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ABSTRACT

A large family of materials, collectively known as “van der Waals materials,” have

attracted enormous research attention over the past decade following the realiza-

tion that they could be isolated into individual crystalline monolayers, with charge

carriers behaving effectively two-dimensionally. More recently, an even larger class

of composite materials has been realized, made possible by combining the isolated

atomic layers of different materials into “van der Waals heterostructures,” which

can exhibit electronic and optical behaviors not observed in the parent materials

alone. This thesis describes efforts to characterize the atomic-scale structural and

electronic properties of these van der Waals materials and heterostructures through

scanning tunneling microscopy measurements.

The majority of this work addresses the properties of monolayer and few-layer

graphene, whose charge carriers are described by massless and massive chiral Dirac

Hamiltonians, respectively. In heterostructures with hexagonal boron nitride, an

insulating isomorph of graphene, we observe electronic interference patterns between

the two materials which depend on their relative rotation. As a result, replica Dirac

cones are formed in the valence and conduction bands of graphene, with their energy

tuned by the rotation. Further, we are able to dynamically drag the graphene lattice

in these heterostructures, owing to an interaction between the scanning probe tip and

the domain walls formed by the electronic interference pattern. Similar dragging is

observed in domain walls of trilayer graphene, whose electronic properties are found

to depend on the stacking configuration of the three layers.

Scanning tunneling spectroscopy provides a direct method for visualizing the

scattering pathways of electrons in these materials. By analyzing the scattering, we

can directly infer properties of the band structures and local environments of these

heterostructures. In bilayer graphene, we map the electrically field-tunable band gap
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and extract electronic hopping parameters. In WSe2, a semiconducting transition

metal dichalcogenide, we observe spin and layer polarizations of the charge carriers,

representing a coupling of the spin, valley and layer degrees of freedom.
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CHAPTER 1

Introduction

1.1 Motivation

Dimensionality plays a critical role in physics. In one extreme, it remains unclear

how many dimensions compose our observable universe, with proposals ranging from

the four we perceive (three spatial dimensions plus time) up to the ten or more of

string theory [1]. In the other, condensed matter physicists are interested in reducing

the dimensionality of a system. For example, we can hope to observe, understand,

and even utilize novel physical phenomena by reducing the spatial degrees of freedom

of charge carriers in a material. Electrons generally prefer to avoid each other due to

their mutually repulsive Coulombic potentials. While this is easily achieved in three

dimensions, it becomes more challenging upon reduction to two dimensions since

the electrons lose a degree of spatial freedom, and as a result many-body Coulomb

interactions become more dominant. In a perpendicular magnetic field, for example,

2D electrons exhibit the integer quantum Hall effect [2], and under even larger fields

the even more unusual fractional quantum Hall effect [3]. In 1D, electrons have no

means of avoiding collisions at all, and in 0D electrons can only occupy different

quantum states by taking different energies. Thus, a wealth of rich physics can be

explored upon the dimensional confinement of a system.

Experimentally, dimensional confinement can be achieved in two general ways.

In the first, dimensional reduction is achieved artificially, by cleverly setting phys-

ical boundaries on an otherwise three dimensional system. Examples include the

2DEG (2-Dimensional Electron Gas), which electrostatically confines electrons to

a 2-dimensional plane, or quantum dots, which effectively render electrons 0-
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dimensional. A second branch of attack — the subject of this thesis — seeks to

reduce material dimensionality directly. The case of carbon structures is especially

instructive to describe this method, and it doubles as the main character in the

majority of this thesis work. In three dimensions (and at low temperature and pres-

sure), a chunk of carbon atoms will arrange themselves in the form of graphite (or

pencil-lead), comprised of layers of hexagonally-bonded carbon atoms. These layers

are held together by a van der Waals (vdW) interaction, which is very weak com-

pared to the covalent bonds which hold the carbon atoms into hexagons within each

layer. If a single atomic layer of carbon atoms is peeled off the stack of graphite, the

electrons within that isolated monolayer (known as graphene) are directly confined

to a two-dimensional plane. If the graphene sheet is rolled up like a straw (known

as a carbon nanotube), the electrons are directly confined to one spatial dimension.

Finally, if a small chunk of the the nanotube is cut off and allowed to form a ball

(known as fullerene), the electrons are confined to zero spatial dimensions. Fig. 1.1

illustrates these four states of carbon.

Somewhat surprisingly, the two-dimensional carbon analogue was the last to be

experimentally realized [4, 5]. In 2004, a group at the University of Manchester

led by Andre Geim and Konstantin Novoselov discovered that individual graphene

monolayers could be isolated from bulk graphite simply by peeling the material

apart with Scotch tape. This method owes its success to the weak van der Waals

interaction which binds the graphene layers into graphite. In principle, any material

constructed with strong in-plane bonds and stacked via the van der Waals interac-

tion — so called “van der Waals materials” — can be similarly isolated to crystalline

monolayers with this method. The discovery of this incredibly simple experimental

technique has birthed an enormous field of research into two-dimensional materi-

als over the past decade. Further driving this research boom was the development

of a technique which could stack these isolated 2D van der Waals materials upon

each other to form arbitrary composite stacks known as “van der Waals heterostruc-
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tures [6].” With a large family of vdW materials to work with, and nearly limitless

potential combinations of these materials, many vdW heterostructures have emerged

exhibiting novel electronic and optical behaviors not observed in the parent mate-

rials alone [7]. Taken together, these vdW materials and heterostructures provide

a large class of materials in which to test physical properties in two dimensions.

It should be noted, of course, that the field is equally driven from an applications

perspective, with potential uses of graphene and other vdW heterostructures almost

too numerous to even list, ranging from next-generation transistors to flexible touch

screens to drug delivery vehicles and everything in between [8].

A great advantage of these “natural” 2D materials over their “artificial” counter-

parts is that their surfaces are directly accessible (i.e. no barrier exists between the

electrons and the environment). This thesis work directly exploits this by studying

these materials on the atomic scale using scanning probe microscopy. In particular,

the atomic-scale surface structure and electronic properties of these materials are

probed using scanning tunneling microscopy (STM) and spectroscopy (STS). STM

measurements are performed by aligning a sharp metal tip less than a nanometer

away from the surface of the sample of interest. A tunnel current develops between

the tip and sample, and depends roughly exponentially on their separation. Measur-

ing this tunnel current provides atomically-resolved information of the surface of the

sample, and is therefore a very powerful probe into the physics of these accessible

two-dimensional materials.

1.2 Outline

For the remainder of this introduction, I will develop the basic theory of the rele-

vant vdW materials necessary for understanding the experimental results presented

later in this thesis. I will also develop the basic theory of scanning tunneling mi-

croscopy measurements. Chapter 2 will cover the relevant experimental details of

vdW heterostructure device fabrication and STM operation.
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Figure 1.1: Carbon from three to zero dimensions. Graphite (upper right) is the
three dimensional form, and one atomic layer of hexagonally-bonded carbon atoms
is the two-dimensional graphene (upper left). Rolling up graphene leaves a one
dimensional carbon nanotube (lower left). Forming a ball of carbon atoms, in this
case fullurene (bottom right), is effectively a zero dimensional structure. Reprinted
with permission from Ref. [9]

Following this, the remainder of the thesis will be dedicated to discussing

the experimental results of our STM studies of various vdW materials and het-

erostructures. Chapter 3 focuses on the basic electronic properties of graphene

resting on substrates of hexagonal boron nitride (hBN) [10] — an insulating iso-

morph of graphene — and of various semiconducting transition metal dichalogenides

(TMDs) [11]. In both cases, a moiré pattern, described by a hexagonal superlattice,

emerges from the overlap of the two materials. The wavelength of the moiré pattern

depends on the relative rotation between the two hexagonal crystals and their spe-
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cific bond lengths. In the special case of nearly aligned graphene on hBN, the very

long superlattice modifies the band structure of graphene, providing a path towards

dynamic control over its electronic properties.

Chapter 4 examines the structure of the graphene lattice itself within the frame-

work of this superlattice. The STM tip is capable of pushing and pulling the

graphene lattice relative to the hBN substrate through a mutual van der Waals

interaction. Modifying this interlayer spacing changes the balance between sub-

strate interactions and stretching of the graphene lattice, leading to control over

the degree of commensuration between the graphene and hBN lattices. Similarly,

the ability to control the position of the graphene lattice directly is also observed in

trilayer graphene, which can exhibit two distinct stacking configurations of the three

layers, as well as domain walls separating the two [12]. The electronic properties of

the trilayer graphene depend crucially on the choice of stacking configuration, with

one behaving as a metal and the other a semiconductor [13].

Finally, Chapter 5 describes efforts to probe the electronic band structure and

internal quantum degrees of freedom of various vdW materials and heterostruc-

tures. Electronic scattering, while normally undesirable from a device perspective,

provides a powerful probe into the electronic structure of materials in scanning

probe measurements. Given an arbitrary electronic dispersion E(k), with appro-

priate internal quantum degrees of freedom imposed, the possible wavelengths and

directions of scattered electrons is completely determined. Bilayer graphene, due

to its specific crystalline symmetries, exhibits the unusual property of a band gap

whose magnitude can be tuned by an external electric field. Using a neighboring

trilayer graphene region as a wall-like scattering potential for electrons in the bilayer

region, we are able to extract the bilayer graphene dispersion as a function of elec-

tric field, revealing the magnitude of internal electronic couplings between carbon

atoms in the lattice [14]. In WSe2, one member of the semiconducting TMD family,

point defects in the crystal act as scattering centers for electrons. The nature of
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the electronic scattering reveals electron spin polarizations in the monolayer, and

additionally layer polarizations in the bilayer. Further, we find the internal degrees

of freedom in WSe2 become coupled [15]. Finally, the potential for future research

into these vdW heterostructures, specifically graphene on topological insulators, is

examined.

1.3 Theoretical Overview of van der Waals Materials

Despite the wide range of elemental combinations comprising the various materials

in the layered vdW family, many of the vdW materials share similar fundamental

physical properties. All of the materials considered in this thesis exhibit hexagonal

lattice structure, and as a result the first Brillouin zone (BZ) in momentum space

is hexagonal. For most of these materials, the lowest energy electronic bands lie

at the corners of these Brillouin zones, and can be described by a so-called valley

degree of freedom. From there, the electronic properties of these materials depend

strongly on their constituent atoms and bonding configuration. As a result, the

electronic properties of these materials vary widely, from metallic (graphene) to

semiconducting (TMDs such as WSe2) to insulating (hBN). Further, many of these

materials can exhibit quantum coherent electronic phases, such as superconductivity

(NbSe2), charge density waves (TaS2), topological boundary modes (Bi2Se3), and

beyond.

1.3.1 Graphene

Graphene, a single plane of hexagonally-arranged carbon atoms, is the most simple

atomic structure of all the vdW materials. The unit cell of graphene has two identical

carbon atoms, with Bravais lattice vectors written as

a1 =
a

2
(1,
√

3), a2 =
a

2
(1,−

√
3) , (1.1)
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where a ≈ 2.46 Å is the graphene lattice constant (the carbon-carbon bond distance

is
√

3 shorter, or about 1.42 Å). Therefore, the graphene lattice can be considered as

two equivalent triangular sublattices, conventionally termed A and B (Fig. 1.2(a)).

Each carbon atom contributes six electrons, with two electrons occupying the 1s

orbital, one occupying the 2s orbital, and three occupying the 2p orbitals. While

the 1s electrons are effectively inert, the 2s, 2px and 2py orbitals hybridize to form

three sp2 orbitals in the graphene plane, rotated by 120◦ angles. These in-plane σ

bonds are very strong, and are responsible for maintaining the structural rigidity of

graphene. The remaining valence electron, residing in the pz orbital perpendicular

to the graphene plane, forms π bonds with neighboring atoms. Electrons in the π

and π∗ bands of the A and B sublattices are responsible for the unusual low energy

electronic transport properties of graphene.

These π band electrons can be treated with the tight binding approximation.

Considering only electrons hopping to nearest-neighbor atomic sites, the Hamilto-

nian takes the form

H = −γ0

∑
i,j

(a†ibj + aib
†
j) , (1.2)

where γ0 = 3.16 eV is the nearest-neighbor hopping energy. The operator ai annihi-

lates an electron on sublattice A, and its Hermitian conjugate a†i creates an electron.

A similar definition holds for the b operators on sublattice B. The summation is over

nearest-neighbor atoms, whose positions are given by

δ1 = (0,
a√
3

), δ2 = (
a

2
,− a

2
√

3
), δ3 = (−a

2
,− a

2
√

3
) . (1.3)

We write trial wave functions for the A and B sublattices as

Φa(k,x) =
1√
N

∑
R

eik·Rϕ(x−R), Φb(k,x) =
1√
N

∑
R′

eik·R
′
ϕ(x−R′) , (1.4)

where x is the real space position, k is the wavevector in momentum space, N is the

number of atoms, R is the the lattice vector of a given atom, and ϕ(x−R) is the
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Figure 1.2: Atomic structure of few-layer graphene. (a) Monolayer graphene is
composed of two identical triangular sublattices, labeled A and B. The hopping
energy between sublattices is γ0. (b) In Bernal-stacked bilayer graphene, the A2
sublattice sits atop the B1 sublattice. γ1, γ3, and γ4 represent electronic hopping
between layers. Trilayer graphene may be stacked in a (c) Bernal (ABA) or (d)
rhombohedral (ABC) configuration. In (c), the top layer sits directly above the
bottom. In (d) it is offset by the carbon-carbon bond spacing. γ2 and γ5 represent
couplings between atoms two layers apart.
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wave function of an electron at atomic position R. For a given electron on an atom

in sublattice A, for example, the individual matrix elements for the Hamiltonian

(considering only hops to its three nearest-neighbor sites) are

H11 = 〈Φa |H |Φa〉 = ε, H22 = 〈Φb |H |Φb〉 = ε , (1.5)

for the on-diagonal components, and

H12 = 〈Φa |H |Φb〉 = γ0

3∑
i=1

eik·δi , (1.6)

for the off-diagonal, where H21 is the Hermitian conjugate of H12. Since the self-

energy ε is the same for the A and B sublattices, it can be re-scaled to zero, leaving

H = γ0

 0
3∑
i=1

eik·δi

3∑
i=1

e−ik·δi 0

 . (1.7)

The eigenvalues of this Hamiltonian are

E± = ±γ0

√
3 + 4 cos

akx
2

cos

√
3aky
2

+ 2 cos akx . (1.8)

In principle, the story can end here. Fig. 1.3(a) plots the dispersion E(k), and this

completely describes the electronic properties of graphene. However, doing so makes

it easy to overlook some of the more subtle properties which make graphene such an

unusual material. As each carbon atom contributes exactly one free valence electron,

the graphene bands are exactly half-filled (i.e. the Fermi level of undoped graphene

lies at the meeting point of the valence and conduction bands). Upon inspection

of Fig. 1.3(a), we can see that the electronic states around half-filling only exist at

the six corners of the hexagonal Brillouin zone. These symmetry points are known

as K and K’, and lie at K = (4π
3a
, 0) and K ′ = (−4π

3a
, 0), as well as at two 120

degree rotations from those points (Fig. 1.3(b)). Note that K and K’ are related by

time reversal. The bands surrounding these symmetry points are conical (or linear
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Figure 1.3: (a) Tight binding band structure of monolayer graphene. The spectrum
is gapless, and has six low-energy linear crossings (Dirac points) at the corners of
the hexagonal Brillouin zone. (b) Contours of constant energy. The white hexagon
marks the hexagonal Brillouin zone, and the valleys alternate between K and K’.

in one dimension), in stark contrast to the typical parabolic behavior of the low-

energy bands in typical materials. This linear dispersion implies that the low-energy

electrons in graphene should be described similarly to photons as E = ~vFk, with

a Fermi velocity vF analogous to the speed of light c.

To confirm this prediction and calculate the value of vF , we can expand the

full graphene Hamiltonian (Eq. 1.7) about the K point. The off-diagonal matrix

elements can be re-written as

f(k) =
3∑
i=1

eik·δi = eiaky/
√

3 + eiakx/2e−iaky/2
√

3 + e−iakx/2e−iaky/2
√

3

= eiaky/
√

3 + 2e−iaky/2
√

3 cos
akx
2
,

(1.9)
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Expanding about k = K + p, where p is small, gives

f(k) = eiapy/
√

3 + 2e−iapy/2
√

3 cos

(
2π

3
+
apx
2

)
= eiapy/

√
3 + 2e−iapy/2

√
3

(
−1

2
cos

apx
2
−
√

3

2
sin

apx
2

)
.

(1.10)

Upon Taylor-expansion to terms linear in k, this simplifies to

f(k) ≈
(

1 +
iapy√

3

)
+ 2

(
1− iapy

2
√

3

)(
−1

2
−
√

3apx
4

)

≈ −
√

3a

2
(px − ipy) .

(1.11)

Thus, the low-energy graphene Hamiltonian can be written as

H = vF

 0 px − ipy
px + ipy 0

 , (1.12)

where vF =
√

3aγ0
2
≈ 1.1 x 106 m/s is the graphene Fermi velocity. Expanding

around the K’ valley yields the same Hamiltonian with px → −px. The eigenvalues

of Eq. 1.12 are thus linear, as expected, given by E± = ±~vFk, where the plus and

minus signs refer to the conduction and valence bands, respectively. The eigenstates

of Eq. 1.12 are

ψ±(k) =
1√
2

 ±e−iθk
1

 , (1.13)

where θk = arctan
(
ky
kx

)
. Fig. 1.4(a) shows the low energy, linear band structure of

monolayer graphene near the Brillouin zone corners.

As the wave function around the graphene valleys (Eq. 1.13) is formally de-

scribed by a two-component spinor, the electrons in graphene can be described by

a pseudospin in addition to their real spin (which has thus far been ignored). As

a result, the ground state of graphene is four-fold degenerate. This extra degree

of freedom arises from the two triangular sublattices of graphene. So, for example,
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Figure 1.4: Low energy band structure of few layer graphene. (a) Monolayer
graphene near the Brillouin zone corner, exhibiting a linear dispersion. (b) Bi-
layer graphene showing a roughly parabolic band structure, with U = 0 in black
and U 6= 0 in blue. A band gap forms for finite interlayer potential. Trilayer
graphene in the (c) Bernal (ABA) and (d) rhombohedral (ABC) stacking configura-
tions. ABA trilayer graphene is metallic and does not depend strongly on U . It can
be viewed as approximately a superposition of monolayer and bilayer bands. ABC
trilayer graphene has a roughly cubic band structure, and depends on U similarly
to Bernal-stacked bilayer graphene.
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polarizing the graphene to a pseudospin “up” state leads to all the electrons residing

in the A sublattice, and similarly a pseudospin “down” state has all electrons on the

B sublattice. With no sublattice symmetry breaking effects, the electron density

in graphene is shared equally between the two sublattices, leaving the pseudospin

unpolarized. We can further see that the electrons in graphene are “chiral,” in the

sense that the direction of their pseudospin is related to their momentum. To see

this, the low-energy Hamiltonian in Eq. 1.12 can be rewritten in terms of the Pauli

spin matrices, σ = (σx, σy), as H = vFσ · k. It is trivially obvious then that the

eigenstates of Eq. 1.12 are also eigenstates of an operator which projects pseudospin

onto momentum, σ·k|k| . In the K valley, electrons have momentum aligned with the

pseudospin, while holes are anti-aligned. The chirality is opposite in the K’ valley,

whose Hamiltonian can be written as H = vFσ
∗ · k, where σ∗ = (σx,−σy). The

chiral nature of the low-energy electrons in graphene lead to the emergence of un-

usual phenomena such as Klein tunneling [16, 17, 18] which have been predicted for

relativistic particles in high-energy experiments [19].

Finally, we can compute the density of states (DOS) of graphene, a quantity of

great importance for scanning tunneling spectroscopy experiments. We define the

density of states as the number of electronic states available within a given energy

range E to E + dE per unit sample area. This can be written as ρ(E) = dΩ(E)
dE

,

where Ω(E) is the k-space area. The area of a circle in 2-dimensional k-space is

Ω(k) = πk2. Using the linear dispersion of graphene, E = ~vFk, we can write

Ω(E) = πE2

(~vF )2
. Therefore, the density of states of graphene is linear in energy and

vanishes at the Dirac point, described by

ρ(E) =
8π|E|
(~vF )2

, (1.14)

where a factor of 4 has been added to account for the spin and pseudospin degen-

eracies.
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1.3.2 Bilayer Graphene

Having now a firm grasp on the electronic properties of monolayer graphene, it may

be tempting to think that a bilayer (two graphene monolayers stacked upon each

other) is trivially easy to understand as well. This turns out to be quite untrue! In

fact, the concept of what it means to even have a “bilayer” of graphene is ill-defined

from the name alone. For example, one could stack the two graphene layers upon

each other with either no rotation between the two or a finite rotation, and the

electronic properties vary considerably between these cases. There are choices to

make even within the case of no rotation, for example whether to stack all the atoms

in the top layer directly above atoms in the bottom layer (so-called AA stacking)

or add a small offset, such that the A sublattice of the top layer sits above the

B sublattice of the bottom (so-called AB or Bernal stacking, and by far the most

commonly found case in naturally occuring bilayers). Here I will focus only on the

basic electronic properties of Bernal-stacked bilayer graphene, the case relevant to

this work.

The bilayer graphene unit cell consists of four atoms, labeled A1 and B1 from

the bottom layer, and A2 and B2 from the top layer. A2 sits atop B1, forming a

strongly coupled dimer described by an interlayer hopping γ1 = 0.39 eV. Ignoring

all other couplings for simplicity, the bilayer graphene Hamiltonian reads as two

monolayer Hamiltonians with an interlayer coupling between them, given by

H =



−U/2 γ0

3∑
i=1

eik·δi 0 0

γ0

3∑
i=1

e−ik·δi −U/2 γ1 0

0 γ1 U/2 γ0

3∑
i=1

eik·δi

0 0 γ0

3∑
i=1

e−ik·δi U/2


, (1.15)

where U is the potential difference between the top and bottom layers. Expansion
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around the K point yields

H =


−U/2 vFπ

† −v4π
† v3π

vFπ −U/2 + ∆ γ1 −v4π
†

−v4π γ1 U/2 + ∆ vFπ
†

v3π
† −v4π vFπ U/2

 , (1.16)

where π = px + ipy, π
† = px − ipy, with p the carrier momentum. Here I have

added two extra coupling terms and an energy offset which will be relevant for our

measurements in Chapter 5: vi = 3aγ4/2~ are defined as effective velocities (i =

3, 4), with γ3 the hopping energy between non-dimer orbitals (A1 and B2), γ4 the

hopping energy between dimer and non-dimer orbitals (A1 and A2 or B1 and B2),

and ∆ is the stacking energy difference between dimer and non-dimer sites. Note

that these extra terms can be trivially added to the original Hamiltonian of Eq. 1.15.

Fig. 1.2(b) shows the atomic structure of bilayer graphene, as well as the relevant

electronic couplings.

Returning to the simplest case of γ3 = γ4 = ∆ = 0, we can express the bilayer

graphene eigenvalues as

E2
α =

γ2
1

2
+
U2

4
+ v2

Fp
2 + (−1)α

√
γ4

1

4
+ v2

Fp
2[γ2

1 + U2], (1.17)

with α = 1, 2 representing the lower and higher energy bands, respectively. With no

interlayer potential (U = 0), the lowest energy bilayer spectrum (α = 1) is parabolic

at low energy and becomes linear at higher energy (roughly above k = γ1
2vF

). The

higher energy bands (α = 2) are also parabolic, and offset in energy by γ1. Unlike

monolayer graphene, the sublattice symmetry (B1 and A2) can be easily broken

experimentally upon application of a perpendicular electric field (U > 0), opening a

field-tunable band gap in the bilayer graphene spectrum. Fig. 1.4(b) shows the low

energy bands of bilayer graphene both with (black) and without (blue) an interlayer

potential U .
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Finally, it is instructive to note that the orbitals related to the dimer sites can

be eliminated to obtain an effective two-band Hamiltonian of bilayer graphene ap-

proximating the full four-band model at low energies. This can be written as

H = − 1

2m∗

 0 (π†)2

π2 0

 − U

2

 1 0

0 −1

 (1.18)

where m∗ = γ1
2v2F
≈ 0.03me is an effective mass, and me is the bare electron mass.

The spectrum is given by E± = ±
√(~2k2

2m∗

)2
+
(
U
2

)2
. The dispersion is parabolic as it

gains two factors of vFπ from in-plane hops from A1 to B1 and A2 to B2, as well as

an effective mass term (γ1) from the interlayer hop from B1 to A2. The eigenstates

are given by

ψ±(k) =
1√
2

 ±e−2iθk

1

 , (1.19)

implying the pseudospin winds twice as quickly as in monolayer graphene. In bilayer

graphene, the pseudospin can be thought of as a layer-index degree of freedom since

the wave function describes the electronic amplitude on the A1 and B2 sites.

1.3.3 Trilayer Graphene

The framework developed for understanding the electronic properties of bilayer

graphene can be fairly easily extended to higher layer numbers of graphene. The

added complication upon stacking three or more layers of graphene is that there

become multiple stacking configurations (with no relative rotation between lay-

ers) which are nearly energetically degenerate (2(n−2) such configurations for n lay-

ers) [20]. Upon stacking multiple graphene sheets, Bernal-stacking – where the

A-sublattice of one layer resides above the B-sublattice of the other layer – remains

the lowest energy stacking configuration. Thus under normal circumstances, any

two graphene layers in a graphite stack will be Bernal-stacked with respect to one

another. In trilayer graphene the top layer may lie directly above the bottom layer
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(denoted Bernal- or ABA-stacked, see Fig. 1.2(c)), or may instead be configured

such that one sublattice of the top layer lies above the center of the hexagon of the

bottom layer (denoted rhombohedrally- or ABC-stacked, see Fig. 1.2(d)). As we will

see from the tight-binding model Hamiltonians of the two stacking configurations,

the different symmetries of the two stacking configurations result in very different

electronic properties.

Rather frustratingly, there is considerable inconsistency across the literature in

writing the Hamiltonian for 3-layer graphene and above, in terms of the definition of

sublattices, the ordering of the matrix, and even the definition of the tight-binding

parameters themselves. Although all self-consistent Hamiltonians will lead to the

same results, this makes direct comparison between different studies challenging

(this is true of bilayer graphene as well, to a lesser degree). Here, I will maintain

the same scheme as in the monolayer and bilayer cases, with a basis ordered across

as A1, B1, A2, B2, A3, B3. The Hamiltonian for ABA trilayer graphene is then

H =



−U1,2 + γ2 vFπ
∗ −v4π

∗ v3π γ2/2 0

vFπ −U1,2 + ∆ + γ5 γ1 −v4π
∗ 0 γ5/2

−v4π γ1 γ2 vFπ −v4π γ1

v3π
∗ −v4π vFπ

∗ ∆ + γ5 v3π
∗ −v4π

γ2/2 0 −v4π
∗ v3π U2,3 + γ2 vFπ

∗

0 γ5/2 γ1 −v4π
∗ vFπ U2,3 + ∆ + γ5


,

(1.20)

and for ABC is

H =



U1,2 vFπ
∗ −v4π

∗ v3π γ2/2 0

vFπ U1,2 γ1 −v4π
∗ 0 0

−v4π γ1 0 vFπ −v4π v3π
∗

v3π
∗ −v4π vFπ

∗ 0 γ1 −v4π

γ2/2 0 −v4π
∗ γ1 −U2,3 vFπ

∗

0 0 v3π −v4π
∗ vFπ −U2,3


, (1.21)
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where γ2 and γ5 couple like sublattices separated by two layers, and Ui,j is the

potential difference between the ith and jth layers. A similar strategy to the bilayer

case of removing the trimer from the ABA or the dimers from the ABC trilayer

graphene Hamiltonians can be applied, if desired.

Because the ABA trilayer graphene unit cell exhibits mirror symmetry, it re-

mains metallic under the application of an external electric field. Its band structure

can be roughly thought of as the sum of a decoupled monolayer and bilayer graphene

(Fig. 1.4(c)). Conversely, the ABC trilayer graphene unit cell breaks mirror symme-

try, and similar to the Bernal-stacked bilayer graphene, it exhibits a field-tunable

band gap. Unlike bilayer graphene, however, its dispersion is cubic at low energy

(Fig. 1.4(d)).

1.3.4 Transition Metal Dichalcogenides

TMDs are a class of materials with an MX2 crystal structure, where M refers to a

transition metal (Mo, W, Ta, etc.) and X refers to a chalcogen (S, Se, Te, etc.). The

electronic properties of these materials depend crucially on the specific choice of M

and X, as well as their bond structure (hexagonal, tetragonal, etc.). Given such

a wide range of choices, TMDs unsurprisingly exhibit a wide variety of electronic

properties; some are metallic, others semiconducting with a wide range of band gap

sizes. They can also exhibit charge density waves, becoming superconducting, etc.

I will restrict the focus here to the materials relevant to the work in this thesis,

specifically the hexagonal TMDs composed of M = Mo, W, and X = S, Se, Te, all

of which are semiconductors with band gaps of around 1 to 2 eV.

