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Abstract

Topological aspects represent currently a boosting area in condensed matter physics.
Yet there are very few suggestions for technical applications of topological phenomena.
Still, the most important is the calibration of resistance standards by means of the in-
teger quantum Hall effect. We propose modifications of samples displaying the integer
quantum Hall effect which render the tunability of the Fermi velocity possible by exter-
nal control parameters such as gate voltages. In this way, so far unexplored possibilities
arise to realize devices such as tunable delay lines and interferometers.
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1 Introduction

1.1 General context

Subjecting a two-dimensional electron gas at low temperature to a strong perpendicular mag-
netic field results in the well-known quantization of the transverse conductivity o, = ve?/h
with v € N which is called integer quantum Hall effect [1] (IQHE). The remarkable high-
precision with which the integer quantum Hall conductivity can be measured is attributed to
its relation to topological invariants [2-7]. Shortly after the discovery of the IQHE another
topological effect was measured and baptized the fractional quantum Hall effect [8, 9] since
Hall plateaus appear at fraction filling factors v. The discovery of the integer and fractional
quantum Hall effect triggered a steadily growing interest in topological phenomena in con-
densed matter phenomena.

The IQHE is a single-particle phenomenon [10, 11]; no interaction between the electrons
needs to be taken into account which facilitates its understanding greatly. In the bulk, the
interpretation of the IQHE is that the filling factor v equals the total Chern number of the filled
Landau bands. This Chern number is a topological invariant [3-5] related to the fundamental
Berry phase [12]. This warrants the high precision of resistance measurements fulfilling Ohm’s
law without any non-linear corrections [13].

A closer understanding is gained if one realizes that the actual charge currents are carried
by gapless edge states [6] which cross the Fermi level. They have to exist at the boundaries
because the Chern number jumps across them [14]. The number of gapless edge states [2]
corresponds to the Chern number v. Each of these edge states can be seen as single-channel
conductor [15] propagating only in one direction along the edge which therefore are called
chiral edge states. They allow for adiabatic transport [ 16] because backscattering is forbidden
which makes such transport particularly interesting for applications.

It is fascinating that the IQHE can be put into a larger context of Chern insulators [14]
which need not be induced by external magnetic fields. Complex kinetic Hamilton operators
on lattices, i.e., complex hoppings, can imply non-trivial Chern numbers and concomitant
edge modes as they appear in the IQHE. The seminal example is the Haldane model [17]. Its
quantum Hall effect is called anomalous because no magnetic field is required. The inclusion
of the spin degree of freedom [18,19] opens the possibility of the quantum spin Hall effect
[20-22]. The quantum anomalous Hall effect [23-25] as well as the quantum spin Hall effect
[26] have been realized experimentally.

1.2 Present objective

For clarity, we focus here on the IQHE and do not take the spin into account which is left to
future research. The topological protection of the chiral edge states and the complete suppres-
sion of backscattering in these edge states suggests that the chiral edge states enable robust
applications. Calibrating resistance standards to extremely high precision is certainly a won-
derful example. Yet, in the present study we want to trigger research on further applications.

We will investigate the Fermi velocity vg occurring in the chiral edge states. It represents
the group velocity of electrical signal transmitted through the system. Hence, it determines the
speed of signal transmission. If it can be tuned it can be used to influence the time signals need
to cross the sample. In this way, certain delays can be imposed and used for signal processing,
for instance for interference measurements. We emphasize that the Fermi velocity does not
influence the widely studied DC conductivity which is not the quantity of interest in our study,
in contrast to the majority of theoretical studies in the literature.

Triggered by the observation that the Fermi velocity of edge states in Chern insulators on
lattices differs depending on the details of the edges [27] a systematic study of modifications
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of the edges of the generic Chern insulator in the Haldane model revealed that the Fermi
velocity can indeed be tuned over orders of magnitude by changing external parameters such
as gate voltages [28]. The key idea is to modify the edges by decorations such that local levels
are created which are brought in weak contact with the dispersive edge modes. The ensuing
hybridization leads to a weakly dispersing mode of which the Fermi velocity can be tuned by
changing the energy of the local modes. If the local levels are in resonance with the edge
modes the sketched mechanism is at work and a low Fermi velocity appears. If they are out-
of-resonance the hybridization is ineffective and the edge states remain strongly dispersive.
The tuning of the local decorated edge modes can be achieved by gate voltages.

This fundamental idea has been carried over from the spinless Haldane model to the spinful
Kane-Mele model [29]. In this study, the effect of disorder in the decorated Haldane model has
been addressed as well. It was shown that the Fermi velocity is robust against weak disorder
if the dispersion is not too flat, i.e., if the Fermi velocity is not too low. Hence, in contrast to
the naive expectation of complete robustness due to the topological origin of the edge states
disorder changes the dispersion of the modes and can deteriorate signal transmission beyond
the DC conductivity.

As pointed out in the general context, tunable Fermi velocities open the possibility of in-
teresting applications such as delay lines or interference devices. Unfortunately, the lattice
systems known so far cannot yet be tailored on the nanoscale to render the experimental ver-
ification of the theoretical proposal possible. So far, solid state systems postulated by density-
functional theory can be envisaged to yield realizations in the future [30-32]. Alternatively,
intricate optical lattice may make proof-of-principle realizations of tunable Fermi velocities
possible [33,34]. Yet, the search for different realizations is called for. In particular, the high
standard of designing nanostructures in semiconductor systems suggests to look for such sys-
tems for the realization of tunable dispersions of edge states.

This brings us back to the IQHE which is based on a semiconducting interface generating
a two-dimensional (2D) electron gas and a perpendicular magnetic field. If one is able to
tailor the boundaries of the 2D electron gas in a way that mimics the decoration of 2D lattice
models tunable Fermi velocities become possible. Indeed, it has been proposed by one of us
that attaching bays to the boundaries of a Hall sample allows us to generate local modes in the
bay [28]. If they are slightly opened to the 2D bulk a weak hybridization is realized and the
physics established so far for lattice systems should carry over to the IQHE. The basic geometry
is sketched in Fig. 1.

Currently, it is possible to implement bays in the submicrometer range in IQHE samples.
For instance, a single-electron source has been realized by coupling a quantum dot to a 2DEG
via quantum point contacts and a gate voltage setting the dot potential [35]. An additional
gate voltage at the quantum point contacts is used to control the transmission, see Fig. 1(b)
so that the hybridization can be tuned as indicated in Fig. 1(c). If such a coupled quantum
dot is repeated periodically the geometry in Fig. 1(a) is obtained. This proposed setup will be
studied in the sequel as an exemplary model for the realization of tunable Fermi velocities in
the IQHE.

Below, we present calculations showing that the Fermi velocity vy can be tuned by adding
periodically arranged bays to an integer quantum Hall sample. The paper is organized as
follows. In Sect. 2 we specify the model Hamiltonian describing the IQHE and the numerical
approach to compute the edge states and their dispersion. Sect. 3 illustrates step by step
how the spectrum of the decorated IQHE is structured. In particular, we focus on the effects
of the hybridization between the modes in the bays and the edge modes because this is the
mechanism altering the Fermi velocities. The results for tuned Fermi velocities are presented
in Sect. 4. Finally, Sect. 5 collects our findings and provides an outlook.
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Figure 1: Panel (a): proposal of a decorated quantum Hall sample with tunable Fermi velocity.
A perpendicular magnetic field puts the two-dimensional electron gas in the quantum Hall
phase. Two independent gate voltages V,; and Vj,, change the potential of the blue bays at
the upper boundary and of the green bays at the lower boundary, respectively. The grey area
is inaccessible to the electrons. The size of the opening of the bays to the bulk 2DEG can be
controlled by a gate voltage Vq, as depicted in panel (b). The size of the opening controls the
degree of hybridization of the local mode within the bays and the edge mode in the 2D bulk,
see panel (c).

