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First-principles simulations of scanning tunneling microscopy images exhibiting anomalous
dot patterns on armchair-edged graphene nanoribbons
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To interpret our recent scanning tunneling microscopy (STM) experiment of nanographene sheets, in which the
existence of rectangularlike lattices is confirmed, we conducted first-principles calculations of both simple and
wrinkled armchair-edged graphene nanoribbons (AGNRs). We focused on the origin of this unique lattice and
simulated STM images in the occupied band for the above-mentioned ribbons with different widths. Combined
with the band structures of AGNRs, we investigated the features of electron distribution in detail under various
magnitudes of applied sample biases (—1 to —0.05 V). In contrast to the well-known hexagonal structure of
graphene at a large bias of —1 V, a rectangularlike lattice emerges in the STM images of AGNRs with specific
widths when they are generated solely by electronic states occupying the valence band maximum. Furthermore,
we find that a wrinkle in graphene parallel to the edges in AGNR significantly affects the STM images of a
neighboring flat graphene region, even when its height is only several angstroms. By comparing the partial
density of states of the wrinkle with flat graphene, we discussed the role of a wrinkle in functionalizing graphene

sheets.

DOI: 10.1103/PhysRevResearch.6.013252

I. INTRODUCTION

The  emergence of nanometer-sized  graphene
(nanographene) overcame graphene’s gapless spectrum,
which has direct application in field-effect transistors [1] and
other semiconducting devices [2]. In addition to topological
defects in nanographene that increase chemical interactions
between the graphene surface and adsorbed molecules [3.4],
significant attention has been paid to the use of defects to
modulate its optical and mechanical properties [5,6]. Recent
studies have shown that most of the chemical reactions
occur at the edges or defective sites of graphene [7,8].
Therefore, to advance the design, preparation, and application
of nanographene, understanding the effects of all kinds of
defects on its electronic structures is highly desired.

Computations on armchair-edged graphene nanoribbons
(AGNRs), such as simulations of scanning tunneling mi-
croscopy (STM) images, have been conducted for decades.
As implied by calculations [9] on AGNRs, STM images rep-
resenting electron density maps are exceedingly sensitive to
local edge effects, which also provides a consistent descrip-
tion of the edge states of nanographene in experiments [10].
In these studies, the /3x./3 superstructure is well known,
representing an exclusive electronic structure resulting from
electron scattering at the armchair edges. Due to this quantum
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confinement and edge effects, AGNRs exhibit tunable and
sizable energy gaps (A) [11]. Based on the number of carbon
atom rows along their width (W), AGNRs are classified into
W =3a-2, 3a—1, and 3a families, where a is an integer.
For a particular value of a, the size of energy gaps obeys
Asq—1 < Azy < Azq—p. Not only energy gaps but also other
electronic properties of AGNRs exhibit sensitivity to their
width, as shown by Wassmann et al. [12] in simulated STM
images. In their work, although simulated STM images of
AGNRs with different widths all exhibited ,/3x /3 phases,
the electron density patterns undergo a threefold periodic
variation with changes in the ribbon’s width. However, in our
previous STM observations [13] of nanographene sheets, a
rectangularlike structure was discovered, which constitutes a
novel superstructure not reported in the literature mentioned
above. This rectangularlike structure is closely related in size
and distribution to the /3 x 4/3 structure. Moreover, there has
been a precedent [14] where the /3 x /3 structure appeared
laterally overlapped to create a honeycomb superstructure
near a kink of armchair edges. We believe that if two arm-
chair edges face each other and are in close proximity, the
/3% /3 phases on both sides can vertically overlap to gen-
erate a rectangularlike structure. To verify this hypothesis,
we successfully reproduced the rectangularlike structure in
simulated STM images of AGNRs with a specific width of
W = 3a [13]. From surface observations of graphite several
decades ago to the atomic-level precise synthesis of AGNRs
today [15,16], nanographene has yielded significant results
in both experimental and theoretical research. However, no
description of the rectangularlike structure in this hexagonal
carbon material has emerged. To address this gap, this paper
aims to investigate the origin of the rectangularlike lattice and
provide a comprehensive analysis of the electronic structure
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of AGNRs. We particularly focus on the dependence of STM
images on the sample bias (V;).

