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Abstract

Aharonov-Bohm interferences in the quantum Hall regime are observed when electrons are
transmitted between two edge channels. Such a phenomenon has been realized in 2D systems

such as quantum point contacts, anti-dots and p-# junctions. Based on a theoretical investigation

of the magnetotransport in stepped graphene, a new kind of Aharonov—Bohm interferometers is
proposed herewith. Indeed, when a strong magnetic field is applied in a proper direction, oppositely
propagating edge states can be achieved in both terrace and facet zones of the step, leading to the
interedge scatterings and hence strong Aharonov—Bohm oscillations in the conductance in the
quantum Hall regime. Taking place in the unipolar regime, this interference is also predicted in

stepped systems of other 2D layered materials.

The fascinating properties of quantum hall devices
arise from their ideal 1D edge states formed in a 2D
electron system when a high magnetic field is applied
[1,2]. These edge states are particularly attractive due
to their large coherence lengths, which is mandatory
for constructing electron interferometers. However,
since the edge channels are spatially separated, a
mechanism for creating the electron transmission
between them is required to achieve the interference
effects. In this regard, one explored technique consists
in building constrictions (quantum point contacts)
in a sample, where the interedge tunneling paths can
occur [3—17]. Setups consisting of a pair of quantum
point contacts with an internal cavity has been
demonstrated to work well as quantum Hall, electronic
Fabry—Pérot, and Aharonov—Bohm interferometers.
Another mechanism has also been suggested in
systems consisting of an antidot introduced between
their edges [18-25]. Electronic currents encircling
the antidot can be achieved and a similar Aharonov—
Bohm (AB) interference is hence observed.

Graphene, a truly 2D material, is an ideal plat-
form for investigating quantum Hall and interference
effects. Remarkably, owning to an unique linear dis-
persion and Dirac-like fermions [26], Landau levels
and a half-integer quantum Hall effect with an unu-
sual quantized sequence compared to the conventional
systems have been observed in graphene when a strong
magnetic field (B-field) is applied [27,28]. In addition,

with its semimetal character, quantum Hall systems of
graphene can work in both the unipolar and bipolar
regimes that can be generated and controlled by gate
voltages [28-35]. Interestingly, in the bipolar regime
the chiral edge states equilibration and interedge scat-
terings at the p-n interfaces in graphene have been
observed, resulting in fractional conductance plateaus
[31].

With its typically high carrier mobilities, graphene
isalso an ideal material to perform the investigation on
interference effects, including the Aharonov—Bohm
one. Several experimental and theoretical observa-
tions of the AB effect in graphene nanorings have been
reported (i.e.see [36] and references therein). Remark-
ably, graphene p-n junctions can also work as AB inter-
ferometers [32—35] in the quantum Hall regime. In
particular, the oppositely propagating edge states are
formed in two different doped zones and their interac-
tion at the p-n interface acquires conductance oscilla-
tions of the AB periodicity at high B-fields.

Motivated by such scientific context, a new kind of
Aharonov—-Bohm interferometers based on stepped
graphene channels is proposed herewith. These non-
planar systems have been actually achieved in sev-
eral experimental situations. For example, the step
bunching on the SiC surface is often observed in epi-
taxial graphene growth by thermal decomposition of
SiC [37-47], a promising method for the production
of large-area high-quality graphene. These stepped
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Figurel. Stepped graphene (a) with the ribbon width Wand the length of facet zone Lr (b) Schematic of the side view illustrating
the applied magnetic field (red dashed lines of arrows) and its normal components (green and blue arrows, respectively) in both
terrace and facet zones. 6 and 8 are the angles of the field and of the facet zone relative to the terrace one (Ox axis), respectively.

graphene channels with terrace size of several ym and
step height of tens nm can be controllably produced
by varying the heating rate [38]. Non-planar gra-
phene systems have been also synthesized in an even
better controllable way by draping graphene on pre-
structured substrates [48—55].

