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 A B S T R A C T

We report a pronounced direction-dependent quantum transport phenomenon across stacking domain bound-
aries in trilayer graphene, revealed by large-scale wave packet dynamics simulations. Employing molecular 
statics with realistic interatomic force fields, we construct an ABC–ABA grain boundary geometry with 
structural features – such as soliton width and corrugation amplitude – that closely match experimental 
observations. To mimic a transport device geometry, we injected electrons from a graphene electrode into the 
outer layer of our ABC-ABA junction. We demonstrate that this configuration shows a striking asymmetry in 
transport behavior: wave packets incident from the rhombohedral (ABC) side transmit with minimal reflection, 
while those originating from the Bernal (ABA) side are strongly backscattered. The total reflection probability 
measured in the graphene electrode differs by more than a factor of 20 between the two incidence directions, 
and the energy-dependent transmission function reveals that the main differences are concentrated within 
the ±0.5 eV energy range around the Fermi level. We prove that this rectification is robust across grain 
boundaries of varying thicknesses and morphologies, as it originates from the distinct electronic structures – 
effective masses, sublattice-, and layer polarizations – of the two stacking configurations. These differences in 
the electronic structure of the two stacking configurations are rooted in their lattice symmetries: the mirror-
symmetric ABA and the inversion-symmetric ABC trilayers, which give rise to distinct reflection behavior 
at both the graphene-trilayer contact and the ABA–ABC grain boundary. The precise energy dependence of 
the reflection function, however, depends on the specific atomic structure of the domain boundary, yet, 
without altering the overall value of the reflection. Our results show that contacted ABC–ABA stacking domain 
boundaries could lead to directional quantum transport — opening a pathway toward quantum diode-like 
functionalities.
1. Introduction

Grain boundaries (GBs) represent ubiquitous structural defects in 
polycrystalline two-dimensional (2D) materials, profoundly influencing 
their macroscopic properties [1,2]. These interfaces significantly im-
pede or modify the coherent transmission of electrons due to localized 
strain fields and altered bonding configurations acting as scattering cen-
ters or potential barriers within the materials electronic landscape [3]. 
These combined effects contribute to a complex interplay that dictates 
the overall conductance and can even lead to anisotropic or recti-
fied electron flow [4]. Consequently, understanding electron transport 
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across such boundaries is critical for both fundamental condensed mat-
ter physics and for the development of high-performance 2D material-
based electronic devices. In graphene, specifically, the presence of 
grain boundaries can drastically alter its exceptional electronic char-
acteristics [5–9], moving beyond the ideal ballistic transport often 
envisioned [10]. In multilayer systems, grain boundaries exhibit even 
greater complexity, arising from stacking misalignments that can occur 
also vertically due to relative translations between the layers [11,12].

Rhombohedral (ABC-stacked) graphene is a less common, but in-
creasingly studied allotrope of multilayer graphene that exhibits dis-
tinct electronic properties compared to the more prevalent Bernal 
(ABA or AB-stacked) form [13]. The rhombohedral stacking features 
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a staggered intra- and interlayer hopping pattern [14], similar to a 
one-dimensional (1D) Su–Schrieffer–Heeger (SSH) model [15], which 
results in a flat electronic band and an increased charge density on 
the surface at the Fermi-level [13]. Recent transport [16–18] and 
Scanning Tunneling Microscopy (STM) measurements [19–21] in few 
layers (𝑛 = 3, 4, 5) thick samples revealed strong correlation effects 
in the flat band, such as fractional quantum anomalous Hall states 
and superconductivity at low temperatures. In contrast, AB-stacked 
multilayers do not exhibit such flat bands but instead display parabolic 
low-energy dispersion, which lacks the high density of states.

Since natural graphite contains ABC stacking in about 5%–15% [22] 
of cases, it is not surprising that ABC–ABA transitions are not uncom-
mon in exfoliated samples. The simplest interface between rhombohe-
dral (ABC) and Bernal (ABA) stacked graphene necessitates a minimum 
of three layers to accommodate both stacking orders contiguously. Ex-
perimental studies using Raman mapping (2D-mode) [23,24], near-field 
infrared nanoscopy [25,26] and conductive atomic force microscopy 
(c-AFM) [27] have confirmed the existence of ABC-ABA interfaces in 
trilayer samples and even show the possibility to control their motion. 
However, these methods are unable to reveal the exact atomic config-
uration of these grain boundaries, thus a detailed theoretical study is 
necessary to elucidate their structural properties.

The experimentally observed trilayer ABC-ABA junctions highlight 
the importance of investigating the fundamental electronic transport 
phenomena that occur at such interfaces. The transport properties of 
interfaces between ABC and ABA stacked trilayer graphene depend on 
a combination of factors.

First, the distinct electronic band structures of the ABC and ABA 
regions on either side of the interface dictate the behavior of elec-
trons approaching and traversing the junction. At low energies (|𝐸| <
0.5 eV), ABA trilayer graphene hosts two types of low-energy bands – 
a linear band resembling that of monolayer graphene and a parabolic 
band characteristic of Bernal bilayer graphene – whereas ABC trilayer 
graphene features a single band with cubic dispersion that remains 
nearly flat near the Fermi level. The sublattice symmetry and layer 
polarization is also different for the two stacking configurations. This 
distinction is driven by their inherent lattice symmetries: ABA stacking 
possesses mirror symmetry with respect to its middle layer but lacks 
an inversion center, whereas ABC stacking exhibits inversion symmetry 
about the middle layer but no horizontal mirror plane.

Second, the atomic-scale structure and electronic states within the 
interface region itself play a role, acting as a unique scattering or 
transmission medium that modifies electron flow relative to the bulk 
properties of either stacking domain.

In addition, in a transport geometry, we also have to take into ac-
count the role of the contacts through which the electrons are injected 
into the geometry [28,29]. Therefore, understanding both the bulk 
electronic properties and the interface-specific characteristics together 
with the electrodes is essential for predicting and controlling charge 
transport at these stacking domain boundaries.

