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ABSTRACT: Nanopatterned semiconductor interfaces offer a Valley Hall Domain Wall
versatile platform for creating quantum metamaterials and [BESEGEESGDENNS
exploring novel electronic phenomena. In this study, we illustrate
this concept using artificial graphene—a metamaterial featuring
distinctive properties including Dirac and saddle points. We
demonstrate that introducing additional nanopatterning can open
a Dirac band gap, giving rise to what we term artificial hexagonal
boron nitride (AhBN). The calculated valley Chern number of
AhBN indicates the presence of topological valley Hall states
confined to Dirac-gap domain walls. A key question is whether
these one-dimensional edge states are topologically protected
against disorder, given their vulnerability to Anderson localization.
To this end, we perform band structure and electronic transport simulations under experimentally relevant disorder, including charge
puddles and geometric imperfections. Our results reveal the resilience of the domain wall states against typical experimental disorder,
particularly while the AhBN band gap remains open. The localization length along the domain wall can reach several microns—
several times longer than the bulk electron mean free path—even though the number of bulk transport channels is greater. To
enhance the effectiveness of the low-dissipation domain wall channel, we propose ribbon geometries with a large length-to-width
ratio. These findings underscore both the potential and challenges of AhBN for low-energy, power-efficient microelectronic
applications.
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B INTRODUCTION of disorder,” as has been recently demonstrated in the context of
photonic topological interfaces.'® One approach to address this
issue involves implementing novel, tunable materials. In this
context, we propose an innovative mechanism for realizing

Topological insulators (TTs)"* are materials characterized by an
insulating bulk but conducting surface, edge, or corner states.
These dissipationless boundary modes arise from the contrast

between the nontrivial topological invariant(s) of a TIs valleytronics on the surface of an industry-grade semiconductor
electronic structure and the trivial topology of states like the using an advanced fabrication technology.

vacuum. This promise of efficient energy transfer mechanisms First, we consider artificial graphene (AG) as our primary
has generated significant interest in understanding how quantum metamaterial. AG can be constructed by nano-
topological defects influence transport channels.” One such engineering a 2D electron gas (2DEG) in a semiconductor
defect occurs when a two-dimensional (2D) material hosts a heterostructure (such as AlSb/InAs/AlSb), and introducing a
one-dimensional (1D) domain wall, characterized by a sharp triangular antidot lattice via interferometric lithography.'” The
discontinuity in a topological invariant across the interface. A antidots repel electrons into regions of low potential, resulting in
key example of such an invariant is the valley Chern number, "™ an effective honeycomb lattice where the pseudocarbon atoms
a quantity associated with Berry curvature integrated over a are located. Because changing the nanopattern design is

single valley of an electronic band structure. The resulting valley
Hall effect that arises from the difference of valley Chern
numbers across a topological domain wall has been observed not
only in bilayer graphene and transition-metal dichalcogenide -
electronic devices,”'® but also in acoustic and photonic Rec?wed: October 3, 2025
crystals."* ™7 As the effect seems to be universal to both Revised:  December 22, 2025
quantum and classical systems, it offers a promising avenue for Accepted: D ecember 23, 2025
practical energy or information transfer applications. Published: January 15, 2026
The performance of valley Hall systems based on traditional
solid-state materials can, however, be challenged by the presence

relatively straightforward, AG offers greater versatility than
natural graphene. As a critical advantage, the AG lattice constant
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and the vertical depth of the patterned antidots may be
strategically chosen. Then, we introduce secondary antidots in
the pattern to open a bulk band gap in AG. As this mimics the
structure of hexagonal boron nitride (hBN), we dub this
metamaterial ‘artificial hexagonal Boron Nitride’ (AhBN).
Opening a gap in this manner in a traditional graphene-like
system reveals valley Chern numbers."™® Therefore, we aim to
understand the role of band topology and the effects of disorder
on our AhBN system.

To investigate these effects, we first consider the introduction
of disorder in the form of a fluctuating potential induced by
hypothetical charge puddles.”® As a semiconductor hetero-
structure contains nearby charge impurities or similar defects,
analyzing the effect of this type of disorder is important for
understanding how the valley Hall effect may survive under
realistic conditions. Then, we consider a second type of disorder
resulting from the geometrical variation in the nanopatterned
antidots in the 2DEG that produce the AG/AhBN. Both types of
disorder are relatively short-range for AG/AhBN, meaning that
their relevant disorder length scales are shorter than the
interpseudoatomic distance L; therefore, valley-Hall topological
protection may be less effective, as it may not completely
suppress intervalley scattering.” We analyze the impact of these
types of disorder as a function of the disorder strength, on both
the AhBN Dirac band gap and the Dirac-gap domain wall state.

