscopy). These modulations are associated 

with interlayer distance changes that theoretically and experimentally are proven to induce 

spatially distributed interface interactions in β-Bi/α-Bi homostructure [115]. 

Based on the results of the research work reviewed above [115], it is expected that the MP 

possibly can modulate the topology in 2D-materials (as well as the electronic properties). 

Such a possibility is investigated theoretically for twisted double bilayer graphene (TDBG) 

[175] and transition metal dichalcogenides (TMD) [176]. Studies on TDBG suggest the 

dependence of the topological properties on the stacking order between the two graphene 

bilayers. The topology is proposed to change by variation of the stacking from nontrivial to 

trivial [175]. The TMD heterobilayers are also theoretically shown to exhibit alternating 
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topological and normal insulating regions that are generated because of the variation of the 

atomic registry through the MP [176].  

To conclude, modulation of the edge states can almost certainly be associated with the 

variation of the stacking between the overlayers and their underlying bases through the MP. 

The modulated edge states of α-Sb structures observed in our experiments show great 

similarities to the modulated edge states observed in β-Bi [115] and to those of the graphitic 

systems [116, 117]. Since α-Sb is predicted to be a nontrivial topological 2D-material [84], 

its topology could then possibly be controlled by the moiré patterns. Our observations could 

be the experimental evidence to prove the idea above and also provide a route to achieve 

spatially nanotextured devices with new highly desirable functionalities [70, 176, 177]. Such 

devices could provide a basis for topological multi-contact switches/transistors [70, 176]. 

4.8 Future Work 

The interplay between multiple moiré patterns in composite heterostructures is theoretically 

suggested to bring about a new generation of quantum matters and correlated electron phases, 

leading to many possible new applications [70]. Magic-angle twisted trilayer graphene, for 

instance, has recently been shown to exhibit ultra-strong coupling and highly tuneable 

superconductivity in experiment, confirming the theoretical predictions [178, 179]. 

Sequential deposition of Bi on the pre-existing α-Sb/α-Bi/HOPG substrate might provide an 

extra translational degree of freedom compared to α-Sb/α-Bi/HOPG heterostructure and 

allow the exploration of MPs interference. In order to explore the physics in more detail and 

to develop new devices, it would be necessary to develop methods for growth of much larger 

Sb layers. The larger the Sb layer, the better the interference pattern of the α-Sb/α-Bi and α-

Bi/α-Sb MPs is resolved (more fringes would emerge). 

In α-Sb/α-Bi heterostructures, the twist angle is not adjustable in-situ since it develops during 

the growth. It would be interesting to find the ways of modifying the twist between the 

overlayer α-Sb and underlayer α-Bi [70]. The interlayer interaction (coupling) between α-Sb 

and α-Bi would determine the types of phases observed.  

 

 



 

 

 

 

 

 

Chapter 5 

5 Triangular Nanostructures 

5.1 Introduction 

Together with the pure Bi and Sb structures (i.e. α-Bi, α-Sb and β-Sb) reported in the previous 

chapter, nano-sized triangular structures with subnanometer thicknesses were also observed 

(refer to the STM image in Figure 4-14 (a)). The triangular nanostructures (TNSs) were 

found occasionally on Bi islands (in the vicinity of pure Sb structures) and much more 

frequently on bare HOPG (adjacent to the Bi islands). As TNSs grow after sequential 

deposition of antimony on the pre-existing Bi/HOPG substrates, it is expected that they have 

antimony as the main or one of their constituting components.  

In this chapter, the morphological and electronic properties of the TNSs are characterized 

using STM and LT-STS (section 5.2 and section 5.4). The emerging moiré patterns in the 

TNS/HOPG heterostructures are studied in section 5.3, and the plausible 2D-structures are 

discussed in section 5.5. The suggested structures are validated/discarded using DFT 

calculations and/or moiré pattern simulations. The only structure which fully describes our 

experimental observations is found to be a highly crystalline allotrope of antimony oxide (α-

Sb2O3) called senarmontite and not pure antimony. 
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5.2 Morphological Characterization 

The TNSs occur only after deposition of Sb on the Bi/HOPG sample and grow on both HOPG 

and Bi underlayers (see Figure 5-1). They are easily distinguishable from all other coexisting 

Bi and Sb phases (α-Bi, α-Sb and β-Sb) due to their unique symmetric triangular shape. The 

TNSs with HOPG substrates only nucleate at the edges of Bi structures, but not at the graphite 

step edges. Isolated TNSs were never observed. The TNSs have a typical dimension of less 

than ~50nm on each side; the larger the structures, the more delicate they are and also more 

prone to be disrupted/reshaped after continuous scans. 

5.2.1 Height 

Figure 5-2 shows typical TNSs formed on top of four different underlayer materials including 

HOPG (a), 3ML Bi (b), 5ML Bi (c) and 7ML Bi (d) alongside zoomed-in views and 

corresponding measured height profiles. The height profiles are drawn along the lines that 

are shown in the insets of the height versus position graphs. The uncertainty of the measured 

heights is minimized by fitting the profiles with a smooth bent step function which allows 

estimation of the height of the structures to be within 1.5% of their real value [180]. 

 

Figure 5-1 STM image of an Sb/Bi/HOPG heterostructure in which TNSs are observed on two 

different types of substrates/bases: (1) on bare HOPG (indicated by yellow arrows) and (2) on Bi 

islands (indicated by black arrow). Imaging conditions: Vt=+1V, It= 20pA and T=50K.   

50 nm
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Figure 5-2  TNSs on four different underlayers including (a) HOPG, (b) 3ML Bi, (c) 5ML Bi and (d) 

7ML Bi; the large-scale and zoomed-in STM images of the structures are shown on the left-hand side 

and middle of each panel alongside their corresponding height profile on the right. Imaging conditions: 

Vt = +1V, It =20pA and T=50K. The values of height shown on graphs are all corrected using 1.09. 
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The measured values are all corrected using the calibration factor, 1.09, that is obtained by 

measuring the HOPG step heights (refer to section 2.3.2). The average height of the TNSs 

(see Figure 5-2) is then found to be ~408pm with an uncertainty of ~10pm.  

The height of the TNSs is typically uniform across the entire structure in each case, but in 

Figure 5-2 (a), the height profiles P1 and P2 (green arrows) show some 

fluctuations/modulations. Such modulations are observed only on the surface of the TNSs 

with HOPG underlayers. These modulations, which have an amplitude of ~100pm, are shown 

to be associated with the MPs in section 5.3. 

The detailed statistical analysis of the measured heights can be found in Figure 5-3 (a) to (d), 

where the individual height distributions are color-coded according to the underlying base on 

which the TNS grows. Figure 5-3 (e) shows the final histogram for all underlayers.  The 

histogram has a nearly symmetrical distribution with a peak at ~410pm and a full width at 

half maximum (FWHM) of ~30pm.   

