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Despite recent transport studies of ABC-stacked multilayer graphene systems revealed various unusual
quantum phenomena which arise from the nearly flat electronic bands, their quantum tunneling properties have
rarely been addressed. Here we investigate the local tunneling characteristics of a gapped ABC-stacked trilayer
graphene (TLG) and report the experimental observation of the nearly flat band induced atomic-site-dependent
negative differential conductivity (NDC, characterized by a current drop with increasing voltage) via scanning
tunneling spectroscopy (STS) measurements. We show that strong NDC emerges in the gap region next to a
sharp STS peak induced by the very flat low-energy dispersion of ABC TLG. The NDC is found to mainly reside
on one atomic sublattice of the surface layer due to the strong sublattice and layer localization of the nearly flat
bands. The observed NDC behavior is explained by the tunnel-diode mechanism, namely, the coexistence of a
sharp flat-dispersion STS peak in which tunneling is strongly enhanced and a subsequent gap region in which
tunneling is forbidden. Furthermore, we also find that a local defect could effectively switch off the NDC over
a large spatial range. Our result highlights a quantum tunneling effect unique to the graphene-based nearly flat
band system and expands the potential application scope of ABC TLG.
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Recently, multilayer graphene systems with nearly flat
low-energy bands have attracted considerable attention due
to the flat band induced exotic electronic properties [1-5].
ABC (or thombohedral)-stacked trilayer graphene (TLG) is
predicted to be one such particular material, as it possesses
an unusual dispersion of E ~ k* (k is the wave vector) with
nearly nondispersive flat bands around the charge neutrality
point (CNP) which has a local extension near the K point of
the Brillouin zone [6]. Such nearly flat bands host diverging
density of states (DOS) and are supposed to afford strong
electron-electron interactions; thus they can lead to various
novel quantum phenomena [7-12]. Very recently, transport
experiments reported flat band induced correlated insulator
states and signatures of superconductivity in ABC-stacked
TLG aligned to hA-BN [13,14], as well as intrinsic magnetism
in both ABC TLG/h-BN heterostructure [15] and suspended
ABC TLG [16]. These great successes demonstrate the re-
markable quantum transport properties of flat bands in the
ABC-stacked graphene system. However, the quantum tun-
neling properties of graphene-based nearly flat band materials
have, so far, rarely been addressed.

In this work, we focus on the quantum tunneling char-
acteristics of ABC-stacked TLG and demonstrate a unique
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tunneling phenomenon: nearly flat band induced atomic-site-
dependent negative differential conductance (NDC). NDC,
characterized by decreasing current with increasing voltage,
is one of the most fascinating tunneling phenomena which
can enable a wide range of potential applications [17,18].
Though it has been seen in a variety of systems [19-25], the
tunneling-based NDC is not common in graphene [26-28].
We report an observation of NDC in ABC-stacked TLG us-
ing scanning tunneling microscopy (STM) and spectroscopy
(STS) measurements. The studied ABC TLG shows a small
gap, generated by the substrate- and tip-induced interlayer
potential, and almost flat dispersions at the two edges of
the band gap with the DOS of these two locally flat bands
(or two van Hove singularities) respectively localized on the
opposite sublattices of the outermost layers. Strong NDC is
observed, from the STS spectra, in the gap region next to
a sharp DOS peak formed by the very flat dispersion. The
observed NDC shows an atomic site dependence, that is, NDC
on one sublattice and non-NDC on the other sites of the top
layer, owing to the sublattice localization of the nearly flat
bands. The tunneling spectroscopy combined with theoretical
simulation indicates that the observed NDC effect originates
from the tunnel-diode mechanism.

The TLG sample used in our experiment is an electroni-
cally decoupled graphene flake on a highly oriented pyrolytic
graphite (HOPG) substrate prepared by surface exfoliation.
The STM and STS measurements were carried out at 77 K
using a commercial ultrahigh-vacuum STM from CreaTec
(see the Supplemental Material [29] for details of sample
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FIG. 1. (a) A STM topographic image (120 x 120nm?, V, =
0.4V, I =0.1nA) of ABC-stacked TLG on graphite, which shows
a step edge in the right region of the image. (b) Atomic-resolution
image (V, = 0.2V, I = 0.1nA) of the ABC TLG shown in (a). The
ABC-stacking configuration is superimposed with part of the image.
Colored balls denote carbon atoms. Black, gray, and light gray lines
indicate C-C bonds in the top, middle, and bottom layer, respectively.
(c) A representative height profile across the step along the straight
line in (a), showing the height difference of the step ~1.08 nm.
We measured more than 20 line cuts at different regions along the
step edge. Those regions with obvious scanning-induced fluctuations
are avoided. Inset shows the side view of the ABC-stacking con-
figuration. (d) A typical dI/dV spectrum and the corresponding -V
spectrum (left inset) of ABC TLG obtained on the A, site from (a).
Dashed line denotes the position of zero conductance. The yellow
region highlights NDC. Right inset is the dI/dV spectrum recorded at
the graphite bulk region in (a).