2 Model and technical aspects

The present work is designated to illustrate the tunability of the Fermi velocity on a proof-of-
principle level. For the sake of clarity, we assume that the upper and the lower boundary are
sufficiently far away from each other so that the edge states localized at the upper and at the
lower boundary do not influence each other. Practically, this means that the magnetic length
(g = +/1i/(|eB|) is significantly smaller than the width L,, of the quantum Hall sample, i.e., the
external magnetic field must be large enough. Then, it is not necessary to study a system of
which both boundaries are decorated. Hence, we focus here on a sample with quadratic bays
at the upper boundaries, but no decoration at the lower boundary which is kept smooth. The
precise shape of the bays does not matter for our proof-of-principle calculations. Within the
colored area shown in the panels of Fig. 2 the electrons can move freely. Their dynamics is
only governed by their kinetic energy. The boundaries are supposed to be infinitely hard walls
as indicated by thick black lines.

Applying a perpendicular magnetic field in z-direction, see panel (a) in Fig. 2, is incorpo-
rated in the usual way by minimal coupling

-

where the charge reads g = —|e| and A is the magnetic vector potential. No electron-electron
interactions are considered so that the full Hamilton operator reads

1 ., -\ 2
H—ﬁ(p—qA), (2)

where m is the (effective) mass of the electrons. The electrons are confined to the xy-plane;
we do not consider their spin degree of freedom. This can be justified because the two spin
species T and | are decoupled in the perpendicular magnetic field [36,37].

Due to the translational invariance in the x-direction a Landau gauge is particularly appro-
priate. We choose the Landau gauge in x-direction A = B(—y, 0, 0) so that the momentum k,
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Figure 2: Sketch of the considered geometries of increasing complexity. Panel (a) displays the
standard IQHE sample without any decoration of the boundaries; its width is denoted by L,
and its total length by L. Periodic boundary conditions in x-direction are assumed. Panel (b)
shows the single unit considered where the dimensions of the bay and the coupled bulk are
given. Note the opening of the bay shown in green; its width is denoted by L,. The total
sample consists of N, such units as shown in panel (c) so that L, = N, L,,,.

remains manifestly conserved. This leads to the continuum Hamilton operator

[/ 8 qB \ a2
H = || —i— 4+ = -
bulk = om [( 13x+ n y) dy? (32)
2 2 32 A2
maws: .5 O ) he 0
_ VLI 3b
2 (y lgBax 2m 8 y2 (3b)

in real space where we use the definition of the cyclotron frequency w. = |e|B/m and the
magnetic length {3 = 4/f/|eB|. It is implied that x and y take only values in the colored
regions of the panels in Fig. 2 unless stated otherwise.

2.1 Bulk system

Solving the Hamiltonian (3b) in case of a bulk system without any boundaries leads to the
famous Landau levels with quantized energy values [38]

E,=hw.(n+1/2), neN. 4)

The corresponding wave functions are plane waves in x-direction and Gaussians multiplied
with Hermite polynomials in y-direction

Yk, y) = Nem O3 RS H, ((y = yo) /L) (5)

because the Hamiltonian corresponds to shifted harmonic oscillators in y-direction. The wave
functions are normalized by N, H,, is the nth Hermite polynomial, and y, = kxﬂﬁ determines
the center of the wave function y(n, k,, y) in y-direction. These facts about the bulk Landau
level will be helpful for the understanding of the more complicated situations and serve as
reference. Below, we consider more and more details of the actual model depicted in Fig.
2(0).

2.2 Sample of finite width L,

Next, we consider a sample as shown in Fig. 2(a), i.e., of finite width in y-direction, but with
translational invariance along x due to periodic boundary conditions. A numerical treatment
is required which we introduce here. It is chosen flexible enough to be extended subsequently
to the decorated sample including the bays.
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For simplicity we set the effective electron mass m = 1, Planck’s constant & = 1, and use
B henceforth for |e|B. This amounts to setting w. = 1, i.e., to using fiw. as energy unit. The
resulting bulk Hamiltonian reads

2
11y .0 92

Hygo==| [ 2 +iZ ] -2 |.

bulk 2[(€§+18x) 8y2] ©)

As displayed in Fig. 2(a) the boundary conditions in the y-direction imply V(y) = oo for
|yl = L, /2. We use the same Landau gauge as before in the bulk system. In x-direction, we
exploit the translational invariance using the plane wave ansatz

Y(x,y) = exp(ik,x)y(y). @)
This leads to the Hamilton operator which acts on y(y)
2
1 y 92
Hundec. con. — E[(@_kx) _3_3/2]’ (8)

with |y| < %y We tackle this problem by discretizing the y coordinate by a mesh with

distance a between the points. It is understood that a is much smaller than any other physi-
cal length scale in the system, i.e., £z and L,. The resulting model resembles a tight-binding
model, but we emphasize that its discrete character is just due to the approximate treatment
of the continuum. We make sure that the discretization mesh is always fine enough so that
the results are close to the continuum values, see below.

So the discretized Hamiltonian, expressed in second quantization, which approximates the
continuum operator (8) reads

1((y S 2
_ E : = J e PN _ L
Hundec. dis. — - |:2 ((6123 kx) + 2a2 ) Cy,kx Cy,kx 3q2 Cy+a,kxcy,kx

1. 1.
+—24a2 Cy+2a,kx Cyk, +h.c.|— —24a2 Cb(y),kxcb(y)>kx’ )]

where Cyk, (c; % ) annihilates (creates) an electron with wave vector k, in x-direction at co-
2 Rx
ordinate y. To this end, the second derivative is approximated by the difference quotient
2
O2P(y) 1

1 4 5 4 1
2~ | 50 =20+ T 0= YOI+ S+ - S+ 20| (0)

This formula cannot be applied to values of y which are close to a boundary because the
values ¢(y + a) and (y + 2a) may not exist, see Fig. 3. In fact, if y}q,, is the value right
at the boundary (red site partly in the shaded area in Fig. 3), then ¢ (¥p4r,) = 0 holds due
to the hard-wall boundary condition and one does not need a terms at ypqr,. What is needed
is an approximation of the second derivative at ypq4, —a for which ¢(yqr, + a) is required.
One could simply omit this term, but this omission would introduce an error of the order of a
with respect to the continuum situation which we intend to approximate. Hence, we exploit
that v (¥p4ry) = 0 and that a continuous function can be approximated by its Taylor expansion
around Ypgry- In linear order this implies v (ypary + @) & —(¥pary —a) which leads the last
term in (9) where we used the symbol b(y) = ypqry —a for the value of y adjacent to the
boundary. This improves the results roughly by one order in a, especially at the important
edges of the sample.

In this way, we can very accurately compute eigen energies of the plain Hall sample as
function of k,. In particular, we obtain the wanted dispersion of the edge states. The level of

6
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Figure 3: Illustration of the approximation used in immediate vicinity of a boundary in order
to improve the approximation of the continuous system by a discretized one, see main text.

Figure 4: Sketches of the meshes used to capture the physics of the quantum Hall sample
with and without bays. The strip geometry (a) and the rectangular geometry (b) are used to
describe the sample without bays. The decoupled bay (c) is considered to compute the energy
spectrum of the isolated bay as reference for the coupled system shown in panel (d). The
orange dashed lines indicate the respective unit cells.

complexity is illustrated by Fig. 4 where the discretization meshes are shown. The calculation
for the plain sample without any decoration only requires to discretize the y-axis, shown in
Fig. 4(a), because the other spatial dependence is fully captured by the plane wave ansatz (7).
This can be done very efficiently because only a relatively small number of sites is required.
But in order to be able to later include the bays as shown in Fig. 4(d) we first re-calculate the
sample without bays by considering the grid in panel (b).