These materials are not easily and/or not well described by the tight binding

model, and instead more involved density functional theory (DFT) calculations are

performed to calculate their electronic spectra. Instead of focusing on the details

of these calculations, I’ll rather motivate the fundamental properties of these mate-

rials, which can be understood from their underlying symmetries alone. Similar to
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= M (i.e. Mo, W, etc.)
= X (i.e. S, Se, Te, etc.)

d1
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dnet Beff
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Figure 1.5: Atomic structure of TMDs. (a) Top view of a general MX2 structured
TMD, showing the hexagonal bonding. The black circle surrounds the unit cell,
shown as a side view for a monolayer TMD in (b). The structure lacks inversion
symmetry, and the built-in dipole moments between the M and X atoms add to a
strictly in-plane net dipole. This leads to an effective out-of-plane magnetic field.
(c) In bilayer TMDs, the layers are rotated 180 degrees from one another, restoring
inversion symmetry.

graphene, TMDs have hexagonal lattices as viewed from above. Each “monolayer”

of a TMD actually contains three layers of strongly bonded atoms: two layers of

chalcogen atoms sandwiching a layer of transition metal atoms. Multilayer TMDs

follow the standard AB stacking configuration, where the each layer is rotated 180

degrees from its neighbor. Dimensional confinement leads to a transition from in-

direct band gaps in the bulk to direct gaps in monolayers. Fig. 1.5 shows top- and

side-view illustrations of a typical hexagonal MX2 structure.

As a result of the hexagonal lattice symmetry, monolayer TMDs also have their

lowest lying electronic states at the corners of the hexagonal Brillouin zone (with

some possible exceptions for specific TMDs such as WSe2, which is thought to have
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slightly lower energy states elsewhere in momentum space). In addition to time

reversal, the K and K’ valleys can be tranformed into one another through spatial

inversion. However, TMD monolayers lack inversion symmetry (unlike graphene),

leaving the K and K’ valleys physically distinguishable through observables such

as Berry phase and magnetic moment. Similar to measurements and information

processing using the real spin degree of freedom of the electron, this similarly permits

operations on the valley degree of freedom through valley Hall effect measurements,

coupling to a magnetic field, and optical selection rules based on selective coupling

to circularly polarized light. TMD bilayers, in constrast, are inversion symmetric,

and therefore the pseudospin degree of freedom is not anticipated to be physically

addressable (though, similar to bilayer graphene, the inversion symmetry can be

broken by applying a perpendicular electric field).

The lack of inversion symmetry in TMD monolayers also leads to a net in-plane

dipole moment, resulting in an effective out-of-plane magnetic field (Fig. 1.5(b)).

The heavy transition metal atoms create rather large dipole moments, resulting in

strong spin-orbit coupling (SOC) for band edge carriers, with especially large effects

expected for the tungsten dichalcogenides such as WSe2. This SOC leads to an

out-of-plane Zeeman-type spin splitting of the valence band as large as 500 meV

(other bands are split as well, to a lesser degree), with opposite spin polarizations

at the K and K’ valleys due to time reversal symmetry. As a result, the spin and

valley degrees of freedom are coupled to one another.

Since bilayer TMDs are inversion symmetric, the spin and valley polarizations of

the top layer are opposite those of the bottom, thus effectively restoring spin and val-

ley degeneracy. They additionally exhibit an extra degree of freedom characterized

by a layer pseudospin, which can be addressed physically through a perpendicular

electric field. In TMDs with especially strong SOC (such as WSe2), the SOC is

larger than the interlayer hopping amplitude, thus localizing the carriers by layer

near the Brillouin zone corners and leading to a coupling of the spin, valley, and
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layer degrees of freedom (see Ref. [21] for a review of these properties).

1.4 Overview of Scanning Tunneling Microscopy

The scanning tunneling microscope was invented by Gerd Binning and Heinrich

Rohrer in 1982 [22], with the realization of a system where electrons tunneled from

a sharp conducting metal tip into a flat metallic surface through a vacuum barrier

of about one nanometer. Since then, STM has become an invaluable tool for mea-

suring the atomic-scale surface structure and electronic properties of a wide range

of materials. Understanding the local electronic properties of materials is critically

important for interpreting and controlling their global behaviors.

1.4.1 Basic Tunneling Theory

To begin to understand how the STM makes such powerful measurements, it is

helpful to first consider the basic quantum mechanical properties of two metals

separated by a thin tunnel barrier of width z and height φ (Fig. 1.6). We can find

the probability of transmission through the barrier using the WKB approximation.

To the left of the barrier (x < 0), the wave function is

Ψ(x) = Aeikx +Be−ikx, (1.22)

and to the right (x > z) is

Ψ(x) = Feikx, (1.23)

with k ≡
√

2mE
~ . Within the barrier, the WKB approximation gives the wave func-

tion as

Ψ(x) =
C√
|p(x)|

e
1
~
∫ x
0 |p(x

′)|dx′ +
D√
|p(x)|

e−
1
~
∫ x
0 |p(x

′)|dx′ , (1.24)

where p(x) ≡
√

2m[E − V (x)], describing particle of total energy E and potential

energy V (x). Assuming a very high barrier (which we will see later is valid), the

exponentially increasing term is small, so we take C = 0. The decrease in amplitude



34

across the barrier is then approximately given by the exponential decrease within

the barrier:
|F |
|A|
∼ e−

1
~
∫ z
0 |p(x

′)|dx′ = e−
1
~
∫ z
0

√
2mφdx′ = e−

z
~
√

2mφ. (1.25)

Since the transmission probability is given by T = |F |2
|A|2 , we expect that, given a bias

voltage V between the two metals to induce a tunneling current, we would measure

a current proportional to

I ∝ e−
2z
~
√

2mφ. (1.26)

This simple relation shows that the tunnel current decays exponentially upon in-

creasing the separation z between the tip and the sample. This incredibly sensitivity

can be utilized to map the height of the surface of the sample with atomic-scale res-

olution, as we will see below. To make the calculation of the tunnel current more

quantitative however, we must also consider the effect of the electronic structure of

the tip and sample.

1.4.2 Calculation of the Tunneling Current

Following the time-dependent perturbation theory approach developed by John

Bardeen [23], and assuming the sample is biased with a negative voltage −V with

respect to the tip (Fig. 1.7), we can write the tunnel current as

I = −4πe

~

∫ ∞
−∞
|M |2ρs(ε)ρt(ε+ eV ) {f(ε)[1− f(ε+ eV )]− [1− f(ε)]f(ε+ eV )} dε,

(1.27)

where |M |2 is the tunneling matrix element, ρs(t)(ε) is the density of states of the

sample (tip), and f(ε) = 1
1+eε/kBT

is the Fermi distribution for temperature T . The

factor of 2π
~ arises from time-dependent perturbation theory, the remaining factor of

2 is for electron spin, and the factor of −e is the charge of the electron. The terms in

the integral (other than the matrix element) arise from summing the contributions of

electrons tunneling out of filled sample states into empty tip states and the reverse.
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Figure 1.6: Schematic of a one dimensional tunneling junction. The sample is
biased with a negative voltage −V , leading to an offset of the tip and sample Fermi
energies. Electrons can therefore tunnel from occupied sample states between EF
and EF − eV into unoccupied tip states (red arrows). The wave function (blue line)
decays exponentially within the vacuum barrier, of width z and height φ.

The former of these contributes

(ρs(ε)f(ε)) (ρt(ε+ eV )[1− f(ε+ eV )]), (1.28)

the product of the number of filled sample states to tunnel out of and the number of

empty tip states to tunnel into. The latter case, where electrons flow from the sample

to the tip, is a much smaller component of the tunnel current, but its contribution

can nevertheless be described as

(ρt(ε+ eV )f(ε+ eV )) (ρs(ε)[1− f(ε)]), (1.29)

the product of the number of filled tip states to tunnel out of and the number of

empty sample states to tunnel into. The full details of the derivation can be found

in Ref. [24], but I believe Eq. 1.27 is intuitive enough to stand on its own.
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Figure 1.7: General schematic of tunneling between an STM tip and sample. Energy
is along the vertical axis, and density of states along the horizontal. The tip DOS
can be arbitrary, but for metallic tips it is flat. A negative bias voltage −V is
applied to the sample, raising its Fermi level with respect to the tip. Filled states
are indicated in blue. At low temperatures, the Fermi function is essentially step-
like, thus the filled states are shown as flat. Tunneling occurs from filled sample
states into empty tip states in this configuration.
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While Eq. 1.27 provides a full quantitative description of the tunneling current,

it is rather unwieldy, and not particularly enlightening for interpreting STM mea-

surements as is. To get it into a more useful form, we can simplify it greatly with

some experimentally reasonable assumptions. First, we can assume the Fermi func-

tions are sharp, since measurements are generally done at low temperature. Outside

the range −eV < ε < 0, f(ε) and f(ε+ eV ) are both either 0 or 1, so the integrand

vanishes. Within that range, f(ε) ≈ 1 and f(ε+ eV ) ≈ 0, so Eq. 1.27 reduces to

I ≈ −4πe

~

∫ 0

−eV
|M |2ρs(ε)ρt(ε+ eV )dε. (1.30)

We can also assume that the tip has a flat density of states over the relevant energy

range of the measurements since it is a metal, allowing us to pull that term out of the

integral. In his derivation, Bardeen assumed that the tip and sample wave functions

originate from different Hamiltonians but are approximately orthogonal, meaning

they have virtually no overlap and can be treated individually. The tunneling matrix

element M describes the amplitude of electron transfer between the two sub-systems,

and under these assumptions does not depend on the energy difference between the

two barrier sides, so it may also be pulled out of the integral, leaving

I ≈ 4πe

~
|M |2ρt

∫ 0

−eV
ρs(ε)dε. (1.31)

Fortunately, assuming a bias V much smaller than the barrier height φ, we have

already calculated the tunneling matrix element M as Eq. 1.25! And indeed this is

the reasonable experimentally, as we typically work at energies much less than 1 eV,

while typical work function values are around 4 eV. Plugging this in gives a final

approximation of the tunnel current as

I ≈ 4πe

~
e−

2z
~
√

2mφρt

∫ 0

−eV
ρs(ε)dε. (1.32)

Note that in a real experiment, the work function of the tip and sample are generally

not the same, so the barrier height φ is approximately an average of the two. Finally,
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for tunneling into states with large crystal momentum parallel to the surface k||,

which is often the relevant regime for two-dimensional materials, the decay constant

must be modified appropriately, giving instead a tunnel current described by

I ≈ 4πe

~
e
−2z

√
2mφ

~2 +k2||ρt

∫ 0

−eV
ρs(ε)dε. (1.33)

1.4.3 Topography

Imaging the surface structure, or topography, of a material on the atomic scale is

the most common measurement made by STM. To make this measurement, a bias

voltage Vs is set between the tip and sample, and a feedback loop is used to maintain

a prescribed tunneling current Iset as well as possible. In effect, the feedback loop is

working to maintain a fixed tunneling resistance. The feedback loop is maintained

by applying a voltage to a piezo, which moves the tip forward and backward in the

z direction. The tip is then rastered across the sample in the x and y directions,

and the voltage applied to the z piezo is recorded. Mapping this voltage provides

an effective map of the height of the sample surface (Fig. 1.8). Eq. 1.33 shows

that the tunneling current is exponentially sensitive to the tip-sample separation

z, which results in extraordinarily good (atomic-scale) resolution in the topography

measurements.

It is important to keep in mind that the tunneling current is also proportional to

the sample density of states, which need not be spatially homogeneous, integrated

from the Fermi energy to the bias voltage. This confuses the notion of what it means

to measure the “height” of the surface. To be truly precise then, the topography is

measuring the contour of constant charge density, integrated up to the bias voltage.

1.4.4 Spectroscopy

From Eq. 1.33, we see that it is possible to isolate the electronic contribution of the

density of states of the sample. To do this, we hold the tip at a fixed position (in
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Figure 1.8: Schematic of an STM topography measurement. The green balls are the
surface atoms of the sample, and the gray are the tip. The red dotted line traces
out the height of the tip as it scans, mapping the contour of constant charge density
of the sample.

x, y, and z), and can thus rewrite the tunneling current as

I = I0

∫ 0

−eV
ρs(ε)dε. (1.34)

By differentiating Eq. 1.34 with respect to energy, we get

dI

dV
∝ ρs(r, eV ) ≡ LDOS(r, eV ), (1.35)

where LDOS(r, eV ) =
∑

n |ψn(r)|2δ(eV − eVn) is the local density of states of the

sample at energy eV and position r. Whereas the DOS is a spatially averaged

quantity, the LDOS also encodes local spatial information about the electronic wave

function. In principle, the LDOS could be measured by recording the tunneling

current while sweeping the bias Vs and taking a numerical derivative. However, this

results in an extremely noisy measurement. Rather, it is beneficial to directly add
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a small ac bias modulation dV on top of the constant bias voltage Vs, and measure

the resulting current modulation dI via lock-in detection. In addition to measuring

dI/dV vs. Vs, which gives a measure of the LDOS as a function of energy, we

can repeat this measurement many times while rastering the tip in x and y. This

measurement gives a spatial map of the LDOS, as a function of energy, which can

be compared to the topography.
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CHAPTER 2

Experimental Methods

2.1 Sample Fabrication

I have been fortunate throughout my graduate work to have numerous external

collaborating groups send us samples to measure with STM. While measuring sam-

ples fabricated by outside groups with specific fabrication expertises or capabilities

we may not possess in-house can open paths towards very interesting and speedier

measurements, it is important to be self-sufficient enough to fabricate one’s own

samples (both for when those collaborations are not available and the towards the

more general goal of widening one’s expertise). Despite enjoying frequent outside

collaboration, I nonetheless personally fabricated more than half the samples I mea-

sured during my time as a graduate student.

There is a fairly significant learning curve for properly fabricating clean samples

from scratch. There are many steps, and it takes practice to a achieve a high enough

probability of success on each individual step for the entire process to be likely to

succeed. Here I will highlight some of the most important procedures for fabricating

devices appropriate for STM study.

2.1.1 Producing Flakes

Perhaps quite obviously, creating flakes of vdW materials is the most critical step in

the device fabrication. There are generally two ways in which we achieve this. The

first is through the “Scotch tape exfoliation” technique first developed by the Nobel-

prize winning Manchester group. This technique involves placing a bulk crystal of

the vdW material of interest on a piece of clean tape and folding it onto itself
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(a) (b)

Figure 2.1: (a) Optical microscope image of a typical Si/SiO2 chip after Scotch-tape
exfoliation of graphite. Scale bar is 200 µm. Black box indicates the zoomed-in
region of (b). A flake of monolayer and bilayer WSe2 (white outline) has been
aligned and transfered onto a flake of graphite (blue outline) using the vdW pick-up
technique. Scale bar is 10 µm.

about five times. Then, a clean Si/SiO2 chip is placed on the tape and peeled off.

Fig. 2.1(a) shows an optical microscope image of the result of a typical graphite

exfoliation.

The other is to grow graphene onto a copper sheet though a chemical vapor de-

position (CVD) process (though I have very limited experience doing this personally,

and will omit the details). Once the graphene is grown, it must be transfered onto

the Si/SiO2 chip. To do this, spin coat a layer of PMMA A4 950 onto a flat square

of copper, cut to approximately the size of the chip, then bake on a hotplate set to

160 ◦C for two minutes. The copper should then be transfered to a bath of deionized

(DI) water mixed with HCl and H2O2 in a 9:3:1 ratio. The solution will dissolve

the copper within half an hour, leaving a clear film of PMMA with graphene on the
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underside. The film should be transfered to three successive baths of DI water for

half an hour each. Finally, the film can be aligned above the Si/SiO2 chip in the

final water bath, then removed and very gently blown dry with compressed nitro-

gen. The chip is baked at 110 ◦C until completely dry, then cleansed in acetone and

isopropyl alcohol (IPA) to remove the PMMA film.

2.1.2 van der Waals Pick-Up Technique

While fabricating devices using CVD graphene is relatively fast and easy due to

the large size of the CVD graphene itself, there are a number of drawbacks to this

method. For one, the CVD graphene tends to have lattice-scale defects. The trans-

fer also tends to form numerous bubbles and wrinkles between the graphene and

substrate, often trapping residue between them. Though the density of defects is

small, and defects, wrinkles, and other dirty areas can be generally avoided during

STM measurements, they still deteriorate the overall quality of the device. Further-

more, graphene is the only material thus far which we can reliably grow on a copper

substrate, so devices involving other materials (TMDs for example) simply must be

fabricated using exfoliated flakes.

Seminal work by the Columbia group in 2010 developed a procedure to transfer

micrometer sized flakes on top of one another (quite a non-trivial feat!) [6]. While I

worked to replicate these methods, they proved rather challenging and our success

rate was low. Thankfully, another great advance by the same Columbia group

made this process much more simple and reliable [25]. The basic principle behind

the method is to utilize the vdW adhesion between two layered materials to lift

them off their substrates (with which they have a weaker vdW attraction) and

directly form stacks of different flakes without exposing any of the active surfaces

to polymers. This relatively simple technique leads to extremely clean, high quality

vdW heterostructures.

Of course, as with any procedure the devil is in the details, and even for this
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relatively simple procedure there are many. Replicating the method has been a work

in progress, and my goal here is to provide a basic overview of where we stand now.

As of this writing, the vdW pick-up technique works, although not with complete

reliability. To begin, exfoliate all flakes necessary for the vdW heterostructure on

separate, clean Si/SiO2 chips. In parallel, prepare the polymer film to be used for

construction of the vdW stack. There are two choices of polymer: polycarbonate

(PC) and poly-propylene carbonate (PPC). PPC films tend to work better, although

they must pick up a bulk crystal first (very thin crystals will not adhere to the film).

This is problematic for STM measurements, since the first flake picked up will be

the top crystal in the stack, and in general we are interested in probing ultra-thin

materials. Instead, we use a PC film, which is capable of directly picking up single

layer thick crystals. The current recipe for preparing the PC solution is to dissolve

4.7 g of PC in 25 mL of chloroform.

The PC film is prepared on a clear, flexible polydimethylsiloxan (PDMS) sub-

strate. The PDMS should be prepared in a large Petri dish such that it is about 2.5

mm thick. Take care to slowly vacuum out bubbles from the PDMS before curing to

ensure a clear, bubble-free substrate. The PDMS should then be cured for at least

15 minutes on a leveled hot plate at 150 ◦C. Once cured, the PDMS can be cut into

squares of about 5 x 5 mm and adhered to a circular glass microscope cover slip

(the PDMS sticks to the slip just by applying pressure). Then, spin coat PC onto

the surface of the PDMS at 2,000 rpm for one minute. The PC will cure quickly in

air at room temperature. Finally, tape the cover slip onto a larger microscope slide.

The microscope slide can now be affixed upside down on the stage of the home-

built transfer system. The chip holding the first flake is adhered to the heater

underneath by a carbon sticky dot and aligned under the microscope using the

linear translation stages underneath the heater. The flake can also be rotated, if

desired. Fig. 2.2 shows a photograph of the home-built transfer setup. By applying

a voltage across the heater wire, heat the sample to 50 ◦C and slowly raise the
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Figure 2.2: Photograph of the vdW transfer station. An optical microscope is
aligned above a set of stages which can move in x, y, z and θ. A copper sample
holder is affixed to the stages and can be heated by running a current through the
heater wire. The polymer is then taped to the table upside down directly above the
sample (i.e. over the hole in the table).

sample to the PC film. Once the sample is in light contact with the PC film, the

film should begin to melt, resulting in an obvious visible change as seen through the

microscope. The melting line of the film should be brought close to the flake, then

by slowly bringing the chip into stronger contact with the film, melt the film across

the flake. Once the entire flake has been covered by melted film, very slowly lower

the stage to release the flake from the Si/SiO2 substrate onto the film. This process

can then be repeated numerous times to create an arbitrary vdW stack.

To complete the heterostructure, the final stack must be transfered from the film
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onto a Si/SiO2 chip for further processing. To do this, melt the film completely onto

a clean chip (preferably with a pre-patterned alignment grid) by bringing the film

into contact with the chip and heating the stage to 160 ◦C. This should completely

melt the film onto the chip, releasing it from the PDMS substrate. Once the sample

is cool, dissolve the PC film in chloroform, then rinse in acetone and IPA. Fig. 2.1(b)

shows a monolayer and bilayer WSe2 flake transfered onto a flake of graphite using

the vdW pick-up technique.

2.1.3 Patterning Electrodes

Once the desired vdW material or heterosctructure is created, it must be contacted

electrically. This is a decidedly non-trivial process, as the flakes are generally of

order 10 µm in size, and extremely delicate. To achieve electrical contact, we use

a scanning electron microscope (SEM) to expose a pattern in a polymer mask to

define the shape of electrodes directly on the sample. Electrical contact is made to

the sample by evaporating metal over this mask, and once created these electrodes

can be interfaced to wiring large enough to handle manually.

To prepare the chip for SEM writing, spin coat a layer of PMMA A4 495 at

2,000 rpm for one minute, then bake for two minutes at 160 ◦C. Then repeat this

procedure with a second layer of PMMA A4 950. Load the sample on an SEM stage

and carefully scratch off a small amount of the polymer on each of the four corners.

This helps during the focusing procedure in the SEM, and also creates four contacts

to the silicon back gate on each corner of the chip.

Once the sample is prepared, it can be loaded into the SEM and prepared for

writing using the Nanometer Pattern Generation System (NPGS) software. NPGS

controls the SEM to expose the beam where instructed by a DesignCAD file designed

specifically for each sample. The sample must be aligned to the SEM to place

the electrodes in the proper place relative to the flake. This is achieved via pre-

alignment to markers on the chip just before final exposure of the electrode pattern.
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As such, it is convenient to fabricate the vdW heterostructure on an Si/SiO2 chip

which has been pre-patterned with alignment markers; however, these markers could

alternatively be written and metalized on a blank chip with just the flake in a

separate fabrication step prior to electrode exposure.

Special care should be taken to design the electrodes to make STM measurements

of the device as convenient as possible. The biggest challenge is generally aligning

the STM tip above the sample. Failure to do so often results in catastrophe for

samples surrounded by an insulator (SiO2 or hBN, for example), where the STM

feedback loop is never satisfied since tunneling into an insulator is forbidden. As

a result, this unintentional misalignment often results in the tip digging a hole in

the sample just next to the flake, which typically destroys the sample. Generally,

for flakes larger than a few micrometers in size, it is possible to align the tip in situ

through simple optical alignment. To facilitate this, I prefer to design contacts which

form an arrow ending at and pointing to the flake. Fig. 2.3 shows an optical image of

a typical sample inside the STM, illustrating this arrow-based contact design. The

flake sits at the intersection of the two arrows, and the STM tip (and its shadow)

can be optically aligned above the flake. For especially challenging samples where

optical alignment proves too challenging or risky, the tip may be aligned above the

sample with the help of scanning gate microscopy (see Jiamin Xue’s thesis, Ref. [26],

for details), so long as there is a source and drain electrode to monitor the device

conductance and the conducting area is reasonably small.

In general, exposing electrodes for STM measurements is “easy” in the sense

that the contacts are generally quite large relative to the minimum feature size

achievable by SEM. This introduces a large margin for error, greatly increasing the

probability of success. I have found personally that writing the electrodes in three

separate steps (i.e. layers within the DesignCAD files) is best. The layer closest

to the flake writes a small portion of the contact with a low beam current (∼25

pA), progressing uniformly to the layer furthest from the flake which writes large
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Figure 2.3: Typical optical image of an STM sample inside the cryostat, taken from
a microscope outside the STM. The light-colored arrows are the Cr/Au contacts,
and the flake of interest sits at their apex. The STM tip (and its reflection) are
aligned optically to the flake using the contacts as a visual guide. Wires are bonded
to the pads far from the sample on the left-hand side.

portions of the contacts with high beam current(∼20,000 pA) and does not need to

be nearly as precisely written.

Once the pattern is written, the chip needs to be developed in a solution of IPA,

methyl isobutyl ketone (MIBK) and methyl ethyl ketone (MEK) (375 ml IPA, 125

ml MIBK, and 6.5 ml MEK) for 45 seconds, then moved to IPA. The chip should

then be inspected to confirm the pattern wrote and developed properly.
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2.1.4 Thermal Evaporator

To complete the device, metal must be evaporated onto the surface of the sample to

define conducting electrodes connecting to the flake. This is achieved by thermally

evaporating a thin chromium sticking layer (generally 5 nm) followed by a thicker

layer of gold (generally 30 to 50 nm) onto the entirety of the chip. To do so, vent the

thermal evaporator and load the sample inside. Then put the system back under

vacuum by first pumping to 0.3 Torr with a roughing pump, followed by opening

the gate valve to the cryopump. The system should be pumped down below 5 x

10−7 Torr before evaporation. The Cr rod and Au boats should be outgassed before

final evaporation by evaporating off about 3 nm of each. After evaporation, allow

the system to cool for at least 15 minutes, then remove the sample and place it in

pre-heated acetone (60 to 80 ◦C) to lift off the PMMA mask, and finally rinse in

IPA.

2.1.5 Thermal Annealing

Before performing STM measurements, the device should be thermally annealed to

remove any remaining PMMA residue from the surface of the flake. I have used a

number of different recipes to do so, all of which seem to work equally well. All

involve placing the sample in a tube furnace. The tube can be purged with gas

during the anneal (500 sccm of H2 and Ar), placed under vacuum using a turbo

pump, or left in ambient conditions. Graphene devices are generally annealed at

350 ◦C for three hours, but more sensitive materials (those more likely to oxidize,

for example) can be annealed as low at 150 ◦C. In all cases, it is critical to warm

and cool slowly to avoid rapid differential thermal contractions between the metal

contacts, flake and substrate.
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2.1.6 Wiring Sample

After annealing, the device should be bonded to the STM sample plate, wired, and

placed in the STM vacuum as quickly as possible to avoid any further unintentional

doping of the sample. After cleaning an STM sample plate from prior use by son-

icating it in acetone and IPA, a piece of kapton just smaller than the plate itself

should be bonded to the plate using a conducting silver epoxy. The epoxy should

be pre-mixed on a piece of aluminum foil in a 50/50 mixture by weight. The stage

should then be put in an oven at 170 ◦C for at least one minute to set. Then, the

sample should be similarly bonded to the stage and heated. It is important that

the flake sits at the very center of the sample plate so that it is within the range

of the STM piezo. I generally use an empty tip carrier to test the alignment before

setting the epoxy. It is also important to use as little epoxy as necessary to bond

the sample so that it can be removed without shattering later (having little to no

epoxy under the kapton film beneath the sample helps in this regard).

Once the sample is set on the sample plate, the electrodes can be wire bonded

to the four electrodes on the sample plate, which are electrically isolated from each

other and the plate itself. The plate may also be used as a path to ground, if

desired. Be sure to ground yourself while bonding to avoid destroying the device

with an unintentional shock. Also, avoid bonding wires which cross the device,

as these may impede the optical path necessary to align the tip in the STM. The

sample should be arranged on the sample plate with this geometry in mind. Finally,

it is helpful to align the electrode arrow parallel to the macor bar holding the STM

electrical contacts, as this will make optical tip alignment significantly easier. Once

the sample has been wire bonded and inspected, it can be placed in the STM load

lock and put under vacuum.
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2.2 Tip Etching

STM tips can be prepared in the lab. This may be surprising, as it is tempting to

think that achieving atomic resolution in STM topography measurements requires

atomically sharp tip endings. However, inspection of Eq. 1.33 demonstrates why

this is not the case. Since the tunnel current decays (roughly) exponentially with

increasing tip-sample separation, only the atom at the very bottom of the tip con-

tributes significantly to the signal. Simply cutting the wire would work in principle

(at least for flat samples where there is no risk of the tunneling location abruptly

changing), although it would make optical alignment of the tip to small samples

prohibitively challenging. Instead, we use an electrochemical etching procedure to

form a relatively sharp tip ending, with radius of curvature generally of order 100

nm.

To etch a tip, cut a small length of 0.25 mm diameter (30 gauge) tungsten wire.

Spot weld the wire to the side of an STM tip holder and rinse with DI water. It

is important that the tip is welded relatively straight and centered with respect

to the carrier base. A bath of 2 g of NaOH pellets diluted in 40 mL of DI water

should be prepared. Fill a small Petri dish with this solution, and place a copper

ring inside. The tip can be held in the solution using a clamp and tweezers. There

should be only a small amount of tungsten left in air; this will define the length of

the tip. The exact size is unimportant, though it should not extend past the ceiling

of the STM tip carrier. Finally, connect the copper ring to the negative electrode

of a variable transformer, and the tweezers to the positive electrode. Setting the

transformer output to 7% will electrochemically etch the end of the tip to a sharp

point. During etching, there should be significant bubbling of the solution around

the tip. The process is completed once the bubbling stops. At this point, turn off

the transformer, remove the tip from the solution and rinse it in DI water. Fig. 2.4

shows a photograph illustrating the etching process.
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Figure 2.4: Photograph of the STM tip etching procedure. Tweezers hold the tip
in the solution of diluted NaOH. A transformer applies a voltage bias between the
tip (red alligator clip) and a copper ring within the solution (black alligator clip),
resulting in the etching of the tungsten wire.
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Figure 2.5: Dark field optical microscope image of a freshly etched tungsten STM
tip. The tip is relatively sharp and free of contamination at its apex. Scale bar is
100 µm.

Once the reaction stops, remove the tip from the solution and blow it dry with

compressed nitrogen gas, being careful to blow upward so that any possible con-

tamination blows off the end of the tip. Carefully load the tip into the central hole

of the STM tip carrier and allow it to snap into place via the small magnet glued

onto the side of the carrier. Once the tip has been etched, do not allow it to contact

any surfaces for risk of blunting it. Finally, inspect the tip under the microscope

(dark field works best) to make sure it is reasonably sharp, well-shaped, and has not

formed a double tip ending. Fig. 2.5 shows a dark field optical microscope image

of a nicely etched tip. Once satisfied, the tip carrier can be placed in the STM

load lock and set under vacuum. The tungsten tip can oxidize over time, so it is
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important to put the tip under vacuum as quickly as possible after etching to ensure

no insulating barrier forms around it.

