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We investigate the peak structure in the interlayer conductance of Moiré superlattices using a tunneling theory we
developed previously. The theoretical results predict that, due to the resonance of two different partial waves, the double-
peak structure can appear in the curve of the interlayer conductance versus twist angle. Furthermore, we study the influences
of the model parameters, i.e., the chemical potential of electrodes, the thickness of Moiré superlattice, and the strength of
interface potential, on the peak structure of the interlayer conductance. In particular, the parameter dependence of the peak
structure is concluded via a phase diagram, and the physical meanings of the phase diagram is formulized. Finally, the

potential applications of the present work is discussed.
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1. Introduction

With the discovery of graphene,!! two-dimensional (2D)
materials have become a focal point in the fields of nanotech-
nology and condensed matter physics.[>#! In particular, bi-
In bi-

layer systems, when the two layers are twisted at a specific

layer systems of 2D materials are widely studied.

angle, periodic Moiré patterns are formed, thus forming the
so-called Moiré superlattices.>~71 Compared to untwisted bi-
layer systems, the Moiré superlattices exhibit novel physi-
cal characteristics, %! e.g., tunable Mott insulators, [!°! uncon-

U and atomic reconstruction. 2!

ventional superconductivity,
The physical mechanisms underlying these characteristics
are highly related to the interlayer coupling of two twisted
layers.[!3] As a characterization method commonly used, the
measurement of interlayer conductance is a direct and reliable
method to study the interlayer coupling of Moiré superlattices.

Experimentally, several research groups have investigated
the relationship between the interlayer conductance and the

s.11420 A common observa-

twist angle in Moiré superlattice
tional result across these studies is that the interlayer conduc-
tance decreases monotonically with the twist angle within the
domain [0°, 30°]. In addition, in Refs. [16—18] researchers
identified a sharp conductance peak around the twist angle of
21.8°. Overall, the interlayer conductance behaves like a con-
tinuously decreasing background plus one sharp peak within
the domain [0°, 30°]. Nevertheless, for a long period of time,
there has not yet been unified theoretical explanation to the

background and the peak of interlayer conductance.
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2. Method

Recently, we have developed a theory for Moiré super-
lattices based on the optical diffraction method.>!! Within the
theoretical framework, the Moiré superlattice is regarded as
a tunneling barrier, and the interlayer conductance is treated
as tunneling conductance, due to the nearly insulation char-
acteristics of 2D materials along the interlayer or longitudinal

[221 Correspondingly, the system to measure the in-

direction.
terlayer conductance of the Moiré superlattice can be consid-
ered as a tunneling junction, which is schematically displayed
in Fig. 1. Fortunately, this theory can provide a comprehen-
sive interpretation for the interlayer conductance of the Moiré
superlattices. It is found that the decreasing background of
the interlayer conductance can be attributed to the increasing
strength of the interface potential, and the peak originates from
the resonance of scattering of tunneling electrons with the in-
terface potential. Mathematically, the resonance occurs when
the amplitude of transmitted wave function of the tunneling
electron becomes divergent, and the amplitudes can be written
as

B lexp(ik&d]) B lexp(ik;;-dl)

1= - 2= - ()
2 imy(a) 2 imy(a)
1 exp(ik,,.-d 1 exp(ik,_-d
=3 " igfﬂa)l) 173 " i:fyml)’ @

where d; is the thickness of the upper layer of the Moiré su-
perlattice, m is the mass of electron, o is the twist angle,
and (o) represents the strength of the potential which ap-
proximately describes the effect from the interface. Thereinto,
Y(et) = W[l — cos(6a)], where 7y is a model parameter. In ad-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

107301-1


https://doi.org/10.1088/1674-1056/ad655b
mailto:fanghn@njupt.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 33, 107301 (2024)

dition, ka*rz and k}i are the z-components of wave vectors of the
partial waves at the interface. Physically, the wave vectors of
the partial waves at the interface can be divided into two types:
(1) the wave vectors whose in-plane components are equal to
that of the wave vector of the incident electron wave, i.e., k:(f
(2) the wave vectors whose in-plane components are equal to
those of the wave vector of the incident electron wave plus a
reciprocal lattice vector of the tunneling barrier, i.e., klf They
can be expressed as

Ky = ko + /K2 — k&t —2mh2v(0) £ 2mh 2v(Kn)er,  (3)
khi = k” + K

/2= (hy K — 2t 20(0) £ 2mh 2 (Kie.,
@

where k| denotes the normal projection of k in the lateral
plane; v(0) and v(K},) correspond to the Fourier transform of
the atomic potential of the barrier, with K}, denoting the planar
reciprocal lattice vector; e, is the unit vector of z direction; k
represents the incident wave vector, and the Fermi wave vector
of the incident electrons is

®)

where e represents the electron charge, and u is the chemi-
cal potential of the electrodes. Due to the divergence of the
amplitude of transmitted wave function, the conductance peak
may bring abrupt change of the interlayer conductance with
variation of the twist angle.