2.3 Fully discretized samples

Enlarging the unit cell as shown in panel Fig. 4(b) leads to the continuum Hamilton operator

1(y*> _y a 3% 32
Hp=-|>2 +212———— ——— 11
(b) 2(52 + 16123 ox ox2 9y2)’ (11)
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with the periodic condition for the wave function

P(x+ pr) y)= exp(ikaxp)w(X: Y)- (12)

We stress that this condition allows us to determine the value of k, only up to multiplies of
271/Lyp, as usual if a reduce unit cell in real space is considered.

In the approximate discretized system the first order derivatives are expressed by using the
central finite difference quotient in forth order accuracy

0
2D L pr—az - 2t—a )+ 2y ray) - Sutor2ay)] 03)

wherever possible. Close to a hard-wall boundary the value 1(x + 2a, y) is not known because
it refers to sites outside of the considered domain. Then this term is simply omitted. The
improvement used for the second derivative based on the mirroring explained in Fig. 3 cannot
be used at hard walls in x-direction because the resulting correction terms would be local
densities with imaginary prefactors spoiling the hermitecity of the Hamiltonian.

Thus, the Hamiltonian H(y, is discretized in both directions. Expressed in second quanti-
zation it is given by

= 1y .5 T 2 i 1 i2By
H= E 6_4 + E Cx)ny’y - @Cx,y-kacx’y + —24a2 Cx,y+2acx,y + _Ba Cx+a,ycx,y
x.y B
By i 1
_ECHZQJCXJ + h.c.] ~ aa? Crb()Cxb(y) ™ AL Chx)y b,y (14)

where x and y run over the discrete sites within the colored areas in Fig. 4. The very last term
occurs at hard-wall boundaries in x-direction, i.e., treating the bays, improving the second
derivatives. The periodicity condition (12) carries over to

_ ik L
CoxtLypy = Cx,y© (15)

in second quantization.

The Hamiltonian (14) can be used to numerically calculate the spectrum for any shape of
the integer quantum Hall sample. We employ it below to consider the finite strip without bays
first , cf. Fig. 4(b), and isolated bays, cf. Fig. 4(c), for reference purposes. Finally, we pass
on to the coupled system, cf. Fig. 4(d). Then, we also have to include the effect of the gate
voltages, see Fig. 1. Gate voltage Vi, controls the size of the opening. This is implemented in
our calculation by the choice of the geometry, i.e., by the value of L,. Since we only consider
bays at the upper boundary there is no V,, to study. The gate voltage V,; is implemented by
the Hamiltonian part

Hbays = Z Vglcl’ycx,y (16)
X,y € bays
where we incorporated the value of the charge into V4, i.e., we use Vi for [e|V;.

For small values of a the Hamiltonian (14) corresponds to very large, though sparsely
populated matrices. We do not need all eigen values of them because we focus on the energies
of the lowest Landau level up to about the third Landau level. In particular, the high-lying
eigenvalues are strongly influenced by the discretization and hence they are meaningless for
the underlying continuum model. In order to handle the diagonalization within given intervals
of the spectrum efficiently for large sparse matrices we employ the FEAST eigen value solver.
The FEAST algorithm [39] uses the quantum mechanical density matrix representation and
counter integration techniques to solve the eigenvalue problem within a given search interval.
Now, we are in the position to calculate the dispersion of the lowest eigen states and thus also
able to calculate the Fermi velocities being the derivatives of the dispersion at the Fermi level.

8
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3 Dispersions in decorated quantum Hall samples

So far, we analyzed the Landau levels in the bulk, see Sect. 2.1, and we introduced the ap-
proximate Hamiltonians to describe hard-wall boundaries of varying shapes, see Sects. 2.2 and
2.3. Here we present the results for geometries of increasing complexity. First, we address the
strip geometry, i.e., the sample without any bays. Then, we study the isolated bays before we
address the full coupled system, cf. Fig. 4. For clarity, we focus on the lowest Landau levels.

3.1 Strip geometry

In the case of a hard-wall confining potential in y-direction, i.e., V(y) = oo for |y| > L, /2,
one still expects to find eigen values and eigen states bearing similarities to the bulk solutions.
For instance, the eigen function exponentially localized in the middle of the strip hardly feel
the hard-wall confining potential. Hence they closely resemble the bulk functions (5) and their
energies are exponentially close to the bulk Landau levels (4), see also below.

Moreover, the lowest eigen functions localized right at the boundary; i.e., k, = £L,/ 2[125,
equal the eigen function of the second Landau level n = 1. This is so because the zero of
the antisymmetric wave functions coincides with the boundary [40] as is well known from
the text book problem in quantum mechanics of a parabolic potential cut off at its apex by
an infinite potential step. Thus, the antisymmetric Hermite polynomials are solutions which
satisfy the boundary condition where they are localized. The influence of the other boundary
is exponentially small if £ < L, which is the limit we presuppose. These special points are
used to verify the accuracy of the calculations based on the discretized model Hamiltonian in
comparison to the continuum solutions.

For the discretized description to approximate the continuum efficiently in y-direction,
the distance a between sites must be small enough to capture the dependence of the Hermite
polynomials (5) on y. Since H,(y) has n zeros on the root mean square length {z4/n+1/2

we arrive at the constraint
Vn+1/2 lp
n+1 vn+1l

In x-direction the wave length set by 27t/k, sets an upper limit of a so that we have to require

a< g (17)

a< K (18)

While (17) needs to be fulfilled in all our calculations, (18) is not required in the solution

of (9), i.e., if the system in Fig. 4(a) is considered, but only if the fully discretized model
introduced in Sect. 2.3 is considered.

In addition to these numerical requirements, we argued that we want to consider the case

where the edge states at the upper and at the lower boundaries do not interfere. This requires

vn+1/2
n+1

on physical grounds. The left hand side is the root mean square of the spatial extension of the
nth Landau level in y-direction. We focus on the lowest bands anyway so thatn =0andn=1
are the relevant cases. For concreteness, we henceforth use the values {z = 1um, a = 0.01{p
and L, = 10£p. These values are in accordance with the above considerations for numerical
accuracy and independence (up to exponentially small corrections) of the edge states.
Considering the mesh in y-direction depicted in Fig. 4(a) we obtain the results (blue solid
curves) shown in Fig. 5 where they are compared to the bulk results (4) (red dashed lines).
Clearly, for small wave vectors one obtains flat bands agreeing very well with the bulk Landau

05 <L, (19)
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Figure 5: The blue curves show the dispersions of the Landau levels of a strip of finite width L,
see Fig. 1(a). The red dashed lines indicate the equidistant energy spectrum of the Landau
levels in the bulk. The vertical dashed lines are located at k, = +L, / 25% indicating the states
which are localized at the upper and lower boundaries of the sample.

3.0} __ Landaulevel {
in the bulk
energy bands

T T T
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i 2.0¢
&1l —e e e e ]
3
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1
1
n n n n 1 n
0'00 1 2 3 4 5 6

k, [1/65]

Figure 6: Left panel: Zoom of the dispersion bands in the IQHE. The vertical dashed green
line is located at k, = L,/ 2£123 marking the boundary of the sample. The colored dots indi-
cate the eigen energies of the corresponding eigen wave functions. Right panel: Probability
densities |1 (k,, y)|? of these eigen wave functions.

level. Deviations occur only in the tenth digit of the eigen energies. This is so because k,
determines the position of the harmonic oscillator in y-direction, cf. Eq. (5). Closer to the
boundaries, an upturn in energy occurs because the electrons feel the hard-wall in their vicin-
ity. As pointed out above, the state n = 0 right at the boundary acquires the energy of the
Landau level n = 1 because its wave functions corresponds to half a harmonic oscillator [40].
This relation is fulfilled up to the fifth digit thanks to the improved treatment of the second
derivative at the boundary, see Fig. 3.