2.3 STM Operation

All STM measurements presented in this thesis were performed on a commercially

available Omicron ultra-high vacuum low temperature STM (UHV-LT STM). The

vacuum was generally less than 10−11 mbar, and measurements were performed at a

temperature of 4.5 K (when the system is floated for vibrational isolation, it cannot

be cooled completely to the LHe base temperature of 4.2 K). dI/dV measurements

were acquired by turning off the feedback circuit and adding a small (5-10 mV)

ac voltage at 563 Hz to the sample voltage. The current was measured by lock-

in detection. This introduces an energy smearing of around 10 meV, which is well

above the thermal smearing of kBT ≈ 0.4 meV, but necessary to acquire data within

a time frame where the tip position is relatively stable without the feedback loop.

The user manuals detail the general operational procedures for the STM and

Matrix software. I will omit those details here. The four electrodes on the sample

plate inside the STM are connected to wires which exit the STM through a UHV

feedthrough. Using a homemade switch box, these electrodes can be selectively

grounded or floated independently. From this box, the device conductance can be

monitored by lock-in detection, and a gate voltage can be applied using a computer

controlled bipolar voltage source.

2.3.1 Cryogenic Cooling

The procedure for cooling the STM deserves special attention here, as the recent

addition of a liquid helium recovery line to the lab complicates matters slightly. If the

STM is at room temperature, both the inner and outer cryogen chambers should be

cooled to 77 K with liquid nitrogen (LN2), as cooling directly from room temperature
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to 4.2 K with liquid helium (LHe) would be extremely inefficient and costly. The

cryostat should be floated while filling with LN2, so that particles cryopump to the

chamber walls rather than the cryostat, which could potentially freeze the piezo or

contaminate the sample. Vent both chambers back into the room (in particular, the

flexible metal vent tube on the inner chamber must not be connected to the recovery

line). After waiting at least 6 hours for the system to cool, the remaining LN2 in

the inner chamber must be transfered into the outer chamber by pressurizing the

inner chamber with helium gas.

When the inner chamber is empty, it must quickly be filled with LHe to avoid

formation of an ice block. The flexible metal vent tube on the inner chamber should

now be connected to the recovery line, and once helium gas is flowing into the inner

chamber the gate valve on the wall should be open so that any excess helium gas is

recovered. The system should be cooled slowly with cold LHe gas over the course

of about an hour. When the temperature stops dropping rapidly (generally around

15 K), fill the LHe chamber completely. The chamber is full when the depth meter

reads over 300 mm. The system should be allowed to cool for at least 4 to 6 hours

before floating the cryostat for measurements, depending on the desired temperature

stability during early measurements. The LN2 and LHe must be refilled every 48 to

50 hours. This may occur sooner if the LHe is boiled off more quickly, for example

during sample and tip exchanges. To fill LN2, it will suffice to just back the STM

tip off the surface (i.e. by hitting “backward” on the controller). To fill LHe, the

tip should be retracted 30 steps, since standing on the table shakes it considerably.

The system should remain floated at all times, unless the temperature is allowed to

rise significantly above 4.5 K.

The gate valves on the LHe recovery line should always be left open as long as

they are connected to sources of helium gas. The lines are overpressured to protect

against unwanted gases entering if a valve is left open, but it is important to limit

or prevent such an occurrence if possible.
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CHAPTER 3

Graphene-Based Heterostructures

The electronic properties of two-dimensional materials such as graphene are ex-

tremely sensitive to their environment, especially the underlying substrate. Since

the isolation of graphene in 2004, considerable effort has been put into finding the

best substrates, both from a device standpoint and for inducing novel physical phe-

nomena. Perhaps the most common substrate, SiO2, causes out-of-plane ripples

and locally dopes the graphene due to trapped charged impurities [27]. Suspended

graphene devices, fabricated by etching away the SiO2 layer, offer the best intrinsic

graphene quality, although their fabrication is far too challenging to scale to indus-

trial levels. Hexagonal boron nitride has emerged as a very promising substrate; as

an insulating crystal it not only flattens the graphene but screens underlying charge

impurities from the base substrate [6, 28, 29, 30]. Careful device fabrication tech-

niques can yield devices of graphene quality nearing that of suspended graphene,

and these heterostructures are more friendly for industrial scaling. In Section 3.1,

we examine the behavior of graphene on various transition metal dichalcogenides in

order to understand how the device quality compares to hBN. In Section 3.2, we

examine some of the more subtle electronic effects present in these heterostructures.

Since hBN has a similar lattice constant to graphene, when the two lattices are in

near perfect alignment interactions between the crystals strongly renormalize the

graphene band structure [10, 28]. This opens an avenue for the study of interesting

phenomena, such as the Hofstadter quantization [31, 32, 33], and also provides a

route to make graphene insulating [28]. The results of Section 3.1 are published in

Ref. [11], and of Section 3.2 in Ref. [10].
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3.1 Graphene on Transition Metal Dichalcogenides

Recently, transition metal dichalcogenides have made a strong resurgence in ma-

terials research, as these crystals can be exfoliated to atomic scale thicknesses and

stacked via van der Waals interactions similarly to graphene and hBN [7, 34]. A sub-

set of the TMDs exhibit similar semiconducting behavior, with indirect band gaps

in bulk ranging from ∼ 1 - 1.4 eV [34]. Naively, these materials, when insulating,

should offer comparable quality to hBN as substrates for graphene, but without the

possibility of band structure modification due to their considerably different lattice

constants [35, 36]. Additionally, their semiconducting nature permits dynamic gate

voltage control over the interaction strength with graphene [36], and they offer the

potential for the study of new physical phenomena (for example, potential spin-

orbit coupling induced in the graphene layer due to the heavy metal atoms of the

TMD [37]). From a device standpoint, there are numerous potential applications

involving heterostructures between graphene and TMDs; for example, as tunneling

transistors [38, 39, 40, 41], highly efficient flexible photovoltaic devices [42, 43], or

nonvolatile memory cells [44, 45]. Unfortunately, graphene on TMD devices have

thus far been of significantly lower mobility than comparable device structures uti-

lizing an hBN substrate [37, 46, 47], and a local understanding of this behavior is

lacking. We show via local scanning probe measurements that graphene on TMD

devices suffer an unavoidable degradation in electronic quality due to defects in the

TMD crystals.

3.1.1 Topography

We study graphene on substrates belonging to the MX2 family, where M is a transi-

tion metal (Mo, W) and X is a chalcogen atom (S, Se, Te). The general device struc-

ture is shown in Fig. 3.1. The specific TMDs examined here are MoS2, WS2, WSe2,

and MoTe2. We have also examined graphene on SnS2, which is not technically a
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Figure 3.1: Schematic of the cross-section of a typical device and the measurement
set-up.

TMD but shares the same crystal structure and is also a semiconductor [48, 49].

Figs. 3.2(a) and (b) show topography images of graphene on MoS2 and WSe2 ob-

tained via scanning tunneling microscopy (STM). Numerous defects can be observed

in the MoS2 sample, characterized by highly localized topographic height variations

(both positive and negative, depending on tunnel parameters). The graphene lattice

is continuous over these defects, indicating the defects reside in the MoS2 and are

presumably either atomic substitutions or vacancies. The strength and appearance

of these defects can be tuned by the sample and gate voltages, and their appear-

ance in other TMDs is found to depend on those factors as well as crystal thickness.

Graphene on WS2 (Fig. 3.3(a)) is topographically similar to MoS2 and WSe2. There

are visible defects, some of which are marked with white arrows in Fig. 3.3(a). Due

to the varying thickness of TMD substrates used in this study, a systematic com-

parison of graphene roughnesses on and between each TMD is outside the scope

of this work. We do however find that all samples show significantly flatter to-

pography than is typical for graphene on SiO2, and our results are consistent with

Ref. 36. The graphene on MoTe2 and SnS2 (Fig. 3.3(c) and (d)) samples exhibit sig-
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nificantly worse topography, marked by islands of well-adhered regions surrounded

by significantly rougher regions where the graphene did not appear to be adhered

to the TMD, suggesting that these crystals are not stable enough in air to allow

consistently good adhesion with the graphene [7].

For graphene on MoS2 and WS2 where defects are visible even in thin crystals,

we find we can tune the appearance of the defects with sample and gate voltages.

For example, Figs. 3.4(a), (b) and (c) show topography of the same 5 nm region of

graphene on MoS2, taken at different gate voltages. There is one large, strong defect

in Fig. 3.4(a), but this defect weakens significantly in Figs. 3.4(b) and (c). Note

that the presence of the defect in the TMD substrate does not break the graphene

lattice continuity. Similar behavior is observed in graphene on WS2 as well. A full

classification of the exact nature of these defects is outside the scope of this work.

The insets of Figs. 3.2(a) and (b) show atomic resolution images of both samples,

and additionally display hexagonal superlattices due to the interference pattern

formed by the graphene and TMD lattices. As is the case for graphene on hBN, a

moiré pattern is expected to form between the graphene and TMD lattices due to

their relative rotation φ and lattice mismatch δ. The moiré wavelength is

λ =
(1 + δ)a√

2(1 + δ)(1− cosφ) + δ2

where a is the graphene lattice constant [10]. Because the lattice mismatch is much

larger between graphene and TMDs than graphene and hBN, the range of possible

moiré wavelengths is much smaller. The inset of Fig. 3.2(d) shows the dispersion

of moiré wavelengths as a function of angle φ for graphene on MoS2 and WSe2

(the dispersions for the other TMDs studied here are very similar). The lattice

constants of the TMDs in this study range from 3.15 to 3.64 Å [35, 48], and thus

the possible moiré wavelengths are on the order of 0.5 nm to just over 1 nm. As

a result of these short moiré wavelengths, no modification of the graphene band

structure is expected at low energies [10]. Figure 3.2(c) shows a Fourier transform
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Figure 3.2: (a) Topography of graphene on MoS2. Arrows mark some of the defects
buried in the MoS2. Inset: Atomic resolution with a moiré pattern of 0.65 nm. (b)
Same as (a) for WSe2. No defects are visible. Inset: Atomic resolution with a moiré
pattern of 0.91 nm. For (a) and (b), the scale bar for the main figure is 10 nm and
for the insets it is 1 nm. Typical imaging parameters are sample voltages between
Vs = 0.1 V and 0.3 V and tunnel currents between It = 100 pA and 300 pA. (c)
Fourier transform of (a). The atomic lattice is highlighted with a red hexagon, and
the moiré with a yellow hexagon. The moiré points surrounding the atomic lattice
are highlighted with green hexagons. All extra resonances are the result of noise
in the system. The scale bar is 10 nm−1. (d) Global conductance measurements
of graphene on MoS2 and WSe2 devices. The MoS2 becomes conducting at gate
voltages just above 0 V, after which point the device exhibits negative compressibil-
ity [46]. The WSe2 crystal is always biased within the band gap. Inset: Dispersion
of possible moiré wavelengths for graphene on MoS2 and WSe2 as a function of the
relative rotation between the lattices.
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(a) (b)

(c) (d)

Figure 3.3: Topography of graphene on (a) WS2, (b) 100 nm thick WSe2, (c) MoTe2,
and (d) SnS2. White arrows in (a) indicate some of the defects. In WSe2, defects are
only visible in very thick crystals. The graphene topography in (c) and (d) exhibits
flat islands surrounded by very rough regions, suggesting that the adhesion of the
graphene to the substrate is not good everywhere. Typical imaging parameters are
sample voltages between Vs = 0.05 V and 0.3 V and tunnel currents between It =
100 pA and 150 pA. The scale bars are (a) 20 nm, (b), 10 nm, (c), 50 nm, and (d)
10 nm.
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a b c

Figure 3.4: (a) Topography of the same region of graphene on MoS2 at (a) Vg =
-60 V, (b) Vg = -15V, and (c) Vg = +60 V. A defect in the MoS2 substrate is
clearly visible in (a), but weakens significantly in (b) and (c) as the gate voltage is
varied. The defect does not break the continuity of the graphene lattice. Imaging
parameters are Vs = 0.3 V and It = 100 pA. The scale bar is 1 nm for all images.

of the inset of Fig. 3.2(a), with the superlattice (yellow/green) and graphene lattice

(red) hexagons highlighted. All samples studied show good agreement between the

moiré wavelength and the angle between the lattices.

3.1.2 Electronic Scattering

In addition to their similar crystal structure, these TMDs also share similar elec-

tronic properties. They are indirect gap semiconductors with band gaps in bulk

ranging from about 1.0 eV to 1.4 eV [34] (and 2.2 eV for SnS2 [49]). In proximity

to graphene, the difference in energy between the graphene work function and the

electron affinity of the TMD determines the relative band alignment. The threshold

gate voltage at which the TMD begins to conduct depends on this band alignment as

well as the band bending related to the TMD crystal thickness [46]. For comparably

thin crystals (∼5 - 15 nm), we observe that the Dirac point is aligned very near the

conduction bands of MoS2, MoTe2 and SnS2, and closer to the middle of the gap for

WS2 and WSe2. Figure 3.2(d) shows global conductance measurements at 4.2 K for

graphene on MoS2 and WSe2. The graphene on WSe2 device is nearly symmetric
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around charge neutrality (indicating the WSe2 always remains insulating), whereas

the MoS2 device has a saturating conductance at positive gate voltages as the MoS2

becomes conducting. All devices studies exhibit similar transport characteristics to

those in Fig. 3.2(d). We find field-effect mobilities of 5,000 - 10,000 cm2/Vs in these

devices, which is over an order of magnitude lower than of comparable graphene on

hBN devices. We generally restrict our study to thin TMD substrates as devices

with thicker crystals become strongly hysteretic with gate voltage.

For thin TMD crystals (<15 nm), we only observe visible defects buried in the

TMD substrates in MoS2 and WS2. However, we also observe defects in graphene

on WSe2 (Fig. 3.3(b)) for a flake about 100 nm thick. Due to band bending of the

thick WSe2 substrate [46], the WSe2 conducts even at small positive gate voltages,

whereas the thin WSe2 crystals always remain insulating for the range of gate volt-

ages probed. One possible explanation is that the gate is able to charge defect states

in the thick crystals which are not accessible in the thin crystals. This suggests that

despite the lack of visible defects in the thin WSe2 samples, there are still localized

defect states.

Figures 3.5(a) and (b) show normalized (dI/dV)/(I/V) spectroscopy measure-

ments as a function of gate voltage for graphene on MoS2 and WSe2. For MoS2,

the Dirac point (marked with a white dotted line) essentially stops moving in en-

ergy once the gate voltage is large enough to induce charge carriers in the TMD.

In some samples we have additionally observed the Dirac point move with positive

dVs/dVg when the MoS2 is conducting, indicative of the negative compressibility

of the system [46] (Figure 3.7(d)). For graphene on WSe2, the Dirac point moves

with the standard square root of gate voltage dispersion expected for graphene on

an insulating substrate [51], indicating the WSe2 substrate is never biased to the

valence or conduction bands. In this case, the WSe2 should behave very similarly

to an hBN substrate, flattening the graphene and screening charged impurities in

the underlying SiO2. For all the graphene on TMD devices, the movement of the
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Figure 3.5: (a) Normalized (dI/dV)/(I/V) spectroscopy as a function of gate voltage
for graphene on MoS2. The Dirac point is highlighted with a dotted white line. The
Dirac point remains nearly stationary with gate voltage above ∼+10 V as the MoS2

becomes conducting and the charge density in the graphene is constant. States due
to charging of defects in MoS2 are marked with black arrows. (b) Same as (a) for
graphene on WSe2. In both (a) and (b), extra peaks of varying strength due to
scattering surround the Dirac point at both positive and negative energies. The
nearly vertical bright features near zero gate voltage result from confinement by
p-n junctions [50]. (c) Cuts of (a) and (b) (marked by the dashed vertical lines)
at Vg = -20 V. For both, the Dirac point is around Vs = +0.15V (marked with
black diamonds). Extra states due to scattering are marked with tick marks. (d)
Normalized dI/dV spectroscopy as a function of position in graphene on MoTe2 at
Vg = -9 V. The approximate position of the Dirac point is marked with a dotted
white line. All other resonances are attributed to intravalley scattering, and their
energy spacing varies randomly with position.
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Dirac point is well fit by a Fermi velocity of 0.95 ± 0.05 x 106 m/s. Figure 3.6 shows

a derivate of the graphene on WSe2 gate map of Fig. 3.5(b). There are numer-

ous features which become more visible in the derivative map. Features which are

non-dispersive in energy as a function of gate voltage are due to phonon-mediated

inelastic tunneling into graphene (marked with black dashed lines). A dispersive

feature due to electron-plasmon interactions in graphene (marked with black dot-

dashed lines) resides at energies just above the Dirac point (solid black lines). The

nearly vertical features near zero gate voltage are the result of confinement by p-n

junctions. These features are all characteristic of pristine graphene [52].

Figures 3.7(a) - (c) show similar gate maps for graphene on WS2, MoTe2 and

SnS2. For graphene on MoTe2 and SnS2, these measurements are taken in well-

adhered regions of the sample, as far as possible from the adhesion boundaries.

It is difficult to determine if the WS2 crystal becomes conducting at positive gate

voltages, as the movement of the Dirac point is expected to slow as the square root

of gate voltage, and the energy resolution of the Dirac point becomes worse as it

moves further from the Fermi energy. Carriers may populate the WS2 as low as Vg

= +20 V, but we are unable to rule out that the WS2 always remains insulating

within this range of gate voltage. The white dotted lines on Fig. 3.7(a) represent the

extremes of these two experimentally indistinguishable positions of the Dirac point

(the line which stops moving with gate voltage represents the case where the WS2

becomes conducting). We were unable to obtain global transport in our graphene

on WS2 device, so this method could not be used to help resolve the ambiguity. In

both graphene on MoTe2 and SnS2, the movement of the Dirac point unambiguously

appears to stop above small positive gate voltages.

In addition to the spectroscopy features discussed above, we observe two types

of features which are not characteristic of pristine graphene. Ubiquitous amongst

all MX2 substrates examined in this study, we observe extra resonances surrounding

and moving roughly in parallel with the Dirac point. Fig. 3.5(c) shows a line cuts
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Figure 3.6: Derivative d2I/dV2 of the gate map of graphene on WSe2 (Fig. 3.5(b)).
Horizontal black dashed lines mark non-dispersive graphene phonon features at ±63
meV, 150 meV, and 340 meV. Red dotted line marks the zero bias anomaly. Nearly
vertical gray solid lines near zero gate voltage mark features due to confinement
by p-n junctions. Black solid lines mark the approximate position of the Dirac
point. Black dot-dashed lines mark dispersive features likely due to electron-plasmon
interactions in graphene. The remaining unmarked dispersive features at low sample
voltage which track with the Dirac point are due to scattering caused by defects in
the TMD substrate.
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of Figs. 3.5(a) and (b) at Vg = -20 V, indicating clearly the presence of these

extra states, marked with black ticks. The clarity of these features is enhanced

in the WSe2 derivative map (Fig. 3.6). The strength of these peaks also varies

considerably with sample position. Figure 3.7(d) shows a second gate map for

the graphene on MoS2 device in Fig. 3.5(a), exhibiting considerably stronger extra

resonances. Additionally, unique to MoS2 substrates, we observe strong features

which move oppositely of the Dirac point with gate voltage (marked with black

arrows in Fig. 3.5(a)) which we will discuss later.

The resonances which track in parallel the Dirac point are typically characteristic

of electronic scattering in graphene [50], although we have considered other origins

for the extra states we observe, such as new features of the band structure due to

interactions with the substrate or the excitation of phonons in the TMD substrate

by electrons tunneling into the graphene. Such features should have well-defined

energies which do not vary spatially or between different samples, depending on the

exact nature of their origin. To test this hypothesis we take line maps of normalized

dI/dV spectroscopy, as shown in Fig. 3.5(d) for graphene on MoTe2. We see clearly

that the energy spacing of these states varies spatially, and in some cases the states

split or merge. While this behavior is inconsistent with the alternative explana-

tions considered above, it is consistent with electronic scattering in graphene from

point and line defects in the TMD substrate and/or the remnant disorder potential

resulting from those defects [50].

To further investigate the intravalley scattering in graphene on TMD heterostruc-

tures, we take large area dI/dV maps of graphene on WSe2 at various gate voltages

(see Figs. 3.8(a) - (c) for three examples). The coherent features in the maps change

size with gate voltage, characteristic of intravalley scattering from the Coulomb po-

tentials of buried defects. Fig. 3.8(d) shows the Fourier transform of Fig. 3.8(c). The

disk at the center of the image arises from 2k scattering across a single graphene

Dirac cone. For each map, we take a circular average of the Fourier transform and
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Figure 3.7: Gate maps of graphene on (a) WS2, (b) MoTe2, (c) SnS2, and (d)
MoS2. All exhibit extra resonances surrounding the Dirac point due to intravalley
scattering. The white dotted line in (a) represents the position of the Dirac point.
The split at Vg > +20 V represents the ambiguity in fitting the Dirac point at large
sample voltage. The white dotted line in (d) represents the position of the Dirac
point when the MoS2 is conducting. The positive dVs/dVg indicates the negative
compressibility of the sample.
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Figure 3.8: (a) - (c) Maps of dI/dV spectroscopy for graphene on WSe2 at Vg =
-60 V, -5 V, and +60 V, respectively. The local charge neutrality point is around
Vg = -15 V. Each map is taken with Vs = 50 mV and It = 150 pA. The coherent
structure is due to intravalley scattering, and becomes shorter wavelength at gate
voltages further from the Dirac point. The scale bars in (a)-(c) are 50 nm. (d)
Fourier transform of (c), exhibiting a disk-like feature at the center corresponding
to the scattering wave vector. The circular average is plotted in red. The scale bar
is 0.2 nm−1. (e) Graphene energy versus momentum dispersion extracted from maps
similar to those shown in (a) - (c). The wave vector k is extracted from the half-
width at half-maximum of the Lorentzian fit of the Fourier transforms of each map.
The energy is determined by converting the sample voltage of each measurement to
energy from the Dirac point using vF = 0.95 x 106 m/s. The solid blue lines plot the
dispersion E = ~vFk. The error in k represents the uncertainty of the Lorentzian
fit, and the error in E represents the uncertainty in identifying the Fermi velocity.
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extract the corresponding wave vector k as the half-width at half-maximum of the

best-fit Lorentzian. These wave vectors are plotted as a function of energy relative

to the Dirac point in Fig. 3.8(e). The extracted points agree with a linear dispersion

characterized by a Fermi velocity of ∼0.95 x 106 m/s.

Fig. 3.9(a) shows a similar dI/dV map of graphene on MoS2, which exhibits

numerous ring features due to the charging or discharging of defect states result-

ing from the interaction of MoS2 defects with graphene (similar to those seen in

artificial impurities on graphene [53]). These charging rings are the same features

which run oppositely of the Dirac point in the gate map (features marked with black

arrows in Fig. 3.5(a)). The size and nature of the rings can be tuned with back gate

and sample voltage (similar ring structures have previously been observed in bare

TMDs, but lacked this degree of tunability [54, 55]). Of all the TMDs studied, these

charging rings are unique to MoS2 (both naturally occurring and synthetic). While

no ring features are observed in graphene on WSe2, there are numerous weak wan-

dering line features which run through high resolution dI/dV maps (Fig. 3.9(b)).

Since the graphene lattice is smooth over these line features and they are indepen-

dent of sample and gate voltage, we attribute these to line dislocations in the WSe2

crystals. Similar features are observed in graphene on WS2 as well. Fig. 3.9(c)

shows the Fourier transform of an atomically resolved dI/dV map of graphene on

MoS2. The Fourier transform exhibits the usual resonances due to the superlat-

tice (yellow/green hexagons) and atomic lattice (yellow hexagon), as well as the

long-wavelength intravalley scattering (red circle). In addition, we observe weak

resonances at the K and K’ points of graphene (white circles). These resonances are

indicative of intervalley scattering in graphene, which result from the presence of

the atomic-scale point and line defects in the TMD substrates (for comparison, no

such scattering is observed in clean graphene on hBN devices as the defect density

in hBN is orders of magnitude smaller [56]).
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Figure 3.9: (a) dI/dV spectroscopy map of graphene on MoS2. The numerous ring-
like features are attributed to the charging of defect states by the STM tip. The
map is taken with Vs = 0.025 V, It = 150 pA, and Vg = 0 V. (b) Similar map
of graphene on WSe2. The faint wandering line features running through the map
are attributed to line dislocations in the WSe2 crystal. The map is taken with Vs

= 0.05 V, It = 150 pA, and Vg = +50 V. The scale bar is 10 nm in (a) and 20
nm in (b). (c) Fourier transform of an atomically resolved dI/dV map of graphene
on MoS2. In addition to the superlattice (yellow/green hexagons), atomic lattice
(red hexagon), and long-wavelength intravalley scattering (red circle), there are also
weak resonances due to intervalley scattering at the graphene K and K’ points (white
circles). All extra resonances are the result of noise in the system. The scale bar
is 10 nm−1. (d) Spatially resolved map of the charge fluctuations in graphene on
WSe2 at Vg = 0 V. The overall charge background is removed. The scale bar is 50
nm.
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3.1.3 Charge Disorder

To address the possible influence of these defects on the charge environment in

graphene, we take spatially resolved maps of the Dirac point energy. By converting

the Dirac point energy ED to charge carrier density n via n = (1/π)(ED/~vF )2, we

find charge fluctuations of δn ∼ 1.3 ± 0.2 x 1011 cm−2 for graphene on MoS2, WS2,

and WSe2 (see Fig. 3.9(d) for graphene on WSe2). While a few times better than

the fluctuations observed in graphene on SiO2 [57], we find these to be around an

order of magnitude larger than in comparable graphene on hBN devices [29, 30].

These charge fluctuations are consistent both with the defect density observed in

bare MoS2 [58] as well as with the density of defects seen in these graphene on

TMD samples, suggesting that while the TMDs may be screening trapped charges

in the SiO2 substrate, defects in the TMDs still create significant static charge

disorder in the graphene. Even when the bottom few layers of the MoS2 substrate

are conducting and thus fully screening the SiO2 interface (i.e. at large positive gate

voltages), the observed charge fluctuations are only reduced by about a factor of two,

which is still considerably larger than those observed with hBN. This further implies

that the fluctuations are primarily due to TMD defects (the observed reduction is

likely due to enhanced screening from the conducting MoS2 layers). For direct

visual comparison, Fig. 3.10 shows maps of the charge fluctuations for graphene on

(a) WSe2, (b) WS2, and (c) and (d) MoS2. Figures 3.10(c) and (d) are acquired

at the same location on a graphene on MoS2 sample, with Vg = -25 V and +40 V,

respectively. These gate voltages are chosen such that the MoS2 is insulating for

Fig. 3.10(c), but has the bottom layer populated with charge carriers for Fig. 3.10(d).

For these specific maps, the standard deviation of the charge fluctuations is: (a) 1.28

x 1011 cm−2 for graphene on WSe2, (b) 1.21 x 1011 cm−2 for WS2, (c) 1.40 x 1011

cm−2 for insulating MoS2, and (d) 0.55 x 1011 cm−2 for conducting MoS2.

Finally, Ref. 37 suggests that annealing above 150 ◦C has a degradative effect on

the mobility of graphene on TMD devices. We have tested this by making graphene
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Figure 3.10: Spatial maps of the charge fluctuations in graphene on (a) WSe2, (b)
WS2, (c) MoS2 at Vg = -25 V, and (d) MoS2 at Vg = +40 V. The insets show
histograms of the data. The scale bar is 50 nm for each.

on MoS2, WS2, and WSe2 samples with no annealing until the heterostructure was

completed, at which point the devices were annealed in vacuum at 150 ◦C. We

observe qualitatively similar behavior in these devices to those annealed at higher

temperatures, suggesting the defects in the TMD substrates are intrinsic to these

crystals and are therefore unavoidable with current synthesis techniques. Specif-

ically, these devices exhibit a similar density of visible defects, similar intravalley

and intervalley scattering states, as well as similar charge fluctuations. As a final

test, we further annealed the graphene on WSe2 device to 300 ◦C and observed no
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signatures of degradation. This is in apparent contradiction to the results of Ref. 37.

However, as our measurements are local in nature, it is still possible that larger scale

rearrangement of trapped dopants is responsible for the degradation of the device

mobility.

Contrary to prior reports [36], we consistently observe a lower electronic qual-

ity of graphene on TMD devices than those using hBN. The dirtier local charge

environment and prevalence of scattering is consistent with the lower mobility in

our devices as well as those from prior reports [37, 46, 47]. As heterostructures of

graphene and TMDs grow quickly in popularity, it is critical to understand their in-

trinsic limitations. Unless new methods are developed for reducing defects in TMD

crystals, the quality of these heterostructures will continue to be inferior to those of

graphene on hBN.

3.2 Superlattice Dirac Points

Due to its hexagonal lattice structure with a diatomic unit cell, graphene has low-

energy electronic properties that are governed by the massless Dirac equation [59].

This has a number of consequences, among them Klein tunneling [16, 17, 18, 19]

which prevents electrostatic confinement of charge carriers and inhibits the fabrica-

tion of standard semiconductor devices. This has motivated a number of recent the-

oretical investigations of graphene in periodic potentials [60, 61, 62, 63, 64, 65, 66],

which explored ways of controlling the propagation of charge carriers by means

of various superlattice potentials. On the analytical side, one-dimensional poten-

tials render particle propagation anisotropic [60, 61, 62, 65] and generate new Dirac

points, where the electron and hole bands meet, at energies ±~vF|G|/2 given by

the reciprocal superlattice vectors G [60, 61]. Numerical approaches have extended

several of these results to the case of two-dimensional potentials [60, 61, 65, 66].

Unlike for Schrödinger fermions, the periodic potentials generally induce new Dirac

points but do not open gaps in graphene, owing to the chiral nature of the Dirac
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fermions.