In this work, a B-field is found to induce differ-
ent effects on the electron motion in the terrace and
facet zones of stepped graphene, essentially resulting
from the creation of different normal components
of the field in these zones. This feature has been also
observed in several non-planar systems of graphene
[41-47] and 2DEG [56—61], leading to anisotropic
pictures when the transport takes place in the direc-
tions aligned parallel and perpendicular to the step
edge. Inhomogeneous magnetic fields have been also
demonstrated to induce other fascinating features in
graphene such as snake states [62—64] and electron
optics (see [65] and references therein). Here, a novel
phenomenon is predicted when tuning the direction
of B-field applied to stepped graphene. In particular,
an inhomogeneous profile containing alternatively
opposite normal B-components along the channel can
be created, thus inducing accordingly opposite edge
states. The interaction between these edge states finally
results in strong AB oscillations in the quantum Hall
regime as presented in this article.

The considered systems consist in graphene nanor-
ibbons (GNRs) in the step geometry as illustrated in
figure 1. In general, in-plane local strains can occur in

the bent zones of the step, however, have been demon-
strated to be small (i.e. <1%) and negligible even in
epitaxial graphene [55, 66]. Moreover, such small local
strains are shown not to strongly affect the predicted
AB interference picture'. Therefore, these local strains
are neglected and the p, tight-binding Hamiltonian
[26] is employed to compute the magneto-transportin
this work. In particular, when a B-field is applied,

H= Z U,,c};c,, + t Z ei‘b”’"c,tcm (1)
n (

n,m)

where U, represents the potential energy at the nth
site, tp = —2.7eV corresponds the nearest-neighbor

hopping energies, and ¢um = 5 [, r A(r)dr is the
Peierls phase describing the effects of the B-field.
Here, the magnetic field B = B(cos®g,0,sinfp)
is considered by introducing the vector potential
A(r) = —B(ysin 0p,z cos 05, 0). The above
Hamiltonian is solved using the Green’s-function
technique [67, 68]", allowing for the calculation of the
transport quantities perpendicular to the step edges,
i.e. along the Ox axis shown in figure 1.

Figure 2(a) displays the dependence of conduct-
ance on B-field applied in different directions in a step

1 Supplemental material including [27, 33, 55, 66, 67,68, 71—
83, 85-88]. In this material, computational methodologies,
effects of local strains, edge disorders and multi-bands
contribution are presented in detail.
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pointing out in the same and opposite directions, respectively.

Figure 2. (a) Conductance asa function of B-field in a stepped armchair GNR for different angles 05 and with 6s = 60°, Er = 75
meV, Lg o~ 75nm,and W ~ 40 nm (i.e. number of dimer lines N, = 324, a semiconducting GNR). (b) and (c) Diagrams illustrating
the interedge scatterings for 6 > s and 6 < 05, when the normal B-components in the facet and terrace zones (see figure 1(b)) are

constituted by an armchair GNR. As mentioned, the
applied B-field induces different normal components
(By) in the terrace and facet zones, i.e. By = Bsin 03
(green arrows) and —Bsin(fs — 6g) (blue arrow),
respectively (see figure 1(b)). First, for 85 > s, By~
components pointing out in the same direction are
obtained, thus inducing the same propagating edge
states in the two zones as illustrated in figure 2(b).
Therefore, when a large B-field is applied, a con-
ventional Landau quantization is still obtained, i.e.
the conductance represents quantized values as in
figure 2(a) for 05 = 90°. For 0 = 05, the By-comp-
onentin the facet zoneis canceled and hence the B-field
has no effect on the in-plane transport in this zone.
Consequently, the system behaves as a heterojunction
consisting of finite- and zero-magnetic field zones and
the scatterings at their interface basically explain the
reduction of conductance obtained for 3 = 60° = 0y
displayed in figure 2(a).

Most interestingly, when 0 < 05 < 0s, two oppo-
site By-components alternate in the terrace and facet

zones, as discussed above. Similarly to the effects
of B-field in different doped zones of graphene p-n
junctions [31-33], opposite edge states in the terrace
and facet zones are created, thus inducing the strong
interedge scatterings at their interface as illustrated in
figure 2(c). As an important consequence, the con-
ductance as a function of B-field represents a strong AB
oscillation in the quantum Hall regime (see the case of
0 = 30° in figure 2(a)). This result is essentially due
to the interedge backscatterings diagrammatically
described in figure 2(c) and is further demonstrated
by analyzing the computed left-injected local density
of states in figure 3, that illustrates the left-to-right
electron-wave propagation. Indeed, backscatterings
are almost absent (figure 3(a)) when the constructive
interference is satisfied, leading to conductance peaks.
In the destructive case, strong interedge backscatter-
ings (figure 3(b)) and hence a low conductance are
achieved.