 

 
Figure 5-3 Statistical height analysis for TNSs on different underlying bases including (a) HOPG 

(color-coded in green), (b) 3ML Bi (yellow), (c) 5ML Bi (blue) and (d) 7ML Bi bases (red). (e) Stack 

of histograms containing the height data from (a) to (d).  
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To explore the dependence of the height on the applied bias voltage, a series of STM images 

were recorded for the TNSs on two underlying bases, on HOPG and 3ML Bi island. The 

tunneling setpoint current was kept constant at 20pA while the bias voltage was changed in 

steps of 200mV (from +1V up to -1V) for each scanning cycle. The height at different 

voltages measured for HOPG are shown in Figure 5-4. These values show no dependence on 

the bias except for -200mV, at which the height of the TNS is reduced to 245pm. [A similar 

trend was observed for the TNS on 3ML Bi].  

The STM images result from a combination of the real space topography and the variation in 

the local DOS (refer to chapter 2). Hence, by lowering the bias, the STM tip is brought closer 

to the surface of the TNS, increasing the possibility of physical interactions and/or coupling 

of the electronic states between the two (if any). This likely accounts for the lower height 

measured at -200meV.  

TNSs were observed with AFM as well, but the quality of the images is not comparable to 

those of STM in terms of resolution, also, AFM-measured height of the TNSs varies between 

the two studied datasets (⁓0.35nm and ⁓0.55nm). Thus, the AFM results are not included. 

To sum up, the height of the TNSs is measured to be 410pm ± 10pm. Since the monolayer 

of different allotropes of Bi and Sb or their alloys are reported to have a similar height (~300-

400pm) [84], TNSs are highly likely single atomic layers.  

 

Figure 5-4 Bias dependence of the measured height of a TNS (on HOPG). Each data point marked 

on the graph is an average of six measurements on all three sides of the TNS in two trace and retrace 

scan modes. 
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5.2.2 Atomic Arrangement 

Figure 5-5 shows high-resolution STM images of two different TNSs, on HOPG (a) and on 

3ML Bi (b). In both cases, the structure is of a threefold rotational symmetry and has a 

honeycomb lattice. The principal crystallographic axes of the TNSs are along the zigzag 

chain of atoms (see Figure 5-5 (a)) which are parallel to the edges of the structure; the zigzag 

atomic chains are also approximately aligned with the edges of the supporting Bi islands 

(indicated by the red arrow in Figure 5-5 (a)). The modulations of height associated with the 

atomic corrugations on the structure are measured to be ~45pm±5pm (see profile P1 shown 

in the inset in Figure 5-5 (b)).  

The TNSs seem to be minimally truncated and their edges are mostly free of defects. Kinks 

with a size equal to one lattice constant were occasionally observed (white arrows in Figure 

5-5 (b)). Topography images indicate that the edges have substantial protrusions causing them 

to look different from the conventional zigzag type edges. This type of edge was previously 

observed for graphene and called “bearded” [181-186]. This edge termination is further 

investigated in section 5.5.4.  

 

Figure 5-5  Highly resolved STM images of the TNSs formed on: (a) HOPG and (b) 3ML Bi.  

Imaging conditions: Vt=1V and It=20pA and T=50K. The zigzag chains of atoms highlighted in (a) 

are at 60° to one another. White arrows in (b) are pointing to the kinks at the edges of the structure. 

The height profile P1, shown in the inset at the right bottom corner of (b), is drawn along the blue line 

on the TNS. 
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Figure 5-6 (a) shows a TNS (on HOPG) and atomic-resolution images of two different parts 

of the structure (inside red and blue rectangles) (see Figure 5-6 (b) and (c)). In order to 

enhance the contrast of the image, the 2D-Filtering procedure (described in section 2.3) was 

used. The filtered image is shown in Figure 5-6 (d) and more clearly reveals a rhombohedral 

unit cell with further details (bright protrusions) inside and at the edges of it (arrowed). There 

emerge dark regions inside each unit cell, on the right-hand half of it, which might be 

indicative of atoms either pushed further downward or simply absent. 

Lattice Constant     Fourier transforms of high-resolution STM images of the TNS (see 

Figure 5-7 (a)) exhibit six principal high-intensity spots (spatial frequency peaks). These 

spots are attributed to the atomic structure; hence, the distance (D1, D2 and D3) between any 

pair of spots can be used to obtain the lattice parameters (refer to section 2.3.1). The average 

uncalibrated lattice constant based on 90 measurements (30 counts for each pair of spots) is 

~850pm with a standard deviation of 60pm. We found the slow-fast calibration method 

(described in section 2.3.3) reduced the scatter in the data more than calibration using HOPG 

parameters (see section 2.3.2). The histogram in Figure 5-7 (b) includes all the 90 counts 

based on D1 (dark red), D2 (red) and D3 (orange), after correction by application of 1.11 and 

1.06 (the fast and slow calibration factors respectively). The values of lattice constant, as 

seen, are densely populated within the range 790-800pm. The best estimate of the lattice 

constant is 800pm±10pm. 

 

Figure 5-6   STM topographs of a TNS on HOPG. (a) 40nm×40nm grid showing the whole structure. 

(b) and (c) 5nm×5nm, 70° rotated atomically resolved images recorded at different parts of the TNS 

inside the blue and red squares in (a) (far from and close to the defect). Imaging conditions: 

Vt=200mV, It=4pA and T=40K. (d) 2D-filtered image of (c). The blue rhombus in (d) represents the 

unit cell of the TNS. Blue arrows are pointing to the additional protrusions on the edges of and inside 

the unit cell. 

(a)(a) (b) (c) (d)

2 nm 2 nm 
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Interlayer Bonding in TNS     The TNSs seem to be quite delicate. They can be destroyed, 

deformed or dramatically changed (broken into smaller pieces) by strong interactions with 

the STM tip. Figure 5-8 (a) depicts the deformation of a TNS on a 3ML Bi base under 

continuous scanning. The setpoint current was kept constant while the voltage was reduced 

to record the next image in a sequence. The upper part and the right corner of the TNS (see 

Figure 5-8 (a-2) and (a-3)) clearly undergo noticeable changes in shape. There appear to be 

some fragments attached to the structure (grey arrows) that did not initially exist t but moved 

from the vertex of the TNS. Interestingly, these fragments are reassembled into the original 

structure in such a way that no obvious inhomogeneities including defects or grain boundaries 

are formed (see the magnified view inside the blue rectangle in Figure 5-8 (a-3)). Neither Bi 

nor Sb structures were modified by the tip under the same tunneling conditions, suggesting 

the bonding within the TNS is substantially weaker. The bonding within the TNS is, however, 

strong enough to allow epitaxy between the fragments if the structure is deformed. The TNSs 

remained triangular and intact after annealing at 95°C, again evidencing their relatively 

strong interlayer bonding. 

 

Figure 5-7 (a) FFT of a TNS; It is taken from the region inside the 8nm×8nm square in Figure 5-2 

(c). Red circles highlight high-intensity spots in reciprocal space that correspond to the atomic 

positions (Note that the crystallographer's definition of reciprocal lattice vectors is used here, i.e. 

k=1/ with no factor of 2π). D1, D2 and D3 are the distances between each pair of the facing high-

intensity spots. (b) Distribution of lattice constants measured using the distances D1, D2 and D3; the 

values are corrected by the slow and fast calibration factors, 1.06 and 1.11 (refer to section 2.3.3).  