Next, in our previous experiments, the rectangular lattice
was observed in the interior of the nanographene rather than
AGNR. Recent reports highlight the edgelike role played by
ripples and wrinkles in graphene. STM studies by Xu et al.
[17] recognized that wrinkles or local curvature in exfoliated
graphene monolayers induce a transition of the hexagonal car-
bon structure into a triangular pattern, indicating the broken
sixfold symmetry. Wang et al. [18] demonstrated that “chem-
ical cutting” enables the electronic properties of AGNRs in a
large graphene sheet on C-faced terraces of SiC. It emphasizes
the fact that graphene is strongly bonded to the exposed Si
atoms on SiC sidewalls, named the “pinning region.” These
reports indicate that such line defects play a similar role
to edges in STM images, which needs to be theoretically
investigated.

In this study, we simulated the electronic structures of
simple and wrinkled AGNRs using first-principles calcula-
tion. We performed calculations on their electronic structure
properties, including band structures and simulated STM im-
ages. We suggest that the electronic structures of AGNRs
are variable and strongly dependent on V;. In the analysis of
an introduced wrinkle, we demonstrate that the AGNR with
wrinkle defects exhibits different electronic structures from
those of simple AGNRs.

II. METHODS
A. Structural model

The graphene ribbons examined in this study were simple
and wrinkled AGNRs. Both were treated as armchair edges
with single hydrogen termination, which is one of the most
thermodynamically stable structures [19]. AGNRs are the
most studied graphene structures, where the band gap follows
three different trends and shrinks with increasing width. For
AGNRs with a wrinkle, a line defect is parallel to the edges.

An AGNR is specified by the number of dimer lines along
the ribbon, forming the width W [11]. Figures 1(a) and 1(b)
show schematic drawings of simple AGNRs with W = 21 and
39. According to the ribbon width, both belong to the W = 3a
family (a represents an integer). In other words, both have
only one unique Clar representation with a maximal number
of Clar sextets for their unit cell [12]. In this study, we refer
to AGNRs with a width index W of 21 as 21-AGNR, and
the same rule applies to AGNRs with other widths. Periodic
boundary conditions were applied to a supercell setup with
a length I, as indicated by the bar above each schematic
drawing. Calculations were performed for width indices in
the range of W = 21-39, translating into widths ranging from
23.5 to 42.3 A between the outermost hydrogen atoms.

B. Computational methods

Ab initio calculations were performed to analyze elec-
tronic structures using the program package STATE [20] with
plane-wave basis functions, ultrasoft pseudopotentials, and
an exchange-correlation functional in the generalized-gradient
approximation (GGA). A k-point sampling of 30 k points uni-
formly positioned along the one-dimensional (1D) Brillouin
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FIG. 1. Ribbon configurations and band structures of 21-AGNR
and 39-AGNR. Note that only the o-bond network between carbon
atoms is depicted in (a) and (b). The band structures of 21-AGNR
and 39-AGNR are plotted in (c) and (d). The bands close to egomo
are depicted in (e) and (f). Eigenvalues at k = 0 and its neighbor
(k = % /leen) are denoted by E,» and Ep.. Zero of energy is set to
EHOMO -

zone is employed for AGNRs. Calculations with a sampling
of 100 k points as a comparison are provided in the Appendix.
The cutoff energy for the wave functions was set to 36 Ry,
and one for the charge to 400 Ry. In our supercell setup,
vacuum distances of 15.9 and 10.6 A separated the ribbons
in plane and between planes. Lattice constants and internal
coordinates for simple AGNRs (without wrinkle) were opti-
mized and allowed to relax down to a force threshold of 10~
a.u. Details regarding the structural optimization of the AGNR
with a wrinkle will be discussed later.