The gradual change of the eigen wave functions upon increasing k, is illustrated in Fig. 6.
The colored dots in the left panel indicate the energies and the k, values of the eigen wave
functions depicted in the right panel by solid lines of the same color. The dashed lines of the
same color display the corresponding eigen functions in the bulk which remain of Gaussian
shape throughout. Note the increase of the peak of the eigen functions in the strip geometry
upon approaching the boundary (sequence red — black — yellow) because the electron cannot
enter the hard-wall.

10
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Figure 7: Left panel: Zoom of the lowest eigen energies in the extended zone scheme for
L, =10um and L,, = 4.01um. (the deviation from 4pm is only due to the discretization).
Red symbols corresponds to occupied states while blue symbols represent unoccupied states.
The horizontal dashed green line indicates the chosen Fermi energy. The thin vertical red lines
show boundaries of the corresponding reduced zone scheme. By backfolding the energies into
the green shaded area one obtains the representation of the reduced zone scheme which is
shown in the right panel.

3.2 Rectangular geometry

Next, we pass to the fully discretized model (14) for the sample without bays, see Fig. 4(b).
This describes the same physics as the calculation in the previous subsection. Still, we present
exemplary results in Fig. 7 for two reasons. The first one is to illustrate that this calculation
indeed reproduces the results obtained previously on the mesh Fig. 4(a) with sufficient accu-
racy. Comparing the results from mesh (a) with those from mesh (b) in Fig. 4 we find that their
eigen energies agree up to the fifth digit. Note that the calculation for mesh (a) requires to
deal with a vector space of dimension of the order of 1000 while the calculation for mesh (b)
requires to deal with a vector space with dimension of the order of 10°.

The second reason is to obtain results for the undecorated sample, i.e., without bays,
as reference for the subsequent complete analysis. The main point is that the reduction of
the translational invariance by considering the enlarged rectangular unit cell in real space of
length L, leads to a reduced zone scheme in k, space. The backfolded branches of the dis-
persion are shown in the right panel of Fig. 7. Since there is no real, physical reduction of the
translational symmetry the backfolded branches display level crossings at the boundaries and
elsewhere which are preserved as long as the physical translational symmetry is preserved.
Hence the backfolded branches can be unfolded again to yield the extended zone scheme dis-
play in the left panel of Fig. 7. This shows the same results as were obtained directly by the
previous calculation based on mesh Fig. 4(a), presented in Figs. 5 and 6.

For clarity, we have chosen in Fig. 7 to consider a quantum Hall sample of finite length.
The length of the unit cell in real space is given by L, and we fix the total number of these
cells to N, = 50. Of course, this value can easily be changed if needed. Hence, there are N,
different momenta k, in the reduced zone scheme. They are multiples of 27t/N,.L,,, lying in
the interval [—n/pr, n/pr].

We want to focus on the filled lowest Landau level, i.e., filling factor v = 1. Due to the
upturn of the lowest level upon approaching the boundaries of the sample this filling factor
requires to occupy all states with energies just below the flat region of the second lowest level,
see left panel of Fig. 7. However, in order to exclude any spurious effects of the energy levels
of the second lowest Landau level we set the Fermi level to a value slightly below the flat band
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Figure 8: Discrete energy spectra of decoupled, i.e., isolated bays as function of their size Ly,
are rendered by blue solid lines and blue symbols for £z = 1um. The horizontal red dashed
lines indicate the equidistant Landau levels in the bulk for comparison.

of the Landau level n = 1, namely to e = 1.4w,. as indicated by the green dashed line in
Fig. 7. This allows us to distinguish unambiguously between occupied and unoccupied levels.
This procedure helps to identify our quantity of interest, the Fermi velocity, i.e., the derivative
of the dispersion with respect to k, at the Fermi level. The ensuing minor deviation of the
filling factor v from 1 is macroscopically irrelevant for large values of L, .

3.3 Isolated bays

Before dealing with the complete system with bays coupled to the quantum Hall sample we
determine the energy spectrum of isolated bays for later comparison. Note that we choose to
consider quadratic bay for calculational simplicity. But the underlying physics does not require
a particular shape of the bay so that samples decorated with circular bays will show the same
physics at somehow modified quantitative parameters.

For considering the isolated bays we treat the mesh shown in Fig. 4 (c). The calculated
energy spectrum as function of the length L;, is plotted in Fig. 8. Having the classical cyclotron
picture of circular electronic orbits in mind we choose Ly, = 2{y as starting value. No smaller
bay would allow for a classical circular orbit. As expected the energies are larger than the
bulk Landau energies because the confinement due to the bays restricts the motion of the
electrons. Accordingly, increasing L;, lowers the energies because enlarging the bays reduces
the influence of the confining potential.

The lowest eigen energy of the bay reaches the energy gap between the two lowest Landau
levels at a bay size of Ly, ~ 2.6(5. Using the gate voltage Vg to shift the energies in the bays
relative to the rest of the sample offers a possibility to tune a local mode in resonance to an
edge mode. We will discuss this in more detail in the next subsection.

Adding the decoupled bay to the unit cell, i.e., considering the model shown in the
panels (b) and (c) of Fig. 4 without any coupling yields the eigen energies provided in Sect. 3.2
plus the eigen energies of the bays which do not disperse at all (not shown). They appear as
completely flat modes if plotted against k, due to their completely local nature in real space.

3.4 Quantum Hall sample with coupled bays

Now, we pass to the fully decorated sample where the bays are coupled to the 2D electron gas
in the strip, i.e., we consider the mesh in Fig. 4(d). We switch on the coupling between the
bays and the strip by gradually increasing the opening L, from zero to the maximum value Ly,.
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Figure 9: Energy spectra of the lowest eigen states of a quantum Hall sample with L, = 10 um,
Ly, =4.01pm, and £z = 1pm. The left panel shows the case of weakly coupled bays because
the opening L, is small. The middle panel shows a moderate coupling while the right panel
a rather strongly coupled case because the opening L, is increased step by step. Red symbols
correspond to occupied states while blue symbols depict unoccupied states; the dashed hori-
zontal green line indicates the chosen Fermi level. The shaded areas highlight the locations of
two avoid crossings due to the hybridization of local and dispersive modes.

The energy spectra are computed and tracked to understand how the coupling influences the
eigen states in general and the edge modes in particular.

To this end, we depict three representative cases with openings L, = {1{3,2(5,3¢3} and a
bay size Ly, = 3¢y in Fig. 9. They represent the cases of weak, moderate, and strong coupling
of the bays. Upon coupling the bays to the quantum Hall sample, i.e., for L, # 0, the eigen
states of the bays and the strip start to merge. Energy crossings of local modes from the bays
with dispersive edge modes in absence of any coupling turn into avoided crossings once the
bays and the strip are coupled. This represents a clear finger print of level repulsion.

Inspecting the three panels, one realizes that only the right moving edge modes are influ-
enced by the coupling of the bays. Only their energies depend on the degree of coupling, i.e.,
on the size L, of the opening. The left moving modes are spatially separated because they are
localized at the other boundary of the sample without decoration. Hence they are influenced
only exponentially weakly.