Recent STM topography experiments have reported well developed moiré pat-

terns in graphene on crystalline substrates, which suggests that the latter generate

effective periodic potentials [29, 30, 67, 68]. Of particular interest is hexagonal boron

nitride (hBN), because it is an insulator which only couples weakly to graphene. Fur-

thermore, graphene on hBN exhibits the highest mobility ever reported for graphene

on any substrate [6], and has strongly suppressed charge inhomogeneities [29, 30].

Hexagonal boron nitride is a layered material whose planes have the same atomic

structure as graphene, with a 1.8% longer lattice constant. The influence of the

weak graphene-substrate interlayer coupling on the electronic transport and spec-

troscopic properties of graphene is not well understood. In particular, there is to

date no theory for local electronic properties such as those probed in STM experi-

ments. Below we show that periodic interlayer couplings generate a new Dirac point

at an energy determined by the wavevector of the periodic potential. The presence

of this new Dirac point is reflected in two dips in the density of states, symmetrically

placed at E = ±~vF|G|/2 around the E = 0 graphene Dirac point but generally

of asymmetric strength. There is also a periodic modulation of the local density of

states with the same period as the superlattice topographic moiré pattern.

3.2.1 Moiré Wavelength

The fabrication procedure used for creating the graphene on hBN devices results in a

random rotational orientation between the graphene and hBN lattices. This rotation

between the lattices and the longer lattice constant for hBN leads to topographic

moiré patterns. Given the lattice mismatch δ between hBN and graphene, the

relative rotation angle φ between the two lattices uniquely determines the moiré

wavelength λ as

λ =
(1 + δ)a√

2(1 + δ)(1− cosφ) + δ2
, (3.1)
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where a is the graphene lattice constant. The relative rotation angle θ of the moiré

pattern with respect to the graphene lattice is given by

tan θ =
sinφ

(1 + δ)− cosφ
. (3.2)

Figure 3.11(b) plots the wavelength of the moiré pattern (black) and rotation angle

(red) as a function of φ. Due to the lattice mismatch, there is a moiré pattern for all

orientations of graphene on hBN with a maximum possible length of about 14 nm.

Figs. 3.11 (c)-(e) show STM topography images of moiré patterns for three different

rotations of the graphene lattice.

The expression for the moiré wavelength as a function of relative rotation angle

φ between the graphene and hBN lattices can be found using the reciprocal lattices.

Consider one of the reciprocal lattice vectors of graphene denoted g. This vector

can be chosen to be along the x axis and written as

g =
2π

a
(1, 0), (3.3)

where a is the graphene lattice constant. The corresponding reciprocal lattice vector

for hBN is shorter given the lattice mismatch δ between hBN and graphene. The

relative rotation angle φ between the two lattices gives a reciprocal lattice vector

for hBN of

b =
2π

(1 + δ)a
(cosφ, sinφ). (3.4)

Letting k be the vector which connects the hBN reciprocal lattice vector to the

graphene reciprocal lattice vector, we have that

k = g − b =
2π

a
(1− cosφ

1 + δ
,− sinφ

1 + δ
). (3.5)

Then the wavelength of the moiré pattern is given by λ = 2π
|k| . Since

|k| = 2π

a

√(
1− cosφ

1 + δ

)2

+

(
sinφ

1 + δ

)2

(3.6)
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a bit of algebra gives

λ =
(1 + δ)a√

2(1 + δ)(1− cosφ) + δ2
. (3.7)

The relative rotation angle θ of the moiré pattern with respect to the graphene

lattice is found by determining the angle of the reciprocal lattice vector k with

respect to the graphene reciprocal lattice vector. Since, we chose the x-axis for the

graphene reciprocal lattice vector, the angle of the moiré pattern is given by

tan θ =
−ky
kx

=
sinφ
1+δ

1− cosφ
1+δ

. (3.8)

Simplifying gives

tan θ =
sinφ

(1 + δ)− cosφ
. (3.9)

3.2.2 Calculation of LDOS

We explore how this moiré structure influences the local density of states (LDOS)

ρ(r, E) =
∑

n |ψn(r)|2δ(E−En) in the graphene layer. We consider a lattice Hamil-

tonian for a graphene monolayer on a single layer of hBN. For each layer, the Hamil-

tonian reads

Hα =
∑
i

[
εA(α)a†i (α)ai(α) + εB(α)b†i (α)bi(α)

]
− tα

∑
〈i,j〉

(a†i (α)bj(α) + h.c.) , (3.10)

where a†i (α) [a(α)] and b†i (α) [b(α)] are creation [destruction] operators on sublattice

A and B, respectively, of the graphene (α = 1) or hBN (α = 2) honeycomb lattice,

and 〈i, j〉 indicates that the sum runs only over nearest neighbors. On the hBN

lattice, we choose the boron atoms to be on the A sublattice and the nitrogen atoms

to be on the B sublattice. The on-site energies are εA(1) = εB(1) = 0, εA(2) = 3.34

eV and εB(2) = −1.4 eV, and the hopping integrals are t1 = 3.16 eV and t2 = 2.79

eV [29] (the precise value of the latter is of little importance).
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Figure 3.11: Graphene device schematic and STM moiré images. (a) Schematic of
the measurement setup showing the STM tip and an optical microscope image of
one of the measured samples. (b) Superlattice wavelength λ (black) and rotation
(red) as a function of the angle between the graphene and hBN lattices. (c)-(e)
STM topography images showing (c) 2.4 nm, (d) 6.0 nm and (e) 11.5 nm moiré
patterns. Typical imaging parameters were sample voltages between 0.3 V and 0.5
V and tunnel currents between 100 pA and 150 pA. The scale bars in all images are
5 nm.
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We restrict the interlayer hopping potential to nearest-neighbor and next-

nearest-neighbor hopping. The interlayer hopping is given by

t′ij(m,n) = γ⊥ exp[−|ri(m)− rj(n)|/ξ] fij , (3.11)

with a characteristic function fij = 1 if site i of sublattice m on the graphene

(hBN) sheet is nearest or next-nearest neighbor to site j of sublattice n on the

hBN (graphene) sheet, and fij = 0 otherwise. The parameters γ⊥ = 0.39 eV and

ξ = 0.032 nm are calibrated to fit the interlayer couplings in bilayer graphene [51].

The two lattices are rotated with respect to one another by the angle φ, and for

each site we determine its nearest and next nearest neighbor site on the other sheet,

numerically evaluate the distance between the sites and finally the corresponding

interlayer hopping. While γ⊥ should in principle depend on the sublattice index in

the hBN layer, we neglect this dependence here. The interlayer coupling Hamiltonian

is then given by

H⊥ = −
∑
ij

[
t′ij(A,A)[a†i (1)aj(2) + h.c.] + t′ij(A,B)[a†i (1)bj(2) + h.c.]

+t′ij(B,A)[b†i (1)aj(2) + h.c.] + t′ij(B,B)[b†i (1)bj(2) + h.c.]
]
.(3.12)

Second-order perturbation theory maps H⊥ onto a periodic potential of hexagonal

symmetry, similar to the one in Eq. 3.13, with a modulation amplitude V ' 0.06

eV which we determined numerically via second order perturbation theory in the

interlayer hopping. This energy is smaller than ~vF|G|/2 with the moiré superlattice

vector G, regardless of the rotation angle between graphene and hBN sheets.

The total Hamiltonian reads H1 +H2 +H⊥. We evaluate the LDOS ρ(ri, E) on

the graphene sheet using the Lanczos method, which allows to reach linear system

sizes of L = 1000 or more sites [69]. The obtained ρ(r, E) depends on a smearing

parameter ζ which, as long as the density of states of the STM tip and the tunneling

rate from the tip to the sample do not depend on energy can be related to the

strength of the tip-graphene coupling. Figure 3.12 illustrates how reducing this
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coupling allows finer and finer structures in the LDOS to be explored. For this

particular rotation of φ = 0.3o (Fig. 3.12(a)), corresponding to a moiré pattern with

λ = 13.4 nm, and the set of parameters we just discussed, we see that the LDOS

vanishes more or less linearly close to E − ED = −~vF|G|/2. Our numerical data

suggest a complete, linear vanishing of the LDOS there. Fig. 3.13(a) more clearly

demonstrates that the energy of these dips in the calculated ρ(r, E) change as a

function of the rotation angle φ and hence the moiré wavelength. We have also

observed the dips in the experimental dI/dV curves as shown in Fig. 3.13(b). The

black curve is for a 9.0 nm moiré pattern and the energy of the dip is 0.28 eV from

the Dirac point. The red curve is for a 13.4 nm moiré pattern and the energy of

the dips decreases to 0.22 eV from the Dirac point. A significant energy asymmetry

emerges in that the expected dip in the density of states is stronger in the valence

E < 0 than in the conduction E > 0 band. This asymmetry arises because of (i)

the asymmetry in the on-site energies in the hBN layer, which effectively induces a

second order potential that is stronger for negative than for positive energies and (ii)

next-nearest neighbor interlayer hopping, which effectively induces a local periodic

modulation of t1.

3.2.3 Signatures of Superlattice Dirac Points

Figure 3.13(c) plots |d2I/dV2| for the 9.0 nm moiré pattern as a function of gate

voltage and sample voltage. We clearly see the Dirac point in this measurement

crossing the Fermi energy near zero gate voltage. There is a second dip which

moves parallel to it that is offset by -0.28 V in sample voltage. This dip is due to

the superlattice periodic potential induced by the hBN and indicates the emergence

of a new superlattice Dirac point.

We have observed these dips in the LDOS for seven different moiré wavelengths.

The energy of the dips from the Dirac point is plotted (red points) as a function of

wavelength in Fig. 3.13(d). The solid black line plots the expected energy depen-
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Figure 3.12: Calculated density of states as a function of coupling. (a) LDOS for a
1000×1000 graphene lattice on a hBN sheet, with relative rotation φ = 0.3o. The
smearing parameter of the Lanczos algorithm is ζ = 0.09 (black curve), 0.04 (red),
0.018 (green), 0.008 (blue) and 0.0036 (violet). The dashed lines give linear fits close
to the Dirac and superlattice Dirac points. (b) LDOS for a 1000×1000 graphene
lattice on a hBN sheet, with relative rotation φ = 2.0o, for ζ = 0.0036. The black
curve has nearest-neighbor interlayer coupling, the red curve has nearest and next
nearest neighbor interlayer hopping.

dence E = ~vF|G|/2 = 2π~vF/
√

3λ assuming the linear band structure of graphene

and vF = 1.1 × 106 m/s. For the necessary high resolution spectroscopy, our STM

is limited to observing dips in an energy range of ∼ ±1 V which restricts the moiré

wavelengths to longer than 2 nm. At higher energies, the spectroscopy tends to be

smoothed by interaction effects which modify the lifetime of the graphene quasipar-

ticles [52] making the identification of dips difficult.

To better understand these dips, we focus on the low-energy regime and neglect

intervalley scattering in graphene. This is justified by the energy range in our STM

experiments and the long wavelength of the moiré potential. The interlayer hopping

term between the graphene and hBN layers reflects the same periodic structure as

the moiré pattern [29]. Therefore we model the influence of the hBN by an effective

periodic potential with the same symmetry as the observed moiré pattern. We
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Figure 3.13: Density of states of graphene on hBN showing new superlattice Dirac
point. (a) Theoretical LDOS curves for three different rotation angles between
graphene and hBN, red is φ = 0.5o (12.5 nm), blue is φ = 1o (10.0 nm) and green is
φ = 2o (6.3 nm). The curves have been vertically offset for clarity. (b) Experimental
dI/dV curves for two different moiré wavelengths, 9.0 nm (black) and 13.4 nm (red).
The dips in the dI/dV curves are marked by arrows. (c) |d2I/dV2| as a function
of gate and sample voltage for the 9.0 nm moiré pattern showing the shift of the
Dirac point and one of the dips. (d) Energy of the dips away from the Dirac point
as a function of moiré wavelength. The red points are the experimentally measured
values and the black line is the expected theoretical dependence. The error bars in
energy represent the minimum and maximum observed energies. The error bars in
wavelength represent the standard deviation.
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accordingly consider the single-valley Hamiltonian

Ĥ = ~vFk · ~σ + V
∑
α

cos(Gαx) I , (3.13)

where k = (kx, ky), ~σ is a vector of Pauli matrices and I is the identity matrix. The

potential strength is estimated as V = 0.06 eV from numerical second-order per-

turbation theory, and the Gα are the reciprocal superlattice vectors corresponding

to the periodic potential generated by the hBN substrate. The reciprocal superlat-

tice vector G1 = (4π/
√

3λ)(cos θ, sin θ) is determined by the relative rotation of the

graphene and hBN lattices according to Eqs. 3.1 and 3.2. The other superlattice

wavevectors are obtained by two rotations of 60◦. Larger superlattice vectors are

not included in our model, since the corresponding couplings are smaller by more

than one order of magnitude [29].

The dips in ρ(r, E) are due to k → −k processes induced by the periodic

potential for values 2k = Gα corresponding to one of the reciprocal superlattice

vectors Gα. Unlike for Schrödinger particles, the chirality of the Dirac fermions

prevents such processes from opening a gap at the edges of the superlattice Bril-

louin zone, as long as the potential does not break sublattice symmetry. This can

be seen by performing a unitary transformation Ĥ → Ĥ ′ = U †1ĤU1 on Eq. 3.13

with U1 = exp[i~Λ(r) · ~σ]. When V/~vF|G| < 1 the linear part of the potential

can be gauged out of the Hamiltonian for ~vF∇ · ~Λ = −V̂ . For V/~vF|G| > 1,

the gauge transformation can no longer remove the linear part of the potential,

and the potential creates new Dirac points at zero energy but still does not open a

gap [60, 61, 63, 70, 71].

The magnitude of the dips in the local density of states (LDOS) is determined

by the strength and the wavelength of the moiré periodic potential. We see this

perturbatively by projecting the Hamiltonian of Eq. 3.13 onto the pairs of eigenstates

ψs,k = (1, s exp[iθk])T exp[ikr]/
√

2Ω
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of Ĥ0 = ~vFk · ~σ, with the lattice area Ω, the band index s = 1 for the conduction,

s = −1 for the valence band, and the angle θk = arctan(ky/kx). The resulting 2× 2

Hamiltonian reads

Ĥred =

 s~vFk Vk,k′

(Vk,k′)
∗ s~vFk

′

 , (3.14)

with Vk,k′ = (V/4)(1 + exp[i(θk′ − θk)])
∑

α(δk,Gα+k′ + δk,−Gα+k′). We focus on

momenta k = Gα/2 + δk, k′ = −Gα/2 + δk. For this choice of pairs of

eigenstates, it is straightforward to see that the eigenvalues of Ĥred are E± =

(ε++ε−)/2±
√

(ε+ − ε−)2 + (V δk⊥/G)2
/

2+O(δk2/G2), with ε± = ~vF|Gα/2±δk|,
and the component δk⊥ of δk that is perpendicular to Gα. For |δk| � G,

this gives an anisotropic linear dispersion with a new Fermi velocity v′F(δθ) =√
(vF cos δθ)2 + (V sin δθ/2~G)2 with the angle δθ between δk and Gα. The Fermi

velocity at the new Dirac point further reduces to the result of Ref. [61] for the sim-

pler case of a one-dimensional potential (with a single Gα). This perturbative result

is consistent with the numerical and experimental facts reported here that (i) no

gap is opened, neither in the numerically obtained ρ(E, r), nor in the experimentally

obtained STM dI/dV , (ii) a reduction of (dip in) the density of states is observed

at an energy corresponding to ~vFG/2, and (iii) both the spectroscopic moiré pat-

tern and the dips tend to disappear for periodic potentials with shorter wavelength

(hence larger G), when the relative rotation between the hBN substrate and the

graphene layer is larger. The reduction of the density of states occurs around three

points determined by the three reciprocal lattice vectors. At this level, there is no

s-dependence of the strength of the dip, the latter is the same for s = 1 (E > 0) as

for s = −1 (E < 0). An s-dependence emerges once off-diagonal terms ∼ V ′σx,y are

included in the Hamiltonian of Eq. 3.13.

The presence of the new superlattice Dirac points can be detected by examining

the gate dependence of the LDOS. As seen in Fig. 3.13(c), the two Dirac points

move in parallel with gate voltage. Figure 3.16(a) plots dI/dV for a 13.4 nm moiré
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pattern over a larger range of gate voltage than in Fig. 3.13(c). The white dashed

lines show the energy of the two Dirac points as a function of gate voltage. When

the Fermi energy approaches the superlattice Dirac point, the gate dependence of

the Dirac points changes. This is plotted in Fig. 3.16(b), which tracks the energy

of the original Dirac point when the Fermi energy crosses the superlattice Dirac

point at -53 V. Both Dirac points move more quickly with gate voltage, indicating a

reduced density of states at this energy. The gate dependence for the original Dirac

point is given by the equation

ED = ~vF

√
2απ(Vg − Vo)/gv (3.15)

where vF is the Fermi velocity, Vg is the gate voltage, V0 is the offset voltage,

α is the coupling to the gate and gv is the valley degeneracy. When the Fermi

energy is near the original Dirac point, the valley degeneracy is gv = 2 and from

the fit we extract the value of the Fermi velocity at the original Dirac point to be

vF = v0
F = 0.94±0.02×106 m/s for both electrons and holes. At the new superlattice

Dirac points, the valley degeneracy is gv = 6 because the periodic potential creates

three superlattice Dirac points in each of the original Dirac cones corresponding to

the three reciprocal lattice vectors Gα. Furthermore, the Dirac cones are anisotropic

and therefore the constant energy contours are given by ellipses rather than circles.

Therefore, the Fermi velocity in Eq. 3.15 must be modified to vF =
√
v0

Fv
∗
F where v0

F

is the unmodified Fermi velocity parallel to Gα and v∗F is the reduced Fermi velocity

perpendicular to Gα. From the fit near the energy of the superlattice Dirac points,

we find that v∗F = 0.5±0.1×106 m/s for the new electrons and holes. The reduction

is in qualitative agreement with our numerical calculations.

We have also performed electrical transport measurements on the graphene de-

vice shown in Fig. 3.16. The conductivity as a function of gate voltage is shown

in Fig. 3.15. The gate voltage is plotted as the offset from the gate voltage at the

Dirac point. We observe two locations of decreased conductivity which are located

at approximately ±40 V from the Dirac point. This is the same separation in gate
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Figure 3.15: Conductivity as a function of gate voltage for the graphene device with
a 13.4 nm moiré pattern.

voltage as observed in the spectroscopy measurements, where the main Dirac point

was separated from the superlattice Dirac point by 40 V. Therefore, we conclude

that the dips in conductivity are due to the presence of the superlattice Dirac point.

This gives further indirect evidence of the superlattice Dirac point. We also see

a second dip in the conductivity near -50 V. Our STM topography measurements

showed a region of the device with a second moiré pattern of about 10 nm. The

superlattice Dirac point due to this moiré occurs at a higher energy and hence a

larger gate voltage.

To further confirm our interpretation, we perform a band structure calculation

to show that a weak interlayer coupling does not open a gap, but instead creates
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new Dirac points at energies determined by the relative rotation between the layers.

We project the low-energy Hamiltonian of Eq. 3.13 on fourteen states with k and

k ± Gα, where the periodic potential’s reciprocal lattice vectors Gα (α = 1, 2, 3)

are determined by the relative rotation of the two lattices as described earlier. In

Fig. 3.14(a), we show the dispersions of the valence bands with energies closest to

the original Dirac point (E = 0) for a rotation angle φ = 0.285 (corresponding

to a moiré wavelength of λ = 13.4 nm). This confirms that the weak interlayer

coupling opens new Dirac points with anisotropic dispersion. Fig. 3.14(b) and (c)

show contour plots of the bands indicating the locations of the new superlattice

Dirac points. Similar results can be seen in the conduction bands. We note that

for the new superlattice Dirac point close to Gα/2, the velocity in the direction

perpendicular to Gα is smaller for larger relative lattice rotation and larger |G|, as

predicted by our perturbative treatment.

In addition to the formation of superlattice Dirac points, the presence of the

periodic potential also leads to a spatial variation in the LDOS. Figure 3.17 shows

experimental and numerical images of the LDOS as a function of energy. Near

the Dirac point, (Figs. 3.17 (b) and (e)), we observe a nearly featureless density

of states. This is in agreement with previous STM measurements which show a

strong suppression of charge fluctuations in graphene on hBN [29, 30]. At higher

energies, the presence of the moiré potential manifests itself as a local variation in

the density of states. Figures 3.17 (a) and (d) are taken at a lower energy than

the superlattice Dirac point in the valence band. At this energy the hexagonal

pattern of the potential is clearly visible. On the conduction band side, Figs. 3.17

(c) and (f), the moiré pattern is once again visible but its contrast is inverted.

The centers of the hexagons now correspond to points of increased density of states.

However, the dips in the LDOS from the superlattice Dirac points occur at the same

energy independent of the location on the superlattice. We observe that the moiré

pattern becomes much more visible in the local density of states at energies above
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Figure 3.16: Gate dependence of graphene density of states near the superlattice
Dirac point for a 13.4 nm moiré pattern. (a) dI/dV as a function of sample and gate
voltage showing both the Dirac point and the new superlattice Dirac point. The
white dashed lines mark the location of the Dirac point and superlattice Dirac point.
(b) Shift of the Dirac point as a function of gate voltage when the superlattice Dirac
point crosses the Fermi energy (black line). The solid red line is a theoretical fit for
the shift of the Dirac point with the presence of the superlattice Dirac point. The
dashed red line shows the expected shift without the superlattice Dirac point. The
inset shows the shift of both Dirac points over a large gate voltage range as well as
theoretical fits (red and blue solid lines).

the superlattice Dirac points. Previous measurements of the LDOS in graphene on

hBN did not observe any variations due to the short moiré patterns and low energies

probed [29].

Graphene on hBN devices are becoming widely used due to their improved mo-

bility and reduced charged impurities. We have shown that lattice mismatch and

relative rotation between the graphene and hBN leads to a periodic potential for

graphene charge carriers. This potential creates a new Dirac point whose energy is

determined by the wavelength of the potential. This superlattice Dirac point has the

potential to control the transport properties of electrons in graphene as it induces

anisotropic velocities for the charge carriers. Future work is necessary to exploit

this periodic potential for the creation of novel graphene devices.
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Figure 3.17: Experimental and theoretical images of LDOS for long wavelength
moiré pattern. (a)-(c) Experimental dI/dV maps for a 13.4 nm moiré pattern. The
sample voltages are (a) -0.16 V, (b) 0.17 V and (c) 0.44 V. The sample voltage
in (b) is near the Dirac point since the gate voltage was 60 V while the other two
maps are near the energy of the superlattice Dirac points. (d)-(f) Theoretical dI/dV
maps for a 13.4 nm moiré pattern. The energies are (d) -0.3 eV, (e) 0.03 eV and
(f) 0.3 eV. The energy in (e) corresponds to the Dirac point and is shifted from the
experimental images because of the gate voltage. The scale bars in all images are
10 nm.
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CHAPTER 4

Structural Control of Graphene

The ability to control and manipulate individual atoms has been a grand goal in

physics since Richard Feynman’s famous lecture delivered to a meeting of the Amer-

ican Physical Society in 1959 [72]. STM provides the ability to image structural

and electronic properties on the atomic scale. In special instances, it also has the

ability to directly manipulate the atomic-scale structural properties of vdW het-

erostructures, providing a powerful step forward towards Feynman’s dream. This

manipulation ability arises from interactions between the STM tip and the vdW

heterostructure, which become relevant when a structural symmetry of the mate-

rial is broken. In Section 4.1, we examine graphene on hBN, where the structural

symmetry of the graphene is broken due to the moiré pattern that emerges from the

hBN substrate. The tip interacts with the system via the vdW interaction, directly

modifying the degree of stretching the graphene lattice undergoes to match the

hBN substrate lattice. In Section 4.2 we discuss trilayer graphene, which exhibits

two different stacking configurations (and thus two different structural symmetries),

resulting in either metallic or semiconducting behavior. Section 4.3 considers the

implication of this property in the presence of an STM tip, where the electric field

created by the tip is able to change the structural stacking configuration of the

trilayer graphene. Section 4.1 is a work in progress and the results are not yet pub-

lished, while the results of Section 4.2 are published in Ref. [13], and of Section 4.3

in Ref. [12].
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4.1 Commensuration Between Graphene and Boron Nitride

The interaction strength between two atomically-thin materials, most easily con-

trolled through their interlayer separation, can have significant influence on the

electronic properties of the overall vdW heterostructure. In some systems, the effect

of modifying the interlayer separation is somewhat trivial to predict: for example, it

directly modifies the interlayer hopping parameter in bilayer graphene, controlling

the separation between the higher-energy bands. In other systems — for example,

graphene in proximity to a material with very strong spin orbit interaction (SOI)

— the effect can be more profound. Graphene resting on a heavy semiconducting

transition metal dichalcogenide (WS2, for example) or a topological insulator is pre-

dicted to exhibit strongly enhanced SOI, non-trivial spin and pseudospin texture

on its bands, and possible topologically non-trivial insulating states [73, 74]. The

existence and strength of these novel effects is critically dependent on the substrate

interaction parameters controlled directly by the interlayer separation. Graphene

on hBN represents another peculiar case, as a long-wavelength periodic interaction

emerges when the two crystals are in near-rotational alignment due to their small

lattice mismatch (∼ 1.8%). The structural and electronic properties of the graphene

resulting from this moiré superlattice can also be controlled by the interlayer inter-

action strength.

There are two distinct aspects to the interaction between the graphene and hBN:

electronic coupling and vdW adhesion. The electronic coupling represents virtual

hopping processes of graphene carriers into hBN and back. Since the local stacking

is modulated by the moiré, such processes lead to a spatially varying effective po-

tential, responsible for the development of low energy van Hove- singularities and

secondary Dirac cones (though the spectrum remains gapless at the primary Dirac

point) [10]. The moiré additionally modulates the vdW adhesion, which is stronger

for carbon-boron (C-B) Bernal stacking than for any other lattice alignment. Moiré
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regions with this favored stacking become expanded at the expense of other re-

gions to minimize the adhesion potential plus elastic energy [75]. In the extreme

case of very large modulation in the adhesion of different stackings (or very soft

graphene), the sinusoidal moiré pattern is expected to evolve into a hexagonal mesh

of thin compressed stacking boundaries separating expanded regions of locally com-

mensurate C-B stacking (inset Fig. 4.1(a)). The combination of both the effective

potential and adhesion-induced strains breaks sublattice symmetry globally, and is

able to open a gap at the primary Dirac point [75, 76, 77]. Quantitatively, however,

models of this adhesion-hopping interplay predict relatively small gaps, and rather

wide stacking boundaries. Either strongly enhanced adhesion energies, reduced lat-

tice mismatch or many body effects are then needed to achieve gaps above a few

meV [78]. The former can be directly controlled by modifying the interlayer sepa-

ration. Large enough enhancement should cause the graphene to snap into globally

commensurate phase with hBN (i.e. graphene stretching uniformly to compensate

for the lattice mismatch), and the resulting heterostructure is expected to become

a very high-mobility semiconductor with a sizeable (∼ 50− 100 meV) band gap.

4.1.1 Controlling Interlayer Separation

Despite the importance of the interlayer separation degree of freedom, little work

has been done to directly control it. Here we demonstrate a path towards this goal

by showing that pressure (due to mutual vdW interaction) applied by a scanning

tunneling microscopy (STM) tip to a nearly-aligned graphene/hBN heterostructure

can effectively control local commensuration and graphene strains. By atomically

resolved STM imaging, we are able to measure the local lattice strain as it responds

to tip pressure. As the tip presses into the sample, we find that the differences in

adhesion energies between C-B stacking and C-N or AA stackings become enhanced.

This expands graphene under the tip and increases commensuration with the sub-

strate. Similarly, due to the vdW attraction between graphene and the metal tip,
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Figure 4.1: Measurement of the tunneling current I versus tip retraction distance z
for graphene on hBN, starting with the tip in close proximity to the sample. The
blue curve is taken on graphene on SiO2 for reference, and exhibits the anticipated
exponential decay. The remaining curves, from gold to black, represent decreas-
ing sample bias (i.e. moving the tip closer to the surface). The decay is initially
parabolic, and the crossover point to exponential decay grows larger as the sample
bias is lowered.

the adhesion potential differences can be suppressed by retracting the tip, which lifts

graphene slightly away from the substrate, and releases the equilibrium adhesion-

induced strains.

To detect the out-of-plane movement of the graphene lattice, we monitor the

tunneling current I as a function of relative tip-sample separation z. The tunneling

current is expected to scale exponentially with z as I ∝ e
−z

√
8mφ

~2 , where m is the

electron mass and φ is the tunnel barrier height. This exponential approximation

holds well for graphene on SiO2, but fails for graphene on hBN (Fig. 4.1), inde-

pendent of relative rotation angle. In the latter case, I(z) becomes strongly bias

dependent, with the tunnel current decay growing slower as the initial tip distance
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is brought closer to the surface. Furthermore, the decay is initially quadratic rather

than exponential. This implies that the graphene/hBN stack is being compressed

by the vdW pressure exerted by the tip. As the tip is pushed closer to the sample,

the stack compresses more strongly, and therefore the tunnel current remains larger

upon retraction due to the simultaneous decompression of the stack.

In Fig. 4.2(a) we also track the tunneling current upon reapproaching the tip.

The solid black and red curves show the current upon tip retraction for graphene

on SiO2 and hBN, respectively. Again, we observed exponential decay for SiO2, and

an initial region of parabolic decay for hBN, indicative of the compression of the

graphene towards the hBN substrate. The dotted lines show the tunneling current

upon reapproach of the tip. The SiO2 curves are nearly identical, while the hBN

curves exhibit significant hysteresis, with the tunneling current offset to smaller

values of ∆z upon reapproach. In blue, a similar measurement is show, terminated

at smaller ∆z, such that the tunneling current never reaches zero. In this case, there

is no hysteresis between the retract and approach measurements.