Some of these effects have previously been investigated in the litera-
ture. Focusing solely on the effect of the distinct band structures of ABC 
and ABA trilayers Mouhafid et al. [30] demonstrate that the transmis-
sion probability and conductance of a simple connected ABC–ABA–ABC 
trilayer graphene junction exhibit Klein tunneling, along with its mod-
ulation by potential barriers and interlayer bias. In order to consider 
the effect of the junction geometry Grandadam et al. [31] modeled 
a simplified interface to represent the stacking fault between trilayer 
ABC and ABA regions by using local compression or shear of atomic 
bonds. In that tight-binding study the authors found that interface 
bands form in these regions, particularly pronounced for armchair-
type interfaces, and these bands become quantized into discrete energy 
levels in finite-size structures.

While these simplified models with narrow (few unit cells wide) 
grain boundaries provide valuable initial insights, more realistic geom-
etry models are essential for capturing the full complexity of the grain 
2 
boundaries. In contrast to these simplified models the experimental 
ABC-ABA grain boundaries can extend over 20 nm as measured by 
STM [32]. This large spatial extent of the GB presents a substantial 
challenge for accurate Density Functional Theory (DFT) calculations, 
particularly in terms of reliable geometry prediction. Therefore, con-
structing such realistic geometric models requires the use of molecular 
dynamics simulations to relax the atomic structure at the interface, 
naturally capturing bond distortions and local reconstructions [33].

Calculating the transport properties of realistic ABC-ABA grain 
boundaries with electrodes is similarly affected by size limitations, 
since DFT simulations that capture the electronic structure and quan-
tum transport in these systems become computationally infeasible. 
Thus, alternative approaches are necessary to predict the electronic and 
transport properties of these grain boundaries. Wave packet dynamics 
(WPD) [34] offers a powerful and efficient solution, because it allows 
us to simulate the time evolution of electrons as they propagate through 
the complex potential landscapes. This method has several advan-
tages: it can handle large systems, it naturally incorporates quantum 
interference effects, and it provides a real-space picture of electron 
propagation, offering insights into scattering and transmission mech-
anisms that are difficult to obtain from traditional band structure 
methods. By using the split-operator technique, the WPD method was 
successfully applied previously in graphene-based structures, where the 
system was described by continuum Hamiltonians [35,36] or tight-
binding Hamiltonians [37–39]. Although these Hamiltonians facilitate 
rapid calculations, they do not easily incorporate defects in the system, 
such as stacking fault defects. Even in the case of the tight-binding 
Hamiltonian, where the atoms are handled explicitly, careful investiga-
tion and a fitting procedure based on density functional theory (DFT) 
calculations are required to parametrize the different defects in the TB 
model. To overcome this difficulty, we used our recently developed 
pseudopotential [40] to construct the Hamiltonian, which correctly 
describes the electronic structure of multilayer graphitic systems. The 
unique advantage of this pseudopotential method is that it can handle 
stacking fault defects and even atomic scale defects as we demonstrated 
earlier when modeling realistic single-layer graphene GB environments 
[41,42]. While the tight-binding Hamiltonian handles the atomic sites, 
the pseudopotential calculation is based on a real-space grid during the 
split-operator FFT calculations. Therefore, it is computationally more 
expensive, however it provides a reliable framework for the ABC-ABA 
GB transport analyses presented herein.

This paper is organized as follows: In Section 2, we detail the con-
struction of the realistic GB geometry using molecular statics simula-
tions. Section 3 then presents the WPD transport calculations performed 
within a realistic GB transport device geometry. This section elucidates 
the electron transmission characteristics and provides a detailed, mi-
croscopic explanation of the scattering processes. Finally, Section 4 
provides the conclusions drawn from our study.

2. Molecular statics relaxation of the grain-boundary

Previous theoretical models [24,31,43,44] often used simulation 
cells much smaller than experimental scales, resulting in unrealistically 
narrow domain walls and excessive strain. Many also neglected atomic 
relaxation [31] or produced only minimal corrugations [24], inconsis-
tent with experimental observations [32]. While a recent large-scale 
model by Dey et al. [33] used mechanical pulling, it introduced edge 
disorder that breaks structural symmetries crucial for transport studies. 
Here, we construct large, symmetry-preserving grain boundaries by 
encoding the stacking transition explicitly into the initial geometry. 
Subsequently, this initial geometry is relaxed, yielding controlled soli-
tonic boundaries that preserve the key symmetries of the system while 
spanning length scales comparable to experimental observations.

In this study (see Fig.  1), a solitonic stacking domain boundary 
between ABC (rhombohedral) and ABA (Bernal) trilayer graphene was 
constructed and analyzed using classical molecular statics simulations. 



G.I. Márk et al. Carbon Trends 21 (2025) 100589 
Fig. 1. Construction and relaxation of the ABC–ABA domain structure used in molecular statics simulations. (a) Top view of the initial flat trilayer 
graphene ribbon with an in-plane displacement field applied to the bottom layer (yellow), inducing a transition from ABC to ABA. Insets show the gradual shift of 
the bottom layer across the boundary. For each inset, white arrows indicate the displacement vectors, exaggerated for visual purposes. The spheres representing 
the atomic positions are drawn progressively thicker in each layer (layer 1: small cyan, layer 2: medium size magenta, layer 3: large yellow), in order to visualize 
the stacking of the layers. (b) Bond elongation map in the bottom layer at the boundary center (middle inset in (a)), with a maximum strain of 1.55% along the 
armchair direction. (c) Perspective view of the initial flat geometry showing the displacement field magnitude in the bottom layer (color-coded). White arrows 
indicate the armchair displacement direction, oblique to the grain boundary (green). 𝑤 = 20 nm denotes the soliton width. (d) Relaxed geometry after LAMMPS 
minimization, showing out-of-plane wrinkles at the domain boundaries. (e) Side view of the relaxed structure, showing vertical corrugation profiles using the 
same color coding values as in (d). (f) In-plane displacement profile before (colored) and after (black) relaxation, indicating a smoother transition across the 
boundary. The color coding represents the same values of displacement as in (c).
As shown in Figs.  1a and 1c, the model system was initialized with a 
flat, fully ABC-stacked trilayer graphene ribbon with a total length of 
67 nm and a width of 0.426 nm (3 carbon–carbon bond lengths). The 
ribbon was oriented such that its longitudinal axis (y-axis) aligned with 
the zigzag direction, while its transverse axis (x-axis) corresponded 
to the armchair direction. Periodic boundary conditions were applied 
exclusively along the 𝑥-axis. To induce a transition between stacking 
orders, a position-dependent displacement field was applied to the 
bottom layer along an in-plane armchair direction (see white arrows in 
Fig.  1a and c). This choice is motivated by the fact that, when shifting a 
3 
layer along a straight path, transitions between distinct high-symmetry 
stacking configurations – such as ABC, ABA, or AAB – are only possible 
along the armchair direction, with the shift magnitude corresponding 
to an integer multiple of the carbon–carbon bond length. We defined 
the displacement profile along these directions to follow a sigmoid-type 
smoothed steplike function centered at 𝑦0 (the middle of the domain 
wall) to interpolate between the unshifted and shifted regions of the 
layer (see Fig.  1f): 