AB oscillation period observed in quantum rings
with area S, when a perpendicular B-field is applied, is
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known tobe given by AB = h/eS [69]. To examine this
property in the considered systems (for 8 < 6s), the
above formula is rewritten as

h h
facet n -~ -
ABy = eS AB eS [sin(fs — 6p)] 2)

where S is the area of the surface enclosed by the edge
channel in the facet zone. Actually, the oscillation periods
AB ~3.61T and 1.84 T are obtained in the high field
regime with the facet zones of ~3000nm? and 6000 nm?,
respectively (see figure 4(a) and additionally figures 2(a)
and 4(b)). Indeed, the formula (2) predicts quite well
these results of AB if S ~ 2332 nm? and 4640nm? are
considered, which are about 22.5% smaller than the
area of the corresponding facet zones. Note that here, the
edge states are formed inside the facet zone (see figure 3)
and hence the value of S in equation (2) to estimate AB
is basically proportional to but smaller than the area of
the facet zone. Thus, the origin of observed conductance
oscillation is really the AB interference due to the
interaction between edge states in both terrace and facet
zones.

The observed AB interference is also found to be
sensitive to some other structural parameters. First,
perfect armchair GNRs can be divided in two main
classes with different electronic properties, either quasi-
metallic with negligible bandgap or semiconducting,
depending on the number of dimer lines N, across
the ribbon width: N, =3p +2 and N, # 3p + 2},
respectively. Moreover, in contrast to semiconducting

ribbons, the first subband of metallic GNRs is linear,
thus inducing massless fermions at low energies that
contribute mainly to the transport at high B-fields. As
a consequence, a significant difference in the interfer-
ence effect in the stepped systems made of these per-
fect GNRs is observed. In particular, even though the
conductance oscillation is similarly observed in both
cases, the effect in the metallic systems (see figure 4(b)
for the perfect edge case) is relatively weaker than the
one (for f = 30° in figure 2(a)) observed in the semi-
conducting GNRs (see further clarification in sec-
tion 5 of the supplemental material (stacks.iop.org/
TDM/6/045045/mmedia)).

Next, the effects of edge disorder, which are practi-
cally inevitable and known to degrade strongly the trans-
port properties of GNRs [71-81], have to be evaluated.
In this work, disorder is modeled' either by a Gaussian
autocorrelation function (presented in figure 4) or by
randomly removing the edge atoms. The edge disorder
indeed degrades significantly the transport at low fields.
However, as shown in figures 4(a)—(b) and in the sup-
plemental material, the AB oscillations at high fields
are found to be much more robust under the effect of
the considered disorders than the zero-field transport.
This can be explained by a fascinating feature that in the
quantum Hall regime, the forward and backward edge
channels are spatially separated while the scatterings at
these disordered edges do not allow electrons to trans-
mit across the sample, thus not inducing the strong
backscatterings as at low fields. More interestingly, the



http://stacks.iop.org/TDM/6/045045/mmedia
http://stacks.iop.org/TDM/6/045045/mmedia

I0P Publishing

2D Mater. 6 (2019) 045045

V HNguyenand J-C Charlier

=
i

—

Conductance (2eth)
=l
o

=
=

I o

................ - — LFz 150.0 nm

— L, =75.0 nm
— L,=75.0 nm

=
i

o

Conductance (2e2/h)
=l
=]

=
=

perfect edge
disorder 1

—— disorder 2

disorder 3

15

¢ = 4.8 nmare considered.

Magnetic Field (T)

Figure4. (a)and (b) Conductance as a function of B-field at Ex = 75 meV computed for semiconducting (N, = 324 [70]?) and
metallic (N, = 326) GNR systems, respectively, with fs = 60°,05 = 30°,and W ~ 40 nm. Ly ~ 75nm and 150 nm are studied in
(a) while only L ~ 75nm in (b). Except for the perfect edge in (b), different disordered configurations with the variation of ribbon
width W modeled by a Gaussian auto-correlation function', particularly, with the rsm W,,, = 0.6 nm and the correlation length

30

edge disorder even eliminates the difference between the
metallic and semiconducting GNR systems discussed
above (i.e. comparison of the results obtained for perfect
and disordered edges in figures 2(a) and 4). Note that a
picture, similar to the metallic armchair GNR case, is also
observed in zigzag GNR systems, i.e. the AB oscillation
is almost invisible for perfect edges but much more pro-
nounced in edge disordered ones'.