(b)

D2
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In Figure 5-8 (b), another TNS (on HOPG) is shown that was repeatedly scanned in order to 

compensate drift before LT-STS. Clearly, the structure moved along the edge of the nearby 

Bi island. It was initially close to the trench at the Bi edge (arrowed), and after a series of 

scans, was ~55nm away from its original position. These observations provide further 

evidence for relatively strong in-plane bonds in the TNSs.  

5.3 Moiré Pattern on TNSs 

STM measurements reveal long-period height modulations on some of the TNSs on HOPG 

(see Figure 5-2 (a) and Figure 5-9 (a)). These modulations have an amplitude of ~100pm 

and spatial periodicity of ~2.5nm (see the line profile P1 in Figure 5-9 (d)) and are similar to 

the moiré patterns observed in twisted bilayer graphene or other VDWHs with hexagonal 

symmetry stacking [179].  

The periodicity of MP was measured in a more systematic way using FFTs. The FFT of the 

image in Figure 5-9 (a) is shown in Figure 5-9 (b). The high-intensity spots highlighted by 

red circles correspond to the intrinsic periodicity of the TNS lattice. There also appear seven 

sets of other hexagonally distributed spots (blue circles), one around the origin and the other 

six sets around the main high-intensity spots. These sets of spots are due to the MP. 

 

Figure 5-8  Modification of TNSs with the STM tip. (a) A sequence of scans on a TNS on 3ML Bi 

including the original intact structure (a-1), damaged structure on the left side of which small 

fragments are observed (grey arrows) (a-2), and the seamless reassembly of the fragments into the 

main part of the original structure (a-3). Imaging parameters: 10pA and +1V (a-1), +0.6V (a-2) and 

+0.2V (a-3). (b) Displacement of a TNS on HOPG. Imaging parameters: Vt=1V and It=10pA. Red 

arrows identify where the trench at the edge of the Bi island is located. The black and white scale bars 

in (a) and (b) are 5nm and 20nm respectively. 
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Measurement of the MP period, like that of the lattice constant, is based on the distances D4, 

D5 and D6 between each pair of opposite moiré spots (see section 2.3.1). The distribution of 

the measured periods is shown in Figure 5-9 (c) and peaks at ~2.5nm with an uncertainty of 

~0.1nm. Hence, the ratio of the MP period (~2.5nm) and the atomic period (~0.8nm) is ~3.25. 

This indicates that the observed pattern cannot be a 3×3 reconstruction of the TNS lattice. 

 

Figure 5-9 (a) STM topograph of a TNS on HOPG exhibiting a MP. Period of the pattern is indicated 

in white. Three black lines represent the zigzag atomic rows of HOPG obtained from atomic 

resolution images (not shown). One of the crystal axes of the TNS is indicated by the green line. 

Imaging conditions: Vt=200mV, It=4pA and T=40K. (b) FFT of the TNS in (a). Red circles highlight 

high-intensity spots in reciprocal space that correspond to the atomic structure of the TNS and light 

blue circles mark the moiré spots in the inset. (c) Distribution of the spatial periodicity of the MP 

measured by FFT. (d) Height profile P1 drawn along the black line in the inset. Measured modulation 

of height and the periodicity of the MP based on P1 are ~100pm and ~2.5nm respectively. 
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Figure 5-9 (b) also clearly shows the alignment of the high symmetry direction of the moiré 

superlattice with that of the atomic lattice of the TNSs (within an uncertainty of ∼5°). The 

twist angle between the TNS and the underlying HOPG in Figure 5-9 (a) is estimated to be 

θ≈26°. As mentioned in section 5.2.2, the principal axes of the TNSs are almost parallel to 

the edges of the Bi neighboring structure. Therefore such as the Bi edges, there would be 

more than one orientation possible for the TNS to adopt, leading to a variety of twist angles. 

Based on our preliminary modeling, the MP period for most of the twist angles except ~26° 

would be too short, causing the pattern to be undetectable. Modeling of the MPs will be 

discussed in section 5.5.4. 

5.4 Spectroscopy 

TNSs were characterized by LT-STS in the ±1V and ±2V bias ranges, with the setpoint 

current of 300pA. In all experiments, a lock-in amplifier (20mV, 2700Hz) was employed in 

order to directly map the DOS of the samples. Figure 5-10 depicts the dI/dV(V) spectra of 

three TNSs on HOPG (a), 5ML Bi (b) and 7ML Bi (c) (orange curves) together with the 

spectra of their underlying bases (blue curves). The spectra in Figure 5-10 are taken from the 

areas within the orange and blue rectangles in Figure 5-2 (a).  

The spectra of the TNS and its underlying substrate are remarkably similar (up to +1V) (see 

Figure 5-10 (a) and (b)). They are hardly distinguishable in the case of TNS/HOPG 

heterostructure (Figure 5-10 (a)) at positive bias and look qualitatively the same at negative 

bias, although the DOS of the TNS has weaker intensities than those from HOPG.  The same 

applies to TNS/5ML Bi. All the LDOS features in the spectrum of 5ML Bi including the 

LDOS valley near the Fermi level (zero bias) and the peaks are all reproduced in the spectrum 

of the TNS and once more there are only small differences in the intensities of the peaks 

between the two spectra. In other words, the TNSs seem to be effectively transparent so that 

the observed STS peaks are from states of the underlying substrates. Such behavior was 

previously observed in NaCl/HOPG [83] and hBN/graphene heterostructures [187].  

In order to detect the band gap, the bias range was further increased to ±2V. Although many 

of the TNSs would not survive higher voltages, optimized tip and tunneling conditions made 

it occasionally possible to acquire spectroscopic data that is of reasonable quality. Figure 

5-10 (c) shows the spectra of a TNS and its 7ML Bi base obtained between +2V and −2V. 
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Despite the clear differences between the TNS and 7ML Bi STS curves, they have certain 

characteristics in common. 

A careful examination of the low signal intensity range (the grey-shaded area in Figure 5-10 

(c) whose magnified view is shown in Figure 5-10 (d)) reveals the two peaks from the 7ML 

Bi curve at ~+0.3V and ~+0.8V are weakly present in that of the TNS. The conduction band 

onset lies in the vicinity of 1.5eV (see Figure 5-10 (c)), whereas that of the valance band is 

not detectable. STS on an increased bias voltage range of ±2.5V proved impossible. 

Therefore, it is only possible to state that the band gap of the structure is at least ~3.5eV. The 

spectra of TNSs will be compared to the DFT-calculated band structure and DOS of the 

proposed structural models in section 5.5. 

 

Figure 5-10 Experimental dI/dV(V) spectra of the TNSs on (a) HOPG, (b) 5ML Bi and (c) 7ML Bi 

bases (orange curves) alongside the spectra from the respective bases/substrates (blue). STS 

parameters: ±1V and 300pA (for (a) and (b)), and ±2V and 300Pa (for (c) and (d)). (d) Magnification 

of the low-intensity region marked by the grey-shaded area in (c). Dashed black lines indicate LDOS 

features of the 7ML Bi, which are also observed through the insulating TNS. 
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AR-STM Images at Different Bias Voltage Polarities    It is possible to estimate the 

contribution of the electronic effects by acquiring high-resolution images at opposite 

polarities. By changing the polarity of the bias voltage, the tunneling direction is also 

changed. When the sample bias is negative, its occupied states, are probed and for the positive 

bias on the sample, unoccupied states or the dangling bonds are probed.  