Taken together, these results suggest that the tip is not only inducing a compres-

sion of the graphene into the hBN initially, but is also capable of lifting the graphene

off the hBN surface upon retraction. This results in a very slow decay of the tun-

neling current. Upon approach, the lifting off the surface is not as pronounced, so

the tunneling current remains smaller. If the tip is not retracted far enough (blue),

the graphene never loses contact with the tip, and so no hysteresis is observed. The

inset of Fig. 4.2(a) shows a similar measurement on hBN taken with a very small

initial tunneling current, such that the tip starts far from the graphene. In this

case, the decay is much closer to exponential, with virtually no hysteresis. Both are

anticipated from the experimental strain maps taken at similarly large tip-sample

separations, which show the graphene is only weakly attracted to the tip (thus lifted

only slightly off the surface of the hBN).

Finally, we take similar retraction measurements on misaligned graphene on
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Figure 4.2: (a) Measurements of the tunneling current I as a function of tip re-
traction and approach (solid and dashed lines, respectively). The black is acquired
on graphene on SiO2, and exhibits exponential behavior with virtually no hystere-
sis. The red is acquired on nearly-aligned graphene on hBN, and shows significant
hysteresis. The blue is a similar measurement with a small retraction, such that
the tunneling current stays finite, in which case no hysteresis is observed. (Inset)
Nearly-aligned graphene on hBN starting with a very small tunneling current, such
that the tip is far from the sample. The decay is nearly exponential and virtually
free of hysteresis. (b) Misaligned graphene on hBN, at progressively closer initial
tip-sample separations (black to red to blue). The decay is initially parabolic, then
crosses over to exponential, similar to the nearly-aligned samples.

hBN (Fig. 4.2(b)). In this case, we see very similar behavior to the nearly-aligned

samples, where the decay of the tunneling current is first parabolic before becoming

exponential, and the decay becomes slower as the initial tip-sample separation is

decreased (black to red to blue). This demonstrates that the ability to compress

or decompress the graphene relative to the hBN is a property of the two materials

independent of their relative rotation.

We make direct measurements of the spatial fluctuations of the graphene lattice

constant. To do so, we take atomically resolved topography maps of nearly-aligned

graphene on hBN (Fig. 4.3(a)). We then take small (4x4 nm) cuts, perform a Fourier
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transform (Fig. 4.3(b)), and measure the average length of the three resonances

due to the hexagonal graphene lattice. We can then create a map of the average

graphene lattice constant, normalized by the equilibrium length, as a function of

position (Fig. 4.3(c)). We then average over an area a few times larger than the

moiré unit cell (Fig. 4.3(d)) to get a spatial map of the strain in the graphene lattice.

We note that topographic fluctuations of around 50 pm matching the moiré po-

tential emerge as a natural consequence of our theoretical model of nearly-aligned

graphene on hBN (see Section 4.1.2 for details). We observe similar height fluctu-

ations in our STM measurements, and numerous other groups have also observed

these in AFM measurements as well [32, 79, 80]. While it is difficult to understand

the AFM results as an artifact, Eq. 4.1 shows that such fluctuations could be mis-

leading in STM measurements. For example, if the graphene were perfectly flat

on the hBN, but there is a large spatial fluctuation in the local density of states ρs

matching the moiré potential, the topography measurements would still exhibit spa-

tial height fluctuations. Indeed, previous work has shown that such fluctuations in

ρs exist [10], confusing the ability to unambiguously identify the topographic signal

observed in STM as a true height fluctuation.

In this work, however, we show topography maps taken at very high sample bias

which still exhibit significant height fluctuations matching the moiré. As the LDOS

is not expected to vary spatially at such large energies, and since the Fermi surface

is much larger at higher energies, the LDOS component should integrate out. This

provides strong evidence that these topography fluctuations are mostly due to real

height fluctuations in the sample. Combined with the numerous AFM measurements

suggesting the same, and the excellent match with theoretical predictions, we assume

for this work that the graphene assumes the topographic fluctuations measured by

the tip.

Figs. 4.4(a) - (c) show STM topography taken over the same area of the sample

for decreasing tip-sample distance. The hexagonal stacking boundaries in the moiré
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Figure 4.3: Method for generating strain maps. (a) Atomically-resolved topography
of nearly-aligned graphene on hBN. The scale bar is 10 nm. (b) Fourier transform
of a 4 x 4 µm region of (a), showing six resonances representing the hexagonal
graphene lattice. The scale bar is 10 nm−1. (c) Plot of the average length of the
three lattice directions, as measured in (b) for each point along the topographic
map. The points are normalized by the equilibrium graphene lattice constant a0.
(d) Spatially-averaged strain map, generated by averaging (c) over a few moiré unit
cells. The scale bars are 10 nm.
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pattern grow sharper as the tip distance is decreased. Below a certain distance, the

stacking boundaries become atomically and sub-atomically sharp, and a hysteresis

eventually develops in their positions between the forward and backward scan direc-

tions. Fig. 4.5 shows two such examples over the same region of a long wavelength

moiré pattern, where the sample voltage is lowered from Fig. 4.5(a) to (b).

If the sample were unperturbed by the tip, the appearance of the topography, and

in particular the apparent thickness of the stacking boundaries, should not depend

on tunnel parameters (except for a local density of states (LDOS) component which

can be eliminated, see below). It is thus clear from our measurements that as the tip

approaches the sample, it induces significant local strains that evolve dynamically

throughout a scan. Indeed, the response of the sample to the tip is so strong that,

within the limits of our local probe spectroscopy measurements, it is never possible

to measure the equilibrium configuration of the heterostructure, not even at large

tip distances. The apparently sharp boundaries in Fig. 4.4(c) in particular, also

observed in other works, are therefore not an equilibrium configuration.

The interaction strength between the STM tip and the graphene/hBN het-

erostructure can be tuned experimentally by varying the tunneling resistance. The

tunneling current can be expressed as

I ≈ 4πe

~
e−

2z
~
√

2mφρt

∫ 0

−eV
ρs(ε)dε, (4.1)

where z is the separation between the tip and sample, φ is the tunneling barrier

height (essentially the average work function of the tip and sample), ρs(t)(ε) is the

density of states of the sample (tip), m is the bare electron mass and e is the charge

of the electron. Topography measurements are performed using a feedback loop to

maintain a constant tunneling current I. Through a simple Ohm’s law relationship,

R = V/I, it is easy to see that lowering the tunneling resistance requires either

lowering the the bias voltage V or raising the tunneling current I. In the latter

case, Eq. 4.1 implies that this requires lowering the tip-sample separation z, thus
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Figure 4.4: Topography and strain maps in different interaction regimes. (a)-(c) are
unit cell averaged topography maps acquired over the same region of a nearly-aligned
sample, with the tip moving progressively closer to the sample. The appearance of
the moiré walls becomes sharper as the tip moves closer. (d)-(f) Experimental unit
cell averaged strain maps generated by the topographic maps of (a)-(c). In (d)
the graphene lattice is compressed in the moiré centers and expanded along the
boundaries. The opposite behavior is observed in (e). In (f), the graphene lattice
constant for the entire map is expanded, as the system is in a strongly interacting,
hysteretic regime. (g)-(i) Simulated strain maps, showing excellent agreement with
the experimental results. The scale bars are 10 nm.
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increasing the vdW interaction strength between the tip and sample.

Controlling the vdW interaction strength through the sample bias V is more

complicated however, as the local density of states of the sample depends on energy.

Therefore, in principle, large differences in the LDOS as a function of energy could

dominate Eq. 4.1, perhaps artificially changing the appearance of the topography.

We conclusively eliminate this effect by acquiring topography maps at a fixed sample

bias and varying tunneling resistance. Figs. 4.4(a) and (b) were acquired at the

same sample bias with varying tunneling current, to ensure that the change in the

appearance of the topography could be achieved without any LDOS variation.

a b
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0 1006020 8040

Δz (pm)
0 300200100

Figure 4.5: Topography in the hysteretic regime. The tip is very close to the sample
in (a), and moved even closer in (b). As the tip moves closer, the walls become
abrupt in appearance, exhibiting single-pixel snapping behavior. The hysteresis
grows larger as the tip moves closer. The scale bars are 10 nm.

The detailed effect of the tip pressure on the sample strain field may be obtained

from the atomically resolved topography signal by extracting the spatial modulation

of the graphene lattice constant. The strain fields for different appearances of the



102

topography (Figs. 4.4(a) - (c)) are shown in Figs. 4.4(d) - (f). Note that, as for the

topography, these are not equilibrium strain fields, but rather local strains under the

tip, wherein the strain field dynamically evolves during the scan in response to the

moving tip pressure. We identify three typical and qualitatively different patterns in

this dynamical strain: (i) boundaries appear thick, but are expanded relative to the

C-B regions (large tip separations, Fig. 4.4(d)). This is opposite to the equilibrium

expectation; (ii) boundaries appear thinner, and are compressed relative to C-B

regions, although their width remains finite and the maps are non-hysteretic (inter-

mediate tip separations, Fig. 4.4(e)); (iii) boundaries appear once more expanded

in relation to commensurate regions, and exhibit hysteretic behaviour (smallest tip

separations, Fig. 4.4(f)).

4.1.2 Elastic Theory for Graphene/hBN Moiré Superlattices

The interpretation of the dynamical strain maps is not direct, but with the aid

of theory it offers a unique view into the moiré response to pressure. Unstrained

graphene deposited on hBN creates a moiré pattern controlled by the interlayer

rotation angle θ and the lattice mismatch δ ≈ 1.8% between the crystals (graphene’s

lattice constant a0 ≈ 0.246 nm is smaller than hBN’s a′0 ≈ 0.250 nm).

The graphene lattice is generated by the primitive vectors ~a1,2, of modulus a0,

which we write in a matrix form as a = (~a1,~a2) (the ~a1,2 are the columns of a). The

center of the graphene unit cells are at ~r~n = a~n. Likewise the unit cells of hBN are

centred at ~r′~n = a′~n. The two Bravais bases are related by

a′ = Ra,

where the rotation and scaling transformation R is

R = (1 + δ)

 cos θ − sin θ

sin θ cos θ
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We assume that θ and δ are such that the two lattices are commensurate. This

implies that there exists a finite moiré superlattice, with primitive vectors A =

( ~A1, ~A2), such that

A = aN = a′N ′,

where N and N ′ are integer 2× 2 matrices. As an example, if θ = 0 and δ = 1/55,

we have N = 56× 1 and N ′ = 55× 1. The period LM = | ~Ai| reads,

LM =
1 + δ√

2 + (2 + δ)δ − 2(1 + δ) cos θ
a0 (4.2)

and is plotted in Fig. 4.6 as a function of θ.

The conjugate momenta of the two lattices are denoted by g = 2πa−1 and

g′ = 2πa′−1, while the momenta of the superlattice are

G = 2πA−1 = N−1g = N ′
−1
g′.

Note that matrices g, g′ and G have the corresponding conjugate momenta (~g1,2

etc.) as rows, not columns.

In general, we can always write N and N ′ in terms of R. To do this we assume

that in the unit cell there is a single moiré beating (it is a minimal cell). In this

case G = g − g′. This allows us to write

N = a−1(1−R−1)−1a (4.3)

N ′ = a−1(R− 1)−1a, (4.4)

which implies also

N ′−1N = a−1Ra = a−1a′ (4.5)

N −N ′ = 1

N ′N−1 = a−1R−1a = 1−N−1

(In all the expressions above, we may change a to a′ = Ra and they still hold.)
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Figure 4.6: The moiré period LM = | ~Ai| as a function of twist angle θ, for mismatch
δ = 1.8%.

We assume the hBN lattice is rigid, and creates an adhesion potential VS(~r),

with ~r = (x, y) defined on the plane occupied by the graphene layer. The adhesion

energy of a graphene unit cell centred at ~r will be given by VS(~r). Position ~r = 0

will correspond to Carbon-Boron Bernal stacking (CB), rotated by θ.

In this model we assume the adhesion potential can be approximated by its

six lowest harmonics (first star), namely ±~g′1,2,3, where we have defined the extra

momentum ~g′3 = −(~g′1 + ~g′2). We encode this first star by dimensionless vectors

~ν1 = (1, 0), ~ν2 = (0, 1), ~ν3 = (−1,−1), (4.6)

so that

VS(~r) = v0 + <

{
v1

3∑
i=1

ei~νig
′~r

}
(4.7)

for some real φ0 and complex φ. This specific form of the potential assumes that

VS(~r) has an extremum at the center and corners ~rα of the hexagonal hBN unit
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cell (i.e. for ~r = ~rAA [aligned lattices], ~r = ~rCB [Carbon-on-Boron] and ~r = ~rCN

[Carbon-on-Nitrogen] stackings). The potential at the three extrema Vα = VS(~rα)

are encoded into v0 and v1,

v0 = (VAA + VCN + VCB)/3

v1 = −VAA + VCN − 2VCB
9

− iVAA − VCN
3
√

3
(4.8)

The specific values of Vi are assumed, at this point, to be constants to be provided

as input for the model.

The unstrained graphene cells are centered at

~r~n = a~n,

with an integer vector ~n. Considering a lattice distortion field ~u(~r). The unit cells

will be displaced to ~R~n = ~r~n + ~u (~r~n) = a~n+ ~u~n. We will express the displacements

in the graphene basis a, as

~u~n = ~u(~r~n) = a′~v~n,

so that displaced positions read

~R~n = a~n+ a′~v~n.

The total adhesion energy in a supercell may be written as a sum over the set of

graphene ~n vectors (a total of detN ) that span the supercell

US =

supercell∑
~n

VS

(
~R~n

)
=

supercell∑
~n

(
v0 + < v1

3∑
i=1

e−i~νiGa~nei2π~νi~v~n

)

=

supercell∑
~n

(
v0 + < v1

3∑
i=1

e−i~νiG(~r~n−Aa′−1~u~n)

) (4.9)

Here we have used g′a = (g − G)a = 2π − Ga, (recall that G = g − g′). We

have also used g′a′ = 2π and the fact that exp(i2π~νi~n) = 1, since ~νi and ~n are

both integer vectors. The expression for US above can be recast into an integral
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form at small angles, when detN is large, since the terms become smooth in ~n.

Instead of
∑supercell

~n one may do an integral 1
detA

∫
supercell

d2r. This also allows one

to rediscretize the US sum with any mesh that covers the supercell, even one that

is much coarser than the atomic mesh, for example ~r~n = b~n, with b = A/m, with

m a small integer, e.g. m = 4 or 5. When rediscretizing, one should be careful to

normalize the sum by the Jacobian det b/ deta.

In practice this rediscretization works well because the deformation fields ~u(~r)

that result from this model are smooth on the moiré lengthscale LM , so one needs

only a few (m) points to within one LM to accurately describe the deformation.

The elastic energy UE per supercell of a graphene deformation ~u(~r) that is smooth

on the atomic spacing is given by continuum elasticity theory,

UE =
1

2

∫
A

d2r
[
2µTr(u2) + λ (Tru)2] , (4.10)

Here u = uij = 1
2
(∂iuj + ∂jui) is the strain, and λ ≈ 3.5 eV/Å2 and µ ≈ 7.8 eV/Å2

are the Lamé factors for graphene.

To evaluate the above, one needs to approximate the derivatives in u by finite

differences in the two dimensional mesh ~r~n = b~n. Since this mesh is triangular

in this case, the finite differences are best evaluated at the center of each triangle,

i.e. in the dual honeycomb lattice formed by all the triangle centers. When thus

evaluating the integral as a discrete sum of finite differences, care must be taken

once more to properly normalize to the total supercell area divided by the number

of dual mesh points (two) per mesh unit cell

UE =
det b

2

dual mesh∑
~n

1

2

[
2µTr(u2

~n) + λ (Tru~n)2] (4.11)

To model the effect of a metallic STM tip at a certain distance from the sample,

we have to momentarily leave the two-dimensional description above, and consider

the vertical distance z between the graphene lattice and the hBN substrate, in
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Figure 4.7: Fit (in blue) to microscopic results (Ref. [81]) for the adhesion energy
Vα(z) at different stackings α = AA,CN,CB.
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particular the effect of said distance on the adhesion potential. Microscopic simula-

tions [81] employing realistic carbon potentials have characterised the graphene/hBN

adhesion energy per graphene unit cell for different perfect stackings as a function

of z, i.e. Vα(z). The results are reproduced in Fig. 4.7. We find that these results

can be accurately fitted by the following model

Vα(z) = −5

6
Vα

[(
dα
z

)11

− 11

5

(
dα
z

)5
]
, (4.12)

where dα and Vα represent the equilibrium distance and adhesion potential, respec-

tively, for perfect stacking α = AA,CB,CN . The fit is shown in see Fig. 4.7, and

the resulting fitting values (in Å and meV per graphene unit cell) read

dAA[Å] VAA
[

meV
cell

]
dCB[Å] VCB

[
meV
cell

]
dCN [Å] VCN

[
meV
cell

]
3.67 −15.6 3.11 −32.2 3.55 −17.9

In the absence of external perturbations, the graphene/hBN moiré pattern ex-

hibits a spontaneous corrugation z(~r) = zeq(~r) with an amplitude of around

zcorr = dAA − dCB ≈ 56pm, (4.13)

as the equilibrium distance alternates between the three dα from point to point.

The effect of a large metallic tip can be modelled as a ~r-dependent constraint

on the equilibrium distance between graphene and the hBN substrate. This follows

from the experimental fact that the adhesion of graphene to the tip is stronger

than to the hBN substrate. Instead of the equilibrium corrugation z(~r) = zeq(~r),

the graphene region under the tip gets stuck to it, and graphene then becomes

constrained to the tip profile z(~r) = ztip(~r). For a tip apex at (x0, y0, z0) and a

curvature radius Rtip this can be modelled as the paraboloid

ztip(~r) = z0 +
(x− x0)2 + (y − y0)2

2Rtip

Typical tip radii are very large compared to the moiré lengthscale LM . 14 nm,

around Rtip ≈ 200 nm, which justifies the above model. Graphene does not conform
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to the tip at all positions, however, since it is constrained by boundary conditions

to remain stuck to hBN far from the tip. The tip constraint should therefore be

truncated to values of z below a maximum retraction value zmax, so that

z(~r) =

 ztip(~r) if ztip(~r) < zmax

zeq(~r) otherwise
(4.14)

The value of zmax can be estimated to be zmax ≈ 1− 3 Å from the hysteretic range

observed in approach/retraction experiments show in Fig. 4.2. The interaction range

of the tip, i.e. the distance Rmax from its apex below which the sample/substrate

adhesion is controlled by the tip, reads, for z0 < zmax,

Rmax =
√

2Rtip(zmax − z0) (4.15)

If z0 > zmax, the sample is not adhered to the tip, and Rmax = 0.

The influence of the tip on the sample strain throughout a scan can be incorpo-

rated rather economically into the adhesion potential by spatially modulating the

value of v0 v1,

US =
det b

deta

supercell∑
~n

(
v0(~r~n) + < v1(~r~n)

3∑
i=1

e−i~νiG(~r~n−Aa′−1~u~n)

)
(4.16)

where v0(~r), v1(~r) are defined as in Eq. 4.8, but with Vα(z(~r)) from Eqs. 4.12, 4.14

in place of constants Vα.

The total energy per supercell U = UE + US in the presence of a tip has been

expressed as a function of distortions ~u~n and rotation angle θ on a conveniently

coarse discretization of the moiré pattern. All parameters of the model are known

with reasonable precision, including the tip radius ~Rtip and the maximum retraction

distance zmax. It is then possible to minimize the total energy numerically to obtain

the equilibrium elastic configuration for each tip position as it scans the sample.

This is done using conjugate gradient methods. The result is a discretisation of the
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equilibrium deformation ~u(~r, ~r0, z0), and the associated strain tensor u(~r, ~r0, z0),

where ~r0 = (x0, y0) is the position tip on the plane.

When relaxing the lattice in response to a scanning tip, it is important to choose

as seed to the conjugate gradient method the relaxed configuration from the prior

tip position. This choice is irrelevant for larger values of z0, since there is no scan-

ning hysteresis. For smaller z0, however, the tip hysteretically drags the stacking

domains along, so the choice of seed is important, as opposite scanning directions

yield different configuration paths.

Due to the ~r0 dependence of u, the graphene expansion ∆a/a0 (normalized

change in the average lattice constant) as measured by the tip (what we dub here

‘dynamical strain’) is not simply the static expansion 1
2
Tru = 1

2
(∂xux + ∂yuy). It

also acquires a dynamical contribution. The dynamical strain reads

∆a

a0

=
1

2
(∂xux + ∂yuy + ∂x0ux + ∂y0uy)|~r=~r0 (4.17)

We have simulated this dynamical strain for a θ = 0◦ sample, scanned with an

STM tip of realistic radius Rtip = 200 nm, and a zmax = 1.5Å in the range observed

experimentally. The results for varying tip-sample scanning distances z0 are shown

in Fig. 4.8. Panel (a) shows the static expansion, as corresponds to a tip with

negligible interaction with the sample, z0 > zmax. It has smooth strain profiles in

the ∼ −0.2% to 0.3% range, with C-B regions expanded relative to the rest. The

dynamical strain as the tip scans at z0 < zmax shows three distinct regimes, which

we describe below.

The ‘attractive regime’, panels (b-e), corresponds to zcorr < z0 < zmax, see

Eq. 4.13. In this scanning range the tip locally lifts the sample away from the

substrate, irrespective of its position, which produces an effective attraction be-

tween the tip and the stacking boundaries. As a result, the boundaries are partially

dragged along by the tip as it scans, and therefore appear to be expanded (posi-

tive dynamical strain). The C-N regions, in contrast, exhibit negative dynamical
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Figure 4.8: Dynamical strain as measured by a tip scanning at different tip-sample
distances z0. The tip has a radius Rtip = 200 nm, and the maximum lift height
is zmax = 1.5Å. Panel (a) shows the equilibrium (static) strain without the tip
(z0 > zmax). Panels (b-e) show the attractive regime zcorr < z0 < zmax. Panel (f)
is at a crossover z0 ≈ zcorr. Panels (g,h) show the non-hysteretic repulsive regime
0 .< z0 < zcorr, and (i) shows the hysteretic repulstive regime z0 . 0.
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strain (they appear compressed). The latter is a consequence of a basic property

of the dynamical strain. Just like the static strain of an asymptotically relaxed

sample, the dynamical strain should integrate to zero across the sample, so that a

positive dynamical strain of stacking boundaries should be compensated by a nega-

tive dynamical strain elsewhere. (This is satisfied as long as the sample as a whole

doesn’t slide in response to the scanning tip, and that the dynamical strain is not

discontinuous, i.e it is non-hysteretic).

A crossover pattern is obtained at z0 ≈ zcorr, panel (f), before entering a ‘repulsive

regime’ for z0 < zcorr. In this scanning range, the tip pushes stacking boundaries

away as it moves. As the sample as a whole is assumed to not slide as a result of

scanning, the boundaries slide back under the tip when they are pushed far enough,

which makes them appear compressed beyond their equilibrium strain configuration.

The resulting dynamical strain is shown in panels (g-i). If z0 & 0 this pushing is

non-hysteretic (panels g,h), so that opposite scanning directions follow the same

path in the sample configuration space. The dynamical strain maps preserve all the

moiré symmetries. If z0 is decreased below zero, however, (the tip is pushing the

sample into the substrate), the area of commensurate C-B regions grow strongly,

their static strain approaches the maximum static value ∆a/a0 = δ (the dynamical

strain is not bounded), and the stacking boundaries are vigorously pushed away

from the tip. When boundaries are pushed far enough in this regime, they snap

back irreversibly under the tip [12], which gives a discontinuous dynamical strain.

This is therefore a ‘hysteretic repulsive regime’. The corresponding dynamical strain

map (panel i) depends on the scanning direction and breaks the C3 symmetry of the

moiré.

All these regimes are observed in our experiments, and closely match the sim-

ulations above, with one exception. Deep in the hysteretic repulsive regime, the

observed dynamical strain develops one further transition not observed in the simu-

lations, whereby the compressed stacking boundaries suddenly switch to a positive
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dynamical strain, above the maximum static value δ = 1.8%. This can be un-

derstood as the result of reversible sample delamination in front of the tip. The

compression accumulated in a pushed boundary can exceed a value where the sam-

ple become unstable to buckling out of plane in front of the tip. This structural

transition greatly relaxes the accumulated compression, which makes the stacking

boundary recede further away from the tip, and thus appear to develop a local ex-

pansion. The possibility of delamination is not included in our simulations, however,

so we can only argue about it on a qualitative level.

4.1.3 Experimental Strain Maps

We find that the observed phenomenology is consistent with intrinsic adhesion po-

tential differences of εAA−εCB = 16 meV per graphene unit cell, similar to the values

from ab initio calculations. Importantly, it is not consistent with an adhesion po-

tential difference of zero (nor an infinitely stiff graphene lattice). The resulting

simulated dynamical strain across a stacking boundary is presented in Figs. 4.4(g)-

(i), and exhibits the three observed regimes as the tip-sample distance z is varied.

A second conclusion of the simulation is that the strain of the sample at equilibrium

(without a tip) is rather weak, and varies almost sinusoidally between ±0.3%, see

Figs. 4.4(g)-(i). This is in stark contrast to the dynamical strain maps, which may

appear much sharper and in excess of ±1%. The spatial patterns (i), (ii) and (iii)

arise naturally when the effective interaction between the tip and the equilibrium

stacking boundary changes with z from attractive (i), repulsive (ii) and strongly

repulsive (iii). In the latter, the tip is able to push the graphene a certain distance

away from its equilibrium position before the accumulated strain forces it to snap

back. This leads to hysteresis of the dynamical strain on the scan direction, and

discontinuous jumps.

These measurements have also been repeated over a variety of different moiré

wavelengths. Fig. 4.9 shows similar topography and strain maps for a moiré wave-
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length of 8 nm. We observe similar results, with a switch between the attractive and

repulsive regimes achieved through controlling the separation between the STM tip

and graphene. This general behavior has been observed for every nearly-aligned area

of the samples measured, with moiré periods varying from about 6 nm to as long as

15 nm (essentially perfect alignment). This observation is in stark contrast to the

results of Ref. [80], in which Woods et al. analysed the morphology, as measured

with an AFM tip, of graphene/hBN heterostructures as a function of relative twist

angle θ between the two crystals. The main observation was a change in the charac-

teristic width (FWHM) of boundaries between Carbon-Boron stacking domains. At

angles above 1◦, said width appeared to be equal to half a moiré period LM(θ)/2,

with LM given in Eq. 4.2. This is the defining feature of a floating phase, where

substrate-induced deformations of graphene are negligible. Below θ ≈ 1◦, however,

the observed width seemed to abruptly transition to a small fraction of LM , around

FWHM = 0.2LM , as would correspond to strong deformations of graphene due to

the substrate. This abrupt jump was attributed to a incommensurate to commen-

surate structural transition, in the language of the Frenkel-Kontorova model [80].

Our own observation of the apparent strain, topography and differential conduc-

tance dI/dV of small-angle samples, as measured by an STM tip at high current

bias, closely resembles the Manchester observations for their θ < 1◦ samples. Sharp

boundaries between C-B regions are observed. Our interpretation is very different

from the one proposed by Woods et al.. Indeed, as the current bias is reduced for the

same samples and the STM tip moves away from the sample, the strain, topography

and dI/dV completely changes, adopting a smooth profile. This clearly indicates

that, at least in our samples, the Manchester interpretation of sharp sample bound-

aries produced by a structural transition of the sample is not valid. The change in

apparent strain maps with current bias demonstrates that our tip is strongly inva-

sive, and is itself the cause of the observed strain profiles of the sample. This is

supported by our theoretical modeling, moreover, which suggests that that the sam-
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Figure 4.9: Topography and strain maps for an 8 nm moiré pattern. (a)-(b) shows
topography for progressively lowered tip separation. As in the nearly-aligned case,
the walls become sharper. (c)-(d) show the strain maps, exhibiting a similar switch
between the attractive and repulsive regimes. The scale bars are 5 nm.
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ple, when not affected by the tip, should not experience a detectable commensurate-

incommensurate transition as a function of angle, and is instead almost perfectly

smooth (FWHM ≈ 0.5LM , floating phase) for angles down to θ = 0◦.

To assess whether the apparent transition observed by the Manchester group

could be explained by the influence of the scanning tip as in our experiment, we have

simulated, using the theory of Sect. 4.1.2, the FWHM of stacking boundaries as a

function of angle θ = 0◦ . . . 3◦, as measured by a metallic tip. The tip is assumed to

scan at z = 0.1Å from the sample at all angles, so that at θ = 0◦ it is in the strongly

invasive, although non-hysteretic regime, with narrow boundaries and a FWHM

around 0.1LM . A sharp increase of the FWHM of stacking boundaries is indeed

observed as the twist angle is increased above a certain threshold around 1◦−2◦. The

change in FWHM across the angle threshold is quite fast, but it is not discontinuous.

The precise value of the threshold depends on geometric tip parameters Rtip and

zmax, and corresponds to a moiré period approximately equal to the interaction

range of the tip Eq. 4.15, Rmax ∼ LM(θ). Adjusting tip parameters to tune this

condition to θ ≈ 1◦ as in the Manchester experiment, we obtain results compatible

with their observations, see Fig. 4.10. This simulation suggests that sharp stacking

boundaries at small angles are a tip-induced artifact, not an equilibrium property

of the system, and could also be relevant for the Manchester experiment.

Recent transport experiments by multiple groups [33, 80, 82, 83] have also demon-

strated electronic band gaps in nearly-aligned graphene on hBN heterostructures.