In figure 5, the conductance as a function of
both Fermi energy Erp and B-field is presented.
Basically, two typical zones, Er < E; and >E,
are specified where E; = min{ET,Ef'} with the
first Landau levels E! = \/2efviB|sinfp| and
EF = \/2ehv}B|sin(0s — 0p)| [27] formed in the ter-
race and facet zones, respectively, and v is the Fermi
velocity in graphene. In particular, strong AB oscil-
lations are predicted for Er < E; when only a single
energy band is presented in both terrace and facet zones
whereas the interference is blurred at higher energies.
This can be explained by an inherent property of AB

interference, similarly observed and demonstrated in
nanoring systems [82, 83], that the strong oscillations
can be observed when only a single energy band con-
tributes to the transport, otherwise the effect can be sig-
nificantly disturbed by the multi-bands contribution'.
It is very worth noting that the interedge scatter-
ings in the considered structures is achieved in the
unipolar regime. Therefore, different from the inter-
ference phenomena reported in graphene p-n junc-
tions, our prediction can be achieved in both cases of
semi-metallic and semiconducting materials. Indeed,
a similar AB interference picture is obtained in mono-
layer phosphorene systems by tight-binding calcul-
ations [84] and is presented in figure 6. Moreover,

2 Armchair GNRs with perfect edges can be basically divided
in two main classes, depending on the number of dimer
lines N, across their width, i.e. GNRs with N, = 3p + 2 are
metallic while they are semiconducting in the other cases.
The details can be found in [70].
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Figure 5. Conductance map with respect to B-field and Fermi energy obtained in the system presented in figure 2(a) for 5 = 30°.
The dashed line indicates the energy level E; = min{E], Ef'} (see text).
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Figure 6. Conductance asa function of B-field obtained in a stepped phosphorene system with §s = 60°and 65 = 30°. W =~ 40 nm,
Lr ~ 110 nm and the Fermi level is at 10 meV above the bottom of conduction bands.
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structural engineering for creating stepped structures
can also allow for avoiding the junction smoothness
issues, that has been shown to often perturb dramati-
cally similar quantum phenomena in graphene p-n
junctions [89]. Finally, this predicted mechanism for
achieving AB interferences, in principle, can be also
applied to systems using ferromagnetic strips to create
inhomogeneous B-fields [90], however, obtaining
sharp junctions could be a practical challenge.

To conclude, the magnetotransport through
stepped graphene was investigated using atomistic
tight-binding calculations. By applying the B-fieldin a
proper direction, opposite normal components of the
field can be created, thus inducing opposite edge states,
in the terrace and facet zones. The interedge scatterings
were observed, leading to strong Aharonov—-Bohm

oscillations in the quantum Hall regime. The prop-
erties of this interference, depending on the carrier
energy and structural parameters, were systematically
clarified. Moreover, since it is observed in the unipolar
regime, our prediction can be also achieved in stepped
systems made of other (both semimetallic and semi-
conducting) 2D layered materials.
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1. Computational methodologies

In order to compute the electronic transport through stepped graphene systems, we employed the
Green’s function technique [1] to solve the tight-binding Hamiltonian presented in the main text. In
particular, the retarded Green’s function is determined as

G*(E)=[E+i0" ~H,—35,-%] (S.1)

where Hp is the device Hamiltonian and X, r are self-energies describing the left and right device-to-
lead couplings, respectively. This equation was solved using the recursive method [2]. The transport
quantities such as transmission probability T(E), conductance §(Er) and local density of left- and right-
injected states Dy r(E,r) are then computed using the Landauer formalism as follows:

T(E)= Tr|T,G"TG"] (S.2)
26 of,
G(Er) = h_LdET(E)( aE) (S.3)
R RT
DinEr)= 2 1urG (S.4)
2m

Here, I'} z=i [ZL, R—ZZ, R] and fr(E) is the Fermi-Dirac distribution function with the Fermi level Ep.
The total local density of states can be computed either by D(E,r) = D.(E,r)+Dgr(E,r) or
D(E,r)=—3(G")/x.