Figure 5-11 compares high-resolution topographic images of a TNS acquired at negative (a) 

and positive (b) bias polarities. The atomic-scale contrast (bright protrusion vs holes) does 

not seem to alter from one image to the other, showing that it is bias-independent. As a 

consequence, electronic effects such as charge density waves or other electronic standing 

waves do not contribute to the observed contrast. 

Considering the strong evidence for a large band gap and the transparency of the TNSs, it is 

clear that the STM is not probing the electronic states of the TNSs. We speculate that the 

insulating monolayer of TNS acts like a local barrier and screens the states of the underlying 

substrates by modulating their decay length via its atomic structure. Therefore, it is concluded 

that the contrast arises from the geometric structure. 

 

 

Figure 5-11 STM images of a TNS acquired at opposite polarities of the bias voltage. (a) -200mV 

and (b) +200mV. The tunneling current is set to a constant value of 20pA. 

(b)(a)
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5.5 Discussion 

The experimental results discussed in the previous sections strongly evidence that TNSs are 

crystalline atomically thin materials with threefold symmetry. They possess a large lattice 

constant (~800pm) and also a sizable band gap (~3.5eV). In this section, potential alternative 

explanations for TNSs are sought.  

Since the TNSs only occur following the deposition of antimony on Bi/HOPG substrates, 

pure Sb structures are considered first. The pure Sb structures studied here include (i) β-Sb, 

and two other structures that have unit cells comparable to that of the TNSs, namely (ii) a 

2×2 reconstruction of the β-Sb structure (with one vacancy per unit cell), and (iii) a VDW-

bonded structure of Sb4 molecules. The pure Sb structures will be shown to be incapable of 

explaining the experimental observations for the TNS, and so we also considered the α-

allotrope of antimony oxide (α-Sb2O3, known as senarmontite) whose 2D-structure possesses 

a unit cell close to that of the TNSs. 

DFT Calculations     First-principles calculations for the structures were performed by G. 

Bian at the University of Missouri using DFT and Vienna ab initio simulation package with 

a plane wave basis. Generalized gradient approximation (GGA) was employed for the 

exchange and correlation functional [188]. 11×11×11 and 11×11×1 Monkhorst–Pack meshes 

were used for bulk and monolayer k-point sampling in the Brillouin zone. The kinetic energy 

cutoff in all the calculations was set to 400eV. 

5.5.1 β-Sb 

A monolayer β-Sb on a Bi base has a lattice with the size of 404pm±4pm [84] which is almost 

half of the lattice constant measured for a TNS. Previously published work [84] shows that 

the experimental spectra, as well as the DOS  calculated for 1×1 β-Sb, differ significantly 

from the dI/dV(V) spectra of the TNSs. More specifically, the band gap of β-Sb is not as 

wide as the band gap of the TNSs. Moreover, the TNSs are fragile compared to the β-Sb, 

most likely because of their weaker interlayer bonding. They can be modified with the STM 

tip, while the coexisting β-Sb structures remain unaffected under the same tunneling 

conditions [84] (see section 5.2.2). These all point towards ruling out β-Sb as a possible 

candidate for the TNSs. 
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5.5.2 2×2 β-Sb 

Considering the lattice constant of β-Sb, a 2×2 reconstruction would almost exactly 

reproduce the atomic period measured for the TNSs (800pm±10pm). A √3×√3 R30° 

reconstruction followed by a ~13% expansion of the reconstructed unit cell also yields the 

observed period. However, it seems to be experimentally unfeasible given the expected high 

cost in deformation energy. 

 

Figure 5-12   (a) Schematic top and side views of β-Sb generated by VESTA; bright and dark brown 

colored balls indicate the Sb atoms possessing different buckling (z-position). (b) Superposition of 

(a) on an atomically resolved STM topograph of a TNS. (c) Electronic band structure calculated for 

(a). (d) Corresponding DOS. Green rhombi in (a) and (b) represent the 2×2 supercells with ~808pm 

size. Yellow arrows in (b) are pointing to the Sb atoms inside the 2×2 supercells which coincide with 

the dark regions in the STM image of the TNSs. 
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Figure 5-12 (b) shows a fully relaxed 2×2 supercell of β-Sb (Figure 5-12 (a)) scaled and 

overlaid on a typical atomically resolved STM image of a TNS. The corners of the green 

rhombic 2×2 unit cell land almost precisely on the bright protrusions in the STM image. A 

clear distinction between the two, however, exists. Half of the unit cells of the TNSs appear 

dark, possibly due to the absence of one atom in the 2×2 supercell. Whereas some of the Sb 

atoms from the overlaid structure (yellow arrows) coincide with these dark regions. This 

indicates that the structure might not fully describe the morphology of the TNSs. 

The electronic band structure and corresponding DOS calculated for the 2×2 supercell in 

Figure 5-12 (a) are shown in Figure 5-12 (c) and (d) respectively. The band structure 

inevitably differs from that of the unreconstructed (1×1) structure calculated previously [84], 

because the first Brillouin zone has a smaller size. The corresponding DOSs of the two, 

however, almost look the same. According to our calculations, the 2×2 structure exhibits a 

band gap of 0.84eV that is almost exactly the same as the band gap of the 1×1 structure 

(0.83eV) [84]. Due to these similar electronic characters, the two structures are effectively 

equivalent. Therefore, a 2×2 reconstruction that is necessary for explaining the experimental 

results cannot be interpreted as arising from the relaxation of the larger cell. 

To proceed, it is assumed that one atom is removed from each 2×2 supercell. The resulting 

structure (fully relaxed) is shown in Figure 5-13 (a). Each of the unit cells (green rhombus), 

as seen, includes seven Sb atoms plus a vacant site. Accordingly, a periodic structure with 

three hexagonal broken Sb rings and minor distortions is created. The lattice constant of the 

defected structure after relaxation decreases to ~766pm, i.e. nearly 5% off the size of the 

original 2×2 β-Sb supercell (~808pm). Figure 5-13 (b) shows the superposition of the 

accurately scaled 2×2+vacancy structure on an STM image of a TNS. The corners of the 

green 2×2 unit cells coincide with the bright protrusions in the STM image and the vacancies 

are aligned with the dark regions, indicating the consistency of the structure with our 

experimental observations for the TNSs.  

Such a 2×2 reconstruction with vacancies may not energetically seem favorable at first sight 

if compared to an unreconstructed structure (i.e. 1×1 β-Sb). But, similar structures have been 

observed in experiment for various materials including GaAs(111) [189] and InSb(111) 

[190]. We found the formation energy of the relaxed 2×2+vacancy structure to be of the same 

order as that of 1×1 β-Sb within the numerical accuracy of calculations [191]. Hence, a 
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similar level of stability for the two structures is predicted, and the 2×2+vacancy structure is 

plausible from an energetic point of view. 

However, the calculated band structure of the 2×2+vacancy structure reveals an indirect small 

band gap of 0.3eV (Figure 5-13 (c)) which contradicts the wide band gap measured for the 

TNSs. The calculated DOS (Figure 5-13 (d)) is similarly not consistent with the experimental 

STS curves. Therefore, the TNSs cannot be explained by a 2×2 reconstruction of β-Sb with 

a vacancy. 