With optimized coordinates, STM images were simulated
for AGNRs and obtained as energy-integrated local density of
states (LDOS), as proposed by the Tersoff-Hamann approx-
imation [21]. In our calculations, we attempt to understand
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TABLE I. Eigenvalues involved in computing STM images at
different sample biases (V;).

Vs -005vV —-019V =024V -029V =035V
21-AGNR E, E, E, E, E,
E, E, E, E,
Ep
39-AGNR E, E, E, E, E,
E, Ep E, Ep
E, Ey E,
Ep Eyp
Es

how the distribution of electrons with high energies influences
STM images. In other words, the bias dependence on images
was investigated in a small and negative bias region. To avoid
inaccuracy in the Fermi level (¢g), we used the sum of the
electron density of orbitals in [egomo + Vs, €nomo] for a
negative Vs, where e denotes the elementary charge (e > 0)
and egomo denotes the energy level of the highest occupied
molecular orbital (HOMO). Computed LDOS contours were
obtained for the simulated STM images at the corresponding
Vs.

III. RESULTS AND DISCUSSION
A. Band structures

Figure 1 depicts the ribbon configurations and band struc-
tures of 21-AGNR [Figs. 1(a), 1(c), and 1(e)] and 39-AGNR
[Figs. 1(b), 1(d), and 1(f)]. In addition to 21-AGNR and
39-AGNR, we calculated the band structures of AGNRs be-
longing to other families. The trend of the energy gaps (E,)
is in accordance with previous work [11,22]. Magnified band
structures near egomo for these two ribbons are depicted in
Figs. 1(e) and 1(f). For 21-AGNR shown in Fig. 1(e), we
notice an energy gap of 0.32 eV separating the valence and
conduction bands. With the width index increasing to 39,
Fig. 1(f) shows E, shrinking to 0.17 eV. The red dotted lines
indicate the energy of —0.35 eV, corresponding to V; of —0.35
V. Three and five eigenvalues lie within 0.35 eV beneath the
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egomo for 21-AGNR and 39-AGNR. Here, eigenvalues at
k = 0 are represented as E,., where a higher n indicates an
eigenvalue at a lower energy level below the HOMO. Simi-
larly, those at its neighbor k = % /lcenn are defined as Ej.

In our previous paper [13], we compared the experimental
data of graphene nanosheets with simulated STM images at Vj
(—0.05 V). Based on this precedence result, we systematically
investigate the effect of V; near the er on simulated STM
images. The Vy values are listed in Table I. At each Vj, the
number of eigenvalues (E,» and E; in Fig. 1) involved in
simulating STM images for 39-AGNR is at least equal to or
even larger than that for 21-AGNR. That is because 39-AGNR
has more atoms than 21-AGNR, resulting in more discrete
energy values. For all V; in Table I, we computed STM images
to assess the impact of V; on the images.

B. Simulated STM images

Figure 2 depicts the simulated STM images at V5 shown in
Table 1. At the minimum V; of —0.05 V, only one eigenvalue
(E,1) was responsible for the electron distribution, as listed
in Table I. A rectangularlike pattern runs through the entire
21-AGNR and 39-AGNR widths, which is superimposed in
Figs. 2(a) and 2(b). In our previous report [13], this particular
lattice was observed in the STM experiments of graphene
nanosheets at a low and negative V.

For 21-AGNR at V; of —0.19 V, as shown in Fig. 2(c),
the vertices of the rectangularlike lattice changed dramatically
and transformed into a ringlike shape. This change is caused
by the participation of Ej, in the simulated image. For 39-
AGNR at V5 of —0.19 V, as shown in Fig. 2(d), due to the
added eigenvalue of E_», which is not E,: as in the case of
21-AGNR, the STM image looks more like a hexagon near
the center of the ribbon. Additionally, Fig. 2(d) reveals that
the pattern near the edges is different from the hexagonal
one at the center whose trend is not obvious for 21-AGNR
in Fig. 2(c). This probably originates from the difference in
width between these ribbons.