𝛥𝐷 (𝑦, 𝑦 ) =
𝛿𝑖 (tanh

( 𝑦 − 𝑦0 ) + 1
)

(1)
𝑖 0 2 𝛬
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where 𝑖 denotes the layer index, 𝛬 parameter is proportional to the 
characteristic width (𝑤) of the domain wall, and the magnitude of the 
deformation is 
𝛿𝑖 = 𝑛𝑖𝑎, (2)

with 𝑎 being the carbon–carbon bond length and 𝑛𝑖 is an integer, 
specifying the displacement in layer 𝑖. By assigning the relative dis-
placements in each layer, the vector 𝑛 = [𝑛1, 𝑛2, 𝑛3] serves as a key 
descriptor of the type of the stacking transitions, encoding the total 
strain applied in the GB. The formula in Eq.  (1) ensures a continuous 
transition in stacking order while localizing the strain over a finite 
domain wall width (𝑤), where 𝛬 was chosen so that 𝑤 ≈ 20 nm, 
thereby setting an experimentally motivated value. Figs.  1c and 1f 
provide a visual representation of the shift profile of Eq.  (1). Since the 
displacement direction (white arrows in Fig.  1a and c) is not orthogonal 
to the stacking domain boundaries (green areas in Fig.  1c), the resulting 
solitons exhibit both shear and tensile character—yielding a mixed-type 
domain wall configuration. The nature of a stacking domain boundary 
– whether tensile, shear, or mixed – is determined by the direction 
of atomic displacement relative to the boundary normal [25,45]. A 
purely tensile soliton arises when the interlayer shift is oriented per-
pendicular to the domain wall, leading to uniform compression or 
extension across the boundary. Conversely, a pure shear soliton forms 
when the displacement is parallel to the domain wall, resulting in 
relative sliding between layers without significant normal strain. In 
the present case, the displacement direction is oblique with respect 
to the boundary orientation, producing a soliton that involves both 
relative sliding and dilation components. This gives rise to a mixed-
type stacking domain wall, exhibiting both shear and tensile strain 
characteristics. Such non-pure shear transitions are commonly observed 
in experimental systems, particularly in multilayer graphene samples 
where strain fields and substrate interactions lead to complex interlayer 
displacements [25,46–50].

There are infinite possible sets of 𝑛𝑖 = 1, 2, 3, 4…  values that 
can achieve the rhombohedral-hexagonal transition, however, most of 
them are unphysical due to the enormous strain that they encode. In 
selecting suitable ⃗𝑛 vectors, we prioritized configurations that introduce 
minimal strain into the lattice. Moreover, previous microscopic model 
calculations [51] indicate that transitions passing through intermediate 
AA-like stacking configurations are energetically less favorable. These 
considerations motivated to use the constraint of 𝑛𝑖 < 2, since larger 
displacements are more likely to introduce AA-type stacking regions. 
With this in mind, we identified three possible geometries for a 3-layer 
system—taking into account the redundancies caused by symmetry:
𝑛 = [0, 0, 1], (𝐴𝐵𝐶) → (𝐴𝐵𝐴),

𝑛 = [0, −1, −1], (𝐴𝐶𝐵) → (𝐴𝐵𝐴),

𝑛 = [−1, 1, 1], (𝐵𝐴𝐶) → (𝐴𝐵𝐴).

Among these stacking transitions, the configuration with 𝑛 = [0, 0, 1]
introduces the least strain into the system, making it the most mechan-
ically favorable. Therefore, we focus our analysis on this configuration 
in the present study, as it captures the essential physics of the ABA–
ABC transition while allowing for a clear and controlled examination 
of the domain wall structure. A systematic comparison with alternative 
displacement vectors such as 𝑛 = [0,−1,−1] remains an interesting 
direction for future work.

The resulting atomic geometry following the applied 𝑛 = [0, 0, 1]
displacements is shown in Fig.  1a, which presents close-up snapshots 
at various locations along the GB, illustrating the gradual structural 
transition from ABC to ABA stacking. The applied displacement leads to 
bond stretching across the boundary, where a total shift of one carbon–
carbon bond length is accommodated over an effective width of 20 nm. 
This results in a maximum bond elongation of approximately 1.55%, as 
visualized in the bond length distribution plotted in Fig.  1b.
4 
Following the construction of the initial flat solitonic geometry, 
we performed a molecular statics relaxation to obtain the relaxed 
atomic structure. To relax the geometry, the conjugate gradient method 
was used in LAMMPS [52]. The Long-range Carbon Bond-Order Po-
tential (LCBOP) [53] accurately described intralayer bonding, while 
the Dihedral-angle-corrected Registry-dependent Interlayer Potential 
(DRIP) [54] captured the subtle registry-dependent interlayer inter-
actions crucial for modeling solitons. This combination offers the 
most recent and physically complete empirical model for multilayer 
graphene currently available, excluding machine-learning-based po-
tentials (MLIP) that require extensive retraining. During energy min-
imization, the two ends of the ribbon – comprising pure ABA and 
ABC stacking regions, each approximately 17 nm wide – were held 
fixed, while only the intermediate solitonic boundary region, spanning 
roughly 33 nm, was allowed to relax. This fixing constraint reflects 
a well-known challenge in modeling: ABC stacking is metastable and 
easily collapses to ABA in fully relaxed simulations. Several exper-
imental and theoretical works [24,49,55] report similar constraints 
when stabilizing rhombohedral domains under thermal or mechanical 
perturbation. By selecting a relaxation region (33 nm) larger than the 
initial effective soliton width (20 nm), we provided additional space for 
the induced strain to redistribute more gradually across the structure if 
needed. The system was relaxed in a fully free-standing configuration 
to ensure that the intrinsic geometry and strain distribution of the ABC–
ABA domain wall develop without artifacts that could otherwise result 
from constraining fixed layers, when mimicking substrate effects.