 

Figure 5-13   (a) Schematic top and side views of 2×2 reconstructed β-Sb with one vacancy after 

relaxation; bright and dark brown colored balls indicate the Sb atoms possessing different buckling 

(z-position). (b) Superposition of (a) on an STM topograph of a TNS. (c) DFT-calculated band 

structure of (a). (d) Corresponding DOS. Green rhombi in (a) and (b) represent the 2×2 unit cells.  
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In brief, both 2×2 β-Sb and 2×2 β-Sb +vacancy structures yield unsatisfying agreement with 

the experimental results, particularly the STS data. Taking into account the weak interlayer 

bonding that holds the TNS together (refer to section 5.2.2), the possibility that it is 

comprised of weakly interacting atomic-sized units, i.e. small clusters or molecules is 

considered next.  

5.5.3 Sb4 Clusters 

Sb vapour below the melting temperature is primarily composed of Sb4 clusters [192-194]. 

In this sense, it might be possible to have Sb4 clusters on the surface of the substrates/bases 

after the deposition of antimony. Formation of the atomically thin Sb layers on MoS2 were 

explained by such structures in the past [195].  

The interactions of closed shell Sb4 clusters are presumably governed by van der Waals 

forces, therefore, the clusters are expected to weakly bond to each other and also to their 

substrates (this might be consistent with what was observed experimentally for the TNSs).  

Given the large HOMO-LUMO gap calculated for each cluster (≥3eV) [196], a solid 

supercluster formed from weakly interacting Sb4 clusters might exhibit a large band gap 

similar to that of the TNSs. 

In terms of geometry, Sb4 clusters are tetrahedrons with an interlayer Sb-Sb bond length of 

~2.9Å [196]. Figure 5-14 (a) and (d) show two distinct solid arrangements of Sb4 clusters 

satisfying the condition that the intra-cluster bond is less than the shortest inter-cluster Sb-Sb 

distance. These structures reproduce the periodicity (~800pm) and the dark regions observed 

experimentally for the TNSs (see the STM topograph in Figure 5-6 (d)). The difference 

between the two arrangements lies in the orientation of the tetrahedrons with respect to each 

other. In one of the arrangements (Figure 5-14 (d)), the faces of the two neighbouring 

tetrahedrons are pointing towards one another, while in the other one (Figure 5-14 (a)) the 

edges point towards the faces of the neighbours.  

The corresponding calculated band structure (Figure 5-14 (b) and (e)) and DOSs (Figure 

5-14 (c) and (f)) of the two arrangements do not agree with the experimental spectra. Neither 

results in a band gap greater than 1eV and is therefore too small compared to the measured 

band gap of the TNSs.   
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5.5.4 α-Sb2O3  

Antimony oxide is a sesquioxide with three crystalline allotropes, namely α-Sb2O3 

(senarmontite), β-Sb2O3 (valentinite) and γ-Sb2O3 [197, 198]. α-Sb2O3 is the most stable at 

low temperatures and is composed of Sb4O6 molecules bonded by van der Waals forces [197, 

198]. Every Sb4O6 single molecule, as shown in Figure 5-15 (a), resembles a “cage” in which 

threefold coordinated antimony atoms sit at a tetrahedron’s vertices and oxygen atoms with 

twofold coordination slightly bulge outward from the edges. Figure 5-15 (b) shows the bulk 

crystal structure, exhibiting van der Waals gaps, i.e. the family of {111} planes across which 

there are no chemical bonds. Selecting a single {111} plane then yields a triangular 

 

Figure 5-14 (a) and (d) Top and side views of the ball and stick models for two distinct solid 

arrangements of Sb4 clusters (generated by VESTA); the bright and dark brown colored balls 

represent Sb atoms with different z-position. (b) and (e) Corresponding calculated band structures. 

(c) and (f) Corresponding DOSs. Navy-colored rhombi in (a) and (d) represent the unit cells. 
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arrangement of alternating Sb4O6 cages. The unit cell of this plane embraces six Sb4O6 cages 

that make a hexagonal ring (see Figure 5-15 (c)). The lattice constant of monolayer α-Sb2O3 

is calculated to be ~789Å [197, 199, 200].  

 

Figure 5-15 VESTA-generated ball and stick models showing (a) atomic structure of a Sb4O6 

molecule and (b) cubic unit cell of α-Sb2O3 (bulk) exhibiting a lattice constant of 1116pm. Brown 

and red balls represent Sb and O atoms respectively. (c) Schematic top and side views of an isolated 

layer of α-Sb2O3  with the size of a unit cell along (111) plane. Side view shows two Sb4O6 molecules 

per unit cell with up and down orientations that are inequivalent in the presence of a substrate. Navy-

colored rhombus indicates the unit cell of the structure. Face diagonal of the bulk unit cell in (b) is 

twice the in-plane lattice constant (i.e. 1116pm×√2=789pm). (d) Superposition of (c) on an 

atomically resolved STM image of a TNS. 
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Figure 5-15 (d) shows the superposition of the α-Sb2O3 2D-unit cell on an STM image of a 

TNS. The atomic periodicity and the contrast in the STM image (i.e. the bright protrusions 

versus dark regions) is in good agreement with the α-Sb2O3 2D-structure. 

Edge Termination   Edges of the TNSs, as discussed in section 5.2.2, are elongated only 

parallel to the zigzag direction of the atomic structure and have protrusions due to which they 

seem “bearded”. Such edges have been observed few times in graphene/graphitic systems 

and are predicted to have exotic properties, e.g. photonic topological insulation [181-186]. 

The origin of the bearded zigzag edges of the TNSs is now explored. 

In the presence of a substrate, there are four configurations for the terminated edges of an α-

Sb2O3 sheet that are of zigzag type (labelled I-IV in Figure 5-16 (a), (c) and (d)). 

Configurations II and III are conventional, whereas I and IV are bearded (see Figure 5-16 

(a)). In the case of conventional termination, each outermost Sb4O6 molecule is two-fold 

coordinated with its neighbours, occupying three corners of a six-member ring together. For 

the bearded edge termination, nearly complete rings with five molecules are established in 

which only one neighbour coordinates the outermost molecules. Although configurations I-

IV seem to be indistinguishable upon first examination, they actually differ significantly. The 

reason for this is the out-of-plane orientation of the molecules with respect to the substrate 

(i.e. upward and downward indicated by lowercase letters 'u' and 'd' (see Figure 5-16 (d))) 

that varies between each pair of configurations. Figure 5-16 (c), showing the edges from the 

sides, clearly reflects these differences. 

Figure 5-16 (e) shows the schematic view of the α-Sb2O3 structure taken from (a), scaled and 

overlaid with two different orientations on a highly resolved STM image of a TNS. The 

topography of edges is well-matched with the bearded zigzag configurations I and IV. 