Because the valley Chern number is not strictly quantized and
the domain wall states are 1D in nature, they are susceptible to
Anderson localization. We aim to understand the interplay
between disorder-induced localization and the valley Hall effect,
which provides some level of protection against localization. In
particular, we seek to quantify the localization length of the
domain wall state to accurately determine whether our system
can demonstrate the valley Hall effect over length scales relevant
to nano patterned devices. For realistic disorder strengths, we
find that the localization length spans several microns, i.e., an
order of magnitude larger than the AG periodicity L and
significantly larger than the typical mean free path (<1 ym) of
the underlying 2DEG. We are similarly encouraged by recent
work displaying that the coherence of dissipationless 1D
transport modes can be maintained up to 300 K,*' thus opening
a path toward room-temperature quantum information
processing. Therefore, the proposed meta-graphene valley Hall
states, combined with the wide tunability and ultrahigh quality
of semiconducting superlattices, provide a promising platform
for future applications in electronic devices with low-power
dissipation.

B RESULTS AND DISCUSSION

Artificial Graphene and Artificial hBN

The model for artificial graphene (AG) that we employ is the
continuum model described by Park and Louie.”” Figure 1(a)
shows a typical Scanning electron microscope (SEM) image of
AG with a lattice constant of L = 100 nm in an InAs quantum
well. We use a triangular lattice of ‘muffin tin’ to represent the
antidots as potential barriers that repel electrons. Along with the
kinetic term describing an electron gas characterized by an
effective mass m, we express the total Hamiltonian in a plane
wave basis. Owing to its few intrinsic parameters, the model
hZ
5.

2mL

exhibits universal energy scaling in units of ‘We maintain a

2
48-" = 240 meV through-
2ml

out our continuum model calculations. A similar approach,

consistent energy cutoff: Ecumff =

6112

(a)

WD

?ﬁ det HV dwell | tilt HFW
| ETD | 10.00kV | 3.0 | 150000 x | 6.5 mm 45pus | 0° | 847 nm
1
(b) (c) S
0.8 \ / 4
& -
o £
SE%
1
0
M K r
/ 5
/ 4
35
/ |2
m
\ 1
0
M K r
5
4
3>
==K
2
X >< >
. 1
_4/\&
0% &w
r (K) M (K" r

Figure 1. (a) SEM image of the experimentally produced AG with a
lattice constant of L = 100 nm. (b) Potential profile of AG. The red
holes (antidots) indicate potential barriers of strength V, that low-
energy electrons cannot penetrate, resulting in the graphene-like band
structure in (c). (d) Addition of holes of strength V, at the A sites of the
lattice breaks inversion symmetry (and sublattice symmetry) and opens
the band gap at the K/K' points, as indicated in the band structure in
(e). (f) Potential profile of AhBN with a domain wall. The white line
indicates the domain wall, which acts as a mirror line and contains an
inversion center of the entire system. (g) The band structure projected
along the domain wall direction that has a translational symmetry of
AG. Each red band indicates a pair of domain wall states counter-
propagating at the K/K’ valleys; there are two parallel domain walls in
our setup to ensure the periodic boundary condition.

utilizing a tight-binding basis, has recently been applied—and
validated experimentally—to describe AG structures.'”** In our
calculations, we set the potential strength of the primary

! 5. This nano

2mL

patterning results in the formation of AG, with the pseudoatoms
arranged in a conjugate honeycomb lattice, as indicated by the
sites labeled A and B in Figure 1(b). In reciprocal space, this
produces a graphene-like band structure with Dirac points at the

triangular ‘muflin-tin’ lattice to V| = 10—.
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K and K’ points and saddle points at the three M points, as
shown in Figure 1(c). The diameter of the antidots in our model

is chosen to be D; = %, where L = 100 nm is the AG lattice

constant. The antidots are expected to alter mostly the electronic
behavior of 2DEG electrons with energies on the order of V7,
with the higher-energy electrons less affected. A secondary
muffin-tin lattice with a potential strength V, is added at the A
sites, breaking the inversion symmetry (and sublattice

symmetry) between the A and B sites. Using V2 =0. 8 5 and

at the K/K’

Dirac points.” Although this energy gap only depends on the
specific choice of V, and D,, treating V| and V, as constants in

diameter D, = ~ opens aband gap E, = 0. 15 o

. *
units of ——
2mL

modify E, = 0. 15

terms in the Ham11ton1an share identical dimensional depend-
ence on L. We term this gapped AG system ‘artificial hexagonal
Boron Nitride’ (AhBN). Plots of the real-space potential profiles
for AG and AhBN along with their low-energy bands are shown
in Figure 1(b,d) and (c,e), respectively.