Upon relaxation, the stacking domain boundaries developed promi-
nent out-of-plane corrugations, as seen in Fig.  1d, consistent with 
solitonic deformations previously reported in both scanning probe mi-
croscopy studies and atomistic simulations [44,45,56]. The observed 
corrugations reflect an energetic compromise: the system reduces the 
unfavorable interlayer potential associated with stacking mismatches 
by allowing atoms to displace out of plane, while simultaneously 
alleviating in-plane tensile and shear strains. This results in a solitonic 
structure where the total energy is minimized through coupled in-plane 
and out-of-plane distortions. Fig.  1e displays the corrugation profiles of 
the layers, with the out-of-plane deformation reaching a peak ampli-
tude of 2.2 Å. In addition to the out-of-plane corrugation, significant 
in-plane atomic redistribution also takes place during relaxation. This 
is evident in Fig.  1f, where the initial sigmoid displacement profile 
(colored curve) becomes smoother (black curve), indicating a reduction 
in the displacement gradient. As a result, the imposed shift is more 
evenly distributed across the available width of the solitonic region. 
The relaxed grain boundary exhibits an effective width of 26 nm, cor-
responding to the region where the majority of the atomic displacement 
occurs. Bond elongation also drastically reduced after relaxation, from 
the initial 1.55% to 0.48% residual strain.

This simulation setup is particularly noteworthy for its scalability 
and precision. Compared to first-principles DFT studies, which are 
limited in system size, this classical approach allows the modeling of 
solitons across ribbons exceeding 100 nm in length, making it ideal 
for resolving large-scale stacking transitions and examining boundary 
morphology. Moreover, the selection of specific 𝑛-vectors provides a 
systematic way to tune interlayer registry, and future extensions could 
quantify their influence on atomic structure.

3. Wave packet dynamical analysis of the transport for the ABC-
ABA and ABA-ABC geometries

In WPD modeling the physical system is described by a Hamilto-
nian and the initial conditions are given by an initial wave function. 
The method provides the 𝜓(𝑟; 𝑡) time-dependent wave function by 
the solution of the time-dependent Schrödinger equation [34]. We 
applied the split-operator Fourier transform method, (see SI Section 
I). By performing a time-energy Fourier transform the 𝜓(𝑟;𝐸) energy-
dependent wave function is also available. If the Hamiltonian is written 
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Fig. 2. Model geometry used in the wave packet dynamical calculation, (a) yz cross section, (b), (c) xy cross section. (b) ABC–ABA and (c) ABA–ABC. The wave 
packet (shown symbolically on the inset of (a)) starts from Region 1, the single layer graphene region. Its initial impulse, 𝑃  is in the 𝑦 direction. Region 2 is a 
perfect ABC (ABA) trilayer, Region 3 (light blue rectangle) is the grain boundary region, Region 4 is a perfect ABA (ABC) trilayer. The spheres representing the 
atomic positions are drawn progressively thicker in each layer (layer 1: small cyan, layer 2: medium size magenta, layer 3: large yellow), in order to visualize 
the stacking of the layers. The thickness of the grain boundary and of the width of the initial wave packet is not to scale on the figure. The model geometry and 
the size of the initial wave packet is infinite (periodic) in the 𝑥 direction.
in the 𝐻̂ = 𝐾̂ + 𝑉  form, where 𝐾̂ is the free space kinetic energy, 
then the electronic structure is coded into the potential energy oper-
ator 𝑉 . To obtain 𝑉  in this work we utilize our recently developed 
pseudopotential [40], which was constructed for WPD calculations for
van der Waals stacks of carbon sheets. As we have shown in [40], it 
correctly describes the electronic structure of AA, AB bilayer graphene, 
ABC (rhombohedral) trilayer graphene, as well as bulk AA, AB, and 
ABC graphite, even in case of external electric fields. The functional 
form of the pseudopotential is a sum of Gaussians centered on the 
atomic sites and its parameters are given in [40]. These preliminary 
results demonstrate that a suitable pseudopotential for WPD transport 
calculations can be reliably constructed using the atomic structure of 
the modeled ABC–ABA GB.

In order to study the wave packet (WP) reflection from the GB, 
we constructed a model system specifically for the WPD calculations 
consisting of four regions: (see Fig.  2) (1) a single-layer graphene (SLG) 
region acting as a lead, (2) a perfect ABC (or ABA trilayer), (3) the 
GB region obtained from the molecular statics simulation discussed in 
previous section, and (4) a perfect ABA (or ABC) trilayer. This geom-
etry models a transport device, where electrons are injected from an 
electrode into the outer layer of the sample. Comparable configurations 
can be realized experimentally using top-contacted multilayer graphene 
devices, where the electrode predominantly couple to the outermost 
layer. Furthermore a one-to-one experimental geometry could be also 
achieved by contacting a graphene sheet that protrudes beyond the 
lower layers, enabling direct injection into a single outer layer. The 
system is infinite (periodic) in the 𝑥 direction (parallel to the boundary 
of the two regions). The WP starts from Region (1), the SLG lead region. 
5 
As it evolves, a portion is transmitted through the model system, while 
the remainder is reflected back into Region (1), where we evaluate 
its reflection probability, denoted by 𝑅. The ABA–ABC system was 
constructed by rotating the fully relaxed ABC–ABA geometry (see Fig. 
1) 180◦ around a vertical axis passing through the center of the GB, 
effectively swapping the positions of the ABC and ABA regions while 
preserving the interface structure. Thus we can compare the 𝑅𝐴𝐵𝐶−𝐴𝐵𝐴
and 𝑅𝐴𝐵𝐴−𝐴𝐵𝐶 reflection probabilities, whose ratio is characteristic to 
the rectification properties of this whole transport device geometry. 
There is a free-space boundary condition at both ends of the model 
system, representing the source and drain contacts, so that the reflected 
and transmitted WPs reaching the boundaries are not reflected back 
into the simulation region.