2. Curvature-induced local strains in stepped graphene

In general, the non-planar geometry can induce in-plane strain inhomogeneities (i.e., local strains).
Different from the uniform strains, local strains can result in electron scatterings and can be effectively
described as the effects of strain-induced gauge fields in stepped graphene systems. These local strains
have been shown to be often observed in the detached regions, i.e., around the step edges [3-5].

However, it has been experimentally demonstrated that if no external stress is applied, only small local
strains can be observed in the stepped graphene systems, because of the mechanical robustness of
graphene layers. For instance, it has been investigated and reported in refs. [3,4] that graphene at the
step could experience small uniaxial strains (i.e., < 1%) relative to the rest of the sheet and nearly
strain-free graphene is possible in epitaxial graphene. Extremely small strains of ~ 0.025% were
also demonstrated in ref. [5] by Raman spectroscopy measurements.

To investigate the effects of such local strains induced by graphene curvature, we assume a simple
model that the strain is maximum at the step edges and gradually release in two sides. Here, we use the
following simple formula to model these strains:

(r)= —me_ (S.5)
o 1+(d/d,) '

where & is the maximum value of strain, d is the in-plane distance from the position r to the
considered step edge, and d, characterizes the strain release distance. Fig. S1 shows a typical picture of
possible strain gradients induced by graphene curvature, that can be modelled by the above formula.

strain strength

Fig. S1: Possible local strains induced by curvature in stepped graphene systems.

In next sections 3 and 4, using such the simple model we present an investigation to clarify the effects
of possible local strains mentioned above on the Aharonov-Bohm interference predicted in this work.



3. Tight Binding versus Density Functional Theory calculations

In this section, we present some calculations demonstrating the validity of the tight binding (TB)
Hamiltonian to investigate the curvature-induced local strains in stepped graphene systems by the fit to
the ab initio quantum transport data [6].

Actually, it has been shown by several studies in the literature that a simple p, TB Hamiltonian with
only nearest neighbor interactions can be used to compute very accurately the electronic properties and
electron transport in planar graphene systems. However, the curvature in the stepped graphene systems
can alter their electronic properties, i.e., can induce electron scatterings, especially, when a local strain
occur around the step edges as discussed above. Hence, the validity of the p, TB model is needed to be
examined. To this aim, we performed quantum transport calculations based on density functional theory
(DFT) [6] for stepped graphene systems, which are assumed very large so as to neglect the finite-width
effects and hence the periodic boundary condition can be applied along Oy axis.

The transmission coefficients through stepped graphene systems obtained for three different k-
momentum modes around the Dirac point are computed and presented in Fig. S2. Two cases without
and with a local strain (&nx = 1%) are considered. In agreement with the study in [7] with different
curvature radius, step heights and step angles, the results obtained without the local in-plane strain
show that the effects of curvature on the electronic transport through the system is negligible. In
particular, for k, = Ko, the transmission coefficient exhibits only negligibly small reduction around the
zero energy point, compared to the planar case where it is unity and constant in the considered energy
range. Thus, the curvature does not induce significant electron scatterings and hence, similar to the
planar cases, the p, TB Hamiltonian still works well for these considered stepped graphene systems.
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Fig. S2: Electronic transport through stepped 2D graphene systems using DFT calculations:
strained (with &nex = 1%) system as described in Fig.S1 versus unstrained one.
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Fig. S3: Electronic transport through stepped 2D graphene system with local strain &nax = 1%:
Tight-Binding vs DFT calculations.

When the curvature-induced local strains are introduced, significant electron scatterings at the step
edges can be observed. Indeed, the transmission coefficient exhibits significant reduction around the
zero energy point for ky, = K, mode and close to the edges of energy gap for other modes K; .. In order
to compute these effects, the p, TB Hamiltonian must be adjusted. In particular, a model where the
hopping term is determined a function of C-C bond length r; as tij:toexp“:’)(l —ryl ro)] with f=3.37
and ro = 0.142 nm has been demonstrated [8] to compute well the strain effects in graphene. Fig. S3
demonstrates a quite good agreement between the DFT data and results obtained by such strained TB
model. Our calculations show that this strained TB Hamiltonian without any other adjustment is still a
good model for the considered stepped graphene systems with local strains of &nax < 4%.