After V; was increased up to —0.29 V for 21-AGNR, no
new eigenvalues in Table I were added to compute STM im-
ages, resulting in no changes in Figs. 2(c), 2(e), and 2(g). For
39-AGNR, new eigenvalues E;; and E;. were included when

—-0.29V —-0.35V

FIG. 2. STM images were simulated for 21-AGNR and 39-AGNR at V listed in Table I.
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V, increased from —0.19 to —0.24 V and from —0.24 to —0.29
V. In Fig. 2(f), the corrugation of the hexagon in the ribbon
center becomes slightly blurred compared with Fig. 2(d). The
simulated STM image in Fig. 2(h) is similar to the one in
Fig. 2(f), indicating that E}» has little effect on the formation
of STM images. Figure 2(i) showing 21-AGNR at V of —0.35
V resembles Fig. 2(f) showing 39-AGNR at V; of —0.24 V,
probably because the same eigenvalues (E,i, Eji, and E,2)
contributed to the image formation for both ribbons even at
different V; values. In Fig. 2(j), the addition of E, caused a
slight change in the image. Namely, the ringlike shapes do not
have a demarcation as clear as the ones at V; of —0.29 V in
Fig. 2(h).

A general trend in Fig. 2 is that eigenvalues with high
energies in the occupied states significantly influence com-
puted STM images. The simulated STM images of AGNRs
with W = 3a exhibit a unique rectangularlike lattice with E,i.
Other eigenvalues with high energies, such as E,2 and Ej,
can affect the simulated STM images to some extent, which
depends on how close they are to egomo. Although only the
eigenvalues at k = 0 and 0.033 (or k = f—s /lcen) are counted
in Fig. 2, we have considered other k sites to check the
simulated STM images in the Appendix. Again, as mentioned
above, our conclusion is that only eigenvalues with high en-
ergies significantly influence our calculations, which remains
unchanged even if k points were increased from 30 up to
100.

We show the simulated STM results of 37-, 38-, and 39-
AGNRs belonging to all three families (W = 3a—2, 3a—1,
and 3a) in Figs. 3(a)-3(d), 3(e)-3(h), and 3(i)-3(1). For every
AGNR in Fig. 3, as the absolute value of V increases, the cor-
rugations representing electron distributions always change.
Furthermore, a comparison of AGNRs with different widths
at the same V; is shown in Fig. 3. At a minimum V; of
—0.05 V, the AGNRs of the three families exhibit different
electronic structures. Figures 3(a) and 3(e) show STM images
at this low V; for 37-AGNR and 38-AGNR, which exhibit
two different (1/3x./3)R30° superstructures. For 39-AGNR
shown in Fig. 3(i), the STM image shows an entirely different
rectangularlike lattice; these differences between varied fam-
ilies become less pronounced with increasing Vg, which also
indicates that the electrons at the top of the valence band are
more capable of changing the electronic structure of AGNRs.
Figures 3(c), 3(g), and 3(k) show minor variations in STM im-
ages for different AGNRs calculated at a V; of —0.5 V, which
is inconsistent with previous reports [12,23]. This is probably
because the AGNR widths in our study are wider, almost twice
as much as those in previous studies. Figures 3(d), 3(h), and
3(1) show the results obtained at a V; of —1 V, where more
eigenvalues are involved than those in other images in Fig. 3.
Here, Figs. 3(d), 3(h), and 3(1) show hexagonal patterns, as
examples are depicted in red. This shows that STM images
at large V; lose the periodic change of dot patterns depending
on the category of ribbon width (W = 3a—2, 3a—1, and 3a).
They reflect the structure of an in-plane graphene network in-
stead. In addition, bright dot patterns are obtained at the edges
among all three images. These features at large V; agree with
a previous report [24]. In other words, obtaining an image at a
small negative Vj is effective to distinguish the three families
(W = 3a—-2,3a—1, and 3a) of AGNRs in experiments.

37-AGNR

39-AGNR

-0.05V -0.25V

-0.50V

-1.00V

FIG. 3. Simulated STM images of AGNRs with three different
families as 37-AGNR (upper), 38-AGNR (middle), and 39-AGNR
(lower). STM images in each column were calculated using the V;
value below. The ribbon configurations are superimposed in each
image.