The initial 𝜓(𝑟; 𝑡0) state is constructed [40] from the Bloch states of 
the SLG numerically calculated from the pseudopotential by a Gaussian 
convolution centered on a graphene K point along the 𝛤 -M line (see SI 
Section II).

The initial impulse of the WP is perpendicular to the boundary 
and its width is infinite in the direction parallel to the boundary (x), 
i.e. 𝑝 = 𝑝𝑦𝑦 (see Fig. S1 b). With translational invariance along x, this 
initial condition is thus best viewed as a planar ‘wave front’.

To study the dynamics of the WP, we analyze the four-dimensional 
wave function dataset 𝜓(𝑥, 𝑦, 𝑧, 𝑡) by computing integrals of quantum 
mechanical observables derived from the wave function. As a first 
step, we calculated two key observables from the wave function: the 
probability density, 𝜚(𝑟; 𝑡) = |𝜓(𝑥, 𝑦, 𝑧; 𝑡)|2 and the probability current 
density, 𝑗(𝑟; 𝑡).
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Fig. 3. Wave packet transmission and reflection for the ABC-ABA (left col-
umn) and ABA-ABC (right column) grain boundaries. Snapshots of the time 
dependent probability density of the WP (integrated over 𝑥, the coordinate 
perpendicular to the paper) are shown by the strength of the magenta color. 
Note the 𝜋 character of the probability density — it is zero in the graphene 
sheet and maximum above- and below it. The three dark grey streaks show the 
graphene layers, their thickness corresponds to the perpendicular size of the 
𝜋 wave function. Note the different horizontal and vertical scale, the 𝑧 scaling 
is enlarged by a factor of 48 relative to the 𝑦 scale. The WP starts from the 
single layer region on the left. There is a free space boundary condition on 
the left- and right side. In this figure the reflection events to the single-layer 
region (at 𝑡 = 13 fs and 𝑡 = 105 fs) are highlighted by yellow dotted circles. 
See also the video in the Online Supplementary Material.

3.1. Time evolution of the wave packet

To visualize the spatial evolution of the wave packet, we computed 
two-dimensional projections of the probability density by integrating 
along the 𝑥-direction—perpendicular to the WP momentum within the 
graphene plane—according to 

𝜚(𝑦, 𝑧; 𝑡) = ∫

+∞

−∞
|𝜓(𝑥, 𝑦, 𝑧; 𝑡)|2 𝑑𝑥. (3)

Snapshots of the resulting 𝜚(𝑦, 𝑧; 𝑡) evolution are shown in Fig.  3, 
illustrating the time-dependent dynamics of the WP in the 𝑦–𝑧 plane.

At 𝑡 = 0 fs, in both geometries, the initial WP, indicated with 
magenta color, is localized in Region (1), corresponding to the SLG 
domain. As the WP enters Region (2) at 𝑡 = 4 fs, it begins to experience 
the van der Waals potential of the second and third graphene layers. 
This additional perturbation breaks the translational symmetry of the 
initial single-layer system: the Bloch states of monolayer graphene 
are no longer eigenstates of the trilayer system. Consequently, the 
momentum distribution of the WP evolves, and interlayer tunneling 
gradually develops as a result of the weak interlayer coupling. Upon 
reaching the single-layer – three-layer boundary some of the WP is 
6 
reflected back into the SLG region, as seen around 𝑡 = 13 fs. This 
reflection is much more pronounced for the ABC case, and, as we will 
see, its energy spectrum is different from that for the ABA case. We will 
analyze this phenomenon in detail in Section 3.2.

At 𝑡 = 30 fs, the WP reaches the GB and begins a complex scattering 
process. From this point onward, the two configurations – ABC–ABA 
and ABA–ABC – exhibit markedly different dynamics. In the ABC–ABA 
case, the WP transmits through the boundary into the ABA region with 
minimal reflection, as seen at 𝑡 = 66 fs. In contrast, for the ABA–ABC 
geometry, a significant portion of the WP is reflected back into the 
ABA region, with only a small fraction entering the ABC domain. At 
𝑡 = 92 fs and 𝑡 = 105 fs (see the lower right panels of Fig.  3), the 
reflected WP is seen propagating back toward Region (1), the initial 
single-layer graphene domain (highlighted with a yellow circle).

To assess the overall effect of the device on the WP, we performed 
a spectral analysis of the backscattered component in the SLG region 
at a single snapshot, 𝑡 = 105 fs. Even this instantaneous frame already 
revealed a key feature: a pronounced difference in reflectance between 
the two geometries within the −0.5 eV to +0.5 eV energy range (see SI 
Fig. S1), indicating that the distinct band structures of ABA and ABC 
trilayers play an important role in the reflection process. However, this 
single snapshot represents only a momentary response of the device, 
which can fluctuate in time. To obtain the full, time-integrated behavior 
that would correspond to an experimentally measurable quantity, we 
evaluated the asymptotic total reflection probability.

To quantitatively determine the transmission and reflection of the 
WP, we evaluated the 𝑦 component (that perpendicular to the grain 
boundary) of the probability current density 𝑗𝑦 in the different regions 
of the device (see Fig.  2a). Integrating over the 𝑥𝑧 plane gives the net 
probability current at a given time: 

𝐼𝑅(𝑡) = ∬ 𝑗𝑦(𝑥, 𝑧, 𝑦1−2; 𝑡) 𝑑𝑥 𝑑𝑧. (4)

The time-dependent reflection is then obtained as the indefinite integral 
of this current: 

𝑅(𝑡) = ∫

𝑡

0
𝐼𝑅(𝑡′) 𝑑𝑡′, (5)

where the asymptotic value 𝑅(𝑡 → ∞) yields the total reflection 
probability [57].

We found a total reflection of 𝑅 = 0.159 in the ABA–ABC geometry 
and only 𝑅 = 0.007 for the ABC–ABA configuration measured in 
the SLG electrode, indicating more than a twentyfold reduction in 
backscattering. This highlights a strong anisotropy in the transport 
behavior across the GB—effectively functioning as a quantum diode.