Gap sizes as large as about 50 meV have been observed for devices in perfect align-

ment, and the gap size decreases as the misalignment is increased, a phenomenon

not yet fully understood [33, 83]. The origin of the gaps themselves is still under

debate, with proposals suggesting the gap either arises from sublattice symmetry

breaking in the graphene [84, 85], through many-body interactions [78], or through

a combination of the two.

It is natural, then, to expect to observe these band gaps in STS measurements



117

� � �� �� ��
���

���

���

���

���

���

���

���������������

�� [��]

��
�
�
/�
�

θ[�]

Figure 4.10: In blue, full-width at half-maximum (FWHM) of apparent strain,
Eq. 4.17, across the center of a stacking boundary, as a function of twist angle
θ. In red, FWHM reported in Ref. [80], reproduced here with permission.
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of nearly-aligned devices, though to this point no such gaps have been reported [86].

In this study, we are also unable to unambiguously identify large band gaps in

our dI/dV spectroscopy measurements. To test for such gaps, we take dI/dV as a

function of back gate voltage, shown in Fig. 4.11. We may first look for signatures

of a band gap in individual dI/dV curves, as shown in the inset of Fig. 4.11, taken

at charge neutrality. However, the dI/dV shows a characteristic V -shape of an

ungapped Dirac cone, rather than a gapped Dirac cone, in which the dI/dV should

go to zero and exhibit a flat area in energy roughly equal to the magnitude of the

gap. This limits the maximum size of the band gap to roughly the magnitude of

our ac excitation bias, around 10 meV.

We may also examine the movement of the Dirac point in sample voltage (or

energy) as a function of back gate voltage (or carrier density). In an ungapped Dirac

cone, the movement of the Dirac point is expected to disperse as the square root

of gate voltage [51]. In a gapped cone, there should either be a jump discontinuity

in the position of the Dirac point, or a region of linear movement surrounding the

Fermi energy (zero sample voltage), depending on the movement of the Fermi energy

through the gap. However, we are never able to unambiguously identify a such a

departure form the basic square root of gate voltage dispersion in any of our gate

maps.

As a result, we have no evidence of band gaps anywhere near the size observed

in global transport measurements. However, this is not totally unexpected. As

we have shown, these devices never exhibit globally commensurate states, where

a band gap of order 50 meV is expected simply from the potential difference of

the two graphene sublattices [84, 85]. This instead suggests that while some small

component of the band gap may emerge from weak sublattice symmetry breaking

due to the small equilibrium graphene strain fields, it is likely enhanced significantly

through many-body interactions. Unfortunately, our large metal tip, sitting around

1 nm or less away from the sample surface, likely screens out these many-body
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Figure 4.11: Gate map on nearly-aligned graphene on hBN, taken at a very small
tip separation. No clear band gap is observed, as evidenced by the square root
movement of the Dirac point with gate voltage, as well as the finite dI/dV (inset).
The superlattice Dirac point signatures are clearly observed in both the valence and
conduction bands.
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interactions, leaving a smaller band gap which we are not able to clearly resolve.

To attempt to circumvent this issue, we have taken gate maps in both extremes

of the tip position. By acquiring the gate map with the tip very far away from the

surface, we can attempt to minimize this screening. Alternatively, by moving the

tip very close to the surface, we can attempt to increase the area of commensurate

graphene on hBN (via the mechanism central to this work), and if enough area

becomes commensurate the replica Dirac points may disappear, and a large band

gap may emerge without the need for significant many-body enhancement. However,

in no case are we able to observe a band gap. Fig. 4.11 shows the result for a

very close tip, and we still observe the replica Dirac points (suggesting the system

is not in an effectively globally commensurate state underneath the tip), with no

unambiguous band gap. The gate maps at very large tip separations look similar.

While our measurements are unable to directly address the nature of these band

gaps, the lack of their observation points to a significant many-body contribution

to their magnitude.

We have demonstrated the use of scanning tunneling microscopy to simultane-

ously probe and control the atomic structure of graphene/hBN heterostructures.

We find that the tip pushes the two crystals together, to the point that it invariably

expands or contracts the graphene lattice locally as it scans, thereby strongly en-

hancing or suppressing lattice commensurability under the tip. This suggests future

experiments where pressure is applied globally to controllably change the structural

and electronic properties of the graphene/hBN heterostructure. Our results suggest

that under a large enough pressure, a globally commensurate state can be antici-

pated, with no moiré pattern and a large band gap due to globally broken sublattice

symmetry in the graphene.
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4.2 Stacking-Dependent Electronic Properties of Trilayer Graphene

Graphene has great potential to be used in novel electronics applications [8] due to its

extraordinarily rich physical properties [5, 27, 59, 87]. Many of these applications re-

quire inducing a sizeable band gap without sacrificing its high intrinsic carrier mobil-

ity [88]. While this has thus far not been achieved in single layer graphene, multilayer

graphene has the possibility of an electric field tunable band gap. Trilayer graphene

exhibits two natural stacking orders, Bernal and rhombohedral. The more commonly

found Bernal-stacked trilayer graphene is not expected to exhibit a significant field

tunable band gap due to its mirror symmetry [20, 89, 90, 91, 92, 93, 94, 95, 96],

and experimental evidence thus far has supported this [97, 98, 99]. Its zero-field low

energy band structure behaves roughly like a decoupled stack of Bernal-stacked bi-

layer graphene and single layer graphene [20, 89, 90, 91, 92, 93, 94, 95, 96]. However,

rhombohedrally-stacked trilayer graphene behaves differently in an electric field ow-

ing to its lack of mirror symmetry. In this case, the low energy bands mimic a single

sheet of Bernal-stacked bilayer graphene, and as such, a large field tunable band

gap is expected in ABC trilayer graphene [20, 93, 94, 95, 96, 100, 101]. Prior work

has explored the zero-field band structure of this material via electrical transport

measurements and found a small band gap attributed to many-body effects [102].

The magnitude of the band gap in a tunable electric field has also been studied

optically [103]. Recent transport measurements have explored the global behavior

of both stacking orders in an electric field [104]. However, direct spectroscopic con-

firmation of the electronic properties of ABC trilayer with independent control of

the Fermi energy and electric field has thus far been lacking.

4.2.1 Characterization of Stacking Configuration

Figure 4.12(a) shows a schematic diagram of the measurement set-up used for imag-

ing and spectroscopy of the trilayer graphene flakes. The layer number and stacking
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order of each flake was characterized using confocal Raman spectroscopy mapping

prior to electrode deposition. Representative Raman signals, taken with a 532 nm

wavelength laser, are shown in Fig. 4.12(c) for both stacking orders. ABA stacked

trilayers show a nearly symmetric 2D peak while ABC stacked trilayers show a wider

and asymmetric peak [102, 103, 105, 106, 107]. Only flakes exhibiting homogenous

stacking order were used to ensure that local STM measurements were made on a

known stacking order. The insets to Fig. 4.12(c) show spatial maps of the FWHM

of the 2D peaks for an ABA- and ABC-stacked sample, indicating that the flakes

have a uniform stacking order. Topographically, we measure a triangular lattice in

both types of trilayer graphene samples, as illustrated for ABC trilayer graphene

in Fig. 4.12(d), which is consistent with the expected topography for a multilayer

graphene sample.

We achieve dual control of the Fermi energy and perpendicular electric field by

tuning the voltage on the silicon back gate and STM tip. The total electric field

arises from four different contributions: (1) the voltage applied to the back gate,

(2) the voltage applied to the tip, (3) the fixed intrinsic charged impurities in the

SiO2, and (4) the work function difference between the graphene and the tungsten

tip. A finite electric field opens a band gap for the ABC-stacked trilayer graphene,

as shown schematically in Fig. 4.12(b), while the ABA-stacked trilayer remains

metallic. Figs. 4.13(a) and (b) show dI/dV spectroscopy, which is proportional

to the local density of states (LDOS), as a function of sample voltage and gate

voltage for the ABA- and ABC-stacked trilayers respectively. Each curve is the

average of 64 measurements over a 16 nm by 16 nm region of the sample. For both

stacking orders, features move more positive in sample voltage as the gate voltage

becomes more negative, due to the shifting of the Fermi energy. However, the gate

voltage also applies a larger perpendicular electric field as it becomes more negative.

For the ABA-stacked trilayer graphene in Fig. 4.13(a), we see two peaks separated

by roughly 30 meV (as well as a zero-bias anomaly dip which remains pinned to
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Figure 4.12: Graphene device schematic, Raman spectroscopy and sample togogra-
phy. (a) Schematic of the measurement setup showing the STM tip and an optical
microscope image of one of the measured samples. Scale bar is 20 µm. (b) Band
structure for ABA and ABC trilayer graphene with no electric field and a moderately
sized electric field. To first order, the low energy bands of ABA trilayer graphene
are the superposition of the single-layer (roughly linear) and Bernal-stacked bilayer
(roughly quadratic) graphene band structures, while the low energy bands of ABC
trilayer graphene are roughly cubic. (c) Raman spectroscopy of both stacking orders
of trilayer graphene. Left upper inset: Map of the FWHM of the 2D peak for an
ABA-stacked flake. Right upper inset: Map of the FWHM of the 2D peak for an
ABC-stacked flake. (d) STM topography image of ABC trilayer graphene showing
the triangular lattice. Scale bar is 2 nm. Imaging parameters were sample voltage
-200 mV and tunneling current 100 pA.
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zero energy). These peaks, marked by black and white arrows, move in parallel

with changing gate voltage, which suggests they are relatively insensitive to the

magnitude of the electric field at the densities we probe.

We calculate the band structure of ABA-stacked trilayer graphene following the

Hamiltonian of Eq. 1.20 and find relatively good agreement for the evolution of our

features with electric field. We account for the charge density on each layer given by

ni induced via top (nt) and back (nb) gating leading to potential differences between

the layers, with ∆1,2(n) = −α|(n2 +n3−nb)| and ∆2,3(n) = −α|(n3−nb)|. We take

α = e2c0/ε0κ with c0 = 3.35 Å the interlayer distance and κ = 2.3 the dielectric

screening constant corresponding to graphene layers on SiO2. We take γ0 = 3.12

eV, γ1 = 0.377 eV, γ2 = -0.0206 eV, γ3 = 0.29 eV, γ4 = 0.12 eV, γ5 = 0.025 eV, and

∆ = -0.009 eV [108]. We model our silicon back gate as a parallel plate capacitor

capable of inducing a density nb = αg(Vg − V0), where αg = 7.19 x 1010cm−2 V−1

is determined by the gate capacitance with 300 nm of SiO2, Vg is the applied gate

voltage and V0 is the shift of the charge neutrality point (CNP) due to intrinsic

doping. Similarly, we model our tip as a parallel plate capacitor with an effective

distance of 1 nm. We also add a constant density offset to the tip to account for the

work function difference between the tip and trilayer graphene. For ABA graphene

and a tungsten tip, we estimate this to be equivalent to -10 V on the back gate, as

this was the approximate difference between the global and local CNP. Combining

these effects, we estimate our tip induced density as a function of back gate induced

density as nt = −0.07nb−αgVoffset, where Voffset is the effective back gate voltage due

to the work function mismatch. We use this, as well as the self-consistent screening

calculations from Ref. [92], to define the layer densities as n2 = 0.3(nb + nt) and

n3 = 0.58nb + 0.1nt.

Fig. 4.14(a) shows a numerical calculation of the density of states as a function

of charge density, where darker colors represent lower density of states. A linear

shifting of the Fermi energy caused by the induced charge from the back gate is
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not included in this calculation. There is always a non-zero density of states, and

thus we expect ABA trilayer graphene to remain metallic. Our calculation shows

that while the single layer-like (roughly linear) bands move farther from the Fermi

energy with increasing field, the bilayer-like (roughly quadratic) bands stay roughly

evenly spaced (by about 25 meV) and exhibit fairly flat band edges which result in

our measured peaks.

4.2.2 Field-Tunable Band Gap in ABC Trilayer Graphene

For the remainder of this study, we focus on the spectroscopic results for the ABC-

stacked trilayer graphene, where we open a field tunable band gap. For the ABC-

stacked trilayer graphene in Fig. 4.13(b), we see a dip in the LDOS which grows in

width as the gate tunes the center of the dip away from the Fermi energy (which

occurs around Vg = +25 V). We attribute this dip to an electric field induced band

gap (gap edges marked by black tick marks). We also see a peak just above the

conduction band edge which does not appear on the valence band side (marked

with black arrows). This peak is a signature of the van Hove singularity at the

band edge, and grows in strength as the field becomes larger and the band becomes

flatter. This electron-hole asymmetry is present in all samples measured, but cannot

be explained by the low energy Hamiltonian [100].

To extract band gap sizes, we fit the band gap using a piecewise defined function

given by

f(x) =


A(x− valence) +B for x ≤ valence

B for valence < x < conduction

C(x− conduction) +B for x ≥ conduction

(4.18)

where A, B, C, valence, and conduction are fit parameters. The gap size is the

energy separation between the valence and conduction parameters. We also add

the constraint that B must be equal to the minimum value of dI/dV (i.e. the gap
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Figure 4.13: Density of states of ABA and ABC trilayer graphene at varying gate
voltage. (a) Experimental dI/dV curves for ABA trilayer graphene taken in regular
intervals of back gate voltage between +45 V and -45 V in steps of -4.74 V. Black
arrows indicate the location of the bilayer-like conduction band edge. White arrows
indicate the location of the bilayer-like valence band edge. (b) Experimental dI/dV
curves for ABC trilayer graphene for back gate voltages ranging from +45 V and
-45 V in steps of -4.74 V. Black arrows indicate the location of the conduction band
van Hove singularity. Black tick marks represent the band gap edges. All curves are
the average of 64 measurements taken over a 16 nm by 16 nm range. All curves are
offset for visual clarity.
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Figure 4.14: Density of states simulations for ABA and ABC trilayer graphene. (a)
Calculated density of states for ABA trilayer graphene. (b) Calculated density of
states for ABC trilayer graphene. Darker color represents lower density of states.
Both calculations include a work function offset due to the tungsten STM tip.

minimum). Finally, we only fit this function over a small range around the gap to

avoid influences from the different slopes in dI/dV around the van Hove singularity

in the conduction band side. The red curve in Fig. 4.15(a) shows an example of

a dI/dV curve at Vg = +45 V averaged over a 50 nm by 50 nm region. The blue

curve is the best fit of the dI/dV curve using our gap fit function. Fig. 4.15(b) shows

similar results for Vg = -45 V. The gray circles in Fig. 4.16 show fits of the band gap

from the curves of Fig. 4.13(b). We measure an electric field induced gap as large

as 70 meV at large negative back gate voltages and as small as 10 meV near the

charge neutrality point (CNP). The back gate serves to both tune the Fermi energy

and apply an electric field, so the observed behavior is to be expected given that

when the gate tunes the Fermi energy to the CNP, it also tunes the total electric

field near its minimum. Due to intrinsic sample doping, our minimum gap occurs at

about +25 V on the back gate, but we can still see evidence of the gap growing on

both sides of the CNP. The inset of Fig. 4.16 plots the energy of the conduction and

valence band edges as a function of back gate voltage. From this, as well as from
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Figure 4.15: Example best fit gap determination curves at different back gate volt-
ages. (a) The red curve is the average of 625 spectroscopy curves over a 50 nm by
50 nm region at Vg = +45 V. The blue curve is the best fit using our gap function
and is only plotted over the fitted region of data. (b) Same as (a), but for Vg = -45
V.

Fig. 4.13(b), we see that the majority of the gap opening is due to movement of

the conduction band edge. The valence band edge appears roughly pinned to zero

sample voltage for back gate voltages far away from the CNP. Both band edges move

roughly in parallel when the back gate is tuned close to the CNP, as the gap is small

there and the Fermi energy is no longer pinned near one band. If we were able to

tune our device to higher electron densities, we would expect to see the conduction

band edge pinned near the Fermi energy.

We repeat this analysis for eight other nearby spots on the sample. Their re-

spective gap sizes are shown by the colored squares in Fig. 4.16. At a given gate

voltage, we see a substantial spatial variation in the size of the gap, on the order of

about 20 meV. When viewed against gate voltage, this variation is due to both the

local shift in charge carrier density and electric field strength due to the underlying

charge impurities.
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4.2.3 Charge Disorder

To quantify the effect of the trapped charge impurities on the local gap size, we

record the LDOS with high spatial resolution. For each spectroscopy curve, we

determine the energy of a known feature of the band structure (we chose the van

Hove singularity because it is very sharp and easy to fit, though we could equivalently

chose the band gap center since these two features move roughly in parallel with

changing charge density). Fig. 4.17(a) shows the energy of the van Hove singularity

for each spectroscopy curve in a 40 nm by 40 nm region of the sample with the

Fermi energy tuned near the CNP. Similar to the case of single [57, 109, 110] and

bilayer graphene [111, 112], we notice puddles of charge on the sample which have no

significant correlation with topographic features. We measure a roughly Gaussian

distribution with FWHM of 10.7± 0.8 meV. Similar measurements on different spots

on the same sample, and from different samples, give comparable charge variations.

We do not find significant changes in the charge variation as a function of back gate

voltage, which is to be expected given that the low energy bands do not change

in curvature much with changing energy and electric field. By auto-correlating the

charge puddle map, we are able to estimate a puddle size of 8 ± 0.2 nm for this

sample spot.

The presence of the puddles modifies the local charge density and hence the

electric field at a given location. For each of the locations in Fig. 4.16, we have

found the local charge density due to the puddles. Using this local charge density

along with the charge density induced from the back gate, we are able to re-plot the

band gaps from Fig. 4.16 as a function of charge density instead of gate voltage. The

results are shown in Fig. 4.17(b). This accounts for the charge fluctuations, and as

a result the gap sizes from different spatial locations have much less variation. The

solid black line represents the theoretically expected band gap size as a function

of charge density, calculated using Eq. 1.21. We use the self-consistent screening

calculations from Ref. [100] to define the layer densities as n2 = 0.2(nb + nt) and
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dle map for ABC trilayer graphene taken at Vg = +30 V. The color scale represents
the sample voltage of the van Hove singularity of the conduction band. The scale
bar is 10 nm. (b) Experimental gap size for ABC trilayer graphene as a function of
charge density. All color conventions are identical to Fig. 4.16. The black curve is
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n3 = 0.6nb + 0.2nt. Fig. 4.14(b) shows the same density of states calculation as

in Fig. 4.14(a), but for ABC-stacked trilayer graphene. Again, the linear shifting

of the Fermi energy due to the back gate is not included in the calculation. The

dark region roughly surrounding 0 meV in sample voltage has exactly zero density

of states and represents the band gap. We extract the theoretical magnitude of the

indirect band gap as a function of charge density from this calculation. We also add

a constant charge density offset due to the work function mismatch between the

tip and the trilayer graphene, which we estimate to be equivalent to -25 V on the

back gate. When we account for this work function mismatch, we find theoretically

that we are unable to close the band gap for any back gate voltage. Furthermore,

the minimum theoretical gap is larger than the expected zero-field gap of roughly

6 meV [102] opened due to electron-electron interactions, therefore we safely ignore

contributions to the band gap due to many-body effects. We see very good agreement

in both the slope and magnitude of our band gap at high carrier density, whereas

at low density we tend to measure slightly larger than predicted gaps. Low density

gaps are likely larger than expected due to the residual charge fluctuations within

each measurement region.

4.3 Controlling Solitons in Trilayer Graphene

Applying a perpendicular electric field to trilayer graphene breaks the sublattice

symmetry differently depending on the stacking configuration, and thus is capa-

ble of re-ordering the energy hierarchy of the stacking configurations [20, 89, 90,

91, 92, 93, 94, 95, 96, 100, 101]. As a consequence, multilayer graphene exhibits

the rare behavior of crystal structure modification, and hence modification of elec-

tronic properties, via the application of an external electric field. To examine this

effect, we perform scanning tunneling topography (STM) and scanning tunneling

spectroscopy (STS) measurements of trilayer graphene on hexagonal boron nitride

(hBN). Fig. 4.18(a) shows a schematic of our experimental setup with the STM tip
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and the electrical connections indicated. Fig. 4.18(b) shows Raman spectroscopy

mapping of the graphene on hBN flake measured in this study. A central region

of trilayer graphene is surrounded by a bilayer region below and a tetralayer region

above. The left side of the trilayer region is ABA-stacked and the right side is

ABC-stacked. These regions are identified by a change in the width of the Raman

2D peak [105, 107]. A smooth transition of the stacking order can be achieved via a

domain wall with a localized region of strain (a strain soliton), where one layer shifts

by the carbon-carbon spacing, a0 = 1.42 Å [113, 114, 115, 116, 117, 118, 119]. The

interface lies above a flat region of hBN, is atomically smooth in STM topography

measurements, and does not display a sizable moiré pattern [10]; therefore it is a

good candidate for the study of the intrinsic physics of the domain wall. The ends

of the domain wall are bounded by the bilayer and tetralayer regions.

4.3.1 Spectroscopic Characterization of Solitons

An STM tip is used to scan across the domain wall separating the ABA- and

ABC-stacked trilayer graphene regions. Figs. 4.18(c) and (d) show normalized

(dI/dV)/(I/V) spectroscopy as a function of gate voltage for the ABA and ABC

stacking orders respectively, taken far from the domain wall. The results are similar

to those seen in trilayer graphene on SiO2 [13]. The spectroscopy for the two stacking

orders is easily distinguishable for all gate voltages, even within a few nanometers

of the domain wall separating the two stacking orders. This permits very accurate

determination of the domain wall location using spectroscopy measurements.

To investigate the connection between the position of the domain wall and the

electronic properties of trilayer graphene, we perform dI/dV spectroscopy as a func-

tion of tip position scanning from the ABA to ABC region. Figs. 4.19(a) and (b)

show two examples of these measurements (normalized by I/V), taken at different

locations on the soliton and at large negative gate voltages (where there is a large

gap in the ABC trilayer region). Fig. 4.19(a) is taken within a few hundred nanome-
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Figure 4.18: Experimental setup and trilayer graphene spectroscopy. (a) Schematic
of the measurement setup showing the STM tip and an optical microscope image of
the measured sample. The dotted white box denotes the region shown in (b). (b)
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respectively. A band gap opens at large gate voltages in the ABC region. For both
measurements the current was stabilized at 100 pA at 0.2 V.
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ters of the bilayer edge. In this case, the spectroscopy smoothly evolves from ABA

to ABC over a spatial extent of about ∼20 nm. Fig. 4.19(b) is taken closer to the

center of the trilayer region. In this case, the spectroscopy abruptly changes from

ABA to ABC. In this region of the sample, even maps with atomic resolution show

an abrupt transition from ABA to ABC. As we argue below, this peculiar behavior

is due to the STM tip dragging the domain wall for a finite distance along the sam-

ple before it snaps back to its equilibrium position. For the case of Fig. 4.19(a), the

STM tip is very close to the pinned boundary (the bilayer edge) and therefore the

energy cost of moving the domain wall is too large to overcome.

To understand the behavior of the domain wall we take a line cut of the spec-

troscopy across the boundary at a fixed sample voltage of -150 mV. Figures 4.19(c)

and (d) show the results for the smooth and abrupt transitions, respectively. In

both cases, the transition from ABA to ABC stacking can be clearly observed at

all sample voltages (and similarly occurs for a variety of tunnel parameters tested).

Figure 4.20(a) shows similar line cuts of dI/dV spectroscopy as a function of gate

voltage (and therefore electric field) for the pinned domain wall. The red (yellow)

region corresponds to ABA (ABC) stacking. We find there is little to no movement

of the domain wall in the pinned region as the electric field changes. However,

similar measurements near the center of the trilayer region, where the abrupt tran-

sition is observed, show markedly different behavior as a function of gate voltage.

Fig. 4.20(b) shows the comparable measurement to Fig. 4.20(a) in the unpinned

region. Here, we find that the position of the domain wall remains nearly stable at

small gate voltages, but can change by more than 100 nm with the application of

large gate voltages. As the gate voltage (and electric field) becomes larger, more of

the sample becomes ABC stacked.
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Figure 4.19: Spatially resolved spectroscopy across a domain wall separating ABA
and ABC stacking. (a) Normalized (dI/dV)/(I/V) spectroscopy as a function of
tip position and sample voltage for a pinned domain wall. The tip is moving from
left to right and the domain wall appears with a width of ∼20 nm. (b) Normalized
(dI/dV)/(I/V) spectroscopy as a function of tip position and sample voltage for a
free domain wall. The tip is moving from left to right and the spectroscopy abruptly
changes from ABA to ABC. For both measurements the current was stabilized at
100 pA at 0.2 V. The data was acquired with a large negative voltage on the back
gate. (c) and (d) Line cuts of (a) and (b), respectively, at a fixed sample voltage
of -150 mV (indicated by black dotted lines in (a) and (b)). The transition for the
free domain wall occurs over a single pixel.
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Figure 4.20: Position of the domain wall as a function of gate voltage. (a) dI/dV
spectroscopy as a function of tip position and gate voltage for a pinned soliton. The
data is acquired at a fixed sample voltage of -190 mV. The position of the soliton
does not change with gate voltage. (b) dI/dV spectroscopy as a function of tip
position and gate voltage for a free soliton. The data is acquired at a fixed sample
voltage of -70 mV. The tip is moving from left (ABA) to right (ABC). Each line
in gate voltage is normalized to the starting dI/dV value in the ABA region for
clarity. The position of the domain wall is defined by the abrupt jump in the dI/dV
trace as a function of the gate voltage. These specific sample voltages are chosen to
best highlight the soliton position for all gate voltages probed; the soliton position
is independent of sample voltage.
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4.3.2 Theoretical Description of Solitons Measured with an STM Tip

The movement of the ABA/ABC interface can be understood from the energetics of

the domain wall. In the absence of an external STM tip, the domain wall position

is determined by pinning, elastic energy and stacking energy, which we will derive

below. To begin, we derive, from elasticity theory, the spatial profile, characteristic

width and energy density of a relaxed stacking soliton in a graphene bilayer. This

description also applies to an ABC/ABA trilayer soliton, assuming that the bottom

layer is not strained.

A stacking soliton in a graphene bilayer is a domain wall between an AB- and

a BA-stacked region, here taken as x → −∞ and x → ∞ respectively. A soli-

ton is defined by a interlayer (2D) vector displacement field u(r), with boundary

conditions

u(x→ −∞) = 0 (4.19)

u(x→∞) = −an (4.20)

corresponding to AB and BA stacking asymptotics. Here, n = 1, 2, 3 denotes the

“flavour” of the soliton, and a1,2,3 are the three bond vectors in the uppermost layer,

which is the one we will be deforming (we leave the bottom layer fixed for simplicity,

without lack of generality). (Note that displacing the top layer of an AB bilayer by

a vector −an transforms it into a BA)

Our aim here is to compute the field u(r) that minimizes the total energy F =

Fu + FS, which is the sum of the elastic energy of the deformed top layer,

Fu =
1

2

∫
d2r

λ(∑
i

uii

)2

+ 2µ
∑
ij

uijuji

 , (4.21)

uij =
1

2
(∂iuj + ∂jui) , (4.22)

plus the stacking energy

FS =

∫
d2rV (u(r)) . (4.23)
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This stacking energy FS is derived from the energy cost of different uniform stackings

per unit area, V (u). A uniform AB and BA have minimum stacking energy [V (0) =

V (−an) = 0]. Any other stacking has more energy. By incorporating FS into the

total soliton energy, we may arrive at a non-rectilinear soliton profile. Otherwise, the

equilibrium soliton has infinite width, to minimize strain in Fu. Below, we will also

include the non-uniform stacking energetics, i.e. the full interlayer shear containing

also gradients of u, to see how the solution is modified.

Our model for V (u) must exhibit the same hexagonal symmetry as the lattice.

We will assume V is very large, except along the three crystallographic ±an. The

cut along these directions takes the form

V (−zan) = V(z) .

Since any other displacement than the above is energetically prohibitive, this will

impose a constraint for the possible soliton displacement fields,

u(r) = −f(r)an ,

where f(r) must be determined, and describes the soliton profile in space. Its

boundary conditions are

f(x→ −∞) = 0 , (4.24)

f(x→∞) = 1 . (4.25)

We constrain our soliton ansatz further, by assuming it is a straight ridge, ori-

ented at an angle θ respect an. Hence

f(r) = f(r · m̂θ)

where m̂θ is the unit vector normal to the soliton. For concreteness we assume,

without loss of generality, that the chosen interlayer shift is an = aŷ, where a = 0.14

nm is the carbon-carbon bond length. Then, we write

m̂θ = (cos θ, sin θ).
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The strain tensor of this soliton reads,

uij(r) = −a

 0 1
2

cos θ

1
2

cos θ sin θ

 f ′(r · m̂θ) .

The associated elastic energy reads

Fu =
a2

2

(
µ+B sin2 θ

) ∫
d2r [f ′(r · m̂θ)]

2
,

where B = λ+ µ ≈ 12.6 eV/Å2 is the monolayer bulk modulus, while µ ≈ 9 eV/Å2

is half its shear modulus. Note that for a given profile f(r · m̂θ), the energy of the

soliton is mimimum for an orientation θ = 0 (i.e. a “shear” soliton), and maximum

for θ = π/2 (a “tensile” soliton).

We now define coordinates across (x̃ = r · m̂θ) and along (ỹ = r · [ẑ × m̂θ])

the soliton. The profile f(x̃) is obtained by the minimization of the total energy

F = Fu + FS. The energy density is independent of ỹ, so its integral just gives the



141

length L of the soliton. Hence we are left with

F = L

∫
dx̃

{
V [f(x̃)] +

a2

2

(
µ+B sin2 θ

)
[f ′(x̃)]

2

}
. (4.26)

A convenient single-parameter model for V(z) that preserves all relevant symmetries

is V(z) = V0Ṽ(z), with

Ṽ(z) ≈
[
1− 2 cos

(π
3

(2z − 1)
)]2

and V0 ≈ 2meV/atom = 1.57meV/Å2 [120].