C. A wrinkle in AGNRs

A graphene wrinkle was introduced into AGNRs. Wrin-
kling is a typical defect structure generated in two-
dimensional materials on a supporting substrate [25,26].
In this paper, we abbreviate nanowrinkles on graphene, or
graphene nanowrinkles, as GNWs. Recent experimental data
on graphene sheets with GNWs show some new findings,
such as its 1D electron confinement [27,28]. However, little is
known about the structural morphology and electronic prop-
erties of GNWs due to two main reasons: one is that wrinkles
are easily deformed due to external influences, and they will
fold over after reaching a maximum of ~6 nm [29]. The other
is that measurements are always performed on the substrate;
thus, the intrinsic effect of the interaction with a substrate
cannot be ignored.

To eliminate the effects of a substrate, we investigated the
electronic structure of a freestanding AGNR with a wrinkled
defect. Using the model shown in Fig. 4, we examine how
a GNW in an AGNR affects STM images at low V;. The
relaxed model of 37-AGNR, with which we simulated the
electron density maps in Figs. 3(a)-3(d), was used as the
starting material. Note that the C atoms in this simple AGNR
are all distributed in the same plane. In the following, x and
y axes in-plane were taken parallel and perpendicular to the
armchair edge. The z axis was taken as the direction normal
to the plane. To make the 37-AGNR bent in Fig. 4(a), we
kept the flat portion in-plane fixed and separately optimized
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FIG. 4. 37-AGNR with a wrinkle. (a) The ball and stick models;
the edges of the ribbon are terminated by hydrogen atoms (small
balls). Braces and the dashed box indicate the fixed atoms and the
relaxed atoms, respectively. The wrinkle has a height of 2.4 A. (b)
Simulated image of this AGNR with a V; of —0.05 V.

the structure of the wrinkled part in Fig. 4(a). The wrinkled
structure was allowed to relax down to a force threshold of
1073 a.u. To reproduce the experiments in Ref. [13], the model
in Fig. 4(a) has a GNW with a straight ridge with a limited
height of 2.4 A in the z axis. We emphasize that the linear
wrinkle in our model is parallel to the top and bottom edges.
The typical height and width of the wrinkle in 37-AGNR are
comparable to the measured [27] and calculated [30] values
in other studies. As illustrated in Figs. 3(a), 3(e), and 3(i),
only the STM images of AGNRs at low V; exhibit the periodic
change with respect to the three families (W = 3a—2, 3a—1,
and 3a). Thus, we calculated the STM image at —0.05 V in

(@) (b) ©) .

Fig. 4(b). In contrast to the rhombus lattices on the simple
37-AGNR shown in Fig. 3(a), rectangularlike lattices similar
to those in Fig. 3(i) are visible on the AGNR with a wrinkle
shown in Fig. 4(b).

In Fig. 4, we demonstrated that GNW changes the STM
image representing the distribution of electrons with high
energies in the occupied band. This is probably because the
wrinkled structure in Fig. 4(a) disturbs the resonance [12]
of the electron distributions determined by the ribbon width,
which is W = 3a—2 in this case. We also conducted similar
calculations to those in Fig. 4 with wrinkled graphene, where
we varied the width, height, and position of the wrinkle. Un-
fortunately, as these structural parameters are extensive, we
have not completed a systematic study on how each param-
eter of the wrinkle affects the electronic structure on a flat
graphene region. It should be noted that what we observe in
Fig. 4 is that a wrinkle parallel to the armchair edges alters
the electron distribution on a neighboring flat graphene region,
even if the wrinkle’s height is only a few angstroms.

In our experimental work, rectangular lattices were found
on nanographene sheets. We speculate that the wrinkled
structure played the role of an edge, altering the electronic
distribution of these nanographene sheets. If two line defects,
such as edges or wrinkles whose ridges are sufficiently high,
were parallel and in close proximity, the electronic struc-
ture of AGNRs appeared in the region between these line
defects, even on graphene sheets that are not perfect ribbons.
In Fig. 4, the rectangularlike lattices appear in 37-AGNR
with a wrinkle, which directly proves the above-mentioned
perspectives.

