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1. Lateral force measurements

The lateral shear force was measured during the sliding process in order to verify that sliding is performed
under superlubric conditions, thus ensuring the existence of an angular mismatch at the bilayer graphene
interface™ (Fig. S1a). The shear force was evaluated using the relation F = 2gr, applicable for small
shear distances,™ where r is the mesa radius and ¢ = 0.227 J-m~2 is the adhesion energy of graphite.!"
The measured lateral force oscillations were smaller than 10 nN indicating that sliding is indeed
performed under superlubric conditions and that there is a rotational mismatch of 5° — 15° between the

bottom and top graphene layers.™"?!

2. Interface conductivity
A numerical fitting procedure was employed to obtain the current vs. sliding distance profile, I(x), and to
extract the corresponding resistance of the sheared interface, R;,:, and its Edge (E) and Area (A)

contributions (Fig S1b). I(x) was calculated based on the equivalent electrical circuit depicted in the inset

of Fig. S1b, i.e. I(x) = [ZXRGtT’:::’S‘iRW], where Vo,niiea = 2.5V is the applied voltage, R, is the average

resistance of the upper and lower graphene stacks, R, is the resistance of the electronic system

_ 171
consisting the electrical cables and AFM circuitry, and Ry, = [(Rf}[fa) 1+(REdge) ] is the

int

Edge

interface resistance composed of the surface (R{®) and edge (R,.°°) components, assumed to

int
contribute as parallel conductors.

Area
The area and edge interfacial resistances are related to the lateral sliding distance, x, via R{¢® = Sfrea =

Edge
and REdge _ P

int = [Edge(y) where contact surface area and edge length are given by S47¢4(x) = 2<r2-

cos™! (xrﬁ) —g r2 — (§)2> and LE99¢ (x) = 4 (r -cos™! (xT/Z)) respectively, where 7 is the radius of

the circular mesa and the corresponding resistivities p,q and pgqq. Serve as fitting parameters.
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Figure S1: (a) Measured lateral force as a function of lateral displacement. Inset shows a schematic
illustration of the sheared mesa from top view marking the overlap area (A) and edge (E) parts. (b)
Measured current (red line) and corresponding numerical fit (black) based on the equivalent electrical
circuit shown in the inset, which includes constant serial resistors (Rgys, 2X Rgr) and two variable parallel

resistors (Rgi[tea, Rﬁl‘ige) comprising the sheared interface. (c) Interface conductance (given in units of the
conductance quantum G,) as a function of lateral interfacial shift. (d) x? diagram of the numerical fit to
the experimental data presented in panel (b) as a function of area and edge resistance values. The
combination Ryreq, = 3620 Q and Rggqge = 1175 Q (corresponding to the interface’s area and edge
resistances at the fully eclipsed configuration, respectively) that produces the lowest y? value is used to
extract p47e® and pE@9¢ that yield the black line fit appearing in panel (b). (e) Voltage drop across the

twisted bilayer interface. (f) zoom-in on the last 10 nm region of (e).



The values of R, and Rq,,s are considered to be constant throughout the sliding. Figure 1Sc presents the

interface conductance as a function of lateral distance in units of the conductance quantum G,. The quality

of the numerical fit is assessed based on a y? test, where the average sum of the differences between fitted
; 2
and measured current, y* = %Z?ﬂ(lif‘t — "), is plotted for a wide range of relevant edge and area

resistances and the values minimizing x? are chosen as the optimal fit (Fig 1Sd). Here, Iifit and I"°% are

the i*" fitted and measured current datapoint, respectively and n is the total number of data points. The
potential drop across the sheared interface (Fig. Sle,f) can be evaluated as the ratio of the total current

(see Fig. S1b) and the interface conductance (Fig. S1c).



3. Calculation of Gaussian overlaps

As stated in the main text, in order to rationalize the measured current oscillations with lateral interfacial
shifts in terms of variations of the bilayer’s wave function, we constructed 10° twisted (with respect to the
Bernal stacking) circular bilayer graphene models and described their electronic properties using a tight-
binding Hamiltonian. The Hamiltonian includes one P, orbital per carbon atom, describing the 7 band of
each flake and an exponentially decaying inter-layer hopping integral describing the inter-flake electronic

coupling, as follows:4

( 0.5eV, i=j€Top flake
| —0.5el, i =j € Bottom flake
Hy = tec . i,j # i nearest neighbors on the same graphene layer’ (S1)
ty - exp {— ldl;%} - exp {— (%) } i,j # i reside on adjacent graphene layers
0 Otherwise