Y

4. Effects of curvature-induced local strains on Aharonov-Bohm interference

In this section, we employed the strained TB model presented above to investigate the effects of
curvature-induced local strains in the Aharonov-Bohm interferometers predicted in this work.

The conductance as a function of Fermi energy obtained at zero magnetic field is presented in Fig. S4.
Similar to the results presented in section 3, the considered local strain can induce electron scatterings
and affect significantly the transport through the system, leading to the conductance reduction.

The effects of such strains on the predicted Aharonov-Bohm interference are investigated and presented
in Fig. S5. It is however shown that the effects on the conductance oscillations in the quantum Hall
regime are relatively weaker than those observed in the low field one. This can be explained as follows.
In the low field regime, the electron transport is essentially due to “bulk states”, which transmit across
the step edges (i.e., zones of local strains) and hence undergo strong back-scatterings as described in
the top-right image of Fig.S5. In the quantum Hall regime, the presence of these locally strained zones
however affects the transport picture differently. In particular, when a high magnetic field with 6 < 6
is applied, opposite edge states are formed in terrace and facet zones (in two sides of the step edges)
and electrons transmitting through the system have to follow trajectories as described in the bottom-



right image of Fig.S5, i.e., when reaching the step edges, electrons transmit along (not directly across,
as in the zero-field case) these edges. This can eliminate the scatterings induced by the considered local
strains and explain their weak effects in the quantum Hall regime, compared to those in the low field
one. Hence, within the range of experimentally reported strains discussed above, the considered local
strains even though alter but does not strongly perturb the predicted Aharonov-Bohm interference.
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0 50 100 150 200
Fermi Energy E (meV)

Fig. S4: Conductance as a function of energy at zero magnetic field with different curvature-induced
strains. The strain release distance d, ~ 11 nm while other parameters are as in Fig.2 of the main text.
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Fig. S5: Conductance as a function of magnetic field at Er = 75 meV and with different
curvature-induced strains. Parameters are as in Fig.S4. Right panels illustrate the
electron transport pictures at low and high magnetic fields.



Certainly, the effects of these local strains on the Aharonov-Bohm interference can be enlarged and
significant when much larger strain gradients occur, for instance, when external stresses are
additionally applied.

5. Effects of edge disorder in graphene nanoribbons

Similar to the surface roughness in many nanoscale systems of conventional semiconductors, the edge
disorder (i.e., edge roughness) is often a practical issue for graphene ribbons [9-19]. The edge disorder
has been shown to affect strongly the electronic transport through graphene ribbons, especially, when
their width reaches the nanoscale regime.

Fig. S6: Graphene ribbon with edge disorder.

To investigate the effects of edge disorder, there were two models widely used in the literature. In
particular, the disordered edges can either be generated by randomly removing the edge atoms with a
certain probability [11-14] or are modeled using auto-correlation functions [15-19]. These models have
been demonstrated to interpret well the electronic properties of GNRs in experiments with a wide range
of disorder level [9-19]. Here, the effects of edge disorder are examined using both two models. In the
latter case, the edge disorder is generated by a Gaussian autocorrelation function, particularly, the
variation of ribbon width dW is effectively described as

(W (x)OW (x+Ax))=W,, exp

AX
— 232) (S.6)

where W, is the rms value charactering the disorder strength and & represents the correlation length.

A typical picture of edge disordered graphene ribbons is illustrated in Fig. S6. The effects of edge
disorder generated by a Gaussian autocorrelation function are presented in Fig. 4 of the main text and
the results obtained in the systems by randomly removing edge atoms are displayed in Fig. S7.

Actually, two main features are found with both disorder models.