3.2. Detailed analysis of the factors leading up to the transport asymmetry

To elucidate the origin of the observed transport asymmetry, it is 
essential to decouple the two primary scattering processes that occur 
within our device architecture: (i) reflection at the contact between 
the single-layer graphene (SLG) lead and the perfect ABA/ABC trilayer 
regions, and (ii) subsequent backscattering from the perfect ABA (ABC) 
to the perfect ABC (ABA) through a grain boundary.

We found that both scattering processes play an important role in 
the device response. As we will show in detail, the SLG lead determines 
the population of the distinct electronic states of the perfect ABA/ABC 
regions. These electronic states, one linear and one parabolic band in 
ABA and a cubic band in ABC, have different transmission probabilities 
during the scattering between the perfect trilayer (ABC and ABA) 
regions, resulting in a robust directional transport asymmetry (see later 
Fig.  6). In the subsequent two subsections we analyze the effect of the 
two interfaces – SLG-ABA(ABC) and ABA(ABC) - ABC(ABA) separately.
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Fig. 4. Wave packet injection from a bottom-contacted single-layer graphene lead into perfect ABA and ABC trilayer graphene domains. a–b, Snapshots 
of the wave packet (WP) probability density at 𝑡 = 13 fs, showing the injected and reflected portions immediately after interacting with the interface (dashed white 
line) for the ABA (a) and ABC (b) geometries. (c–d) Spectral weight of the injected WP projected onto the bulk trilayer eigenstates for the ABA (c) and ABC (d) 
domains. The spectrum of the initial WP in the lead is shown as a black dashed line. The height of the functions indicate the spectral weights of the corresponding 
bands in the transmitted WPs. (e–f) DFT-calculated, layer-projected band structures for perfect ABA (e) and ABC (f) trilayer graphene. The color scale indicates 
layer polarization of the bands, from the middle layer (magenta) to the outer layers (green). The black color indicates the absence of layer polarization, where all 
three layers contribute equally. Black circles on the bands illustrate, for visual purposes only, the spectral weight of the populated states from the WPD (from c 
and d), with the radius proportional to the population. Insets show the corresponding real-space DFT charge distributions for representative layer-polarized states.
(g–i) Planar averaged charge density profiles of the trilayer systems from DFT calculations at specific energies corresponding to the insets (I–III) as a function of 
the out-of-plane 𝑧-direction.
3.2.1. Effect of the graphene lead
First, we investigated the influence of the graphene contact. As we 

saw previously in Fig.  3, the initial contact between the SLG lead and 
the perfect trilayer region is responsible for a backscattering event. 
Simultaneously, the transmitted fraction also dictates the population 
of electronic states within the perfect ABA/ABC regions. In order to 
separate the effects of the grain boundary from the SLG-ABA(ABC) 
contact, we built two test geometries containing only the graphene 
lead and the perfect trilayer region (ABA or ABC) (see Fig.  4a,b). The 
energy dependent transmission depends on several factors, including 
matching the group velocities (see SI Section III), the layer polarizations 
(localization of states on the different layers), and sublattice charac-
ters (localization on A/B sites) between the two sides. To quantify 
the extent to which different states are populated, we calculated the 
band dependent spectral decomposition of the injected WP to the ABA 
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(ABC) trilayers, by evaluating the 𝑠𝑏(𝐸; 𝑡) = |

|

|

⟨

𝜓(𝑟; 𝑡) |
|

𝜑𝑏 (𝑟;𝐸)
⟩

|

|

|

 scalar 
products, where the 𝜑𝑟,𝑏(𝑟;𝐸) functions are the Bloch eigenstates in 
the ABA (ABC) trilayers and 𝑏 is the band index (see SI Section IV). 
The spectral weights of the populated states from the graphene lead 
together with the layer polarization is visualized in the ABA and ABC 
bandstructures in Fig.  4.

Our analysis reveals that the SLG lead populates the available 
trilayer modes differently. In the case of the SLG-ABA junction, the 
lead efficiently populates the monolayer-like (linear) bands of the ABA 
buffer due to excellent matching in both group velocity and layer 
character. These linear bands are perfectly localized on the outer layers, 
as shown by the green lines of the layer projected bandstructure in 
Fig.  4e and by the spatial distribution of a representative state in Fig. 
4g. One of these outer layers is in direct contact with the SLG lead. 
The efficient population can be seen from the high value of the green 
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Fig. 5. Direction-dependent reflection of the populated states at an ABA/ABC trilayer graphene grain boundary. (a) Energy-resolved reflection spectrum 
of the populated states, 𝑅(𝐸), for a corrugated grain boundary (𝑤 = 26 nm). Scattering from ABA→ABC (red area) is compared to ABC→ABA (blue area), revealing 
a strong, direction-dependent reflection asymmetry (a diode effect). The spectra are normalized to eliminate contact filtering (see SI Section V). Both directions 
exhibit a prominent reflection peak at the Fermi level (𝐸 = 0), which is driven by the sublattice symmetry mismatch detailed in figure (b). (b) DFT-calculated, 
sublattice-polarized band structures projected onto the outer layers. The color scale indicates the polarization symmetry between the top and bottom layers: 
symmetric, when both layers have the same sublattice character (red) or asymmetric with opposing sublattice characters (cyan). Black denotes unpolarized states. 
The mismatch in this pseudospin texture between the low-energy bands of the two domains (indicated by the orange arrow) is responsible for the reflection peaks 
at the Fermi level. (c–e) Reflection spectra for unrelaxed (flat) grain boundaries of varying widths: 𝑤 = 26 nm (c), 𝑤 = 10 nm (d), and 𝑤 = 3 nm (e).
spectral weights in Fig.  4a. By contrast, AB bilayer-like (parabolic) 
bands are only weakly excited (see purple spectral curves in Fig.  4c) due 
to two factors: their lower group velocities near the Fermi level (𝐸𝑓 ) 
compared to the constant Fermi velocity in graphene, and the mismatch 
in layer character, whereby the parabolic band is localized across all 
three layers, with the middle layer showing the strongest dominance. 
This type of layer polarization is indicated by purple lines of the 
bandstructure in Fig.  4e. A corresponding spatial charge distribution 
of such a state is visualized in Fig.  4h.