where V, = 0.8V is the externally applied bias voltage; e — is the electron charge; t.. = 3.16 eV is the
graphene intralayer nearest neighbors hopping integral; t, = 0.39 eV is the interlayer hopping integral,
|d| and 7, are the absolute and lateral distances between atoms i and j residing on adjacent graphene
layers (given in A), respectively; T,, = 3.35 A is the equilibrium interlayer distance in graphene; Lyy =
1.7A and L, = 0.6 A are the lateral and vertical interlayer interaction decay lengths, respectively; and
a = 1.65. We note that in this treatment Coulomb addition energies, observed in narrow (< 50 nm)
graphitic systems ! are not account for. This approximation is well justified for the large graphitic
contacts considered in our experiments (> 200 nm) and in light of previous convincing experimental

evidence observing pronounced zigzag edge state in the vicinity (< 100 mV) of the Fermi energy !,

For each stacking configuration we first calculated the interlayer electronic transmittance probability,
T(E), using the non-equilibrium Green’s function formalism (see SI section 4 below)™* based on the
above tight-binding Hamiltonian. Next, we calculated the molecular orbitals (MOs) of the full bilayer

system by diagonalizing the corresponding Hamiltonian. The obtained MOs, {y;}, are given by ¢, =

¥ ciPL, where ¢! is the contribution of atomic orbital P% to MO ), (|cf|2, represents the probability of an
electron occupying MO 1, to be found on atomic site i, assuming orthogonal atomic orbitals), and the
corresponding eigen-energies are denoted by {&;}. Next, for each eigenstate, 1, residing within the Fermi
transport window (Ep — 0.5eV}, < g, < Ep + 0.5eV},, where Eg is the Fermi energy of the entire bilayer

flake and we assume, for simplicity, zero electronic temperature) we multiplied its absolute squared MO



expansion coefficients |Cik|2 by the transmittance probability evaluated at the corresponding eigenvalue

energy, T (&). This effectively weighs each MO according to its contribution to the transport process.

Since the tight-binding Hamiltonian does not involve explicit atomic orbitals, in order to visualize the
interlayer overlap between the transmittance-weighted MOs, we assigned each atomic site a two-
dimensional Gaussian of fixed height, centered around its position R; = (x;,y;):

2 2 2
[r—R;] (x=x))"+(y-yy)
2

Gi(r - R,_) =e 20} = e 291 ’ (82)

whose standard deviation is set proportional to the sum of transmittance-weighted coefficients of all MOs
within the bias window associated with this atom:

_ FWHM

1

0 = s [Zk € Fermi Window|clk|2 T(Ek)]z, (S3)
where we choose FWHM = L. (where Loc = 1.42 A is the C-C bond length) such that the typical
Gaussians extent matches the lattice spacing and a relatively smooth Gaussian overlap curve is obtained
(see Fig. S2). The square root appearing in Eg. (S3) sets the two-dimensional Gaussian typical area (rather
than its standard deviation), used later in the overlap calculations, to be proportional to the transmittance-

weighted electronic contribution on each site.

Finally, the overlap between the Gaussians associated with atomic position i in one layer and atomic

position j in the other layer is given by:

2 2
o _|T_R2i|2 _|T_R£| 2no?o? _lRiz_Rj2|
Sl'j — f_ooe 207 o 205 dr = 0_.2-:0_2] ez(ai +UJ'). (84)
i 7O

An example of the sum of Gaussian overlaps as a function of lateral inter-flake distance for three different

FWHM values is presented in Fig. S2.
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Fig. S2: Sum of overlaps between two-dimensional Gaussians representing transmittance-weighted MO
contributions on the different atomic sites, normalized to the maximal value in the presented range, as a

function of the lateral distance between two 10° twisted circular flakes of diameter d = 10 nm, using
FWHM =>Le, = 0.71 A, FWHM = Lo, = 142 A, FWHM ==L, = 2.13 A. The Fermi window over

which MOs are summed is set to +0.4 eV and the transmittance probability is evaluated using broadening

factors of I = Iz = 0.05 eV (see Sl section 4 below).