We can now recast Eq. 4.26 in a dimensionless form,

F = V0LW

∫ ∞
−∞

dx̃

W

{
Ṽ [f(x̃)] + [Wf ′(x̃)]

2
}
, (4.27)

where

W =

√
µ+B sin2 θ

2V0

a , (4.28)

is a lengthscale associated to the half-width of the soliton. We obtain W = 7.4

nm for a shear soliton, and W = 11.6 nm for a tensile soliton, in agreement with

experiments [119].

The solutions that minimize Eq. 4.27 for different W satisfy a scaling invariance

f(x̃) = fopt(x̃/W ), for some universal function fopt(z), so that changing parameter

W (for example, adjusting V0 or θ) just rescales the spread of the relaxed soliton, but

not its shape. The function fopt(x̃/W ) can be computed numerically, and is shown

in Fig. 4.21. We see that indeed, W is roughly the typical width of the soliton.

The energy of the soliton solution is

Fopt = V0LW

∫ ∞
−∞

dz
{
Ṽ [fopt(z)] +

[
f ′opt(z)

]2}
, (4.29)

which equates to an energy per unit length

Fopt/L ≈ 0.649 V0W = 0.649

√
a2

2
(µ+B sin2 θ)V0 , (4.30)
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Figure 4.22: Energy ratio between a soliton pulled a distance d and the unpulled
soliton. L is the length of the soliton.

or approximately Fopt/L = 93.50 meV/Å for a shear soliton, and Fopt/L =

144.85 meV/Å for a tensile soliton. We see that a tensile soliton has a 55% more

energy per unit length than a shear soliton.

We next consider the energetics of a stretched soliton pulled away perpendicu-

larly to its equilibrium direction by a point like an elastic band. We can generalize

the result for a straight soliton Eq. 4.30 to a curved soliton whose radius of curvature

is everywhere larger than its width W . Then we may approximate

Fopt = F0

∫
dL
√

1 + α sin2 θ (4.31)

with F0 = 0.649
√
a2µV0/2 ≈ 93.50 meV/Å and α = B/µ = 1.4. Here θ is the local

orientation of the soliton at each point.

In the absence of external traction, the equilibrium shape of the soliton will be

a straight line, with an orientation θ = 0 everywhere (shear soliton). Assume this
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is a vertical straight line at x = 0. If we pull from the center point at y = 0 a

distance d away from x = 0, the soliton shape will be some function xopt(y), such

that xopt(±∞) = 0 and xopt(0) = d. The soliton profile x(y) minimizes the total

energy. From Eq. 4.31 we have

F = F0

∫
dy
√

1 + x′(y)2

√
1 + α

x′(y)2

1 + x′(y)2
(4.32)

= F0

∫
dy
√

1 + (α + 1)x′(y)2 . (4.33)

The Euler-Lagrange equation for this variational problem is very simple, x′′(y) = 0.

Hence, the pulled soliton will remain a straight line to left and right of the pulling

point. If the original soliton had a total length L, then x′(y) = 2 sign(y)d/L, and

the total energy becomes

Fopt(d) = F0L

√
1 + 4(α + 1)

(
d

L

)2

(4.34)

Note that F0L = Fopt(0) is the total energy of the unpulled soliton. The energy

ratio between pulled and unpulled solitons is plotted in Fig. 4.22. If the pull dis-

tance is much smaller than the soliton length L, the work done by pulling can be

approximated by

∆Fopt(d) = Fopt(d)− Fopt(0) ≈ 2F0L(α + 1)

(
d

L

)2

(4.35)

This equation corresponds to pulling a shear soliton from its center, at y = L/2.

If the pulling point is generic, at y = νL, where 0 < ν < 1, and the unpulled soliton

is also generic (angle θ) , the above equation generalizes to

∆Fopt(d) ≈ 2F0L
1

4ν(1− ν)

1 + α

(1 + α sin2 θ)3/2

(
d

L

)2

≈ 1

4ν(1− ν)

d2

L
βs . (4.36)

For a shear soliton, βs = 4.5 eV/nm. For a tensile soliton, βs = 1.2 eV/nm.

All the above assumes identical energy stacking densities for the AB [V(0)] and

BA [V(1)] sides of the soliton, i.e. V(0) = V(1) = 0. While this symmetry is
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Figure 4.23: Free energy difference per atom between ABA- and ABC-stacked
graphene trilayers, as a function of the screened, internal electric field. Different
set of points correspond to chemical potentials µ = 0 eV (red), 0.01 eV (light
green), 0.02 eV (blue), 0.03 eV (violet) and 0.04 eV (orange), 0.05 eV (dark green)
and 0.06 eV (cyan). The solid lines indicate quadratic behaviors with βE = 3 · 10−4

and 6 · 10−4 (eV)−1.

guaranteed by inversion symmetry in a suspended graphene bilayer, it may be bro-

ken in a trilayer. In such a system, the ABA stacking energy density has been

calculated [121, 122] to be slightly lower (more stable) than for ABC stacking

(V(0) > V(1)). The relaxed configuration of a soliton pinned at two sites a dis-

tance L apart is no longer a straight line, but becomes bulged towards the ABC

side, to minimize the total energy. For realistic parameters, this energy minimum

has a curvature, as a function of traction distance around this bulged configuration,

that is almost the same as in the case without the ABA/ABC imbalance. We will

therefore employ the analytic result Eq. 4.36 also for a trilayer soliton.

We next consider the energy balance between ABA- and ABC-stacked trilayer

graphene in the presence of an electric field. Such an electric field arises from the
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potential energy difference between the sample and an STM tip or a backgate, or

both. Without field, Ref. [121] explains the dominant ABA stacking in graphite

by the presence of a stacking potential favoring ABA over ABC. ABC is however

more sensitive to a perpendicular electric field in that the latter opens a gap in its

electronic spectrum, while at physically relevant field strengths, there is no gap for

ABA stacking [100]. For massive two-dimensional Dirac fermions with dispersion

ε(k) = ~vF

√
k2 + k2

0, it is a straightforward exercise to show that, at half filling

and low temperature, the difference in free energy between ungapped (k0 = 0) and

gapped phase is δF = F0 − Fk0 = 2π~vFk
3
0A/3 favoring the gapped phase, with the

sample’s area A. It is therefore expected that in the presence of an electric field, the

electronic contribution to the free energy favors ABC stacking over ABA stacking.

To confirm this expectation, we use the low-energy tight-binding Hamiltonians

of Refs. [92, 100] for ABA and ABC stackings. Energy levels are obtained by exact

diagonalization and the Gibbs free energy is calculated as F = −kBT
∑

i ln[1 +

e(εi−µ)/kBT ] for both ABA and ABC Hamiltonians, as a function of the electric field

Eint in the graphene trilayer. The latter is incorporated as an on-site energy potential

eEint d in the top layer and −eEint d in the bottom layer, with the interlayer spacing

d = 3.35 Å. Following Ref. [101], we take that charge screening in the trilayer reduces

the externally applied electric field by a factor of ∼ 8, Eint ' Eext/8. The geometry

of the experiment gives an estimate of Eext . 0.15 V/Å in the experiments, so that

the range of interest is roughly Eint ∈ [0, 0.02]V/Å.

Fig. 4.23 shows the free energy difference, δF = FABA−FABC, per atom between

ABA- and ABC-stacked trilayer graphene for different chemical potentials, µ ∈
[0, 0.06eV ]. The dependence is quadratic in the field and systematically favors the

ABC phase. Because the free energy is extensive we write δF = βE(eEext)
2A, where

we converted the electric field from internal to external. Taking into account screen-

ing [101] and for chemical potentials of experimental interest, µ ∈ [−0.05, 0.05]eV,

we extract from this quadratic behavior βE ∈ [3 · 10−4, 6 · 10−4] (eV)−1. The param-
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eter βE depends on µ, which in turn varies slightly with tip and backgate voltages.

For the sake of simplicity, and because evaluating the experimental value of µ vs.

gate voltage would introduce an additional parameter in the theory, we will ne-

glect this latter dependence in our theoretical discussion of the soliton motion, and

instead consider the bound on βE we just extracted.

A voltage bias applied between the backgate and the tip gives rise to an electric

field Ez(x, y) on the sample. In this section we compute this profile, assuming the tip

may be modelled by a sphere of radius r0. Consider the setup sketched in Fig. 4.24.

The sample is sitting on top of a substrate, composed of a ∼ 20 nm-thick hexagonal

Boron Nitride (hBN) crystal immediately under the sample, plus a ∼ 285 nm-thick

layer of SiO2 below. Both materials have similar dielectric properties, so they will

enter the electrostatic problem as a single slab of thickness Dbg = 305 nm with

dielectric constant ε ≈ 3.9. Below it, the backgate is modelled as a flat and infinite

metallic plate. The STM tip hovers a distance z ≈ 0.5 nm above the sample, which

has a thickness dT = 0.66 nm. The STM tip’s radius of curvature r0 is much larger

than z. Hence, for the purpose of computing the field Ez produced on the sample,

it is reasonable to model the tip as a sphere of radius r0. Because the sample is

very thin we assume that it is transparent and ignore its presence when computing

Ez, beyond inducing screening of the electric field as discussed above. The problem

then reduces to that of a sphere-plate capacitor, see e.g. Ref. [123]. The solution

takes the form of a set of point charges Qn and −Qn at positions (x, y, Zn) and

(x, y,−Zn), where the origin is chosen on the backgate, and the center of the tip is

at (x, y, Z0). These charges satisfy the recurrence

Zn+1 = Z0 + r2
0/(Z0 + Zn) ; Qn+1 = Qnr0/(Z0 + Zn) (4.37)

The seed position Z0 = Dbg + z + dT + r0 is given by geometry, and seed charge

Q0 = 4πε0εVgR0 is fixed by the voltage between the tip and the backgate. Each

virtual charge gives a contribution to the field Ez on the sample, which summed up
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Figure 4.24: Sketch of system. A trilayer with a soliton (multicolored boundary
between red [ABA] and yellow [ABC]) lies on top of a SiO2 subtrate, and a hBN
layer , of total thickness Dbg = 305 nm. A tip with a radius of curvature r0 hovers at
a distance z from the top layer. A bias between tip and backgate creates an electric
field that opens a gap in the ABC region.

as

Ez(x, y) = eVgr0

∑
n=0

Qn

Q0

(
Zn −Dbg

[x2 + y2 + (Zn −Dbg)2]3/2
+

Zn +Dbg

[x2 + y2 + (Zn +Dbg)2]3/2

)

This expression allows us to compute the energy gain in ABC, with respect to ABA,

in the presence of Ez, using UE = βE
∫
dx dy E2

z (x, y). The number of required

images ±Qn grows with the ratio r0/Z0. For the fits in Fig. 4.26(e), which has

r0 = 250 nm, we have employed 6 images.

London-Van der Waals forces are important players in scanning microscopy, due

to the extreme proximity between bulky tips and the sample. The origin of this force

is the attraction between instantaneous dipole moments in each of the two bodies.

Each pair of dipoles, separated a distance r, contributes with an extremely short

range potential that is proportional to the mass density ρ in the sample and the

tip, E
(0)
vdW (r) = −λρtipρsample/r

6, where λ is London’s constant. Integrating over a

spherical tip of radius r0 that hovers at a distance z over the sample (see Fig. 4.24),
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we get an attractive potential with respect to a generic point at a distance R > r0

from the center of the sphere [124]

E
(r0)
vdW (R) = −4π

3

λρtipρsampler
3
0

(R2 − r2
0)3

.

If we integrate this over all points in a uniform sample of thickness dT � R0, we

obtain the van der Waals attraction between a sphere and a thin plane. The effective

van der Waals interaction between the tip and soliton is computed by taking into

account that a soliton of widthW is expected to have a smaller mass density than the

uniform trilayer. The density difference may be estimated as ∆ρ = −1
3
ρsamplea0/W ,

where a0 = 0.24 nm is the Bravais lattice constant, and the soliton width is W ≈ 7

nm. It is assumed that only the top layer is strained.

The difference in van der Waals energy between a trilayer with a soliton, at a

distance x− d from the tip, and that of a uniform trilayer, is given by

UvdW (x− d) ≈ dTW
∆ρ

ρsample

∫ ∞
−∞

dyE
(r0)
vdW

(√
(x− d)2 + y2 + (r0 + z)2

)
,

where the integral over sample thickness dT ≈ 0.66 nm and soliton width W ≈ 7

nm has been approximated in the limit small dT and W . The integral over the y

coordinate may be evaluated to finally yield

UvdW (x− d) = βvdW
r3

0

[(x− d)2 + 2r0z + z2]5/2
,

where βvdW = 1
6
dTa0A, and A = π2λρtipρsample ≈ 1.8 eV is the Hamaker con-

stant [124]. This yields βvdW ≈ 0.05 eV nm2. Note that the resulting van der Waals

potential between tip and soliton is repulsive, since the mass density difference ∆ρ

is negative.

In this section we discuss the behavior of the soliton as the STM tip is scanned

across the sample in the presence of an arbitrary tip-backgate bias. At each tip

position (x, y) it exerts a certain force on the soliton, assumed to lie along the y

axis in quilibrium. The main source of this tip-soliton interaction comes from the
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Figure 4.25: Points of static equilibrium for the soliton displacement deq for different
tip positions x. Potential parameters as in Fig. 4.26. The backgate voltage takes
different values, from Vg = 0 (black curve) to Vg = 70 V (lightest gray), in steps of 5
V. Soliton snapping thresholds for rightward (ABA to ABC) and leftward (ABC to
ABA) tip scans are marked, for Vg = 0, by blue and red arrows, respectively. The
green dotted line denotes the region where the tip lies within the soliton width (i.e.
where the differential conductance changes).
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electric field under the tip when the backgate voltage Vg 6= 0. The resulting electric

field Ez creates an electronic energy imbalance between ABC and ABA

UE = βE

∫
x′>d

dx′ dy′ e2E2
z (x
′ − x, y′ − y),

As a consequence, the tip will repel the soliton when it approaches from the ABC

side, but will attract it when coming from the ABA side. The force is proportional

to the square of the backgate voltage Vg. The value of βE was found to lie within

the range βE ∈ [3 · 10−4, 6 · 10−4](eV)−1.

The soliton is also subject to the elastic recovery force

Us = βs
d2

4ν(1− ν)L
,

where d is the soliton displacement, L is its total length, y = νL is the traction

point and βs = 4.5 eV/nm.

Our measurements show, however, that an additional interaction between tip

and soliton exists even without a tip-backgate voltage Vg, as is clear from the fact

that abrupt snapping is observed in the differential conductance for any backgate

voltage, including zero. The most natural candidate for this residual force is van

der Waals repulsion between the tip and the soliton. Such an interaction will push

the soliton even for Vg = 0. Note that other types of interactions [125] could also

play a role, but we find that the simple van der Waals model

UvdW (x− d) = βvdW
r3

0

[(x− d)2 + 2r0z + z2]5/2
,

is able to correctly reproduce the experimental results. The coupling constant is

βvdW ≈ 0.05 eV nm2.

4.3.3 Controlling Solitons with an STM Tip

Putting all these ingredients together, we obtain the total potential energy of the

soliton,

Utot = βsd
2/[4ν(1−ν)L]+βvdW r

3
0/[z

2+2r0z+(x−d)2]5/2−βE
∫
x′>d

d2r′e2E2
z . (4.38)
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The equilibrium soliton displacement deq(x) is determined by following the local

minimum of the potential [∂dUtot(deq) = 0] as the tip position x is adiabatically

swept. The equilibrium points are represented in Fig. 4.25 for different values of Vg.

This displacement depends on the tip scan direction and the electric field Ez. It

exhibits instabilities beyond certain snapping thresholds, which represent the maxi-

mum soliton displacements in a given scan. Scanning from the ABC side towards the

ABA side (Figs. 4.26(a) and (b)), the tip repels the soliton, which is stretched much

like a rubber band. The repulsion is the sum of van der Waals plus the electronic

contribution from opening a gap in the ABC region. When the elastic force from

stretching the soliton equals this repulsion, the soliton cannot be pushed further.

As the tip continues to move beyond this point, the soliton snaps back towards its

original location and the spectroscopy abruptly changes to ABA graphene. Scan-

ning in the opposite direction (Figs. 4.26(c) and (d)), the picture is similar, but the

electronic contribution is attractive instead of repulsive, and tends to counter the

van der Waals repulsion. Hence, the soliton jumps at smaller maximum displace-

ments. In either case, as the soliton jumps under the tip, the measured spectroscopy

abruptly changes between ABA- and ABC-type.

At Vg = 0 (no electronic contribution UE, black line), we find that the non-

linearity of the model, introduced in particular by the UvdW repulsion, yields a

bistable region for a range of positions x, corresponding to a displaced soliton behind

and in front of the advancing tip. This bistable region ends at snapping thresholds

x ≈ ±14 nm (the range of the van der Waals repulsion), where the repelled soliton

in front of the tip is too stretched to be pushed further, and snaps behind the tip

(arrows in Fig. 4.25). The snapping threshold for opposite scan directions is equal

and of opposite sign for Vg = 0. This represents a hysteretic soliton displacement.

At finite Vg, the above picture is very similar, but the two hysteretic snapping

thresholds are pushed into the ABA region as −V 2
g due to the UE contribution. The

fact that the electronic contribution yields a simple ∝ −V 2
g shift is a consequence of
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the large r0 ≈ 250 nm, which controls the range of the UE potential, as compared

to the smaller range
√

2zr0 ≈ 14 nm of the van der Waals repulsion UvdW .

The rightward-pointing markers in Fig. 4.26(e) map out the experimentally found

threshold position as the tip scans from the ABA region into the ABC region, as

determined by the location where the topographic signal changes. These positions

are in agreement with the abrupt changes in the dI/dV spectroscopy observed in

Fig. 4.20(b). The leftward-pointing markers in Fig. 4.26(e) correspond to the op-

posite scan direction, starting in ABC and moving towards ABA. The data in both

directions can be well fit with our model (solid lines). Parameters βs ≈ 4.5 eV/nm

and βvdW ≈ 0.05 eV nm2 in our description are predicted by theory, while L ≈ 3 µm

is determined by Raman spectroscopy and r0 ≈ 250 nm is based on scanning elec-

tron microscope images of similar tips. The tip-sample distance z = 0.5 nm is set

by the tunneling parameters and the traction point ν = 0.5 is based on the location

of the tip. The last parameter, βE is constrained by theory to a narrow window.

From our fits, we obtain βE = 4.4× 10−4 eV−1.

As a check for our model, we have repeated the measurement of the movement

of the soliton as a function of gate voltage for a second tip. Once again, we have

measured the locations where the topography (or spectroscopy) changes for the two

different scan directions. The soliton moves much less in this region but we still

observe the abrupt changes in spectroscopy as a function of position. Fig. 4.27 plots

the locations where there is an abrupt change for both scan directions. We are

able to fit this data using the same parameters except for a change in the traction

point to within 75 nm of the soliton edge, and slightly reducing z to 0.3 nm. The

change in the traction point is because this set of data was acquired near the bilayer

region where the soliton ends and is therefore pinned. The value obtained in this

fit for parameter βE, which governs the free energy difference between ABC and

ABA under an electric field, is the same, βE = 4.4× 10−4 eV−1, as for the first tip.

This is a relevant consistency check of our model, as βE should be a tip-independent
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Figure 4.26: Hysteresis of soliton and modeling. (a) and (b) Schematics showing the
position of the soliton when approaching from the ABC (right) side. The gray circle
represents the electronically gapped region under the tip. The soliton is pushed
by the approaching tip, both through van der Waals repulsion and through the
energetic gain from opening a gap in the ABC region. Pushing proceeds until the
tension of the soliton exceeds a threshold, beyond which the soliton jumps back to
its relaxed position. (c) and (d) Scanning from the ABA side, the soliton is again
repelled by van der Waals, but is attracted by the electronic contribution, since no
electronic energy is gained from the ABA side. The snapping threshold, whereupon
the soliton jumps towards the left, is thus closer to the ABC region when scanning in
this direction. (e) The snapping position of the soliton as a function of gate voltage
for the two different scan directions. The arrow markers are the experimentally
found snapping positions, and they point in the tip scanning direction. The solid
lines are the theoretical fits. The black dotted line in all panels represents the
equilibrium position of the soliton in zero electric field and with no STM tip. The
red and yellow shading represents regions of ABA and ABC stacking in the sample,
respectively. The stacking configuration of the white region depends on the scan
direction.
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property, intrinsic to trilayer graphene.

We have demonstrated that a local electric field is capable of moving the soliton

to increase the ABC-stacked area of a trilayer graphene flake. A global electric field,

applied via a dual-gated device geometry, should also be capable of achieving this

same effect. The soliton movement can be modeled similarly to the STM experiment

described above, without the small local van der Waals repulsion from the STM tip.

By placing one contact above the soliton (Fig. 4.28(a)), low-field conduction will

be exclusively through the metallic ABA-stacked trilayer graphene. As the electric

field increases, the soliton moves so as to increase the ABC-stacked area of the

sample. Above some critical field, it completely encapsulates one of the contacts

(Fig. 4.28(b)). At this point, the conduction is abruptly shut off, as the gapped ABC-

stacked region is now in series with the metallic ABA-stacked region. Fig. 4.28(c)

illustrates the anticipated conductivity in the device as a function of electric field.

Even if the soliton is pinned at the edges of the flake, this movement can occur.

For a 3 µm wide flake, a uniform electric field of 1 V/nm will cause the center

of the soliton to move by 1 µm. In fact, this is a pessimistic estimate, obtained

by assuming an ellipse-shaped soliton, and equating the increase in elastic energy

(∆Fopt ≈ (L− L0)× 144.85 meV/Å, where L− L0 is the increase in soliton length,

see Eq. 4.30) to the electronic energy (UE = βE(eEz)
2A, where A is the half-area

of the ellipse). Fields of over 5 V/nm have been demonstrated in prior experiments

on trilayer graphene [104], demonstrating the feasibility of such a device. Previous

transport measurements at these electric fields have shown that ABA graphene is

a factor of over 104 more conductive than ABC graphene [104]. Therefore, such a

device would exhibit a very high transconductance near the critical electric field, as

well as a large on-off ratio, and would be a good candidate for a graphene field effect

transistor.
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Figure 4.27: Movement of the soliton as a function of gate voltage. The solid
triangles are the experimentally determined locations where the soliton abruptly
snaps back to its equilibrium position. The arrows indicate the scan direction. The
solid black curves are the fits based on our model for the energetics of the soliton.
The red (yellow) areas represent locations which are ABA (ABC) stacked. The
stacking configuration in the white area exhibits hysteresis based on the scanning
direction.
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Figure 4.28: Sketch of a soliton FET device. (a) Initial device configuration, where a
soliton is placed underneath one contact and conduction is through the ABA-stacked
region. (b) Above the critical electric field, the soliton completely encapsulates the
contact, and conduction is in series through the ABA- and ABC-stacked regions.
(c) Anticipated conductivity as a function of electric field for the soliton FET. For
comparison, sketches are also shown for fully ABA- and ABC-stacked devices.
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CHAPTER 5

Band Structure Mapping via Quasiparticle Scattering

In general, the goal of vdW materials research is to minimize the number of im-

purities within a sample in order to suppress electronic scattering, which generally

hampers device quality. However, in local scanning probe spectroscopy measure-

ments scattering can be a powerful tool for understanding the electronic properties

of a material. Since electrons most obey a dispersion relation E(k), the magnitude

and direction of scattered electrons must also satisfy the restrictions of this disper-

sion. Electronic scattering can be visualized directly by measuring standing waves

in the density of states nearby a defect or step-like impurity. These standing waves

result from the interference between the incoming and backscattered electronic wave

function. By taking a Fourier transform of the real space density of states map, we

can visualize the momentum space characteristics of these scattering events. This

process is known as Fourier transform scanning tunneling spectroscopy (FT STS).

By tracking scattering as a function of energy, the dispersion relation E(k) can be

extracted. Furthermore, band polarizations in a given internal degree of freedom can

be inferred if normally anticipated scattering events are suppressed. In Section 5.1

we use this technique to map out the band structure of bilayer graphene as a func-

tion of electric field. We similarly map the band structure of WSe2 in Section 5.2,

and additionally observe spin and layer polarizations of the bands. Finally, we moti-

vate future experiments using this technique to understand graphene on topological

insulators and other vdW heterostructures in Section 5.3. The results of Section 5.1

are published in Ref. [14], and of Section 5.2 in Ref. [15].
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5.1 Standing Waves in Bilayer Graphene

Quasiparticle interference in metals results in standing waves in the local density of

states (LDOS) whose properties reflect both the nature of the defect scatterer and

the underlying electronic properties of the material itself. For the case of scatter-

ing from a straight edge, these Friedel oscillations have been studied at length for

metals such as Cu [126] and Au [127]. They have recently been examined in mono-

layer graphene as well, where a step in a hexagonal boron nitride (hBN) substrate

acted as the scatterer [128]. Energy dependent mapping of quasiparticle interfer-

ence allows direct reconstruction of the energy versus momentum dispersion relation

of the material [129, 130]. Peculiar properties of monolayer graphene, such as its

small Fermi surface at low energy and the pseudospin of its charge carriers, result

in Friedel oscillations with unusually long wavelength and faster decay than those

seen in noble metals. The Friedel oscillations in Bernal-stacked bilayer graphene are

expected to be of similarly unusual nature as those observed in monolayer graphene.

Differences in the exact properties of these Friedel oscillations should arise due to

the hyperbolic band structure of bilayer graphene, as opposed to the linear band

structure of monolayer graphene [131, 132, 133]. The ability to tune the band gap

of bilayer graphene with an electric field [134] adds an additional degree of freedom

to these Friedel oscillations, whereas the band structures of metals and monolayer

graphene are independent of electric field.

We examine interfaces between bilayer and trilayer graphene (on an hBN

substrate), where the layer-change region acts as an edge scatterer for carri-

ers in the bilayer graphene. By tracking the behavior of quasiparticle interfer-

ence in bilayer graphene, we are able to map its band structure as a function

of electric field. Prior measurements have indirectly mapped the band struc-

ture of bilayer graphene via optical spectroscopy and transport measurement tech-

niques [51, 135, 136, 137, 138, 139, 140, 141]. In the former case, features of the
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band structure were deduced from optical transition energies, and in the latter from

cyclotron mass and chemical potential measurements. The band structure of epi-

taxially grown bilayer graphene on SiC(0001) has also been examined locally with

STM [131, 133] via defect scattering. However, due to the lack of an external gate,

those measurements lacked the ability to probe both bands or tune the electric

field. This work provides the first direct probe of the full energy versus momentum

dispersion of high-quality bilayer graphene as a function of electric field.

5.1.1 Characterization of Bilayer Graphene Edges

Fig. 5.1(a) shows a schematic diagram of the measurement setup used for STM

imaging and spectroscopy of the few-layer graphene flakes. Each graphene flake was

characterized by Raman spectroscopy before the STM measurements. Fig. 5.1(b)

shows the interface between bilayer and trilayer graphene as determined by Raman

spectroscopy mapping of a representative graphene on hBN flake measured in this

study. The layer number and stacking configuration of these regions are identified

by a change in the width of the Raman 2D peak [142]. This interface is then located

in situ via controlled movement of the STM tip starting from the metal contacts

using the known distance from AFM measurements.

Fig. 5.1(c) shows STM topography of the bilayer/trilayer interface, and the left

inset shows an averaged cut of the height. From this, we find that the edge appears

as a clean step height of approximately 0.35 nm, which is consistent with a one

additional layer of graphene [59]. We do not observe a sizable moiré pattern in

any of the samples presented, eliminating the need to consider any modification of

the density of states at low energy due to substrate interactions [10]. Fig. 5.1(d)

shows normalized (dI/dV)/(I/V) spectroscopy as a function of gate voltage taken

in the bilayer region, far from the trilayer boundary. The approximate valence and

conduction band edges are marked with black dotted lines, indicating a field tunable

band gap as large as about 45 meV at our most negative gate voltages probed. For
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Figure 5.1: Experimental setup. (a) Schematic of the measurement setup showing
the STM tip and an optical microscope image of a measured sample of few layer
graphene on hBN. Scale bar is 10 µm. (b) Raman spectroscopy mapping of the
bilayer/trilayer interface. Scale bar is 500 nm. (c) STM topography across a tri-
layer/bilayer (left/right) interface showing a sharp layer change transition. Scale
bar is 10 nm. Left inset: averaged cut of the topography showing a step height
of roughly 0.35 nm. Right inset: STM topography image showing Bernal stacked
bilayer graphene. The scale bar is 0.5 nm. (d) Normalized (dI/dV)/(I/V) spec-
troscopy on bilayer graphene as a function of gate voltage. Inset: experimentally
extracted gap size as a function of gate voltage in blue squares from maps similar
to those in Fig. 5.3. Black line is the gap assumed for the band structure fitting
in Fig. 5.4. Error bars represent the uncertainty in determining the band edge.
Black dotted lines in the main image are guides to the eye marking the approximate
valence and conduction band edges as extracted from the inset.
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Figure 5.2: Standing waves in the LDOS of bilayer graphene near a trilayer graphene
edge. Maps show normalized dI/dV spectroscopy and are taken at sample voltages
of (a) +130 mV (b) +10 mV (c) -40 mV and (d) -90 mV (the local charge neutrality
point is at about +45 mV). (a) probes the conduction band (electrons) and (b) - (d)
probe the valence band (holes). The data is acquired at Vg = -60 V and a tunnel
current of 100 pA.

all data sets presented below, the electric field can be approximated as roughly

uniform over the entire map independent of the tip position.