For the SLG–ABC junction, the low-energy states are also localized 
on the top and bottom layers, as indicated by the green bands near the 
Fermi level in Fig.  4f. However, their dispersion is much flatter near 𝐸𝑓 , 
which produces a pronounced group-velocity mismatch (see Fig. S2). 
Injection from the SLG lead is therefore less efficient at low energies, as 
evidenced by the dip in spectral weight around the Fermi energy (Fig. 
4d). The contact thus couples more effectively to channels with higher 
group velocity. However, at higher energies, these available states are 
still populated less efficiently than in the ABA case, owing to their 
distinct, nearly uniform distribution across all three layers, as shown by 
the black color of the bands in Fig.  4f and by the spatial charge density 
of a representative state in Fig.  4i. As Fig.  4i demonstrates, the charge 
concentration on the bottom (contacted) layer is noticeably lower than 
in Fig.  4g, revealing that fewer states are available for injection thus 
leading to the reduced spectral weight observed.

Overall, we found that the ABC trilayer was populated less by the 
SLG lead than the ABA trilayer. We note that the initial state arriving at 
the grain boundary is not a mixture of all available channels but rather 
a biased superposition. These distinct population biases established at 
the contact set the initial conditions for scattering at the grain boundary 
and play a part in the emergent transport asymmetry.
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3.2.2. Grain boundary effects on the populated states
Next, we focus on the scattering process stemming from the perfect 

ABA (ABC) to the perfect ABC (ABA) through the grain boundary. The 
total current flowing through this boundary is influenced by both the 
single layer–trilayer interfaces and trilayer–trilayer interfaces. Here, 
however, we focus exclusively on the contribution of the latter, i.e. the 
grain boundary itself. To this end, we compared the currents flowing 
through the whole device (e.g. SLG-ABA-ABC) to the currents of the 
test systems introduced in the previous subsection (SLG-ABA). We 
calculated the energy-dependent reflection amplitude
𝑅(𝐸) = 1 − 𝐼out(𝐸)∕𝐼in(𝐸)

where 𝐼in(𝐸) is the total incident current summed over all populated 
modes of the pristine (GB-free) trilayer region, and 𝐼out(𝐸) is the 
outgoing current of the full device (see details in SI Section V). This 
ratio effectively normalizes the current, canceling out any transmission 
components that are invariant to the grain boundary’s presence. There-
fore, by dividing these currents (𝑇 = 𝐼𝑜𝑢𝑡(𝐸)∕𝐼𝑖𝑛(𝐸)), we get exclusively 
the scattering effect of the grain boundary on the populated states.

Regarding our relaxed GB geometry for both transport directions 
(ABA→ABC and ABC→ABA), the spectra in Fig.  5a show high reflec-
tivity in a ±50 meV window around the Fermi level. The pronounced 
asymmetry emerges at higher energies (up to ±0.5 eV), with the 
ABA→ABC direction exhibiting significantly higher reflection, which 
is responsible for the diode-like behavior.

We will now examine these energy regions separately. To under-
stand the features observed in the 𝑅(𝐸) spectrum, we analyze the 
scattering process using the bulk band structures of the SLG, ABA, 
and ABC regions, considering the previously mentioned group velocity 
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Fig. 6. Schematic interpretation of reflection asymmetry. The diagram illustrates the dominant scattering channels at the ABA/ABC interface using the bulk 
band structures. Bands are colored according to their layer polarization (green: outer layers; magenta: middle layer, black: equally localized across all layers) 
shown only for bands with positive group velocity, thus contributing to transport. Dashed arrows indicate scattering paths (numbered in the figure), with light blue 
representing high-transmission processes and orange indicating strong reflection. Top Row (SLG → ABA → ABC): Injection from the SLG lead primarily populates 
the linear bands (green) in the ABA domain. Across the grain boundary, these states experience a mismatch with their ABC-domain counterparts in both group 
velocity and layer polarization, corresponding to green → black (no. 1) and green → dark purple (no. 3) transitions at the electron and hole sides, respectively. 
These mismatches lead to high reflections (orange arrows) at the ±0.5 eV domain. Bottom Row (SLG → ABC → ABA): States populating the layer-delocalized 
cubic bands (black and dark purple) of the ABC domain find well-matched channels in the parabolic bands of the ABA domain, corresponding to black → purple
(no. 4) and dark-purple → purple (no. 6) transitions on the electron and hole sides, respectively. These correspondences facilitate high transmission (blue arrows) 
within the ±0.5 eV range, except at the Fermi level (no. 2 and 5).
matching, layer polarization, and sublattice polarization. In Fig.  6 we 
plot the three bandstructure and show also the layer polarization for 
the ABA and ABC bulk geometries by using the same color scale as in 
Fig.  4.

(i) Reflection near the Fermi energy. At the Fermi-energy both 
directions ABA→ABC and ABC→ABA show high reflection (i.e. low 
transmission) marked by red arrows no. 2 and no. 5 in Fig.  6. Symmetry 
considerations explain this high reflectivity near 𝐸𝑓  as shown in the 
sublattice-polarized band structures (Fig.  5b). ABA-stacked graphene 
possesses mirror symmetry but lacks inversion symmetry, whereas ABC-
stacked graphene has inversion symmetry but lacks mirror symmetry. 
The low-energy electronic states, which are localized on the outer 
layers (see Fig.  4), must conform to these symmetries. In the ABA 
system, the sublattice polarization of the top and bottom layers must 
be identical, while in the ABC system they must be opposite. Our DFT 
calculations confirmed this symmetry effect demonstrating the different 
sublattice polarization near the Fermi-level (marked by red and blue in 
Fig.  5b). Consequently, scattering between these low-energy polarized 
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states across the grain boundary is symmetry-forbidden, resulting in 
high reflection for both transport directions near 𝐸𝑓 .