A nice example of the level repulsion between a (formerly) local bay mode and a disper-
sive, right moving edge mode is seen in the middle of the panels in Fig. 9 around k, = 0. The
relevant area is shaded in violet in the left and the middle panel. An example of a correspond-
ing wave function is shown in the left panel of Fig. 10. In the right panel of Fig. 9 the avoided
crossing is still present, but hardly discernible because the energies are already very different
due to the strong coupling. In return, the left panel shows the character of an avoided level
crossing most clearly because the coupling of the bays is still small and hence the hybridization
between the bay modes and the strip modes is still small.
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Figure 10: Probability density |1, (x, y)|? of two eigen states influenced by the different avoid
crossings. The left panel shows the hybridization between the edge state of the Landau level
n = 0 with the local mode in the bay. The energy and momentum of this state are indicated in
the middle panel of Fig. 9 by the open arrow. The right panel shows the weak hybridization
of the edge state with the second Landau level n = 1 mediated by the local mode in the bay.
The energy and momentum of this state are indicated in the middle panel of Fig. 9 by the
filled arrow. The parameters of the geometry are L, = 10pm, L,, = 4.01um, L;, = 3pm,
L,=2pum, and {5 = 1pm.

Another, less obvious and thus surprising, origin of avoided level crossings between dis-
persive edge modes and local modes results from the breaking of the translational invariance
and the concomitant backfolding. This mechanism induces hybridization between local Lan-
dau levels and edge modes. An example is indicated by a shaded area in the left panel at
k, ~ 0.41/L,, and in the middle panel at k, ~ 0.87/L,, of Fig. 9. Clearly, the effect is
weaker than the hybridization of edge modes and local bay modes. This is so because the
coupling of edge modes and local Landau levels is a second order effect in the coupling of the
bays to the strip. The bay modes are involved only indirectly by virtual processes, see also the
right panel of Fig. 10 where an exemplary wave function is shown. Similar effects were also
found in the IQHE where different edge modes start to mix with one other due to breaking the
translational symmetry by a step potential [41].

To support the interpretations given above, we plot the probability density |y(x, y)|? for
eigen states from the two avoided level crossings in Fig. 10. The left panel shows a state built
from an edge mode and a local mode from the bays; its position in the energy spectrum is
indicated by a solid arrow in the middle panel of Fig. 7. Clearly, the two constituents, the edge
mode and the local mode in the bay can be seen.

The right panel Fig. 10 shows a state built from an edge mode, a local mode from the bays,
and a the next higher Landau level n = 1; its position in the energy spectrum is indicated by
a filled arrow in the middle panel of Fig. 7. Here, three states are involved and contribute to
the eigen states as can be discerned nicely. The contribution of the local mode in the bay is
much smaller than in the case shown in the left panel because it contributes only as virtual
state mediating the breaking of the translational invariance.
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Figure 11: Left panel: Fermi velocity vy of the right moving modes as function of the bay
size Ly, with at L, = 10pm, L,, = 4.01um, {z = 1pm, and L, = Ly,. Right panel: Fermi
velocity v as a function of the opening L, of the bays for various bay sizes Ly, with L, = 10um,
Lyp=4.01pm, and £z = 1pm.

4 Tuning the Fermi velocity

In the previous sections we developed a detailed understanding of the energy spectra of quan-
tum Hall sample decorated by bays. Our ultimate goal is to study whether and how the Fermi
velocity vp can be tuned in such a decorated quantum Hall sample. We highlight that the
Fermi velocity vy represents the group velocity of the coherent quantum mechanical propaga-
tion of electronic wave packets. It cannot be seen as classical propagation of electrons along
the (longer) boundaries of the bays, see below. Here we present quantitative results for the
Fermi velocity and its dependence on the parameters of the model.

First, we examine the dependence of vy on the size of the bays by increasing L;, for max-
imally opened bays, i.e., for L, = L;,. The results are shown in the left panel of Fig. 11. For
maximally opened bays L, = L, the dispersions display no flat region because the strong level
repulsion induces sizable momentum dependencies of most modes, see right panel of Fig. 9.
Thus no strong dependence of the Fermi velocity is expected in accordance with the left panel
of Fig. 11. The complex interplay of many hybridizing levels makes it impossible to predict
sizes for which parameter precisely vy takes its minimum value. However, the comparison of
the left panel in Fig. 11 with Fig. 8 reveals that the Fermi velocity is indeed influenced when
the local mode in the bay approaches the Fermi level, here 1.4w,., which is the case around
L, = 2.6{3. Note that the Fermi velocity is generally reduced, roughly by a factor 2, once the
local modes have come down in energy so that they reach the Fermi level.

The next parameter varied is the opening L, of the bay. The right panel of Fig. 11 shows
the results for various bay sizes. Note that the opening cannot exceed the size of the bay,
hence the curves stop at L, = Ly,. All curves follow the general trend that the Fermi velocity is
lowered upon increasing the hybridization between local modes in the bays and the dispersive
edge modes. This is achieved by increasing the opening L,. An approximate reduction by a
factor of 2 is achieved once the local energy levels from the bay come down in energy, i.e., for
large enough L; . This reduction is not very impressive; in addition, the geometry is fixed once
the sample is grown and cannot be tuned on the fly.

The last dependence of v on a geometric parameter, that we study, is the dependence on
the distance between the bays, i.e., the size L,,,, of the decorated unit cell, see Fig. 2. One could
imagine that a certain resonance phenomenon occurs for special values of L,,,. Generally, we
expect that the influence of the decorating bays decreases upon increasing L, because the
fraction of decorated boundary decreases. Explicit results are shown in Fig. 12. Again, the
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Figure 12: Fermi velocity vg as function of the distance between the bays, i.e., L, see Fig. 2,
for various bay openings L, with L, =10pm, L, = 3um, and {5 = 1pm.

dependence of vy is rather weak. The expected trend that larger L,, reduces vy less is clearly
confirmed because the Fermi velocity approaches its undecorated value of about 1w £ upon
increasing L,,. At small values of L,, we retrieve a reduction of the order of a factor 2. But
no resonance phenomena at particular values of the interbay distance are found. We attribute
this to the fact that none of the local modes in the bay is truly in resonance with the edge
modes

In order to identify a suitable tuning parameter we resort to the results gained for lattice
models [28,29]. Three ingredients are important for sizable changes of the Fermi velocity:
(i) the local and the dispersive modes must be in (or close to) resonance. (ii) There must be
a parameter to tune and to detune this resonance. (iii) The coupling of the modes should be
rather small so that they are sensitive to being or not being in resonance.

Translating these conclusions back to the IQHE, it appears that we have to use the gate
voltage V;; to control the resonance between the local modes in the bays and the dispersive
edge modes. It is obvious that one can shift the bay modes by changing V,;. An additional
asset is that this can be done on the fly so that one disposes of a true control knob for the
speed of signal transmission and hence for the delay time which can be turned while the
signal processing is going on.

The opening of the bays should not be large because the coupling and hence the hybridiza-
tion of the local and the dispersive modes should be rather weak. Thus we choose the rather
small value L, = {3 in Fig. 13. In this figure, we plot the dependence of the Fermi velocity on
the gate voltage. For most values, the Fermi velocity does not deviate strongly from its value of
about 1w £y in a sample without bays. But if the energy levels of the local modes in the bays
approach the dispersive edge mode at the Fermi level they resonate and produce an avoided
level crossing. In the region of the avoided level crossing the local mode and the dispersive one
mix so that the formerly steep crossing of the dispersion through the Fermi level becomes flat.
Hence the Fermi velocity is considerably suppressed. Note that the resulting resonance dips of
vp are rather narrow and can easily be used to (de)tune the velocity by moderate changes of
the applied external gate voltage. In this fashion, changes of the Fermi velocity by factors 10
to 100 should be realizable, similar to what was found in lattice models [28,29].