First, in the case of semiconducting GNRs, the Aharonov-Bohm oscillations obtained at high magnetic
fields (B-fields) are shown to be much more robust under the effect of the considered disorders than the
zero-field transport. This can be explained by a fascinating feature that different from the zero-field
case (see Figs.S8 (a,d)), the forward and backward edge channels are spatially separated in the quantum
Hall regime (see Figs.S8 (b-c, e-f)) while the scatterings at the disordered edges do not allow electrons



to transmit across the sample. As a consequence, the edge disorder effects do not contribute
significantly to backscatterings in the considered stepped systems, i.e., the dominant mechanism of
backscattering is still interaction between edge states in zones of opposite normal B-fields and hence
strong Aharonov-Bohm oscillations are still achieved.
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Fig. S7: (a,b) Conductance as a function of B-field at Er = 75 meV computed for semiconducting (N, =
324) and metallic (N, = 326) GNR systems, respectively, with 6s = 60°, 0 =30°, Lr = 75 nm and
W =40nm. In the edge disordered systems, 15% of edge atoms are randomly removed.

Second, as presented and discussed for Fig.4 of the main text and in Fig. S7, in the perfect edge cases,
the Aharonov-Bohm oscillation is relatively weak in metallic GNR systems, compared to the results



obtained in semi-conducting ones. These results could be understood as a consequence of the different
properties of low energy fermions in these GNRs, i.e., they are gapped and massive in semi-conducting
GNRs while gapless and massless particles in metallic ones. Indeed, different from the case of semi-
conducting systems where circulating edge states can be achieved in the facet zone (see Fig. 3a of the
main text), electrons can passes smoothly the metallic ones, i.e., they transmit along the step edge to the
lower edge and only a small (i.e., almost invisible) reverse current is obtained at the upper edge of the
facet zone (see the illustration in Fig.S9). This propagation picture essentially explains weak Aharonov-
Bohm oscillations in metallic GNR systems with perfect edges, compared to those achieved in semi-
conducting ones, as mentioned above. Note that all these features have been also similarly observed
and discussed in Ref. [20] for graphene p-n junctions.

Most interestingly, the Aharonov-Bohm oscillation in metallic GNR systems can be significantly
enlarged when edge disorders are taken into account, i.e., the difference between metallic and semi-
conducting systems mentioned above is significantly eliminated as demonstrated in Fig. 4 of the main
text and in Fig. S7 and hence strong oscillations can be observed in both cases.
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Fig. S8: Edge disorder effects on electron propagation in planar graphene ribbons: left-injected LDOS
(a,b,d,e) and total LDOS (c,f). Magnetic fields B = 0 in (a,d) and 25 T in (b,c,e,f) while carrier energy
E = 75 meV. Perfect and disordered edges are considered in (a,b,c) and (d,e,f), respectively.
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Fig. S9: Electron propagation (left-injected LDOS) in a stepped structure of
metallic armchair GNR with perfect edges. The structure in Fig. 4b of
the main text is considered and B = 25.8 T is applied.

It is worth noting that a picture, similar to those obtained in the metallic armchair GNRs, is also
observed in zigzag GNR systems, i.e., the Aharonov-Bohm oscillation is relatively weak for perfect
edges but the effect is much more pronounced when edge disorder is introduced (see Fig. S10).
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Fig. S10: Conductance as a function of B-field at Er = 75 meV obtained in stepped systems of a zigzag
GNR with 8s = 60°, 085 =30°, Ly = 72 nm and W =40 nm. The disordered edge systems are generated
by the Gaussian autocorrelation function (S.6) with W,,s ~0.6 nm and & ~ 4.8 nm.



6. Multi sub-bands contribution

In this section, we analyze the effects of multi sub-bands contribution on the predicted Aharonov-Bohm
oscillation in more detail. As it has been demonstrated in nanorings [21,22] and also in graphene p-n
junctions [20], the Aharonov-Bohm interference has an inherent property that the strong oscillation of
conductance can be observed in the low energy regime where only a single band is obtained. In the
regime of high energies when multi energy bands can contribute to the transport, the interference
picture can be significantly blurred. A similar feature is also observed in the Aharonov-Bohm
interferometers considered here.
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Fig. S11: Conductance as a function of Fermi energy at B = 20 T obtained in stepped systems of an
armchair GNR with Lg = 110 nm and W = 60 nm. The stepped angle 6s = 60° while three directions of
B-field are considered. E,"® indicates the first Landau level formed in the terrace (facet) zone.