Finally, the effect of introduced wrinkles on the density of
states (DOS) is worth mentioning, and the calculated results

(d 5

>— 1(2)
3(4) 1

5(6)

Energy (eV)
T

-1

—2-]

Energy (eV)
i

——PDOS in (a) PDOS in (b)
— PDOS of pristine — PDOS of pristine
graphene 1 graphene
_o \
—

-3

= -3

DOS (arb. units)

DOS (arb. units)

FIG. 5. PDOS of the simple 37-AGNR and the one with a wrinkled structure. (a) Schematic of simple 37-AGNR. (b) Schematic of wrinkled
37-AGNR. The notation “1(2)” indicates two atoms labeled as 1 and 2 in the left panel, and the same rule applies to 3(4) and 5(6). (c) PDOS of
the six-labeled carbon atoms in (a). (d) PDOS of the six-labeled carbon atoms in (b). In (c) and (d), the PDOS of six carbon atoms in pristine
graphene is also shown as black curves though its computational model is not provided.
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are shown in Fig. 5. Six C atoms in Fig. 5(a) are in the
same z plane, whereas the six C atoms in Fig. 5(b) are in a
wrinkle configuration. The partial density of states (PDOS)
of these C atoms are displayed in Figs. 5(c) and 5(d). For
the six C atoms in the simple 37-AGNR, the contribution
of the PDOS in Fig. 5(c) is similar to the PDOS in pristine
graphene. In comparison to the PDOS of pristine graphene
or the simple 37-AGNR, the PDOS of the wrinkled structure
in Fig. 5(b) exhibits a significant contribution near 0 eV as
shown in Fig. 5(d). A noticeable increase in electron or state
density was shown in the energy ranges of (—2 eV, —1 eV)
and (0 eV, 1 eV), along with a small increase in the range
of (—1 eV, 0 eV). A high DOS in this energy range has also
been proposed on the surface of nitrogen-doped graphene,
which causes spontaneous adsorption of gas molecules and
paves the way for subsequent chemical reactions [31,32].
Wang et al. demonstrated that morphology regulation could
create wrinkles in graphene nanosheets as powerful adsorptive
sites and remove organic pollutants [33]. The multicurved,
wrinkled surface of graphene-based materials provides good
lithium adsorption sites, resulting in improved lithium storage
capability as a working anode [34]. In these reports, wrinkled
surface defects improve the chemical activity of graphene,
which is thought to be due to the high DOS near 0 eV shown
in Fig. 5(d).

(b)

(2)

IV. SUMMARY

We performed first-principles calculations within the GGA
approximation to obtain the band structures and STM images
of AGNRs. The features in simulated STM images of AGNRs
are found to be Vj sensitive, and this gives rise to three fam-
ilies of AGNRs based on the calculations of small V; values.
Specifically, at the top of the valence band, eigenvalues have a
significant effect on STM images computed at the correspond-
ing V;. AGNRs with the width index W = 3a exhibit a unique
rectangularlike lattice when only the highest eigenvalue in the
occupied states is calculated, which is the minimum Vj in this
study. For the AGNRs of all three families, at this small Vj,
triple periodicity according to the width is revealed. As the
absolute V; value increases, the STM images of all AGNRs
change. When Vj reaches a sufficiently large value such as
—1V, the AGNRs of all three families exhibit the same hexag-
onal lattice, which is also consistent with previous studies.
When a linear wrinkled defect is introduced into AGNRs, it
plays a role similar to that of an edge, thereby changing the
electronic structure or STM images in AGNRs. For instance,
the above-mentioned rectangularlike lattice appears in 37-
AGNR that does not belong to W = 3a. An increasing PDOS
of the wrinkled structure was also displayed near the eg. Our
computational method provides an approach for gaining in-
sights into wrinkle defects in graphene. This enables a deeper

39-AGNR

Energy (eV)

k (1/lcell)

2m/25 3m/25 4m/25

k (1/lcell)

0 /25

FIG. 6. Ribbon configuration and its band structures of 39-AGNR. k-point sampling of 100 k points is used; the red dotted line denotes the

energy of —0.35 eV.