However, it might not be possible to conclude which one corresponds to the edges that occur 

in experiment. We believe that type I is more likely, as it has the outermost Sb4O6 molecules 

all with upward orientations. Thus, the Sb atom at the top of the outermost tetragon almost 

coincides with the end of the protrusion in the STM image. The other Sb atoms in the base 

of each molecule would be less visible to the tip as they are closer to the substrate. The reverse 

happens for configuration IV (compare I and IV in Figure 5-16 (c) or (a)); accordingly, larger 

protrusions would be expected because the outermost molecules have downward 

orientations. 
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The bearded zigzag edge termination is highly unusual since the outermost molecules are 

poorly coordinated and this would typically be unfavourable from an energetic perspective. 

The weak interaction with the substrate is expected to contribute to the stabilization of these 

unique edges in experiment.  

 

Figure 5-16  Various ball and stick models of edge termination in monolayer Sb2O3 generated by 

VESTA. (a) Top view showing four different edges of monolayer α-Sb2O3 that are of the zigzag type. 

Different perspectives of the four renders in (d) are indicated by labels I-IV and black arrows. Sb4O6 

molecules with opposite orientations along the vertical direction are labelled with the letters ‘u’ (for 

up) and ‘d’ (for down). (b) Similar schematic describing the armchair edges at the left and right hand 

side of the structure. (c) Close-up perspectives of the zigzag-terminated edges I-IV from (a). Substrate 

is represented by a generic grey/black-colored sheet. (d) Illustration of the two (u/d) Sb4O6 molecules 

per unit cell which are inequivalent in the presence of the substrates. (e) Overlay of α-Sb2O3 structures 

with zigzag-terminated edges on a magnified STM image shown previously in Figure 5-5 (b)). Image 

is reproduced from [191]. 

(a) (b)

(c) (d)

(e)
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The two possible configurations that lead to the armchair-terminated edges are also 

considered (see Figure 5-16 (b)). Both configurations are comprised of Sb4O6 molecules with 

alternating out-of-plane orientations. On a closer look, it is clear that they are mirror copies 

of each other and thus are essentially equivalent. The experimental observations are clearly 

different to the armchair-terminated edges. 

The DFT-calculated band structure and DOS of a free-standing monolayer of α-Sb2O3 are 

shown in Figure 5-17 (a) and (b). To provide a comparison, the corresponding calculated 

results for the bulk of α-Sb2O3 are also shown in Figure 5-17 (c) and (d). The monolayer, as 

well as the bulk structure, exhibits a large indirect band gap around the Fermi Energy. As 

expected, the gap size decreases from a monolayer (3.3eV) to the bulk (3.1eV) [Similar 

values were previously observed for thin films [201] and bulk α-Sb2O3 [199, 200, 202]]. 

The calculated results discussed above for monolayer α-Sb2O3, in particular, the calculated 

DOS (Figure 5-17 (b)) and the STS data of the TNSs (Figure 5-10), agree reasonably well. 

Hence the results for TNSs are consistent with monolayers of α-Sb2O3. If so, the simulated 

MP for α-Sb2O3/HOPG should also match the experimental MP and so the MP is now 

modeled. 

 

Figure 5-17  DFT calculation for α-Sb2O3. (a) and (b) Band structure and corresponding DOS 

calculated for 2D-structure with a monolayer thickness. (c) and (d) Band structure and DOS 

calculated for bulk α-Sb2O3. The Fermi energy corresponds to zero in the diagrams. Band gaps are 

indicated by the bright and dark red arrows in (a) and (c). Image is reproduced from [191]. 

(a) (b) (c) (d)
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MP Simulation     In order to simulate the MP, the method described in section 4.3.3 is 

employed. Figure 5-18 (b) shows the ball-and-stick model of α-Sb2O3 structure (orange/red 

layer) superposed on that of the HOPG (black layer). The lattice parameter of HOPG is set 

to the literature value of 2.46Å, while that of the α-Sb2O3 and also the twist angle between 

the two are allowed to change until an optimal match with the experimentally observed 

pattern (Figure 5-18 (a)) is achieved. This simple superposition method yields a good match 

 

Figure 5-18  Simulation of moiré pattern. (a) Topograph of a TNS on HOPG (reproduced from 

Figure 5-9 (a)). The spatial periodicity of MP is ~2.5nm. (b) Simulated MP using a superposed ball 

and stick model of α-Sb2O3 (orange and red balls/layer) on HOPG (grey and black balls/layer). The 

lattice constants are set to 246pm (for HOPG) and 796pm (for α-Sb2O3), and the twist angle is chosen 

to be θ=27° (see also (c)). Both coordinates are rotated by −9.5° so that the simulated pattern is 

aligned with the experimental data in (a); (a) and (b) are of the same scale. (c) Schematic view (field 

of view: (1.53nm2)) of the lattice and unit cell of α-Sb2O3 (orange) on HOPG (black). (d) Close-up 

view of (b) with the size of 4nm×2.14nm showing the full structures of the two lattices with their 

unit cells and their relative orientation. Image is reproduced from [191]. 
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with experiment only for a lattice constant of λ=796pm and the twist angle of δ =27° (see 

Figure 5-18 (c)).  The analytical formulae in [57] estimate the uncertainties to be ±7pm, and 

±0.5° respectively. Minor deviations from these values cause the simulated pattern to look 

different from the experimental one. The parameters of the simulated structure agree (within 

uncertainties) with the experimental lattice constant of the TNSs (~800pm), the literature 

value for α-Sb2O3 (789pm) and also the observed twist angle (~26°, refer to section 5.2.25.3). 

Therefore, the MP analysis strongly supports the conclusion that the TNSs are α-Sb2O3 2D-

structures.  

5.6 Source of the Oxide 

The origin of Sb2O3 is not immediately apparent as the source material used for deposition is 

high purity antimony. The first scenario to be considered is oxidation of the elemental Sb 

structures under UHV conditions. Such a scenario is unlikely to happen, considering the 

negligible partial pressure of oxygen [203, 204] and also the slow oxidation rate of Sb over 

time [205, 206]. Another scenario involves oxidation of the diffusing Sb on the substrate after 

deposition. However, because elevated temperatures (~500°C-550°C) are required to allow 

the formation of crystalline Sb2O3 from the metallic Sb [203, 207], this is unlikely because 

the substrate temperature remains below ~30°C. Rather, we speculate that the Sb crucible is 

contaminated with small quantities of oxides during venting of the UHV chamber. While 

depositing Sb, the oxides evaporate as well, but with a much higher pressure in comparison 

to the elemental Sb. [The vapour pressure of Sb2O3 increases to ∼35 times that of the 

elemental Sb at ∼480°C (the lowest temperature for which experimental studies of both 

substances are available)] [193, 208]. 

5.7 Growth  

As mentioned in section 5.2, the TNSs are formed alongside pure Sb structures (i.e. α- and 

β-Sb) and are also formed through diffusion and aggregation processes [84, 105]. 

Interestingly, no obvious intermixing of the phases or phase boundaries was observed. Thus, 

the Sb4O6 and Sb clusters, diffusing on the surface at the same time, highly likely aggregate 

only with the clusters of their own kind. The growth process is speculated to initiate by Sb4O6 

clusters getting captured at the defect sites (mostly kinks) at the edges of Bi structures. By 

the arrival of new Sb4O6 clusters, they grow in size to form a TNS. Simultaneously, Sb 
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clusters can also bond and nucleate to form pure Sb structures. This scenario is based on two 

assumptions: (i) the bonding is favoured between clusters of the same kind and (ii) Sb4 and 

Sb4O6 clusters only weakly interact such that the mixed phases do not form. Calculations of 

the binding between the three cluster pairs, Sb4-Sb4, Sb4O6-Sb4O6 and Sb4-Sb4O6 would be 

valuable to verify this speculation in future work. 