Top electrode

Bottom electrode

Fig. 1. Diagrammatic sketch of the studied system.

Under the parameters of our previous work, only Aj is
divergent, leading to a interlayer conductance curve with one
single peak. In principle, A, and A4 may also be divergent
when the parameters vary. Accordingly, there will appear
multiple peaks in the curve of interlayer conductance. The
multiple-peak structure cannot only enrich the physical char-
acteristics of Moiré superlattices, but also broaden the appli-
cation of Moiré superlattices. Therefore, it is necessary to the-
oretically investigate the multiple-peak structure of the inter-
layer conductance of Moiré superlattices.

To this end, we shall, in the following, apply our theory
to graphite/graphite Moiré superlattices, and investigate the
multiple-peak structure of interlayer conductance. The details
of the theory can be referred to the supplementary material.
The model parameters of the graphite/graphite Moiré super-

lattices are the same as our previous work.[?!]

3. Result and discussion

According to Eqgs. (1)—(5), the chemical potential of the
electrodes u is the key parameter for the divergence of ampli-
tudes of transmitted wave function. Therefore, we would like
to first investigate the influences of y on the peak structure
of the interlayer conductance. The numerical results are dis-
played in Fig. 2(a), where v(K}) = 3.5 eV, v(0) = 3.12 eV,
di =d, =30 nm, and 9 = 4 x 1072 J.m. As shown in
Fig. 2(a), the background decreases monotonically with the
twist angle, which is in agreement with experiments and our
previous work.?!) However, compared to our previous work,
U is larger at present. Accordingly, the peak corresponding
to the divergence of A3 shifts to ~ 1.3° and the intensity is
considerably strong. It can be explained as follows: Accord-
ing to Eqgs. (3) and (5), the twist angle o corresponding to the
resonance condition (1 +imy(a)/ (hzkaz) — 0) decreases with
chemical potential tt. Since the chemical potential ( at present
is larger than that of our previous work,?!! the position of the
peak will shift towards to smaller twist angle. On the other
hand, according to Eqs. (3) and (5), the minimum of |k, | will
decrease with y. Furthermore, the numerator exp(ik, - d1)
of the amplitude A3 will increase with u, and thus strengthen
the peak intensity. Therefore, the peak corresponding to the
divergence of A3 is much stronger than that in our previous
work.?! In addition, compared to our previous work, the peak
corresponding to the divergence of A3 becomes smoother and
the peak width becomes larger. This is because the amplitude
Az at present cannot be divergent for the small-angle incident
electrons due to larger chemical potential, which can be easily
known from Egs. (2), (3) and (5). That is to say, these tun-
neling electrons cannot resonate with the interface potential.
Accordingly, the resonance of the scattering is inhibited. In-
terestingly, when u increases from 8.0 eV to 8.1 eV, there ap-
pears another peak at ~ 2.5° besides the peak corresponding
to the divergence of A3, which can be clearly seen in the inset
of Fig. 2(a). That is to say, the peak structure transforms from
a single peak to double peaks with the variation of yt. Through
numerical analysis, the appearance of the second peak is at-
tributed to the divergence of A, (i.e., the resonance caused
by the partial wave of k:; ). So far, the multiple-peak struc-
ture mentioned above can be realized for the present param-
eter. When pu further increases to 8.2 eV, the peak structure
returns to single peak. In order to explain this phenomenon,
we have performed the numerical analysis for the interlayer
conductance at it = 8.2 eV, which is shown in Fig. 2(b). From
Fig. 2(b), it can be concluded that, for the case of © = 8.2 eV,
the single peak is the superposition of the A, peak and the A3
peak. That is to say, the two peaks overlap with each other,

and cannot be distinguished.
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Fig. 2. (a) Interlayer conductances as functions of the twist angle o
under different chemical potentials (. (b) Contributions of the A, peak
and A3 peak to the interlayer conductance at 4 = 8.2 eV.
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Fig. 3. Interlayer conductances as functions of the twist angle ¢ under
different (a) d; and (b) d>.

Secondly, we investigate the influences of the thickness
of the Moiré superlattice on the interlayer conductance. Fig-
ures 3(a) and 3(b) are the curves of the interlayer conduc-
tance versus twist angle under different thicknesses of the up-
per layer (dy) and the lower layer (d>), respectively, where
w=2=81¢eV,v(Ky) =35¢eV,v0)=3.12¢V, and 1 = 4 X
1072 J-m. In Fig. 3(a), > is fixed at 30 nm, and in Fig. 3(b),