Comparing Figs. 13 and 14 one realizes the similarities of the curves. The width of the
resonance dips is comparable if the openings L, are the same, cf. Fig. 13 and the second
lowest panel of Fig. 14.

Fig. 14 illustrates very clearly, that larger openings lead to significantly broader dips which
are less deep. In return, smaller openings and thus less coupled bays lead to narrower dips
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Figure 13: Upper panel: The horizontal dashed line shows the set Fermi level while the slanted
solid lines depict the energy level in the isolated bays shifted by the gate voltage. The vertical
red line is a guide to the eye to link the resonance visible in the upper panel to the strong
response in the lower panel. Lower panel: Fermi velocity v as function of the gate voltage V;
for L, =2pm, L, =10pm, L,, =4.01um, L, = 1pm, and {5 = 1pum.

with significantly lower residual Fermi velocity at the minimum. This minimum value of vg
depends on how flat the dispersion of the hybridized modes remains as determined by the
coupling strength: Weaker coupling implies better localized hybridized modes with flatter
dispersion. Flatter modes allow for sharper dips to lower residual values of the Fermi velocity.
Note that the reduction of the Fermi velocity can reach a factor of 100 for narrow bay openings.
A classical interpretation of slower propagation due to the longer path along the boundaries
of the bays would explain a factor 3.75 at best for L, = 0.5pm.

The positions of the resonance dips depend on the energy levels of the modes in the bay
so that the bay size influences them strongly. In the smaller bays studied in Fig. 13, the lowest
bay level lies above the Fermi level so that the gate voltage has to bring it down in order to
observe resonance. In the larger bays, studied in Fig. 14, the lowest bay level lies below the
Fermi level while the second lowest above it. So Fig. 14 shows that several dips may occur,
even for different signs of the gate voltages. All in all, it appears that the precise position of the
dips is not at the resonance of the energy levels of the decoupled bays, but at slightly higher
values of the gate voltage. We attribute this to the effects of the hybridizing couplings which
shifts the local modes in the bays downwards in energy.

5 Conclusions

Topologically protected edge states possess many theoretically appealing properties. Still, av-
enues towards applications have not been followed by broad research. The recent proposal
of tunable Fermi velocities in Chern insulators and spinful topological insulators for the real-
ization of delay lines and interference devices is a step in this direction. The purpose of the
present study was to show that no lattice models are required, but that semiconductor samples
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Figure 14: Upper panel: The horizontal dashed line shows the set Fermi level while the slanted
solid lines depict the energy level in the isolated bays shifted by the gate voltage. The vertical
red lines are guides to the eye to link the resonance visible in the upper panel to the strong
response in the lower three panels. Lower three panels: Fermi velocity vy as function of the
gate voltage Vy for Ly, =3pm, L, = 10pm, Ly, =4.01um, £z = 1 pm, and the three different
values of L, = 1 um as indicated.

with decorated boundaries show the same phenomena. This finding represents a substantial
step forward towards realization because of the extremely high standard of designing and
growing nanostructures for semiconductor devices.

We analyzed the dependence of the dispersion of the edge states in decorated quantum
Hall samples on various parameters. The geometry of the sample sets the energy levels and
partly the degree of coupling between the decorating bays and the bulk of the two-dimensional
sample. Yet the geometric parameters do not allow for a fine-tuning of the Fermi velocity, let
alone quick changes of it in the course of signal processing.

But gate voltages can achieve the wanted tunability. First, we found that the local levels
in the bays should be close in energy to the Fermi level in the remainder of the quantum Hall
sample so that the gate voltage applied to the bays does not need to shift them to a large
extent. Second, the coupling between the bays and the rest of the sample should be rather
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weak to have rather narrow and deep dips in the Fermi velocity if the local modes are tuned
into resonance to the dispersive edge states. Then, the fundamental mechanism of mode
mixing and level repulsion leads to weakly dispersive eigen modes crossing the Fermi level.
This represents the key phenomenon for tunability.

Changes by up to two orders of magnitude appear possible. In our calculations, the degree
of coupling is a geometric parameter. In practice, we propose to make it tunable as well by
additional gate electrodes which modify the width of the opening of the bays, cf. Ref. [35].

The calculations are based on discretizing the sample in real space and mapping it to a
tight-binding type of model. For fine enough meshes, reliable results valid for the continuum
case are obtained as we could verify by comparison to analytic bulk solutions. We increased
the complexity of the considered geometry step by step in order to gain a reliable understand-
ing of the occurring physical phenomena. The approach is flexible enough to be adapted to
various geometries. We considered quadratic bays, but any other shape is possible as well,
but only small, quantitative changes are expected. Here the focus was on a proof-of-principle
calculation to show that the anticipated physics takes indeed place in the integer quantum Hall
effect.

In view of experimental realizability, some aspects must be kept in mind. First, the ne-
glected interaction between the electrons may lead to the formation of certain charge modula-
tions at the boundary. On the one hand, it is established that compressible and incompressible
stripes form close to the boundaries [42]. The incompressible stripes may hinder the propa-
gation of signals. On the other hand, if the filling is tuned just below filling factor v =1, we
expect that this effect is avoided because no incompressible stripes are formed at the edges.
The final clarification, however, can only be reached by an experimental study.

For concreteness, we showed calculations for {; = 1um. This value corresponds via
B = Hh/(el2) to a magnetic field of 0.66mT and to a electron density of 3.2 - 10’cm™2. Both
values are very small compared to the values in generic quantum Hall setups which have mag-
netic fields and electron densities higher by about a factor 10%. Thus, for realization one has
to look for systems with high mobility at much smaller electron densities or to make the geo-
metric structures of the sample smaller, e.g., a factor 5 in linear dimensions yields a factor 25
in the electron density and in the magnetic field.

An interesting alternative to standard semiconductors is the quantum Hall effect in gra-
phene. The relation between magnetic length £ and magnetic field is the same [43-47], but
the relevant electron density n is measured relative to the semimetal so that small values are
easily realized. Due to the density-of-states linear in energy one has n o< e%. Furthermore,
due to the perfect lattice structure a high mobility can be expected. So the promising aim is
to create non-trivial boundaries with bays on the scale of 10 to 1000nm in graphene.

In conclusion, an experimentally realizable topological phase, the integer quantum Hall ef-
fect, allows for tunable Fermi velocities if its edges are appropriately decorated. Gate voltages
can serve as control parameters for tuning. These findings should encourage further research
to realize such systems on the laboratory level to ultimately pave the way towards real devices.

As an outlook we want to emphasize that the presented finding can be extended in sev-
eral ways as has been done for lattice models [29]. The detrimental effects of disorder can
be included to study the robustness of the observed effects. Such investigations will help to
understand with which accuracy an experimental realization has to be grown in order to be
able to observe the predicted effects. Without doubt, this constitutes an essential step toward
applications.

Second, our findings can be extended to spinful models without conceptual difficulties. If
the spin is subject to spin-orbit coupling the chiral edge modes will generically become helical
modes which opens up the promising field for applications in spintronics, for instance realizing
switchable spin diodes. Thus, many tantalizing research projects lie ahead.

19


https://scipost.org
https://scipost.org/SciPostPhys.3.4.032

Scil SciPost Phys. 3, 032 (2017)

Acknowledgements

We acknowledge useful discussions with Manfred Bayer, Axel Lorke, Bruce Normand, and Dirk
Reuter.

Funding information One of the authors (MM) gratefully acknowledge financial support
by the Studienstiftung des deutschen Volkes. This work was also supported by the Deutsche
Forschungsgemeinschaft and the Russian Foundation of Basic Research in the International
Collaborative Research Center TRR 160.