It is also interesting to note that the Ehrlich–Schwoebel barrier for the Sb4O6 clusters at the 

Bi edges, in contrast to that for diffusing elemental Sb, is high. Consequently, the Sb4O6 

clusters are prevented from climbing up the edges in large quantities. This is the reason why 

the TNSs on HOPG substrate far outnumber those on the Bi islands and stripes, whereas pure 

Sb structures are only found on Bi. In this sense, the Bi step edges have a “filtering effect” on 

Sb4O6 clusters and the diffusing Sb atoms. The limited number of TNSs that are on Bi is 

highly likely due to the direct impingement of Sb4O6 clusters on top of the Bi islands and 

stripes. 

5.8 Summary  

This chapter reported triangular nanostructures (TNSs) that grow simultaneously alongside 

pure Sb and Bi phases in Sb/Bi/HOPG heterostructures. No intermixing of the three phases 

was observed in experiments. Our STM studies reveal that the TNSs, regardless of the 

substrates on which they grow (i.e. HOPG or Bi/HOPG), are atomically thin, crystalline with 

threefold rotational symmetry, and typical sizes of ≤50nm. They have a rather large lattice 

constant (~800pm). The principal crystallographic axes of the TNSs are exclusively aligned 

with the edges of the Bi neighbouring structures. The bonding within the TNSs seems to be  

weak in comparison to the coexisting Sb and also Bi structures, but it is still strong enough 

to allow modification/reformation of the structure (by the STM tip, for example) and 

therefore is predicted to be of the van der Waals type.   

The initial dI/dV(V) spectra of the TNSs, acquired in ±1V range, appeared to be similar to 

that of their substrates/bases. Only minute differences between the intensities of the two were 

occasionally observed. STS in a wider voltage range (±2V) suggested the onset of the 

conduction band to be at ~1.5eV while the valence band onset could not be detected. Further 

increase of the bias range (to ±2.5V) led to the disruption of the structures. Thus, it can only 

be stated that the band gap is at least ~3.5eV. In general, the STS data indicates a weak 

transmission/injection of the LDOS features of the substrates/bases through the insulating 
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layers of the TNSs, as observed previously for other ultrathin insulating materials such as 

NaCl (on HOPG) [83] or h-BN (on graphene) [187].  

Additional patterns/superlattices that resemble the moiré patterns of twisted bilayers 

graphene [179] were detected on some of the TNSs (only on HOPG). The spatial periodicity 

of the moiré patterns was measured to be ~2.5nm.  

Since the TNSs are formed subsequent to deposition of Sb, it is essential to examine the pure 

Sb structures that have similar characters as potential candidates. The pure Sb structures 

studied in this chapter were (i) β-Sb, two other structures that have unit cells close to that of 

the TNSs including (ii) a 2×2 reconstruction of the β-Sb structure with one vacancy per unit 

cell and (iv) a VDW-bonded structure of Sb4 molecules. The results of DFT calculations for 

these structures proved inconsistent with the spectra of the TNSs. 

The final structure, examined here, was a single layer of α-Sb2O3 whose morphology (large 

lattice constant of ~789pm) and electronic properties (band gap of ~3.3eV) match well with 

the experimental observations. Moreover, the moiré patterns simulated for a stack of α-

Sb2O3/HOPG were found to be well compatible with the experimentally observed moiré 

patterns of the TNSs. Together these provide strong evidence that the TNSs are monolayers 

of α-Sb2O3. The origin of the oxides most likely goes back to the Sb crucible and when the 

chamber was vented; later, they are evaporated and deposited on the substrates 

simultaneously with pure antimony. We find the presence of Bi islands essential for the 

nucleation and growth of α-Sb2O3 structures and prevention of the heterophase nucleation 

(phases/allotropes intermixing). In fact, the Ehrlich-Schwoebel barrier for antimony and 

antimony oxide at the edges of Bi islands has different heights; as a result, the two materials 

are separated out. It is worth investigating how the absence of Bi would affect the growth of 

α-Sb2O3 structures. Evaporating pure antimony solids from a crucible directly on HOPG or 

MoS2 substrates is an approach recommended for such an investigation. 

2D-α-Sb2O3 is predicted to have excellent electronic and optoelectronic properties, mainly 

owing to the semiconducting nature and the sizable band gap (≥3.3eV) [200, 202, 209]. It 

can find various applications, in particular in the field of photovoltaics; it can be integrated 

into solar cells as a photoanode or used to build photodetectors. In experiment, however, it 

has been hard to achieve (with the thicknesses smaller than ~80nm [210]). Only recently, 

few-layered relatively large α-Sb2O3 structures (with lateral dimensions down to a few tens 

of microns) were grown on WS2. The observed structures were reported to have high current 
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on/off ratio, gate-tuneable and current rectification output behaviour, plus a clear 

photoresponse with high photoresponsivity [211]. Achieving monolayers is still challenging 

and impossible without passivators [210]. In the present work, the growth of monolayers of 

α-Sb2O3 on both Bi and HOPG underlayers was accomplished with a simple deposition 

technique and without a passivator.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Chapter 6 

6 Conclusion and Future Work 

The detailed discussion on the results of this thesis was presented in each chapter separately. 

The most appealing follow-ups to our research work were also discussed where possible. This 

chapter concludes the work undertaken for this PhD project by presenting a very general 

summary of the key findings, along with a discussion on their potentials for developing future 

topotronic and twistronic technologies, and closes with some ideas for future work. 

6.1 Summary and Conclusion  

The focus of this thesis was on a systematic STM/STS investigation of the rectangular phases 

of 2D-materials, bismuthene and antimonene. Our work can be considered as a continuation 

of the previous work on α-Bi structures on HOPG substrate carried out by Dr. Ojas Mahapatra 

and on the growth of antimony on Bi/HOPG substrates by Dr. Pawel Kowalczyk and Dr. 

Tobias Maerkl at the University of Canterbury, NZ. This work was mainly motivated by the 

recent predictions for the exotic topological [24, 84] and 2D-Dirac fermion states [87, 114] 

in α-Bi and α-Sb ultra-thin films and the lack of published systematic STS studies. 

Chapter 3 focused on the edges of α-Bi structures grown on HOPG. STS studies revealed 

strong LDOS features at the edges of the stripes (with underlying Bi base) near the Fermi 

level. The intensity of these edge states is a function of the applied bias voltage, however, 

their positions do not vary when the bias alters. The edge states coincide with the 

topographical edges and are found to be independent of the crystallographic directions the 

edges adopt, potentially due to their topological origin. 
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For the 5ML Bi island (4ML α-Bi), directly self-assembled on HOPG, the intensity of the 

edge state was modulated. These observations potentially reveal the interplay between the 

topology and coupling, i.e. how the edge states (topology) of the structures evolves due to 

their interactions with the underlying Bi bases. It would be interesting to perform calculations 

for nanoribbons taking into account the interactions between the layers so as to understand 

the origin of these edge states, but such calculations are very complicated in nature. 