preparation and measurements). Figures 1(a) and 1(b), respec-
tively, show representative large area and atomic-resolution
STM topographic images of the decoupled ABC-stacked TLG
flake on graphite. For the ABC-stacked TLG, the adjacent
layers are both AB stacked; i.e., the B; and B, sublattices
of the upper layers are, respectively, right above the A, and
Aj sublattices of the underlying layers, and the upper-layer
A sublattices lie at the center of the lower-layer hexagons.
Therefore, we obtained a triangular lattice in the atomic-
resolution image [Fig. 1(b)] of the ABC TLG surface due
to the asymmetry of A/B sublattices, consistent with that re-
ported previously [30-33]. The large area image Fig. 1(a)
visualizes a step edge of the ABC TLG flake. The step height is
measured about 1.08 &+ 0.04 nm [Fig. 1(c)], which is slightly
larger than the normal value of three graphene layers (~1.02
nm). As demonstrated in previous works [31,34-37], such
an increased interlayer spacing could efficiently decouple the
ABC TLG flake from the underlying graphite bulk, leading to
the result that the top flake behaves as freestanding ABC TLG
(identified by the STS spectra below).

Figure 1(d) shows representative STS (d1/dV —V') spec-
tra measured on the ABC TLG region (on the A; site) and
the graphite substrate region in Fig. 1(a). The STS spectrum

provides direct access to the local DOS of electrons beneath
the STM tip. The STS curve obtained from the substrate
region [right inset of Fig. 1(d)] shows a typical spectrum of
Bernal graphite, i.e., a V-shaped structure with finite tun-
neling conductance near the Fermi energy [34]. The STS
spectrum recorded on the ABC TLG region displays a sharp
and pronounced DOS peak located near the Fermi energy. The
sharp DOS peak is attributed to the nearly flat band structure
near the CNP of the ABC TLG, as reported previously in
Refs. [30-32]. Such a nearly flat band induced peak in the
STS spectrum can be seen as a fingerprint of ABC-stacked
multilayer graphene [38], indicating that the graphene flake
shown in Fig. 1(a) is a decoupled ABC-stacked TLG. Below
we will show that this DOS peak plays an important role in the
emergence of NDC. Further support for the ABC configuration
can be obtained from Fig. S2 in which an ABA-ABC stacking
domain wall is discovered near the studied ABC TLG region
(see Supplemental Material [29] for more details). The above
results demonstrate explicitly that the top multilayer flake in
Fig. 1(a) is a decoupled ABC-stacked TLG.

A more remarkable feature revealed in the STS spectrum of
the ABC TLG region is the existence of NDC. The differential
conductance shown in Fig. 1(d) exhibits negative values at the
bias voltage around —50 mV next to the sharp DOS peak,
indicating strong NDC. The NDC characteristic also can be
reflected directly in the /-V spectrum [left inset of Fig. 1(d)] as
decreasing current with increasing bias voltage. In our exper-
iment, we find a close correlation between the NDC and the
sharp flat dispersion induced DOS peak, i.e., the emergence
of NDC always accompanies the sharp and strong DOS peak.
This is obtained by measuring atomic-scale spectroscopy in
the ABC TLG. Figures 2(a) and 2(b) show the dI/dV and the
corresponding /-V spectra taken at three different atomic sites
of the ABC unit cell. In ABC TLG, the surface electronic states
of nearly flat bands are localized at one sublattice of the top
layer [38]. Therefore, we observed a sharp and pronounced
DOS peak (at ~—20 mV) on the A; site and a much weaker
DOS peak on the B; and B sites [Fig. 2(a)]. Interestingly, the
NDC also mainly exists in the spectrum (around —50 mV) of
the A; site and almost vanishes in the spectra of other sites
[see Figs. 2(a) and 2(b), and the contour plot in the inset of
Fig. 2(a)]. To clearly show the relationship between the NDC
and the atomic sites, we directly imaged the NDC in real space
by operating atomic-scale STS mapping. Figure 2(c) shows
the atomic-scale STS map recorded at —50 mV as well as
the simultaneously measured topographic image. Obviously,
strong negative conductance (dark blue color) is visualized
predominantly on the A; site and is nearly surrounded by
positive conductance of other sites. Besides, the NDC is not
observed in the STS map taken at other voltages [see Fig. 2(d)
for 220 mV map]. The spatial variation of the spectra rules
out the effect of the STM tip as the origin of NDC, and the
above measurements strongly suggest that the observed NDC
is closely related to the localized flat-dispersion states on the
A site.