References

[1] K. v. Klitzing, G. Dorda and M. Pepper, New method for high-accuracy determination of the
fine-structure constant based on quantized Hall resistance, Phys. Rev. Lett. 45, 494 (1980),
doi:10.1103/PhysRevLett.45.494.

[2] D. J. Thouless, M. Kohmoto, M. P Nightingale and M. den Nijs, Quantized Hall con-
ductance in a two-dimensional periodic potential, Phys. Rev. Lett. 49, 405 (1982),
doi:10.1103/PhysRevlLett.49.405.

[3] J. E. Avron, R. Seiler and B. Simon, Homotopy and quantization in condensed matter
physics, Phys. Rev. Lett. 51, 51 (1983), doi:10.1103/PhysRevLett.51.51.

[4] Q.Niu, D.J. Thouless and Y.-S. Wu, Quantized Hall conductance as a topological invariant,
Phys. Rev. B 31, 3372 (1985), doi:10.1103/PhysRevB.31.3372.

[5] M. Kohmoto, Topological invariant and the quantization of the Hall conductance, Ann. of
Phys. 160, 343 (1985), doi:10.1016/0003-4916(85)90148-4.

[6] Y. Hatsugai, Chern number and edge states in the integer quantum Hall effect, Phys. Rev.
Lett. 71, 3697 (1993), doi:10.1103/PhysRevLett.71.3697.

[7] A. Altland and B. D. Simons, Condensed Matter Field Theory, Cambridge Univerity Press,
Cambridge, ISBN 9780511789984 (2010), doi:10.1017/CB09780511789984.

[8] D. C. Tsui, H. L. Stormer and A. C. Gossard, Two-dimensional magneto-
transport in the extreme quantum limit, Phys. Rev. Lett. 48, 1559 (1982),
doi:10.1103/PhysRevLett.48.1559.

[9] R. B. Laughlin, Anomalous quantum Hall effect: An incompressible quantum
fluid with fractionally charged excitations, Phys. Rev. Lett. 50, 1395 (1983),
doi:10.1103/PhysRevLett.50.1395.

[10] R. B. Laughlin, Quantized Hall conductivity in tsto dimensions, Phys. Rev. B 23, 5632
(1981), doi:10.1103/PhysRevB.23.5632.

[11] B.I. Halperin, Quantized Hall conductance, current-carrying edge states, and the existence
of extended states in a two-dimensional disordered potential, Phys. Rev. B 25, 2185 (1982),
doi:10.1103/PhysRevB.25.2185.

[12] M. V. Berry, Quantal phase factors accompanying adiabatic changes, Phys. Roy. Soc. Lond.
A392, 45 (1984), d0i:10.1098/rspa.1984.0023 .

20


https://scipost.org
https://scipost.org/SciPostPhys.3.4.032
http://dx.doi.org/10.1103/PhysRevLett.45.494
http://dx.doi.org/10.1103/PhysRevLett.49.405
http://dx.doi.org/10.1103/PhysRevLett.51.51
http://dx.doi.org/10.1103/PhysRevB.31.3372
http://dx.doi.org/10.1016/0003-4916(85)90148-4
http://dx.doi.org/10.1103/PhysRevLett.71.3697
http://dx.doi.org/10.1017/CBO9780511789984
http://dx.doi.org/10.1103/PhysRevLett.48.1559
http://dx.doi.org/10.1103/PhysRevLett.50.1395
http://dx.doi.org/10.1103/PhysRevB.23.5632
http://dx.doi.org/10.1103/PhysRevB.25.2185
http://dx.doi.org/10.1098/rspa.1984.0023 

Scil SciPost Phys. 3, 032 (2017)

[13] G. S. Uhrig, Ohm’s law in the quantum Hall effect, Z. Phys. B 82, 29 (1991),
doi:10.1007/BF01313983.

[14] A. B. Bernevig and T. L. Hughes, Topological Insulators and Topological Super-
conductors, Princeton University Press, Princeton, ISBN 9780691151755 (2013),
doi:10.1080/00107514.2014.948923.

[15] M. Biittiker, Y. Imry, R. Landauer and S. Pinhas, Generalized many-channel con-
ductance formula with application to small rings, Phys. Rev. B 31, 6207 (1985),
doi:10.1103/PhysRevB.31.6207.

[16] C. W. J. Beenakker and H. van Houten, Quantum transport in semiconductor nanostruc-
tures, Solid State Physics 44, 1 (1991), doi:10.1016/S0081-1947(08)60091-0.

[17] E D. M. Haldane, Model for a quantum Hall effect without Landau levels: Condensed-
matter realization of the '"parity anomaly",  Phys. Rev. Lett. 61, 2015 (1988),
doi:10.1103/PhysRevLett.61.2015.

[18] C. L. Kane and E. J. Mele, Z, topological order and the quantum spin Hall effect, Phys.
Rev. Lett. 95, 146802 (2005), doi:10.1103/PhysRevLett.95.146802.

[19] C. L. Kane and E. J. Mele, Quantum spin Hall effect in graphene, Phys. Rev. Lett. 95,
226801 (2005), doi:10.1103/PhysRevLett.95.226801.

[20] H. Weng, R. Yu, X. Hu, X. Dai and Z. Fang, Quantum anomalous Hall
effect and related topological electronic states, Adv. Phys. 64, 227 (2015),
doi:10.1080/00018732.2015.1068524.

[21] C.-X. Liu, S.-C. Zhang and X.-L. Qi, The quantum anomalous Hall effect: Theory and
experiment, Annu. Rev. Condens. Matter Phys. 7, 301 (2016), doi:10.1146/annurev-
conmatphys-031115-011417.

[22] Y. Ren, Z. Qiao and Q. Niu, Topological phases in two-dimensional materials: a review,
Rep. Prog. Phys. 79, 066501 (2016), doi:10.1088/0034-4885/79/6/066501.

[23] C.-Z.Chang, J. Zhang, X. Feng, J. Shen, Z. Zhang, M. Guo, K. Li, Y. Ou, P Wei, L.-L. Wang,
Z.-Q. Ji, Y. Feng et al., Experimental observation of the quantum anomalous Hall effect in a
magnetic topological insulator, Science 340, 167 (2013), doi:10.1126/science.1234414.

[24] X. Kou, S.-T. Guo, Y. Fan, L. Pan, M. Lang, Y. Jiang, Q. Shao, T. Nie, K. Murata, J. Tang,
Y. Wang, L. He et al., Scale-invariant quantum anomalous Hall effect in magnetic topo-
logical insulators beyond the two-dimensional limit, Phys. Rev. Lett. 113, 137201 (2014),
doi:10.1103/PhysRevLett.113.137201.

[25] C.-Z. Chang, W. Zhao, D. Y. Kim, H. Zhang, B. A. Assaf, D. Heiman, S.-C. Zhang, C. Liu,
M. H. W. Chan and J. S. Moodera, High-precision realization of robust quantum anomalous
Hall state in a hard ferromagnetic topological insulator, Nature Mat. 14, 473 (2015),
doi:10.1038/nmat4204.

[26] Y. Ando, Topological insulator materials, J. Phys. Soc. Jpn. 82, 102001 (2013),
doi:10.7566/JPSJ.82.102001.

[27] C. H. Redder and G. S. Uhrig, Topologically non-trivial Hofstadter bands on the kagome
lattice, Phys. Rev. A 93, 033654 (2016), doi:10.1103/PhysRevA.93.033654.