d; is fixed at 30 nm. It can be seen from Fig. 3(a) that both
the intensities of the two peaks decrease with d;. According
to Egs. (1) and (2), the attenuation of the intensities originates
from the decay factors exp(ikg, - d1) and exp(ik;, - d1) in the
amplitudes. Furthermore, it can be found that the attenuation
of the intensity of the second peak (corresponding to the di-
vergence of Aj) is stronger than the first peak (corresponding
to the divergence of A3). This can be explained as follows:
since y(ot) = W[l — cos(6a)], the greater the c, the larger the
y(et). As shown in Figs. 2(a) and 3, the resonance angle of the
second peak o is greater than that of the first peak ¢, and
therefore, y(0n) > y(a1). According to the resonance condi-
tion 1 +imy(ou)/(h*ky,) — 0 and 1 +imy(0n)/(h*k;}) — 0,
the |k;.| at the resonance point is larger than |k_|. Due to the
decay factors exp(ik;Z -dy) and exp(ik,_ - dy), the second peak
decays more rapidly than the first peak with the increase of d; .
Figure 3(b) indicates that d, has little effect on both the peaks.
As has been pointed out in Ref. [21], this is due to the fact
that the amplitudes of transmitted wave function of the tunnel-
ing electron are independent of d,, which can be known from
Egs. (1) and (2).
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Fig. 4. Interlayer conductances as functions of the twist angle ¢ under
different Y.

For practical devices, the strength of the interface po-
tential of the Moiré superlattices can be regulated through
physical conditions such as applied stress. Thus, it is nec-
essary to discuss the influences of the strength of the inter-
face potential on the interlayer conductance. Figure 4 dis-
plays the curves of the interlayer conductance versus twist an-
gle under different 9y, where pu = 8.1 eV, v(Kj}) = 3.5 eV,
v(0) =3.12 eV, and d; = d, = 30 nm. As shown in Fig. 4,
both the peaks shift towards to the smaller twist angle as Y
increases. This can be interpreted as follows: the y(a) cor-
responding to the resonance is invariant under different Y.
Since y(a) = [l — cos(6a)], the larger the yp, the smaller
the resonance angle. The above mathematical interpretation
corresponds to the following physics: when 7} increases, the
strength of the interface potential will become stronger at the
same twist angle. Physically, it will need smaller twist angle
to achieve the resonance of scattering of the tunneling elec-
trons with interface potential. In addition, it can be found that

107301-3
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the background decreases with the increase of ¥. This can
be easily understood such that the stronger interface potential
will decrease the amplitudes of transmitted waves, and further
decrease the transmission coefficient.

dy

Non-peak

Single-peak

i Double-peak

m

Fig. 5. Phase diagram of the parameter dependence of the peak structure.

Finally, we would like to conclude the parameter depen-
dence of the peak structure, as shown in Fig. 5. It not only
includes the present results but also the previous one.”?!l In
Fig. 5, there are three types of regions: (1) For yellow re-
gion I, there is no peak in the curve of interlayer conductance.
(2) For blue region II, there is only one peak in the curve of
interlayer conductance. (3) For pink region IIl, there will be
double peaks in the curve of interlayer conductance. On the
whole, chemical potential u is the key parameter for the peak
structure of the interlayer conductance. We can determine how
many partial waves at the interface will resonate with the inter-
face potential, and further determine how many peaks appear
in the curve of interlayer conductance. On the other hand, due
to the decay factors exp(ik,, - d;) and exp(ik;Z -dy), the thick-
ness of the upper layer d; will also have effect on the peak
structure. For a fixed u, the double-peak (single-peak) struc-
ture can transform into single-peak (non-peak) structure with
increasing dp, as can be seen in Fig. 5. In addition, when the
two peaks overlap with each other and cannot be distinguished,
the double-peak structure will return to single-peak structure,
which corresponds to the region II on the right of region III. It
should be pointed out that there may, in principle, exist peak
structure of more than two peaks. However, the case then will
become much more complicated, which may be considered in
the future.

For the tunnel junctions with Moiré superlattices, the
peak structure plays a key role in applications. As men-
tioned in our previous work,?!! the high-conductance state
and low-conductance state can be considered as “open” state
and “close” state, respectively. In applications, the transfor-
mation between open and close can be realized by varying
the twist angle between the peak and its vicinity. For the
case of double-peak structure, there will exist three states:
high-conductance state corresponding to the higher peak,
intermediate-conductance state corresponding to the lower

peak, and low-conductance state corresponding to the region
between the two peaks. In particular, the two peaks are quite
close in our theoretical results, which is favorable to the imple-
mentation of the transformation. This indicates that the tunnel
junctions with Moiré superlattices have potential applications

in the field of three-state memories. 2!

4. Conclusions

In summary, we have investigated the peak structure in
the interlayer conductance of Moiré superlattices using a tun-
neling theory developed previously by us. The theory is based
on the diffraction physics method, which is distinct from the
conventional theories. Thus, we can well take into account
the coherence caused by the Moiré superlattices. It is found
that there may appear double-peak structure in the curve of
the interlayer conductance versus twist angle due to the res-
onance between the tunneling electrons and the interface po-
tential. Furthermore, the influences of the model parameters
on the peak structure are studied. In particular, the parameter
dependence of the peak structure is concluded via a phase di-
agram, and the physical meanings of the phase diagram is for-
mulized. In addition, the potential applications of the double-
peak structure is discussed. The present work can outline a
complete physical picture and provide a deeper understanding
for the interlayer conductance of Moiré superlattices.
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