Breaking the inversion symmetry in graphene produces Berry
curvature localized near the K/K' points. Because of time-
reversal symmetry, the Berry curvatures at the two valleys are
equal in magnitude but opposite in sign.** A similar
phenomenon occurs in AG; in the insets of Figure 2 we

while changing the lattice constant L does not

et since the kinetic term and both potential
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Figure 2. Plot of valley Chern number C, versus energy band gap E,.
Insets: momentum-space distribution of the Berry curvature at
indicated values of E,. The regions exhibiting nonzero curvature

L
082 2 D, = 2
%, and L = 100 nm, we obtain E, =0.76 meV andC, = —

2

correspond to the K/K’ points. For V| = 102h
ml”

D, =

illustrate how the Berry curvature seeps out of the K and K’
points as the gap opens in AhBN. Additionally, we explicitly
calculate the valley Chern numbers.”> When the strength of the
secondary potential approaches our chosen V,, summing the
Berry flux around each valley on a discretized mesh reveals that

. It has

recently been shown that photonic valley Hall states may,

depending on the disorder type, exhibit significant back-

the valley Chern numbers reach approximately C, = ii

scattering'® even in the ideal limit of C, = 15.4’24 To explore

the resilience of the valley-Hall effect in our semiconducting
platform, we assess its robustness under experimentally relevant
disorder.

Leveraging existing knowledge of topological transport and
bulk-edge correspondence,”*® we juxtapose two regions of

6113

AhBN against each other, as indicated in Figure 1(f). Due to the
nonzero difference between the valley Chern numbers on the
two sides of the domain wall, this configuration is expected to
produce topological edge states. Figure 1(g) shows the
calculated band structure projected to the domain wall
direction: there is a pair of in-gap states, counter-propagating
at the two valleys and confined to its host domain wall. Note
that, because of periodic boundary conditions, the supercell
accommodates two parallel domain walls, resulting in two red
bands of domain wall states in Figure 1(g).

Charge Puddle Disorder

To establish how robust these domain wall states are against
disorder,”®*” we first consider disorder whose length scale is
much smaller than the lattice constant L, since L in our AG is on
the mesoscopic scale. Adhering to the type of disorder observed
in graphene experlments, we first analyze the effect of charge
puddle disorder.”® Note that while the charge puddles are
smooth across the graphene lattice, they exhibit sublattice-scale
variation in AG—a key distinction we emphasize.

We assume that the individual charge puddles take the form of
Gaussians, with a standard deviation of ¢ = 5 nm for each charge
puddle, and that there are 100 charge puddles per AG unit cell
on average (this corresponds to a relatively dirty sample with 1.1
x 10"? puddles/ cmz). The total disorder strength U is defined as
the standard deviation of a normal distribution from which the
strength of the potential is sampled. Our calculations are
performed using a 12 X 12 supercell for bulk AG and AhBN, and
a 12 X 24 supercell for AhBN with two domain walls—
corresponding to two 12 X 12 domains—ensuring periodic
boundary conditions. In each configuration, we calculate the
density of states (DOS) over a 12 X 12 Monkhorst—Pack k-
point mesh”” using a small Lorentzian broadening of 0.02 meV.
We consider more than 150 random realizations of charge
puddles, and two representative configurations are shown in
Figure 3(a,c).

As shown in the DOS in Figure 3(b), the bulk band gap of
AhBN remains open until the disorder strength U approaches
the magnitude of the gap. Figure 3(d) shows the DOS of the
AhBN system with two domains of opposite Dirac gaps.
Evidently, a constant DOS persists within the gap until it is
closed by disorder, indicating the presence of robust topological
domain wall states. In Figure 3(e,f) we present the local DOS of
typical domain wall states at the midgap energy (1.5 meV). We
note that for both charge puddle disorders with strengths 0.12
and 0.3 meV, the domain wall states appear to be extended.
Additionally, it is clear that the localization of these states
increases with the disorder strength. We will provide a more
quantitative assessment using transport simulations below.