4. Electronic transport calculations

The calculation of the interlayer transport of the graphitic junction is described in details in the supporting
information of Refs. 3,4, and given here as well for the sake of completeness. The model junction
comprises of two finite circular graphene flakes. The current passing from the upper flake to the lower
flake is evaluated via the Landauer scattering formalism™ that relates the current, I, to the transmittance

probability of an electron through the system, T(E) via:
I =2 [1fr(B) = fa(E)IT(E)dE. (S5)

In Eq. (S5), e is the electron charge, h is Plank’s constant, and

fr/8(E) = fr/p (E: .uT/B'ﬁT/B) = [1 + ePrse (E_“T/B)]_l (S6)



are the equilibrium electronic Fermi-Dirac distributions of the top/bottom leads. In Eq. (S6), fr/p =

(kBTT /B)_l are the inverse electronic thermal energies of the top (7') and bottom (B) leads and Ty, are
the corresponding electronic temperatures. The chemical potentials of the leads are taken to be ur/p =
Er + 0.5eV/, such that they evenly split the bias voltage, V,, around the ground state Fermi energy of the
entire finite model system, Er. The factor of two appearing in Eqg. (S5) accounts for spin degeneracy. In
the present treatment, we neglect the effect of the electric field drop across the junction, due to the
externally applied bias voltage, on the transmittance probability. However, we shift the onsite energies of
the top and bottom lead atoms up or down, according to the corresponding lead chemical potential (see
Eqg. S1 in Sl section 3 above). The transmittance probability T(E) appearing in Eq. (S5), is calculated

using the non-equilibrium Green’s function formalism, which for elastic electronic transport gives:

T(E) = Tr[Gg(E)T 3 (E)GG(E)T 1 (E)]. (S7)
Here, I'r,p(E) are the top and bottom broadening matrices described below, and G;/ “(E) are the
retarded (r) and advanced (a) Green’s function matrix representations of the junction given by:

a(E) = [EI — hy — ZR(E) — ZR(E)] 7Y, (S8)
and

a(E) = [GL(B)]T, (S9)

where I is a unit matrix of dimensions of the system and h, is the matrix representation of the device’s

Hamiltonian given in the following block form:

_ hr vTB)
ha=(," ) (510)

In Eq. (S10), hr/p are the Hamiltonian blocks of the top and bottom flakes given in the tight-binding
atomic basis representation and vg; = v;B are their mutual coupling matrices. Note that in the tight-

binding representation the atomic orbitals are assumed to be orthogonal and the overlap matrix is the unit

matrix of the full system dimensions.

The leads self-energies are approximated under the wide band approximation as energy independent

diagonal matrices providing the same lifetime, y~1, for each atomic site of the corresponding flake:

L O\ o .. (0 0
Z'T=lhy(0T 0),Z‘B=lhy(0 IB), (S11)

and X7 /p = (2‘.‘§/B)T. The broadening matrices in Eq. (S7) are given in terms of the self-energies as:



reo=im =il (o)l gl=am(g o)
ro =iz -z =ifmy(g p)-cwn(g p)]=-2m (g 1)

The broadening factor, Ay = 0.05 eV, is chosen to be sufficiently large to obtain a smooth density of
states of the top and bottom flakes to mimic their periodic counterparts. The results are tested to be
insensitive to this choice (see supporting information section 5 of Ref. [1).

To reduce the computational time, we transform Eq. (S7) to the diagonal basis of the dressed Hamiltonian:
4=hg+ 25+ 27, (S13)
such that the transformation matrix U transforms the complex symmetric matrix Hj; to its diagonal
representation H7:
H, = U'HLU. (S14)
By inserting UU~! = I or its conjugate transpose between each pair of matrices in Eq. (57) and using the
cyclic property of the trace operation we obtain:

T(E) = Tt[6G(UU DI (UU~HTGLUU )T (UU™D)] =

Tr|UGLU U r,(U )T Ut6E(U )T Utr, U| = Tr|G,T3G4T 7). (S15)

=G} =I'p =G4 =I'r

In the new basis, the retarded and advanced Green’s functions matrices still obey the required relation

G% = ¢7", and have diagonal representations:

G, = [E1-H7] (S16)
This allows the evaluation of G7(E) and G%(E) at any value of E while avoiding repeated matrix
inversions, at the expense of a single complex symmetric matrix diagonalization and a single evaluation of
IFpand Ty
We note that, in the main text, all T(E) calculations presented were performed over a window of +0.4 eV
around the Fermi energy of the entire bilayer model system. As can be seen in Fig. Sle,f, the experimental
bias voltage drop across the twisted bilayer interface does not exceed ~2 V. Fig. S3 below, demonstrates
that within the corresponding energy window of +1.0 eV around the Fermi energy, the major contribution

arrives from a narrower region below +0.4 eV. Therefore, to reduce the computational burden, we opted

to use this smaller energy window.
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Fig. S3: Transmittance probability calculated for a 10 nm diameter 10° twisted circular bilayer graphene
flake, over an extended energy window of +1 eV around the Fermi energy of the entire bilayer mode, for four
lateral positions corresponding to an interlayer shift of 89.7 A (black line), 92.12 A (red line), 95.45 A (green line),
and 96.97 A (blue line).