(ii) Reflection below ±0.5 eV. Regarding the asymmetry within the 
±0.5 eV energy window (see Fig.  5a) the different bands of ABA and 
ABC explains the effect. For the ABA→ ABC direction, the efficiently 
populated linear bands in the ABA do not transmit well into the 
cubic bands of the ABC region due to the different layer polarization 
character. The linear band localized perfectly in the outer layer (shown 
by green in Fig.  6) in contrast to the cubic band that is localized 
across all three layers (shown by black and dark purple in Fig.  6). 
This results in a broad energy range of high reflectivity (see arrows 
no. 1 and 3 in Fig.  6). Conversely, for the ABC→ ABA direction, the 
incoming channels in the ABC cubic band can couple effectively to 
the parabolic bands of the ABA at range ±0.5 eV, because their layer 
characters are similar to each other, such that are localized across 
all three layers (colored with black, dark-purple, or purple in Fig. 
6 for processes no 4 and 6.). Their group velocities are also well-
matched, opening efficient transmission channels and confining high 
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reflectivity to a narrow window around 𝐸𝑓 . Overall, the pronounced 
transmission asymmetry observed throughout the ±0.5 eV window in 
our 𝑅(𝐸) function is a direct consequence of the mismatch in the 
layer localization of differently populated bands of the ABA and ABC 
trilayers. In ABA stacking, mirror symmetry gives rise to states that are 
fully localized on the outer layers with vanishing weight on the middle 
layer (as in Fig.  4 g), whereas in ABC stacking the states are distributed 
across all three layers (as in Fig.  4 i). As a result, transmission between 
these two- and three-layer–polarized states is strongly hindered.

(iii) Reflection above ±0.5 eV. The reflection decreases above 
±0.5 eV that is apparent from the reflection curves in Fig.  5a. These 
effects are caused by the low- and high-energy parabolic bands of 
trilayer graphene entering the energy window. This provides addi-
tional scattering channels with matched group velocities and layer 
polarization.

3.3. Effect of the specific structure of the grain boundary

We note that features in the 𝑅(𝐸) spectra not captured by this 
simple band-matching model represent intrinsic properties of the grain 
boundary, suggesting it can mediate scattering between otherwise de-
coupled states. One such signature is the prominent dip in reflectivity 
just below 𝐸𝑓  (see Fig.  5a). To test the robustness of our findings, we 
also performed simulations for various unrelaxed, flat grain boundary 
model geometries having different GB widths (3 nm, 10 nm, 26 nm). 
Using these simplified models, we investigate two distinct geometric 
factors: first, the effect of corrugation, by comparing the relaxed cor-
rugated 26 nm GB to its unrelaxed flat counterpart; and second, the 
influence of boundary sharpness, by contrasting flat GB geometries 
with varying widths of 26 nm, 10 nm, and 3 nm. These geometric 
effects are physically relevant, as features like sharp grain boundaries 
and strong corrugation are known to facilitate scattering involving 
large momentum transfers (𝛥𝑘), which can enable further scattering 
processes, even intervalley transitions in extreme cases. We found that 
the key qualitative features – high reflectivity at 𝐸𝑓 , a dip below 𝐸𝑓 , 
and significant asymmetry at higher energies – are present in all cases 
(Fig.  5 c,d,e). However, the details of the precise energy dependence 
of the reflection function 𝑅(𝐸) strongly depend on the particular GB 
geometry. Regarding corrugation, the relaxed geometry introduces a 
high reflection peak on the hole side around −0.5 eV (Fig.  5 a), while 
its flat 26 nm counterpart shows nearly constant reflection (Fig.  5 c). 
In terms of width, the flat 26 nm GB constant behavior persists for 
the 10 nm GB. In sharp contrast, the 3 nm GB geometry not only 
introduces new reflective peaks around +0.75 eV but also causes the 
reflections at the Fermi level to split in energy for the two different 
transport directions (see Fig.  5 e). These findings highlight the role of 
atomic-scale structural details in the precise device performance.

4. Conclusion

We investigated quantum transport across a realistic ABC–ABA 
stacking boundary in trilayer graphene using large-scale wave packet 
dynamics simulations and atomic geometries relaxed via molecular 
statics. The carefully constructed GB faithfully captures key experi-
mental features, including soliton width (∼ 20–30 nm), out-of-plane 
corrugation (∼2.2 Å), and a mixed tensile–shear soliton character fre-
quently observed in experimental samples. To probe how such realistic 
stacking boundaries affect charge transport in an actual device setting, 
we embedded the relaxed structure into a model transport geometry. In 
this configuration the electrons are injected into the system through a 
contact to one of the outer layers of the trilayer graphene. To this end 
we applied a model, where the wave packet is injected into the trilayer 
region from a single layer graphene region seamlessly connected to 
the lower layer of the trilayer graphene. In this geometry our WPD 
simulations reveal a striking directional asymmetry in transport: wave 
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packets incident from the ABC side transmit almost entirely, while 
those from the ABA side are mostly reflected.

According to our analysis of the microscopic origins of the
anisotropic behavior, the main factors are the different electronic 
structures of the ABA and ABC graphenes. This is manifested in the dif-
ferent number-, effective mass-, layer- and sublattice polarization of the 
electronic bands of both of these graphenes. The contact (the SLG lead 
in our device model) causes a pre-selection process to occur: the bands 
are differently occupied in the ABA–ABC and ABC–ABA devices, which 
have different transmission probabilities during the scattering between 
the ABC and ABA regions, resulting in a robust directional transport 
asymmetry. The asymmetry is a robust phenomenon: it is present in 
each of our grain boundary models studied in this paper, while the fine 
details of the 𝑅(𝐸) energy-dependent transmission functions vary with 
the specific geometry. Further work is necessary to clarify the details 
of this connection.

The distinct stacking symmetries of ABA and ABC graphene re-
sult in different phonon spectra, as has been shown in both calcula-
tions [58] and experiments [59]. Thus, ABA–ABC grain boundaries can 
exhibit significant interfacial heat resistance and even thermal rectifi-
cation, which can enable thermal management and thermal-logic [60] 
functionalities.

To experimentally study this newly discovered anisotropy of the 
ABA-ABC transport, we envisage a Scanning Tunneling Microscopy 
(STM) or spectroscopy (STS) experiment, where the electrons are in-
jected also into the upper layer of the trilayer graphene by the STM tip 
— similar to our model, where the wave packet arrives at one of the 
outer layers. In future studies, our pseudopotential-based wave packet 
approach offers a powerful framework for exploring electrostatic gating 
effects, enabling tunable and gate-controllable rectification in multi-
layer graphene architectures, paving the way for future advancements 
in graphene-based electronics.
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