Geometric Disorder

In addition to charge puddle disorder, we also account for
random variations in the radii of individual antidots in our
model, as this geometric aberration is relevant to the
experimental construction of the AhBN system, as exemplified
in Figure 4(a). We characterize the disorder strength by the
maximum permitted deviation of the antidot radius from its
unperturbed value, expressed as a percentage. The random radii
are sampled from a uniform distribution within this range. Our
DOS calculations for geometric disorder are performed using a
12 X 12 supercell for bulk AhBN, and a 12 X 24 supercell for
AhBN with domain walls, utilizing approximately 200 random
configurations.

https://doi.org/10.1021/acsami.5c19865
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Figure 3. (a) Potential profile of AhBN with charge puddle disorder.
(b) Calculated DOS for (a) at different disorder strengths. The bulk
band gap closes at a critical disorder strength. (c) The same as (a) but
with a domain wall. (d) Calculated DOS for (c) at different disorder
strengths. The DOS within the bulk gap remains constant, indicating
that the domain wall states survive on average until the disorder is
sufficient to close the bulk gap. (e, f) Local DOS of the domain wall
states at the midgap energy (1.5 meV) for two charge puddle
configurations.

Figure 4(b,d) illustrate how both the bulk and domain wall
real-space potentials may change under geometrical disorder for
a particular random configuration. Figure 4(c) shows the
calculated average DOS, indicating that the band gap does not
close until there is a deviation of 20% from the perfect antidot
lattice, which is significantly greater than the typically observed
experimental deviation (<5%). We further observe from Figure
4(e) that the finite DOS of the domain wall states signifies their
presence within the gap, persisting up to the point at which the
bulk gap closes. Figure 4(f,g) show the extended domain wall
states at the midgap energy (1.5 meV) for geometric deviations
of 2% and 8%. Similar to what is observed for charge puddle
disorder, the domain wall states localize over several unit cells,
and the localization increases with the deviation. Our DOS
results allow us to refer to transport calculations for a more
complete characterization of the localization of domain wall
states.

Reflection Invariant and Topological Protection

In addition to AhBN exhibiting the valley Chern number, a
reflection-symmetric domain wall is also associated with a
topological invariant rendered by this symmetry. This invariant
protects the existence of the interface-localized conduction
channel against disorder that preserves the reflection symmetry.
Furthermore, it also provides a measure of the protection—
associated with the existence of the domain wall state—even in
the presence of disorder that breaks this symmetry.

6114

ma

0kv | 3.0 | 120000

—12%
—16%
—20%

—14%
—20%

Figure 4. (a) SEM image of an AG sample exhibiting geometric
disorder with a strength of approximately 9%. (b) Potential profile of
AhBN with geometric disorder. (c) Calculated DOS for (b) at different
disorder strengths, given in maximum percentage deviation of the
antidot radius from the perfect case. (d) The same as (b) but with a
domain wall. (e) Calculated DOS for (d) at different disorder strengths.
(f, g) Local DOS of the domain wall states at the midgap energy (1.5
meV) for two geometric disorder configurations.

To classify the reflection-symmetric AhBN structure, we use
the spectral localizer framework,*™** which provides both a
suite of local topological markers and an associated measure of
topological protection. In particular, a reflection-symmetric 2D
structure can be classified using the symmetry-reduced spectral
localizer®*

LX(X, H) = (H - E1 + ikX)R (1)

Here, X is the position operator in the direction perpendicular to
the reflection symmetry R, E is a choice of energy typically taken
to be the Fermi energy, « is a scaling parameter on the order of
the bulk band gap divided by the length of the system in the x-
direction, k ~ Eg,,/L, and 1 is the identity. As XR = —RX and
HR = RH, I:? is Hermitian, and as such it possesses an energy-
resolved integer invariant of matrix homotopy

1.
¢R(x, H) = Esig[L,f(X, H)] ez @

Here, sig{M] denotes the signature of a Hermitian matrix M,
defined as its number of positive eigenvalues minus its number

https://doi.org/10.1021/acsami.5c19865
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Figure 5. (a) Geometry of a reflection symmetric AhBN ribbon with a domain wall. (b)-(c) Energy-resolved marker Qf (b) and local gap i (c) as a

function of energy E and wavevector k, along the domain wall direction. (d)-(f) Wave functions Re [l//(ky,E) (x) ] of the topological domain wall-localized
states at E = 1.37 meV (d), E = 2.21 meV (e), and E = 0.32 meV (f), which are marked by the green, orange, and purple dots in (b), (c), respectively.