In the case of 3ML Bi, additional states were found away from the actual edges. We suggest 

the additional states to be associated with the topological edge states of 3ML Bi islands 

because (i) they resemble the topological edge states of β-Bi bilayers in β-Bi/Bi2Te3 

heterostructures [146] that are also found slightly distant from the edges and (ii) the energy 

range in which the additional states appear, matches that of the topologically protected edge 

bands, calculated previously for the 2ML α-Bi nanoribbon [24]. The observed edge states of 

α-Bi structures are robust at room temperature, therefore, promising for real-world 

applications. 

Antimony deposited on α-Bi/HOPG substrate, regardless of the thickness of the α-Bi 

underlying bases, form structures that are of rectangular (α) and hexagonal (β) symmetries 

[84]. The α-Sb structures were investigated in chapter 4; they exhibit moiré patterns with 

fringe-like features that are at a right angle with respect to the underlying Bi structure. The 

contrast of the moiré patterns in the STM images was found to be bias-independent within 

the range ±2V. The N1-type grain boundaries previously observed in Bi nanostructures [99] 

were also detected in α-Sb. The spatial periodicity of the moiré patterns was measured to be 

as large as ~8nm±1nm, placing the α-Sb/α-Bi heterostructures in the category of the best 

platforms to study the moiré patterns effects.  

Since moiré patterns are recently suggested to control the topology and electronic band 

structure in other systems [115, 116], we set out to explore their effects on the electronic 

properties of the α-Sb structures. Our spectroscopic studies indicate some bright and dark 

“fringes” (high and low intensity/LDOS regions) emerging in the bulk of the α-Sb structures 

and associated with a moiré pattern. The crests/troughs of the topographical moiré patterns 

coincide with the dark/bright fringes in the conductance maps. The results suggest 

modulation of the DOS in the bulk of α-Sb structures is associated with the moiré pattern. 

We found a reasonable agreement between the outcome of the DFT-calculations for 

freestanding α-Sb slabs with our experimental observations for the self-assembled α-Sb 
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structures, suggesting their nearly freestanding nature. The true origin of the electronic 

properties can only be fully understood by detailed calculations that take the interactions of 

α-Sb with the Bi substrate into consideration.  

α-Sb structures exhibit higher LDOS at their edges close to the Fermi level. These edge states 

are similar to those of the α-Bi structures investigated in chapter 3 and Ref. [83], except that 

they seemed to be modulated by the moiré patterns. The modulation of the edge states was 

found to be in phase with the modulation of the DOS in the bulk of the structures. It is possible 

that the variation of the atomic stacking configuration between the α-Sb overlayer and the α-

Bi underlayer is at the origin of the observed modulations.  

Therefore, our findings confirm the potential of moiré patterns for engineering both the 

electronic structure (bulk) as well as local variations of the topological order (edge).  Spatial 

nanotextured devices such as topological multi-contact switches/transistors can be achieved 

this way  [70, 176].  

In chapter 5, we characterized a new phase/nanostructure observed after sequential 

deposition of antimony on Bi/HOPG substrates. This phase was found both on the Bi bases 

and on the bare HOPG substrates and had a threefold rotational symmetry with a unique 

triangular shape, a large lattice constant (~800pm), and a wide band gap (≥3.3eV). Based on 

our STM/STS studies and the DFT calculations together with the moiré pattern simulations, 

these triangular nanostructures are 2D-monolayers of the rectangular allotrope of antimony 

oxide (α-Sb2O3) formed through diffusion and aggregation of the Sb4O6 molecules on the 

substrates/bases and nucleation at the Bi step edges. Our approach [191] makes the fabrication 

of the α-Sb2O3 monolayers possible in the absence of a passivator. α-Sb2O3 has potential 

applications in many fields and in particular in photovoltaic devices as it has excellent 

electronic and optoelectronic properties [200, 202, 209]. The most appealing follow-up of 

the present work regarding the Sb2O3 nanostructures is direct evaporation of solid Sb2O3 from 

a Knudsen cell to explore whether it enables the growth of the Sb2O3 monolayers. Also, 

Sb2O3 growth will need to be examined in the absence of Bi. In the case the growth was 

successful, the deposition parameters should be fine-tuned to get larger areas so as to study 

the interplay of the observed moiré patterns and the electronic properties of the structures. 
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6.2 Future Work       

The ideas for future work can be classified into two groups/phases. The first one is the 

“investigation phase” whose purpose is to determine how viable the ideas are from the 

technical point of view. This phase includes the growth and engineering of other 

nanostructures/2D-heterostructures with other 2D-materials (phase/symmetries) and also 

searching for new physics to obtain desired properties. The second one is the “practical 

phase” where the aim is building new devices in a range of materials systems [7-9], devices 

such as transistors [153, 212], interconnects [122] and high-frequency amplifiers [213].  

Investigation Phase- Grow Heterostructures and Engineer Topology     In principle, other 

elements or alloys can also be sequentially deposited on the present heterostructures. Alloys 

of bismuth and antimony, Bi1-xSbx (where x is the concentration of the alloy), are ideal 

materials for this purpose as their bulk (3D version) is predicted to be topologically non-

trivial [28]. The growth of 2D-nanostructures of these alloys on HOPG was studied 

previously in our group [214], but their electronic properties were characterized only briefly 

and for a very limited range of x. Fine-tuning x to get the desired topological properties can 

be a follow-up of our research work. Of primary importance is to evaluate the robustness of 

the topologically-protected edge states of the alloys (if any) by considering the effect of 

scattering and interference at edges and defects, the effect of coupling at the interfaces with 

the states of the underneath layers, and also by the potential effect of the moiré pattern (if 

emerged). We expect profound differences in the topology of the edge states with moiré 

patterns as in the case of α-Sb structures studied in chapter 4. 

Investigation Phase- Search for Novel Physics   Theoretically, one of the feasible 

geometries applied in order to generate “Majorana” fermions- particles that are their own 

antiparticles is a topological insulator in contact with a superconductor [20, 21]. Bismuth 

nanostructures, if grown on high-temperature superconducting bismuth strontium calcium 

copper oxide (BSCCO) substrates, might generate Majorana fermions. STM and STS can be 

employed to study these structures, for instance, exploring their morphology and electronic 

characteristics and also the quantum mechanical phenomena such as quantum size effect in 

such systems. 
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Practical Phase- Building Devices    HOPG is an ideal substrate for growth of 2D-TIs due 

to its weakly interacting nature, but it conducts and therefore, microelectronic applications 

are not feasible. To fabricate devices/transistors that can find real-world applications, the self-

assembled α-Bi structures or α-Sb/α-Bi heterostructures have to be transferred to other 

substrates using a lift-off method such as the one suggested in Ref. [215]. Utilizing electron 

beam lithography would allow fabrication of the contacts essential for the operation of the 

devices. Silicon wafers are the most preferred substrates in this regard [103, 216] since the 

technology for gating topological states and designing the electronic devices on their basis 

with lithography is well-established and applicable. There are also other microelectronics 

compatible substrates such as hBN [48, 67], mica [217] and SiC [104] on which structures 

similar to ours have previously been grown, though they seem challenging to handle in 

practice.
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