Figures 5.2(a) - (d) show maps of normalized dI/dV spectroscopy acquired within

a few nanometers of the bilayer/trilayer edge interface. All four maps are taken at

the same spatial location and back gate voltage, and differ only in sample voltage.

The maps are taken completely on the bilayer graphene region of the sample, with

the trilayer graphene edge just outside the left-hand side of each image. We find

spatially-coherent long-wavelength standing waves in the density of states which

emanate roughly parallel to the edge. The wavelength of these oscillations depends

on the sample voltage applied. The maps presented here were taken at a back gate

voltage of Vg = -60 V, although similar standing waves are observed at all back gate

voltages probed. Standing waves can generally be observed on both the electron

and hole sides of the charge neutrality point (CNP), although smearing at higher
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sample voltages tends to attenuate the waves from one of the two bands, especially

if the band edges are far from the Fermi energy. The map in Fig. 5.2(a) probes the

conduction band (electrons), while Figs. 5.2(b) - (d) probe the valence band (holes).

We have measured two similar samples (one neighboring ABA- and the other ABC-

stacked trilayer graphene) and observed similar standing waves in both. The sample

used to produce Fig. 5.2 had a malfunctioning back gate, prohibiting measurements

over the full range of gate voltages. The other sample, with a fully functioning gate,

was used instead to produce Figs. 5.3 and 5.4. The stacking configuration of the

trilayer graphene does not play a role in the wavelength of the LDOS oscillations

in bilayer graphene and therefore we will concentrate on the results from just one

stacking configuration.

Comparable data sets to those presented in Figs. 5.2(a) - (d) can be vertically

averaged (along the direction of the edge) to present the standing waves as a function

of sample voltage in a single plot, as is shown in Figs. 5.3(a) and (b) for back gate

voltages of -45 V and +45 V, respectively. This gives a visual of the dispersion of

the standing waves as a function of both sample voltage and distance of the STM

tip from the bilayer/trilayer interface. In addition to the standing waves, horizontal

regions of low differential tunneling conductance are present in both Figs. 5.3(a) and

(b), centered around a sample voltages of about +50 mV and -110 mV, respectively.

These regions represent the band gap of bilayer graphene and do not exhibit standing

waves (consistent with a gapped system). There is an additional horizontal region

of low tunneling conductance in both Figs. 5.3(a) and (b) at the Fermi energy (0

V in sample voltage), which is due to the decreased tunneling probability at zero

bias on the STM tip and is not related to a feature of the bilayer graphene band

structure. Thus, data very close to the Fermi energy is ignored for this study.

Figure 5.3(c) shows cuts of Fig. 5.3(a) at constant sample voltages. We can fit

the individual standing wave cuts using a function proportional to cos (2kx), where

k is the momentum of the charge carriers and x is the distance from the edge [128].
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Figure 5.3: Dispersion of LDOS waves with energy. Normalized dI/dV maps as a
function of sample voltage and distance from the edge at back gate voltages of (a)
Vg = -45 V and (b) Vg = +45 V. (c) Constant sample voltage cuts of (a) as marked
by the color-coded dashed lines. The curves are taken at sample voltages of -25 mV,
-75 mV, -125 mV, and -175 mV, from top to bottom. Curves are offset for clarity.
(d) DFT simulation of the LDOS in bilayer graphene neighboring an ABC-stacked
trilayer graphene edge with zigzag termination at E = +100 meV in zero electric
field.
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Due to the complication of different pseudospins in the bilayer and trilayer regions

and the unknown atomic edge configuration terminating the trilayer edge, we are

unable to calculate the exact amplitude decay factor. However, the wavelength of

the standing waves is independent of the choice of this decay, so a power law decay of

the form 1/x was chosen as it roughly matched the majority of the data. We fit the

wavelength of the standing waves over a 400 meV range of sample voltages and plot

the extracted momentum as the colored squares in Figs. 5.4(a) and (b). The color

corresponds to the gate voltage at which the data was acquired, with gate voltages

ranging from Vg = +45 V to -45 V in steps of 7.5 V. Fig. 5.4(a) shows the results of

the electron fits (conduction band), while Fig. 5.4(b) shows the results of the hole

fits (valence band). Depending on the strength of the standing waves, fits could be

done for both bands for some gate voltage maps, while others only exhibited strong

enough waves for one of the two bands to be fit. We are also limited to measuring

momentum values of about 0.2 nm−1 and longer since the waves tend to decay below

the noise floor around 50 nm from the edge. The bands move in sample voltage for

different gate voltages primarily due to the shift of the Fermi energy induced by

changing the back gate voltage.

To confirm our results, we have simulated the LDOS in bilayer graphene re-

sulting from electron scattering off a trilayer graphene edge. We performed the

simulation using density functional theory (DFT) implemented in ATK [143], with

the density matrix calculated using non-equilibrium Green’s functions. As shown

in Fig. 5.3(d) for E = +100 meV, the simulation also exhibits a standing wave in

the LDOS of bilayer graphene. The A and B graphene sublattices each contribute a

slightly different phase to the standing wave. These two phases overlap significantly

10 nm and further from the interface, and only show small divergence close to the

edge. Since both phases exhibit nearly equivalent overlapping wavelengths, we only

plot the phase component from the A-sublattice for clarity. We chose the ABC

stacking for the trilayer graphene to match our data in Fig. 5.4, although we find
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virtually no quantitative difference in the LDOS wavelength between the two stack-

ing configurations of trilayer graphene. We chose a zigzag edge termination for the

trilayer region, but do not find the specific edge termination to significantly affect

the wavelength either. Furthermore, we expect the wavelength to be independent of

the conditions outside the bilayer edge; only the amplitude decay factor is expected

to depend on the exact nature of the neighboring material. We performed the sim-

ulation at varying energies, and the resulting energy versus momentum dispersion

is plotted in the black star symbols of Fig. 5.4. We note that this data should be

compared with the experimental data points at Vg = +15 V due to an experimental

offset in the zero of the electric field. We find relatively good quantitative agreement

between our experimental data points and the DFT simulations, especially in the

valence band. We see less electron-hole asymmetry in our simulations than in our

experimental data, and as a result the simulated conduction band is slightly wider

than our experimental results. However, the overall agreement between the two

suggests that we can safely describe the bilayer/trilayer interface scattering (which

is complicated by different pseudospins in each layer and an unknown atomic edge

configuration) with a simple 2k scattering model [128].

5.1.2 Determination of Tight Binding Model Parameters

To analyze the dispersion in Fig. 5.4, we consider the Hamiltonian of Eq. 1.16

(with γ3 = 0). We additionally account for the change in both the K-point gap

size U and the shift of the Fermi energy as a function of the back gate voltage. By

tracking the movement of the band gap center as a function of gate voltage from

the individual gate voltage maps (similar to those shown in Figs. 5.3(a) and (b)),

we find the Fermi energy shifts in sample voltage by -2 mV per volt on the back

gate, and is centered about zero sample voltage at Vg = -9 V. This movement is in

reasonable agreement with prior STM measurements of bilayer graphene [111, 112].

Similarly, by tracking the energy of the approximate valence and conduction band
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edges (marked by a dramatic increase in the tunnel conductance just outside the

gapped region) we extract the band gap (Fig. 5.1(d) inset) as a function of gate

voltage. The direct gap Ũ = U√
1+(U/γ1)2

differs from the K-point gap by less than

1% at our maximum gap values, therefore we ignore this distinction. We find the

gap grows at a rate of 0.75 meV per volt on the back gate, with the minimum gap at

Vg = +15 V. Assuming a model for the STM tip and graphene/back gate system as

in Ref. [28], this gap size as a function of gate voltage is well matched to theoretical

calculations for bilayer graphene with screening [101]. The difference between the

gate voltage of the CNP and band gap minimum is likely due to residual doping

on the sample and a work function mismatch between the STM tip and the bilayer

graphene.

We fit the electron and hole data at all electric fields simultaneously following

Eq. 1.2, taking γ1 = 0.39 eV and ∆ = 0.018 eV as known from prior measure-

ments [51, 135, 137, 138, 139, 140], and leaving γ0 and γ4 as fitting parameters.

The best fit to the data gives γ0 = 3.1 eV (which corresponds to vF = 1.0 × 106

m/s) and γ4 = 0.22 eV. This value of γ4 falls just above the high end of prior re-

sults obtained via optical spectroscopy [51, 136, 137, 139] and magnetoresistance

measurements [140], and represents pronounced electron-hole asymmetry. There is

no simple algebraic expression for the dispersion when including γ4. Therefore, our

best-fit is determined by hand. However, the results are quite sensitive to the free

fitting parameters γ0 and γ4, therefore they are reasonably precise. The resulting

bands are plotted on top of the experimental data points in Fig. 5.4, and are well fit

to the data for all electric fields. Prior measurement techniques lacked the ability

to tune the charge carrier density and electric field independently, as is done here

with the combination of the back gate and STM tip.

In conclusion, we have examined quasiparticle scattering in bilayer graphene

and observe coherent standing waves in the local density of states. By concurrently

tracking the band gap and Fermi surface profile extracted from these standing waves,
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we can construct a complete picture of the bilayer graphene band structure and its

evolution with electric field. We observe pronounced electron-hole asymmetry in

bilayer graphene, which can be captured by the tight-binding model with a large

dimer to non-dimer hopping parameter γ4. This work represents the first direct local

mapping of the band structure of bilayer graphene as a function of electric field.

5.2 Spin and Layer Polarization in WSe2

Numerous spintronic and valleytronic applications have been proposed to exploit

spin, valley and layer degrees of freedom in TMD monolayers and bilayers [21, 144,

145, 146, 147, 148, 149, 150, 151, 152, 153, 154]. Significant work has been performed

to characterize these polarizations in WSe2 with direct optical excitation [151, 152,

155, 156] and spin-resolved ARPES [157, 158]. However, the former is unable to

capture physics away from direct transitions (i.e. away from the BZ corners) and

the latter cannot probe unoccupied (conduction band) states. Here we directly probe

the electronic states of monolayer and bilayer WSe2 via STM and STS measurements

in order to gain a deeper understanding of its band structure and internal quantum

degrees of freedom. Fig. 5.5(a) shows a schematic of our measurement setup. The

WSe2 on graphite sample was fabricated using the van der Waals pick-up technique

described in Chapter 2.1.2.

Fig. 5.5(b) shows representative dI/dV spectroscopy for monolayer and bilayer

WSe2. We extract the electronic band gap of both by measuring the energy range

where the dI/dV spectroscopy is zero, from which we find Eg = 2.21 ± 0.08 eV for

monolayer and 2.14 ± 0.05 eV for bilayer WSe2. This is significantly larger than the

typically observed optical gaps in monolayer and bilayer WSe2 (∼1.65 eV and 1.6

eV, respectively) [159, 160, 161], indicative of a giant excitonic binding energy [162].

We note that this spectroscopically extracted gap actually represents the separation

of the onset of tunneling into the valence and conduction band extrema, which, due

to the finite width of the bands, is smaller than the separation between the center of
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Inset: Atomic resolution of a small defect. The scale bar is 2 nm.
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the valence band maximum and the conduction band minimum. The peaks and/or

inflection points in the dI/dV spectrum likely represent the band centers, which

would imply a band gap a few hundred meV larger than that extracted above, in

reasonably good agreement with the GW level DFT calculated gap [163, 164]. Due

to small changes in the tip work function resulting from the tip shaping procedure

(for example, pulsing a gold particle onto the end of the tip), we have occasionally

observed small (<150 meV) rigid shifts of the entire dI/dV spectrum in sample

voltage. To account for this, we take dI/dV spectroscopy before all measurements,

and when necessary offset the sample voltage to match the dI/dV reference spectra

of Fig. 5.5(b).

5.2.1 Band Structure Mapping

Topographic maps of WSe2 exhibit a significant density of defects. Fig. 5.5(c) shows

one such example for bilayer WSe2, in which two species of defects are present. There

are small atomic-scale defects throughout the image (the inset is an atomically-

resolved image of one such defect), along with two larger scale defects. These defects

are more clearly visible in spatially resolved dI/dV maps, as shown in Figs. 5.6(a)

and (b) for the same area as in Fig. 5.5(c), taken at sample voltages of Vs = -1.35 V

and -1.5 V, respectively. In bilayer WSe2, defects of a given species appear with two

clearly distinct strengths, where the weaker defects presumably reside in the lower

WSe2 layer. This indicates we are capable of probing electrons in both layers. In

monolayer WSe2, all defects are observed with similar strength as they all reside in

the same layer. Fig. 5.7 shows similar dI/dV maps taken on monolayer WSe2. Fig.

S1(a) is taken at Vs = -1.55 V (within the highest valence band) and Fig. S1(b)

is taken in the same area at Vs = −2.0 V (within the Γ band). We have found

the nature of the defects changes from bright (higher dI/dV than background) to

dark (lower dI/dV than background) depending on whether the K or Γ valence band

is probed. By counting the number of defects in numerous dI/dV maps taken on
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(a) (b)

Figure 5.6: dI/dV maps at constant sample biases of (a) -1.35 V and (b) -1.5 V on
bilayer WSe2 taken over the same area as Fig. 5.5(c). The two species of defects
(large and small) are easily distinguishable. The small defects additionally appear
either strong or weak, depending on whether they are in the top or bottom layer.
Friedel oscillations surround the defects, and their wavelength grows shorter as the
energy moves deeper into the valence band. Scale bar is 20 nm for both. Insets:
Fourier transforms of the maps. As the scattering wavelength grows shorter, the
size of the scattering disk in momentum space grows larger. Scale bar is 3 nm−1 for
both.

monolayer WSe2, we find a defect density of 1.1 ± 0.3 x 1012 cm−2 for the smaller

defects, and approximately two orders of magnitude lower density for the large

defects. Given the similar appearance of sulfur vacancies observed in MoS2 [58] it is

likely that the small defects we observe here are due to selenium vacancies, although

a full defect characterization is outside the scope of this work.

These defects act as scattering centers for the electrons in WSe2, resulting in

Friedel oscillations visible as concentric rings surrounding each defect [165]. The

wavelength of these oscillations at a given energy is controlled by the band structure

of the WSe2. So, for example, since the valence band grows wider as the energy is

lowered (Fig. 5.6(a) to (b)), the wavelength of the oscillations grows shorter as they

are inversely proportional. FT STS provides direct visualization of the available
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Figure 5.7: dI/dV maps at constant sample biases of (a) -1.55 V and (b) -2.0 V on
monolayer WSe2 taken over the same area. Defects change character depending on
the sample bias, and appear to have only one characteristic strength. The scale bar
is 20 nm for both images.

scattering channels for electrons in momentum space [130]. The long-wavelength

Friedel oscillations of Figs. 5.6(a) and (b) are due to intravalley scattering processes

and show up as disk-like features at the center of their respective Fourier transforms

(insets). The signal in the Fourier transform can be understood as a map of the joint

density of states (JDOS) of the band structure. The intravalley scattering process

with the largest possible momentum transfer connects one side of a given valley to

the other, setting the radius of the disk observed in the Fourier transform. The

disk is then filled in by all other smaller momentum transfer scattering processes

connected within a single valley. As a result, the radius of the central scattering disk

gives a measure of the size of the Fermi surface at a given sample voltage. The blue

dots in Figs. 5.8(a) and (b) mark the momentum extracted from the size of these

scattering disks as a function of sample voltage, providing experimental maps of the

band structures of monolayer and bilayer WSe2. Data from different sets of dI/dV

maps taken with different tips and at different spots on the sample are all plotted
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together, as they follow the same general trend. Data points have been plotted on

both sides of a given valley since the Fermi surfaces are roughly circular.

To reconstruct the band structure as shown in Figs. 5.8, we must extract this

radius from the FFT of each dI/dV map. Ideally, we would use a characteristic

function which fits the shape of the disk, then perform a least squares regression to

extract the radius. However, we have found experimentally that the nature of this

central disk varies too widely as a function of energy (i.e. which band is probed)

to allow fitting with a universal mathematical function of its shape. Instead, we

determine the edge of the disk by hand. As shown in the Fourier transforms in the

insets of Fig. 5.6, this identification is in general quite unambiguous. The uncertainty

in identifying this edge is always less than 10%, and often much smaller than this.

If no such identification can be made within this range of error for a given map, we

do not assign a value to that energy.

In monolayer and bilayer WSe2, states near the conduction and valence band

edges exist around the Γ, Q, and K points in momentum space. At the top of the

valence band in monolayer WSe2, states only exist around the K point. Similarly, at

the bottom of the conduction band in bilayer WSe2, states only exist around the Q

point. At all other energies there are valleys around two separate symmetry points,

and so the electronic scattering should exhibit characteristics of both. Since intra-

band scattering provides a measure of the relative width of the Fermi surface and

not its absolute momentum, the intravalley scattering signal appears at the center

of the Fourier transforms no matter which band it originates from, complicating the

ability to assign central features observed in FT STS to a specific band. However,

we expect much stronger tunneling into bands with smaller parallel momentum k||,

since the effective tunneling decay constant is κ =
√

2mΦb/~2 + k2
||, where m is the

electron mass, ~ is Planck’s reduced constant, and Φb is the effective tunnel barrier.

Since the tunnel current I scales as e−2zκ, where z is the tunnel distance, small

changes in κ lead to very large changes in I (for a tunnel distance of z = 0.3 nm, for
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Figure 5.8: Band structure of (a) monolayer and (b) bilayer WSe2. The solid red
lines are ab initio calculations of the band structure. The calculated band gap is
manually set to match the spectroscopy. Blue dots are the experimentally extracted
momentum. All points have an uncertainty in momentum of less than 10% of
their pre-offset value (and typically less than 5%), arising from the uncertainty in
identifying the size of the scattering disk in the Fourier transforms. There is an
energy smearing between 5 and 20 mV on all points due to the ac voltage added to
acquire the dI/dV signal. These have been omitted for clarity.

example, tunneling into Γ is almost two orders of magnitude more likely than into

K). In cases where two bands exist at the same energy, the majority of tunneling

occurs into the band with smaller k|| (i.e. Γ is most dominant, then Q, then K) [161],

providing a guide for assigning the band responsible for the scattering.

When probing the lower spin-split valence band at the K point and valence

band at Γ with similar energy, we always observe a sharp jump from large to small

momentum concurrent with a change in the appearance of the defects in the dI/dV

maps from bright to dark (see Fig. 5.7). We use this effect to further guide our

assignment of the band origin of the scattering we observe around these energies.

We confirm our extracted energy versus momentum dispersion by comparing

with the calculated ab initio band structures of monolayer and bilayer WSe2 with
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spin-orbit coupling terms included (solid red lines in Fig. 5.8), taken directly from

Ref. [160]. Since the size of the band gap is not well constrained in these cal-

culations, it has been manually set to match the band edges extracted from the

dI/dV spectroscopy in Fig. 5.5(b) (plus a small offset to account for the finite band

width). Our experimental results are in reasonable agreement with the theoretically

anticipated bands; most notably the effective masses generally match well with the

theoretically predicted values. The extracted bands at Γ near -2 eV are around a

hundred meV below the calculated bands for both monolayer and bilayer WSe2,

suggesting possible discrepancies between the DFT calculation and the true band

structure. Disagreements may also result from mixing of the scattering signals of

two bands.

5.2.2 Characterization of Band Polarizations

In addition to the intravalley scattering channels, there could, in principle, be scat-

tering between different valleys. Such scattering occurs with larger momentum

transfer than intravalley scattering, and therefore the resonances should be further

from the center of the Fourier transforms. Due to strong spin-orbit coupling in WSe2,

the valence band at the K point, which is primarily comprised of m=±2 d-orbitals

of W [166, 167], is spin-split by around 450 meV, with bands having opposite spins

in the K and K’ valleys. Fig. 5.9(e) shows a schematic of the band structure of

monolayer WSe2 at an energy between the two spin-split valence bands. There are

six Fermi pockets surrounding the K and K’ valleys, alternating between spin up

at K (green) and spin down at K’ (pink). Without this spin texture, atomic-scale

defects would induce intervalley scattering, identified by resonances in the Fourier

transform at 4π/3a0, where a0 is the WSe2 lattice constant (
√

3 times closer to the

center than the lattice resonances, and rotated from them by 30◦). However, the

spin polarization of the valleys is expected to suppress these resonances, as the in-

tervalley scattering process now additionally requires a spin-flip which non-magnetic
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defects are unable to provide.

We simulate the Fourier transform anticipated for each case by calculating the

both the spin-dependent and -independent JDOS of the band structure shown in

Fig. 5.9(e) [168]. The result is plotted in Fig. 5.9(f), where the colored features

correspond to scattering resonances expected only in the case of bands lacking spin

polarization. The central resonance represents the intravalley scattering discussed

previously, and its diameter is twice the diameter of the K-point bands. Due to

the geometry of the chords which can connect two points on the constant energy

contour, the scattering signal decays away from the center of the Fourier transform

but becomes large again just around the circumference of the disk, which is in

good agreement with the features we observe in the maps shown in the insets of

Fig. 5.6. Fig. 5.9(g) shows a comparable symmetrized Fourier transform of an

atomically resolved dI/dV map taken on monolayer WSe2. The features anticipated

from K-valley mixing are conspicuously absent despite the high density of atomic-

scale defects normally capable of inducing such scattering, implying the anticipated

spin-polarization of the valleys. In contrast, this valley mixing is readily observable

in graphene with atomic-scale defects [131], which lacks the spin polarization of the

K-point valleys [59].

Note that to make the symmetrized FFT maps of Fig. 5.9, we consider that the

first Brillouin zone of WSe2 is hexagonal due to the hexagonal symmetry of the WSe2

lattice. Additionally, the constant energy contours of most of its bands are expected

to be roughly circular (or trigonally warped at certain energies). Therefore, we have

employed a six-fold symmetrization procedure to increase the signal-to-noise ratio in

our Fourier transforms. To do so, we rotate the original FFT by 60 and 120 degrees

and average the three images. In some cases, regions of the FFT have features due

to noise or artifacts from other non-reproducible sources. In such cases when taking

the average, we have chosen to ignore the largest magnitude features in the FFT to

remove the features which are not indicative of scattering from the WSe2. However,
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Figure 5.9: (a) General schematic of the conduction band of monolayer and bilayer
WSe2. The relative sizes of the bands depends on the layer number. In bilayer WSe2

only the Q-point bands are present at the very bottom of the conduction band, and
the K-point bands are spin-degenerate. The green denotes spin up bands and the
pink denotes spin down. (b) Simulated JDOS of the band structure shown in (a).
Only the Q-point bands are considered. Scattering resonances shown in white are
always allowed, but colored features are only possible with no spin texture on the
bands. (c) Experimental FT STS on monolayer WSe2 at Vs = +1.5 V. The sharp
resonances in a hexagon around the outside of the image are due to the atomic
lattice. Only scattering allowed with the spin-textured bands is present (white fea-
tures), implying the anticipated spin texture of the Q-point bands. (d) Experimental
FT STS on bilayer WSe2 at Vs = +1.3 V. The same subset of scattering features
allowed in monolayer WSe2 are observed, indicating strong layer polarization in bi-
layer WSe2. (e) Schematic of the band structure of monolayer WSe2 between the
spin-split valence bands. (f) Simulated JDOS of the band structure shown in (e).
(g) Experimental FT STS on monolayer WSe2 at Vs = -1.6 V. No intervalley scat-
tering resonances are observed (blue features in (f)), implying the anticipated spin
texture of the K-point bands. (h) Experimental FT STS on bilayer WSe2 at Vs

= -2.0 V. The intervalley scattering is also suppressed, similarly indicating strong
layer polarization in bilayer WSe2. The scale bars are 10 nm−1 for all, and the white
hexagons represent the first BZ.
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some spurious features may be left behind in the symmetrized FFT. For example,

in the inset of Fig. 5.6(b), there is a hexagonal pattern of dark spots within the

scattering disk. These features are not reproducible and result from an unknown

non-ideality within that particular measurement. Additionally, weak dark lines in

a star-shaped pattern can be observed in the experimental FFTs of Fig. 5.9. These

also result from the symmetrization process. Due to thermal drift in our STM piezo,

sharp resonances in the FFT are broadened into a line spanning the entire range

of the image. We have removed these artifacts by subtracting the average value

of the noise, though the procedure is imperfect and leaves some remnants of the

noise in the form of a weak dark line. These lines become star-shaped features upon

symmetrization of the FFT.

In the conduction band, the lowest energy bands exist around the K and Q

points, the latter of which is not a high symmetry point but occurs about halfway

between Γ and K. Fig. 5.9(a) shows a general schematic of the Fermi surface in

the conduction band along with the spin polarization theoretically anticipated for

WSe2 [169]. While there is only a small spin-splitting anticipated at the K point

(<50 meV) since these bands are predominately m=0 d-orbitals of W [170], the Q-

point bands are expected to be split by over 200 meV in monolayer and 500 meV in

bilayer WSe2 since they are comprised of both m=±1 p-orbitals of Se and m=±2 d-

orbitals of W [166, 167]. Fig. 5.9(b) shows the JDOS calculation for the conduction

band with the same color coding scheme as in Fig. 5.9(f). The K-point bands

are removed from the calculation to reflect the fact that they are not expected to

factor significantly into the observed scattering processes due to the reduced tunnel

probability into K in the monolayer, and do not exist for the bottom-most ∼250

meV of the bilayer conduction band. Fig. 5.9(c) shows the Fourier transform at

the bottom of the conduction band of monolayer WSe2. Similar to the case of the

valence band, only the features allowed assuming spin-polarized bands are present

(note that the features corresponding to Q to Q scattering along the sides of the
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hexagonal Brillouin zone are present but very weak.)

The spin degeneracy of the spin-split bands is restored in bilayer WSe2 due to

the inversion symmetry of the layers. So, for example, if a given band in the bottom

layer is spin down, that same band in the upper layer will be spin up. Despite the

restored spin degeneracy, the Fourier transforms of our experimental dI/dV maps

in the bilayer conduction band (Fig. 5.9(d)) and the valence band (Fig. 5.9(h)) do

not exhibit all the resonances anticipated in the simulation. They do, however,

match the exact subset of resonances expected given spin-polarized bands (white

features in Figs. 5.9(b) and (e)). Put another way, the bilayer maps exhibit only the

features observed in the monolayer maps, implying an effective spin-polarization of

the bilayer WSe2 bands. This spin-polarization arises from strong layer-polarization

of the bilayer WSe2. Since there is only a small component of pz in the Q- and

K-point bands, the spin-orbit coupling dominates over the interlayer hopping, thus

enhancing the layer polarization. As we are capable of probing electrons in both

layers of bilayer WSe2, the observation of nearly identical Fourier transforms for

monolayer and bilayer WSe2 provides direct evidence of strong spin-layer-valley

entanglement in both the valence and conduction bands.

We have presented local tunnel spectroscopy measurements of monolayer and

bilayer WSe2. By examining electronic scattering from atomic-scale defects we are

able to map out portions of the band structure of the material, as well as to identify

scattering pathways forbidden by spin and layer polarizations of the bands. Our

results directly demonstrate that intervalley electronic scattering is suppressed in

the valence band of monolayer WSe2 as a result of the large spin-splitting of those

bands. Furthermore, we observe strong layer-polarization in bilayer WSe2, providing

the first experimental evidence of the spin-valley-layer coupling in the conduction

band. While previous applications have been proposed to utilize this effect for

slightly hole-doped bilayer WSe2 [149], our results present a path towards realizing

these novel combined spintronic and valleytronic applications in devices of either
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doping.

5.3 Future Directions

The ability to map electronic scattering pathways provides a very powerful probe

into the electronic properties of vdW heterostructures. This technique can be ex-

tended to any number of heterostructures which have not yet been fully character-

ized. Preliminary work on graphene on Bi2Se3, for example, has already hinted at

the potential for novel electronic states in the system. Bi2Se3 is a layered material

which behaves as a topological insulator (TI): exhibiting gapped bulk states and

metallic surface states characterized by a single Dirac cone at the Γ point. Due to

large SOI in the TI, the real spin of the electron lies in the plane of the material,

and is perpendicular to the momentum [171].

For graphene in proximity to a TI, it has been predicted that the bands of the two

materials will hybridize, and the large SOI in the TI will induce a non-trivial real spin

texture on the graphene bands [73]. We have performed preliminary measurements

on a bilayer graphene on Bi2Se3 sample. While much of the sample exhibits very

rough graphene, presumably due to degradation of the TI or poor adhesion between

the two materials, it was possible to find some flat areas. Within these areas, we

observe significant electronic scattering in our dI/dV maps due to defects in the

Bi2Se3 (Fig. 5.10(a)). In the Fourier transform of this map (Fig. 5.10(b)), we can

see both intravalley scattering near the center of the image, as well as intravalley

scattering at the Brillouin zone corners. Interestingly, the intervalley scattering is

not a single point, but rather a set of three points surrounding the BZ corner. This

suggests the possibility of band structure modification of the graphene due to the TI

substrate, and perhaps even a non-trivial spin texture on the graphene bands. More

work, notably on monolayer graphene, is necessary to gain a full understanding of

the physics of this system.

Utilizing all of the techniques presented in this thesis — including basic structural
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(a) (b)

Figure 5.10: (a) dI/dV map of bilayer graphene on Bi2Se3 at constant sample biases
of -30 mV. The scale bar is 2 nm. (b) Fourier transform of (a). A ring due to
intravalley scattering is visible at the center of the image. Trigonally split intervalley
scattering is also visible, with one of the Brillouin zone corners circled in white. The
scale bar is 1 nm−1.

and electronic characterization of vdW materials and heterostructures, structural

control of these materials through interactions with the STM tip, and characteriza-

tion of band structure and internal degrees of freedom through electronic scattering

measurements — will be an invaluable tool for discovering and characterizing novel

physical effects in countless future vdW heterostructures.
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