of negative eigenvalues. As eigenvalues of Hermitian matrices
must move continuously, sig{M] cannot change without one of
its eigenvalues first becoming zero, i.e., without M becoming

noninvertible. Thus, the eigenvalue of I:,? closest to zero carries
information about a system’s topological protection against
reflection-symmetry preserving perturbations. Specifically, the
system’s local gap can be defined as

pp(X, H) = min(Ispec[LL (X, H)1I) 3)

which by Weyl’s inequality3 requires that a change in the

system’s topology is only possible if a symmetry-preserving
perturbation 6H is strong enough to close the local gap, ||6H || >
H(xr)- Here, spec[M] denotes the spectrum of M. Finally, bulk-
boundary correspondence manifests in the spectral localizer
framework because closings of the local gap, where yp =~ 0,
guarantee the existence of nearby states.”” Altogether, eq 2
distinguishes reflection-symmetric systems based on whether
their associated spectral localizers can be path-continued to one
another while remaining invertible and preserving R.

To demonstrate the topology associated with the domain wall
in AhBN, we consider a reflection-symmetric ribbon of AhBN
that we simulate using the approach in,>® assuming L = 80 nm.
We consider open boundary conditions along the x-direction
and periodic boundary conditions along the y-direction as

shown in Figure 5(a). Thus, we can use }?(X, H(ky)) and (X,

H(k,)) to classify the system’s topology and associated
protection, choosing R to be the mirror symmetry along the
domain wall. In doing so, we numerically observe that the
change in the topological index and gap closing correspond to
the domain wall-localized state, as seen in Figure S(b—f).

Of course, experimentally relevant fabrication disorder is not
reflection symmetric. Nevertheless, the in-gap domain wall-
localized states still exhibit some lingering protection stemming
from Weyl’s inequality. To demonstrate this remnant of
protection, we consider the full spectral localizer for a 2D system

5,36
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L(x,y,E)(XJ Y, H)

H - E1 k(X — x1)
= — ik(Y — y1)
k(X — «1) + ik(Y — y1) —(H — E1) )
and corresponding local gap
Py )X Y, H) = min(Ispec[Lq, , (X, Y, H)])) (g

Here, X and Y are the position operators of the 2D system, and
(%, 3, E) is a choice of location in position-energy space where
the spectral localizer and local gap are being evaluated. The key
point is that locations where i, =~ 0 still guarantee the
existence of nearby states, regardless of whether the system
exhibits any nontrivial topological index. Moreover, the rate at
which 4, ) can change in response togg)erturbations to the
system is still bound by Weyl’s inequality”

Wiy, (X, Y, H+ 6H) — i, (X, Y, H)I < |I6H]|
(6)

where now J6H is an arbitrary perturbation to the system’s
Hamiltonian that need not preserve any symmetries.

The robustness of the domain wall-localized states in AhBN
can be confirmed using a large-but-finite 2D AhBN Ilattice,
shown in Figure 6(a). Here, the local gap of the clean system
approaches zero along the domain wall at energies where the
topological index changes, Figure 6(d).

We next consider a disorder potential induced by charge
puddles. As above, each individual charge puddle is modeled as a
Gaussian with a standard deviation of 6 = § nm, and the
concentration of charge puddles is 10'*/cm? The total disorder
strength U is defined as the standard deviation of a normal
distribution from which the potential strength is sampled. Upon
addition of disorder, examples of which are shown in Figure
6(b,c), the near closing of the local gap is seen to persist, Figure
6(e—h), demonstrating the robustness of the domain wall-
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Figure 6. (a) Geometry of a finite AhBN flake with a reflection-
symmetric domain wall in the absence of disorder. (b), (c) Distribution
of the added charge puddle disorder with standard deviation 6 = S nm,
10'? charge puddles/cm? and disorder strength U = 0.32 meV (b) and
U = 0.64 meV (c). (d)—(g) Local gap H(xyp) 2t fixed energy for U=0
(d), U=0.32meV (e), U= 0.64 meV (f), and U = 1.27 meV (g). (h)
Line cuts of () for fixed y = 0 and E = 1.5 meV, for values of U from
(d)—(g). The contribution to (o) from disorder is negligible until U
approaches E,,.