To explore the origin of the NDC, we further examine the
STS spectra of the ABC TLG in Fig. 2(a). A small shoulder
peak can be observed at ~—0.1 V in the left side of the NDC
region for all STS spectra. Furthermore, the tunneling conduc-
tance between the shoulder peak and the sharp flat-dispersion

241403-2



IMAGING OF NEARLY FLAT BAND INDUCED ...

PHYSICAL REVIEW B 102, 241403(R) (2020)

@)

z

E

3

£

8

>

ES

°

-03 -02 -01 00 0.1 02 03
Sample bias (V) d

(b) ) p—20my

0.02 —A - — .

—B1 - -
—B:

~ 0.00+
E z
= =2 =
& -0.02 Y 000
g g‘ . 00

-0.041 3 y oo

0z 0o 02
-0.08 ' o)
-0.2 -0.1 0.0 0.1 0.2
Sample bias (V)

FIG. 2. Atomic-site-dependent dI/dV spectra (a) and correspond-
ing I-V spectra (b) of ABC TLG. Inset in (a) shows the contour plot
of dI/dV spectra along the A;-B,-B; direction. Inset in (b) shows the
spatial average dI/dV and I-V spectra for (a) and (b). NDC still can be
clearly observed in the average spectrum, suggesting the robustness
of NDC in ABC TLG. (c), (d) dI/dV spatial maps (1.5 x 1.5nm?)
measured at the energies of —50 meV (c) and 220 meV (d). The
insets are simultaneously obtained topographic images superimposed
with the atomic structure of ABC TLG.

peak is low and it vanishes at —50 mV for the spectrum absent
of NDC. These typical spectroscopic characteristics indicate
that the ABC TLG is gapped at —50 mV [33]. In our ABC
TLG, the underlying graphite substrate [31] together with
the STM tip [39,40] introduce an interlayer potential which
breaks the inversion symmetry of ABC TLG; then a small
energy gap is opened at the CNP (at ~—50 mV) [41-44].
Meanwhile, the highly flat band structures near the CNP split
into two dispersionless parts at the conduction- and valance-
band edges flanking the energy gap [see Fig. 3(a)]. The
electronic states from these two almost dispersionless bands
are theorized to be localized only on the opposite sublattices
of the outermost layers [Fig. 3(a)] [45]. Consequently, we only
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FIG. 3. (a) Theoretical band structure (left panel) and site-
resolved DOS (right panel) of the gapped ABC-stacked TLG under a
0.06 V interlayer potential (Supplemental Material [29]). Only the
DOS of those atomic sites in the outermost layers are presented.
(b) Simulated dI/dV spectrum and I-V curve (inset) via the proposed
model.

measured one sharp DOS peak generated by the nearly flat
conduction-band edge in the top layer, that is, the peak at
~—20 mV localized on the A; site, as the STS predominantly
probes the DOS of the surface. The small shoulder peak at
~—0.1 V thus can be attributed to the very flat valance-band
edge residing on the Bj site of the bottom layer. That is why
the intensity of this state measured on the A; site is slightly
stronger than that on the B; and B, sites, because the B;
site is right under the A; site [see inset of Fig. 1(c)]. Such
a layer-polarization phenomenon has already been seen in
ABC-stacked TLG [31,33] and is similar to that observed in
Bernal bilayer graphene [27,35-37,46—48].