21


https://scipost.org
https://scipost.org/SciPostPhys.3.4.032
http://dx.doi.org/10.1007/BF01313983
http://dx.doi.org/10.1080/00107514.2014.948923
http://dx.doi.org/10.1103/PhysRevB.31.6207
http://dx.doi.org/10.1016/S0081-1947(08)60091-0
http://dx.doi.org/10.1103/PhysRevLett.61.2015
http://dx.doi.org/10.1103/PhysRevLett.95.146802
http://dx.doi.org/10.1103/PhysRevLett.95.226801
http://dx.doi.org/10.1080/00018732.2015.1068524
http://dx.doi.org/10.1146/annurev-conmatphys-031115-011417
http://dx.doi.org/10.1146/annurev-conmatphys-031115-011417
http://dx.doi.org/10.1088/0034-4885/79/6/066501
http://dx.doi.org/10.1126/science.1234414
http://dx.doi.org/10.1103/PhysRevLett.113.137201
http://dx.doi.org/10.1038/nmat4204
http://dx.doi.org/10.7566/JPSJ.82.102001
http://dx.doi.org/10.1103/PhysRevA.93.033654

Scil SciPost Phys. 3, 032 (2017)

[28] G. S. Uhrig, Tunable and direction-dependent group velocities in topologically protected
edge states, Phys. Rev. B 93, 205438 (2016), doi:10.1103/PhysRevB.93.205438.

[29] M. Malki and G. S. Uhrig, Tunable edge states and their robustness towards disorder, Phys.
Rev. B 95, 235118 (2017), doi:10.1103/PhysRevB.95.235118.

[30] C.-C.Liu, W. Feng and Y. Yao, Quantum spin Hall effect in silicene and two-dimensional ger-
manium, Phys. Rev. Lett. 107, 076802 (2011), doi:10.1103/PhysRevLett.107.076802.

[31] S.-C. Wu, G. Shan and B. Yan, Prediction of near-room-temperature quantum anomd-
lous Hall effect on honeycomb materials, Phys. Rev. Lett. 113, 256401 (2014),
doi:10.1103/PhysRevLett.113.256401.

[32] Y. Han, J.-G. Wan, G.-X. Ge, E-Q. Song and G.-H. Wang, High-temperature quantum
anomalous Hall effect in honeycomb bilayer consisting of au atoms and single-vacancy
graphene, Sci. Rep. 5, 16843 (2015), doi:10.1038/srep16843.

[33] G. Jotzu, M. Messer, R. Desbuquois, M. Lebrat, T. Uehlinger, D. Greif and T. Esslinger,
Experimental realization of the topological Haldane model with ultracold fermions, Nature
515, 237 (2014), doi:10.1038/nature13915.

[34] M. Aidelsburger, M. Lohse, C. Schweizer, M. Atala, J. T. Barreiro, S. Nascimbéne, N. R.
Cooper, 1. Bloch and N. Goldman, Measuring the Chern number of Hofstadter bands with
ultracold bosonic atoms, Nature Phys. 11, 162 (2015), doi:10.1038/nphys3171.

[35] G. Feve, A. Mahé, J.-M. Berroir, T. Kontos, B. Placais, D. C. Glattli, A. Cavanna, B. Etienne
and Y. Jin, An on-demand coherent single-electron source, Science 316, 1169 (2007),
doi:10.1126/science.1141243 .

[36] S. W. Hwang, H. P Wei, L. W. Engel, D. C. Tsui and A. M. M. Pruisken, Scaling in spin-
degenerate Landau levels in the integer quantum Hall effect, Phys. Rev. B 48, 11416 (1993),
doi:10.1103/PhysRevB.48.11416.

[37] N. Paradiso, S. Heun, S.Roddaro, L. N. Pfeiffer, K. W. West, L. Sorba, G. Biasiol and E Bel-
tram, Selective control of edge-channel trajectories by scanning gate microscopy, Physica E
42, 1038 (2010), doi:10.1016/j.physe.2009.11.146.

[38] L. Landau, Diamagnetismus der Metalle, Z. Phys. 64, 629 (1930),
doi:10.1007/BF01397213.

[39] E. Polizzi, Density-matrix-based algorithm for solving eigenvalue problems, Phys. Rev. B
79, 115112 (2009), doi:10.1103/PhysRevB.79.115112.

[40] D. Yoshioka, The Quantum Hall Effect, vol. 133 of Springer Series in Solid-State Sciences,
Springer, Berlin, Heidelberg, ISBN 9783540431152 (2002), doi:10.1007/978-3-662-
05016-3.

[41] D. Venturelli, V. Giovannetti, F Taddei, R. Fazio, D. Feinberg, G. Usaj and C. A. Balseiro,
Edge channel mixing induced by potential steps in an integer quantum Hall system, Phys.
Rev. B 83, 075315 (2011), doi:10.1103/PhysRevB.83.075315.

[42] D. B. Chklovskii, B. I. Shklovskii and L. I. Glazman, Electrostatics of edge channels, Phys.
Rev. B 46, 4026 (1992), doi:10.1103/PhysRevB.46.4026.

[43] L. Brey and H. A. Fertig, Edge states and the quantized Hall effect in graphene, Phys. Rev.
B 73, 195408 (2006), doi:10.1103/PhysRevB.73.195408.

22


https://scipost.org
https://scipost.org/SciPostPhys.3.4.032
http://dx.doi.org/10.1103/PhysRevB.93.205438
http://dx.doi.org/10.1103/PhysRevB.95.235118
http://dx.doi.org/10.1103/PhysRevLett.107.076802
http://dx.doi.org/10.1103/PhysRevLett.113.256401
http://dx.doi.org/10.1038/srep16843
http://dx.doi.org/10.1038/nature13915
http://dx.doi.org/10.1038/nphys3171
http://dx.doi.org/10.1126/science.1141243 
http://dx.doi.org/10.1103/PhysRevB.48.11416
http://dx.doi.org/10.1016/j.physe.2009.11.146
http://dx.doi.org/10.1007/BF01397213
http://dx.doi.org/10.1103/PhysRevB.79.115112
http://dx.doi.org/10.1007/978-3-662-05016-3
http://dx.doi.org/10.1007/978-3-662-05016-3
http://dx.doi.org/10.1103/PhysRevB.83.075315
http://dx.doi.org/10.1103/PhysRevB.46.4026
http://dx.doi.org/10.1103/PhysRevB.73.195408

Scil SciPost Phys. 3, 032 (2017)

[44] D. A. Abanin, P A. Lee and L. S. Levitov, Charge and spin transport at the quantum Hall
edge of graphene, Solid State Commun. 143, 77 (2007), doi:10.1016/j.ssc.2007.04.024.

[45] P Delplace and G. Montambaux, WKB analysis of edge states in graphene in a strong
magnetic field, Phys. Rev. B 82, 205412 (2010), doi:10.1103/PhysRevB.82.205412.

[46] W. Wang and Z. S. Ma, Edge states and distributions of edge currents in semi-infinite
graphene, Phys. Rev. B 81, 431 (2011), doi:10.1140/epjb/e2011-20242-7.

[47] T. Stegmann and A. Lorke, Edge magnetotransport in graphene: A combined analytical
and numerical study, Ann. Physik 527, 723 (2015), do0i:10.1002/andp.201500124.

23


https://scipost.org
https://scipost.org/SciPostPhys.3.4.032
http://dx.doi.org/10.1016/j.ssc.2007.04.024
http://dx.doi.org/10.1103/PhysRevB.82.205412
http://dx.doi.org/10.1140/epjb/e2011-20242-7
http://dx.doi.org/10.1002/andp.201500124

	Introduction
	General context
	Present objective

	Model and technical aspects
	Bulk system
	Sample of finite width Ly
	Fully discretized samples

	Dispersions in decorated quantum Hall samples
	Strip geometry
	Rectangular geometry
	Isolated bays
	Quantum Hall sample with coupled bays

	Tuning the Fermi velocity
	Conclusions
	References