localized states against arbitrary disorder, though without
providing any guarantees on the conductivity that these states
may provide. Note, as the symmetry protecting the topology is
broken by the disorder, C}? (X, H + 5H) is no longer well-

defined as when [6H, R] # 0, IN,}?(X, H + 6H) is not
Hermitian. A quantitative assessment of their conductive
properties requires transport simulations.
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Transport Simulations

‘We now examine disorder on the scale of the AG lattice constant
L, and its impact on transport through the domain wall state. We
treat the disorder by first reducing the AhBN system to a single-
orbital tight-binding representation on a honeycomb lattice,
with the Hamiltonian

A=) ™%t + Y tefe, +) g™,
i { i

)

where ¢/ (¢) is the creation (annihilation) operator of an
electron at honeycomb lattice site i. The band gap of AhBN is
captured by the on-site potential £2/® = + A/2 at lattice sites A
and B respectively, while #; is the hopping between the nearest
neighbor sites i and j. To capture lattice-scale disorder, we
include the third term and employ an Anderson model for
s 397 ywhere the potential of each lattice site is shifted by a
random value. Here the random disorder potential is chosen
according to a normal distribution centered around the midgap
(the zero-energy reference) with standard deviation U. To
model the AhBN lattice in Figure 1, we set A = 0.78 meV, t; =
0.85 meV, and L = 100 nm. These values of f;and A were chosen
to match the bandwidth and bulk gap of our continuum model
for AhBN respectively. As the charge puddle disorder
investigated above features variation smaller than the lattice
constant (o/L < 1), our tight-binding representation of AhBN
can only capture the geometric disorder of the antidots. Because
disorder in the hopping parameters #; cannot capture the change
in the bulk AhBN band gap (see Supporting Information), we
implement on-site disorder in our transport simulations. In the
Supporting Information, we show that adding hopping disorder
on top of on-site disorder does not affect any of the trends
discussed here.

To calculate transport through the domain wall state, we use
the setup depicted in Figure 7(a), built using the pybinding
package.”’ We consider a finite channel of AhBN, with the color
indicating the staggered on-site potential at each lattice site. For
the top half of the channel we set £*/® = + A /2 and the opposite
sign for the bottom half, thereby forming a domain wall at y = 0.
For the purpose of visualization, only a relatively narrow channel
is shown in Figure 7(a). In our transport simulations we consider
channels with widths of W=200L =20 ygmand W=10L =1
pum, while varying the channel length L, up to Ly, = 10 ym.

We calculate the transmission from the left to the right of the
channel, from lead 0 to lead 1, using the Landauer-Biittiker
formalism implemented in the kwant simulation package.”' For
a given disorder strength U, we calculate the energy- and channel
length-dependent conductance G(E, Ly,) = 2¢*/h-T(E, L),
where T is the transmission, e is the electron charge, and h is
Planck’s constant.*” For each channel length we consider 200
random disorder configurations, from which we calculate the
typical conductance G, = exp({In(G))), where (--) indicates
the disorder average.4 ** We then extract the energy- and
channel length-dependent resistance as R(E, Ly,) = 1/Gy,(E,
L,). In all the cases we consider relatively weak disorder, U= A/
6 = 0.13 meV, which is expected to preserve the band gap and
the domain wall state.

Bulk Limit. First we consider a very wide system, with a
channel width W = 200L = 20 pm, to mimic the bulk limit of
ABN. Figure 7(b) shows the band structure of this setup in the
absence of disorder. Similar to Figure 1(f), the bulk bands have a
gap of A = 0.78 meV, and the domain wall state (shown in red)
traverses the gap. The flat bands at E &% —0.39 meV correspond

i)
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Figure 7. (a) Setup for the transport simulations, which calculate transmission from lead 0 to lead 1. Red/blue lattice sites correspond to an on-site
energy of + A/2. (b) Band structure of the system in panel (a) for a channel width of 20 ym. Black bands indicate the bulk bands of AhBN, while the
red band indicates the domain wall state localized around y = 0. (c) The same as (b) but for a channel width of 1 ym.
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Figure 8. (a) Resistance of AhBN vs channel length for a wide channel (W = 20 ym) with a disorder strength of U= A/6 = 0.13 meV. The top panel is
for states within the bulk band gap (IEl < 0.39 meV), corresponding to the domain wall state. The middle panel is for states near the band edges (IEl =
0.39 meV), and the bottom panel is for bulk states (IEl > 0.39 meV). Colored symbols are numerical data, and black dashed lines are fits to extract the
mean free path. (b) Mean free paths extracted from (a), indicating enhanced transport in the domain wall state compared to the bulk states. The

vertical dashed lines mark the band edges.