According to the analysis of the tunneling spectroscopy,
the observed NDC in our experiment now can be qualitatively
explained by the tunnel-diode mechanism. In such a mecha-
nism, NDC has been shown to arise from the existence of an
energy level at which tunneling is effectively favored and a
followed level at which tunneling is forbidden (or suppressed)
[19]. In our experiment, when the sample bias matches the
sharp nearly flat band peak near —20 mV, the tunneling prob-
ability is strongly enhanced and the tunneling current reaches
a local maximum [marked by I, in the inset of Fig. 1(d)].
Upon the increase in the bias, the nearly flat band state moves
away, the tunneling probability is significantly reduced at the
gap region, and the tunneling current effectively decreases
(reaching I,), thus leading to the NDC. Namely, the sharp
nearly flat band state and the small energy gap provide the
two key conditions for the emergence of the NDC. It is worth
stressing that to generate NDC, the nearly flat band induced
DOS peak should be sufficiently sharp and strong. As shown
in Fig. 2(a), no clear NDC is observed on the By and B; sites,
even though the flat-dispersion DOS peak still exists (due to
the finite spatial extent of the wave function) but with a much
weaker intensity (~4 times smaller). A similar result has also
been observed for Landau level induced NDC in monolayer
graphene for which NDC is only detected accompanying
those Landau levels with large height-to-width ratio [49].

To quantitatively verify the above mechanism for the
sharp flat-dispersion DOS peak induced atomic-scale NDC,
we carried out theoretical simulations by using the standard
I-V formula: 1(V, z) x f;‘iv ps(E +V)pr(E)T(E,V,z)dE.
Here T(E,V,z) is the tunneling matrix element, z &~ 1
nm is the tunnel barrier width (i.e., tip-sample distance),
and ps and pr are the sample and tip DOS, respectively.
Using the Wentzel-Kramers-Brillouin approximation, the tun-
neling matrix element can be estimated as T(E,V,z) =
exp[—2+/2(®—-V/2 — E)z], where @ is the work function.
The sample DOS is obtained from A; site by calculation
[Fig. 3(a)] and the tip DOS is modeled to have a localized state
near Er; these are both based on previous theoretical models
[20,27,45]. The simulated /-V curve and the corresponding
dl/dV curve are shown in Fig. 3(b). The plots nicely reproduce
the observed NDC behavior, confirming the validity of the
proposed mechanism.

Motivated by a recent work in bilayer graphene [27], we
further investigated the influence of defects on tuning NDC.
Figure 4 shows the STS spectra measured near a local defect
in the ABC TLG at A; sites of different positions. Obviously,
NDC completely disappears in the gap region for the spectra
taken at 15 and 12 nm away from the defect. Moreover, the
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FIG. 4. dl/dV spectra of A, site taken at three different regions
about 25, 15, and 12 nm away from a defect shown in the inset.
The defect could be either an adsorption or a lattice defect. Dashed
straight line indicates the position of zero conductance.

intensity of the flat-dispersion DOS peak at ~—20 mV is
dramatically suppressed near the defect. Such observations in-
dicate a clear association between the sharp STS peak and the
NDC, further supporting our proposed mechanism of NDC.
The strong impact of a defect in the low-energy electronic
properties of ABC TLG can be attributed to the scattering
and interference of charge carriers near defects, analogous to
that found in bilayer graphene [27]. It is worth noting that,
under the influence of defects, the NDC behavior observed
in bilayer graphene only entirely vanishes at the region right

next to the defect, while it is extinguished at the locations
more than 10 nm away from the defect in our experiment.
This result may suggest that the quasiparticle scattering and
interference has a greater influence on the ABC-stacked TLG
[50]. Consequently, a local defect can be used to switch off
the NDC over a large range in ABC TLG.

In summary, we reported the nearly flat band induced
atomic-scale NDC in ABC-stacked TLG. The locally almost-
dispersionless and layer-polarized flat low-energy bands of
a gapped ABC TLG result in a sharp DOS peak at the gap
edge in the STS spectra localizing on one sublattice of the
surface layer. The greatly enhanced tunneling at the sharp
flat-dispersion peak followed by the suppressed tunneling at
the nearby gap region generates a strong NDC residing only
on the surface A; site. Our experiment demonstrated that
a local defect can be used to switch off the NDC over a
large spatial range in ABC TLG. Our result provides timely
understanding of quantum tunneling of nearly flat bands in
ABC-stacked graphene and suggests the potential application
of ABC-stacked graphene tunneling devices.
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