Indeed, as shown in Fig. S11 and Fig. 5 of the main text, strong conductance oscillations in all
considered cases are observed in the regime E.<min(E;,E;) where E;" are the first Landau
levels formed in the terrace and facet zones, respectively, at high magnetic fields. In Fig. S12, the



energy bands of an armchair GNR under the effect of magnetic field are presented. When a high
magnetic field is applied, the energy bands of GNR are strongly modified and the Landau quantization
is observed as seen in the right panel of Fig.S12. This Landau quantization (i.e., energy levels Egi42,.)
obeys the well-known formula [23]

E =sign(n)v2ehva|n|B, (S.7)

where vr is the Fermi velocity in graphene. The energy levels E;" and E;" mentioned above are hence
determined as E.=y2e#v2:Blsin0,] and E'=42ehv>Blsin(0,—6,)|.

In the high energy regime, the effects of multi sub-bands contribution, similar to those observed in
graphene and phosphorene nanorings [21,22] and mentioned above, are clearly demonstrated in
Fig.S11 (see the zones highlighted in yellow). In general, the Aharonov-Bohm oscillations are
significantly blurred by such contribution when E,>min(E;,E;), as illustrated in both Fig. S11 here
and Fig.5 of the main text. In the cases if E;"# E;" (e.g., 85 = 15° and 45°), some oscillations can still
be well defined in the range between these two values (see Fig. S11 for 6; = 15°).

The features presented here explain clearly the results presented and discussed in Fig.5 of the main text.
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Fig. S12: Energy bands of the armchair GNR of W = 60 nm under the effect of magnetic field. Energy
levels E, (n=0,%£1,%2,...) in the right panel represent the Landau quantization at a high B-field [23].

References:

[1] V. Hung Nguyen et al., J. Comput. Electron. 12, 85-93 (2013).
[2] C. H. Lewenkopf and E. R. Mucciolo, J. Comput. Electron. 12, 203-231 (2013).
[3] J.A.Robinson et al., Nano Lett. 9, 964-968 (2009).



[4] T. Low, V. Perebeinos, J. Tersoff, and Ph. Avouris, Phys. Rev. Lett. 108, 096601 (2012).
[5] B.D. Briggs et al., Appl. Phys. Lett. 97, 223102 (2010).

[6] http://www.openmx-square.org

[7]1 Y. Xu, H. Gao, M. Li, Z. Guo, H. Chen, Z. Jin and B. Yu, Nanotechnol. 22, 365202 (2011).
[8] V.M. Pereira, A. H. Castro Neto, and N. M. R. Peres, Phys. Rev. B 80, 045401 (2009).

[9] M.Y. Han, B. Ozyilmaz, Y. Zhang, and P. Kim, Phys. Rev. Lett. 98, 206805 (2007).

[10] M.Y. Han, J. C. Brant, and P. Kim, Phys. Rev. Lett. 104, 056801 (2010).

[11] M. Evaldsson et al., Phys. Rev. B 78, 161407(R) (2008).

[12] D. Querlioz et al., Appl. Phys. Lett. 92, 042108 (2008).

[13] A. Cresti and S. Roche, New J. Phys. 11, 095004 (2009).

[14] M. Poljak and T. Suligoj, IEEE Trans. Electron Devices 63, 537-543 (2016).

[15] M. V. Fischetti and S. Narayanan, J. Appl. Phys. 110, 083713 (2011).

[16] N. Djavid et al., IEEE Trans. Electron Devices 61, 23 - 29 (2014).

[17] T. Misawa et al., Jpn. J. Appl. Phys. 54, 05EBO1 (2015).

[18] T. Fang, A. Konar, H. Xing, and D. Jena, Phys. Rev. B 78, 205403 (2008).

[19] A.Y. Goharrizi et al., IEEE Trans. Electron Devices 58, 3725 - 3735 (2011).

[20] A. Mrenca-Kolasinska, S. Heun, and B. Szafran, Phys. Rev. B 93, 125411 (2016).

[21] V. Hung Nguyen, Y. M. Niquet, and P. Dollfus, Phys. Rev. B 88, 035408 (2013).

[22] R. Zhang, Z. Wu, X. J. Li, and K. Chang, Phys. Rev. B 95, 125418 (2017).

[23] L.-J.Yin, K.-K. Bai, W.-X. Wang, S.-Y. Li, Y. Zhang, and L. He, Front. Phys. 12, 127208 (2017).


http://www.openmx-square.org/