to the zigzag edge states on the top and bottom edges of the
channel. In Figure 8(a) we show the length-dependent
resistance over a range of energies (IEl< 0.8 meV). As indicated
by the labels, the highest resistance corresponds to energies
associated with the midgap domain wall state (IEl< 0.39 meV),
the next group of curves corresponds to energies near the band
edge (IEl = 0.39 meV), and the lowestresistance curves
correspond to the bulk states in the conduction and valence
bands (IEl> 0.39 meV).

At short channel lengths, the resistance is determined by the
number of modes available for transport. This is why the domain
wall state has the highest resistance—within the band gap there
is only one mode. To better compare the transport properties
across all energies, we use the scaling of R vs Ly, to extract the
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mean free path. In the bulk and at the band edges, the resistance
increases linearly with channel length, as seen in the middle and
bottom panels of Figure 8(a). In this ohmic regime of transport,
thgzmean free path can be extracted by fitting the simulation data
to

R(E, Ly) = R(E)|1 +

where R_ is the contact resistance and [, is the mean free path.
The black dashed curves in Figure 8(a) indicate the fits to the
numerical data.

Meanwhile, within the band gap the resistance of the domain
wall state increases exponentially with channel length, as
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Figure 9. (a) Resistance of AhBN vs channel length for a narrow channel (W = 1 ym) with a disorder strength of U= A/6 =0.13 meV. The top panel is
for states within the bulk band gap (—0.39 < E < 0.54 meV), corresponding to the domain wall state. The middle panel is for states near the valence
band edge (E = —0.4 and —0.48 meV), and the bottom panel is for bulk states (E < —0.48 and E > 0.54 meV). Colored symbols are numerical data, and
black dashed lines are fits to extract the mean free path. (b) Mean free path extracted from (a), indicating enhanced transport in the domain wall state

compared to the bulk states. The vertical dashed lines mark the band edges.

indicated in the top panel of Figure 8(a). This is consistent with
transport in a 1D channel, where the exponential scaling may be
directly connected to the mean free path.**** For the case of one
propagating mode, the mean free path can be extracted from"*

h
R(E’ Lch) - 262 eXP(Lch/lmfp(E)) (9)

We plot the energy-dependent mean free path in Figure 8(b).
Within the bulk, the mean free path falls within 2—3 um.
Meanwhile, it reaches more than 12 pm within the band gap,
indicating the relative robustness of the domain wall state against
weak disorder. However, despite the longer mean free path at the
interface, the overall resistance remains much lower in the bulk
AhBN region due to the larger number of modes available for
transport.

AhBN Ribbon. In the previous subsection we have revealed
that while the mean free path of the topological interface state is
much higher than that of the AhBN bulk states, the overall
resistance is also much higher for the interface state because of
the single mode nature. This then raises the question: is there a
situation where the midgap domain wall state shows comparable
or better transport properties compared to the bulk of AhBN? In
principle, this may be achieved in a much narrower system, as
lateral confinement should reduce the number of bulk
conduction modes and could also degrade the bulk transport
properties. We examine this here by considering the same setup
as before but with a channel width of 10 unit cells, W=10L =1
pm.

Figure 7(c) shows the band structure of this narrower system,
which is similar to that of the wider system shown in Figure 7(b),
but with a few key changes. First, the number of subbands in the
bulk is significantly reduced, which will lead to a significant
increase in the bulk resistance. Second, owing to the lateral
confinement, the size of the band gap has increased a bit, to the
range —0.39 < E < 0.54 meV. Figure 9 shows the length-
dependent resistance and the mean free path of this narrower
system. The domain wall states exhibit localized transport

6118

similar to the case of the wider system. By contrast, the states in
the bulk and at the band edge, which are ohmic in the case of the
wider system, now exhibit a metal-to-insulator transition at a
channel length of a few microns. In Figure 9(b) we plot the mean
free path, extracted using the same procedure as before. For the
bulk and band-edge states we fit eq 8 to the resistance for Ly, < 1
um, for which transport is still in the ohmic regime”. Evidently,
the mean free paths of the domain wall state and the bulk states
remain similar to the wider channel case, with the former slightly
increased and the latter slightly reduced.