013252-6



FIRST-PRINCIPLES SIMULATIONS OF SCANNING ...

PHYSICAL REVIEW RESEARCH 6, 013252 (2024)

TABLE II. Eigenvalues involved in computing STM images of 39-AGNR at different V; ranges in (a) and (b).

(a)

Vi —0.030 vV —-0.035V —0.105V —-0.178 V —0.180 V —-0.190 V
E, E, E, E, E,-» E -
Eigenvalues E E, E, Ey E,i»
E, E. E. E.
E, E, E,
(b)
Vs —-0220V —-0.258V —-0.260 V —-0315V —-0.330V —-0.340 V
E,» E,» E, - E,» E,s E,s
Eigenvalues E,-» Ey- E,-» E,-» E,-» E,s
E.-» E.-» E.-» E.-» E.- E.-»
E, E, E - E - E - E -
E, E, E,i-> E,i» E, -
E;

understanding of the wrinkled structure and a more flexible
use of this defect for graphene modification.
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APPENDIX: SIMULATION OF 39-AGNR USING A 100
k-POINTS SAMPLING

In the following Appendix, we present density functional
theory simulations of 39-AGNR (armchair-edged graphene
nanoribbon). To check whether different k-point samplings

(a)

would have an impact on our calculation, we used a k-point
sampling of 100 k points, which is more than 30 k points in
the main text. Other computational details are provided in the
main text.

The 39-AGNR configuration with single hydrogen ter-
mination is depicted in Fig. 6(a). After self-consistent field
calculation, the overall band structure, and its details at a spe-
cific k range, are depicted in Figs. 6(b) and 6(c), respectively.
Similar to the case of the calculation with a 30 k-point sam-
pling in the main text, an energy gap of 0.17 eV was shown
in the band structures for 39-AGNR in Figs. 6(b) and 6(c).
Compared to the main text, Fig. 6(c) shows a larger number of
eigenvalues lying within 0.35 eV beneath the energy level of
the highest occupied molecular orbital (egomo). The naming
conventions for eigenvalues are provided in the main text.
Notably, the eigenvalues in the Appendix, such as Ej, are
different from those in the main text (except for E,», which
is at k = 0 in the main text and the Appendix).

Table II lists a set of Vj, along with the eigenvalues involved
between the egomo and each V;. To save space, we use E i to
denote E,i and E,2, and so on.

(e) ()
I

—-0.180V —-0.190V

(k) ()
I

374

4+ e

—-0.220V

—0.258V

—-0.260V

—0.315V

I DR
-0.330V —-0.340V

FIG. 7. STM images were simulated for 39-AGNR at V/ listed in Table II.
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We simulate STM images of 39-AGNR (width index W
of 39, belonging to W = 3a, where a represents an inte-
ger) in Fig. 7, using Vj listed in Table II. At the minimum
Vs of —0.030 V in Fig. 7(a), a rectangularlike pattern was
visible. In Fig. 7(f), we used the same V; as in Fig. 2(d)
of the main text, —0.190 V, which contributed to the same
simulated STM image. Figures 7(b)-7(e) show the V; be-
tween —0.030 and —0.190 V, containing eigenvalues absent
in the main text. As the V; value increases in this range, the

rectangularlike structure gradually disappears. When the Vj
value exceeded —0.190 V in Figs. 7(g)-7(1), the features of
the STM images gradually stabilized and had a hexagonal
structure. In conclusion, the results in Fig. 7 are consistent
with the calculation in the main text. The simulated STM
image of AGNRs with W = 3a exhibits a unique rectangu-
larlike lattice with E,i. Eigenvalues with high energies in the
occupied states can significantly influence features in STM
images.
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