5. Registry Index calculations

The registry index (RI) is a dimensionless quantity that quantifies the interlayer commensurability
between two rigid interfaces, and has been used to model the interlayer sliding energy surfaces of a variety

of hexagonal layered materials.[*** ]

In the original RI approach, developed for graphitic interfaces, each lattice atomic center is assigned a
circle of radius r;, which depends on the atomic identity.l' To obtained smoother and more physical
registry surfaces, the circles have been replaced in more recent calculations by two-dimensional atomic-
centered Gaussian functions, whose standard deviations relate to the original circle radii as o; = yr;,
where y is chosen to reproduce reference sliding energy landscapes of graphitic interfaces and typically
assumes a value of g; = 0.75L...* The projected Gaussian overlaps between atomic centers belonging

to adjacent graphene surfaces are calculated according to:

10



2
_ i)

2
nofo 2, 2
S =—ZLe¢ Z(Ji”f), S17
C;C
L= 2, 2
of+o}

and summed to evaluate the degree of Pauli repulsive interactions, S&¢ = ¥, Layer1 2 eLayerZSCl.Cj. This

summation is then normalized to obtain the registry index:

S -sce.
Rl = o cope (S18)
Scc ~Scc

that is bound to the values of Rl = 0 and RI = 1, obtained at the optimal (AB) and worst (AA) stacking

modes, respectively.

While in its original implementation the registry index approach was developed to describe the interlayer
sliding potential in rigid layered materials, it was later on extended to evaluate the qualitative behavior of
the interlayer transport in graphitic junctions based on the degree of overlap between P, orbitals associated
with atoms residing on adjacent layers.”! In the present study, we adopted this approach by setting
re = 0.1 - 1o, where .. = 1.42 A is the carbon-carbon bond length in graphene. Aiming to focus on RI
variations, we remove the slowly varying RI baseline obtained during lateral sliding, based on a 3 power

polynomial fit to the calculations.

6. Robustness against edge reconstruction

To further confirm that the observed current oscillations, manifesting quantum mechanical interference of interlayer
edge states, are robust against edge reconstruction, we have repeated some of our transport calculations using
geometrically relaxed graphitic bilayer interfaces. To this end, we employed the FIRE energy minimization
algorithm 71 as implemented in the LAMMPS!® software, with a force tolerance for convergence set to 1078 on
individual hydrogen terminated 10 nm diameter circular graphitic flakes, whose intra-layer interactions were
described by the second-generation reactive empirical bond order (REBO) potential %, which gives an equilibrium
C-C bond length of ~1.42039 Angstroms. The relaxed flakes were stacked at an interlayer distance of 3.35 A to
form a partially overlapping bilayer system, twisted by 10° from Bernal stacking, whose interlayer transport
properties were calculated. We note that the states associated with the hydrogen terminations do not contribute to
the tight-binding-based transport calculations, as their energy is well outside the Fermi transport region. The results,

appearing in Fig. S4 below, demonstrate that apart from some minor variations in their pattern, the period and

11



magnitude of the current oscillations in edge reconstructed interfaces remain unchanged. Moreover, to validate that
the current fluctuations are dominated by edge states transport, we plot in Fig. S4 also the individual edge and bulk
current contributions (red and green curves, respectively), calculated using the procedure described in Ref. [2]. The
results demonstrate that bulk transport plays a negligible role across the final few interfacial slide nanometers,
supporting our conclusion that the observed current fluctuations are induced by edge state quantum interference as
opposed to bulk transport.

Non-relaxed (from Fig. 3a)
- —— Relaxed

[ [—— Edge current

Bulk current

Current [um]

1 . 1 L ] ) !
70 80 90 100

Distance [A]

Fig. S4: Vertical current as a function of lateral shift, calculated with (black) and without (blue) edge reconstruction
at a bias voltage of 0.8V for a 10 nm diameter circular bilayer graphene system twisted by 10° from Bernal

stacking with a fixed interlayer distance of 3.35 A. The red and green curves represent the separate edge and bulk
current contributions, respectively.
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