Owing to the metal-to-insulator transition, as well as the
reduced number of modes available for transport, the resistance
of the bulk AhBN states is much higher in this narrower system
than in the wider one, with the resistance being comparable to
that in the bulk gap. Therefore, a narrower channel appears to be
a system where a topological interface state can provide a
transport advantage over the bulk AhBN.

Bl CONCLUSIONS

We have demonstrated that nanopatterned meta-graphene can
exhibit a designable band gap at the Dirac point, giving rise to an
artificial analog of hexagonal boron nitride with nontrivial valley-
projected band topology. Through an investigation of the DOS
of the domain wall edge state and the behavior of both the
spectral localizer and the local gap in the presence of two
disorder mechanisms, we have sought to test the robustness of
our domain wall state through transport simulations. Our
numerical analysis shows that the domain wall state in AhBN
remains robust even in the presence of experimentally relevant
disorder, with localization lengths reaching beyond ten microns,
extending substantially longer than the bulk mean free path. We
further emphasize that the mean free path estimated in our
transport calculations was obtained under deliberately dirty
conditions. As a result, the true mean free path in experimentally
optimized, high-mobility samples is expected to exceed the value
displayed in Figure 8(b). These results suggest that while
topological transport mediated by the domain wall states is
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resilient, practical implementation is limited by residual bulk
conduction. As such, we propose that high aspect ratio ribbon
geometries can enhance the domain wall-dominated transport,
offering a viable route toward integrating such systems in
quantum information and microelectronic applications. To
achieve these applications, electron-beam lithography can be
used to fabricate the domain wall structure and position
electrodes near its two ends. The two-terminal conductance can
then be measured to detect possible quantization and to extract
the valley-coherence length. Future technologies may utilize
dissipationless 1D transport in the domain wall between
different lateral patterns for quantum information processing.
Moreover, by creating lateral lithography-defined patterns from
the mature technology of semiconductor heterostructures, new
quantum electronic devices will be set on a path toward high-
order integration, leveraging decades of semiconductor industry
development.

While our work has focused on transport with relatively high
geometric and charge puddle disorder compared to exper-
imental disorder broadening (see Experimental Section), our
computational study establishes a lower bound on the mean free
path of these edge modes. Consequently, our platform provides
a means of realizing electronic highways® with extended
propagation lengths. These highways arise from the edge
modes’ ability to follow well-defined paths despite kinks and
imperfections in the channel geometry. We therefore predict
that the AhBN platform enables guided, low-dissipation
electronic pathways, offering a practical building block for
engineered valleytronic devices at scales smaller than the mean
free path of the underlying 2DEG, which in high-mobility GaAs
quantum wells can reach a few hundred microns.*® See Figure 10
for a schematic illustration of an electronic highway.

Taken together, these considerations indicate that our meta-
graphene platform provides a versatile foundation for realizing
valleytronic functionalities within a unified, highly tunable
architecture compatible with standard semiconductor-industry
fabrication processes.

Figure 10. Schematic of electronic highways in our AhBN 2DEG. Here,
zigzag edges at corners correspond to the domain wall edge modes
discussed in this paper, illustrating how these channels can be routed
and exploited in device geometries. The red circles indicate antidots
controlled by V7, and the green dots indicate holes controlled by V.
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B EXPERIMENTAL SECTION

AG was fabricated by nanopatterning a high-mobility 2DEG hosted in
an AlSb/InAs/AlSb semiconductor quantum well heterostructure. The
AG lattice was defined using interferometric lithography, which enables
uniform large-area patterning of periodic nanostructures. This
technique was employed to produce a triangular lattice of surface
antidots that modulate the underlying 2DEG potential landscape and
generate a graphene-like electronic band structure. Our theoretical
modeling shows that the energy gap in our proposed lateral patterns is
larger than both the disorder-induced broadening (approximately 0.2
meV) in our high-quality semiconductor structures and the thermal
broadening (approximately 0.03 meV at 0.3 K).
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Bl ADDITIONAL NOTE

'We find the same mean free path by fitting to eq 9, in the
localized regime for Ly, > S um and scaling by the number of

modes N, [q, = lmfp-Z/(N +1)*
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