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Bilayer graphene quantum dots with rotational stacking faults (RSFs) having different rotational angles were studied.
Using the first-principles calculation, we determined that these stacking faults could quantitatively modulate the magnetism
and the distribution of spin and energy levels in the electronic structures of the dots. In addition, by examining the spatial
distribution of unpaired spins and Bader charge analysis, we found that the main source of magnetic moment originated
from the edge atoms of the quantum dots. Our research results can potentially provide a new path for producing all-carbon

nanodevices with different electrical and magnetic properties.
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1. Introduction

Graphene has attracted the interest of researchers world-
wide due to its unique properties, while numerous experi-
mental and theoretical studies have been conducted on its
applications in the fields of electronics,'!l optoelectronics, !

41 mechanics,D!

photonics,3  photovoltaics, | quantum
interference, [°! quantum computation,m field emission, 8! flu-
orescence emission,”! and secondary electron emission.!!%!1]
It has been found that defects such as point defects,') line
defects,13! and grain boundaries!' can modulate the elec-
tronic structure and magnetic properties of graphene. There-
fore, it is very promising to use defects to modulate the
properties of graphene and, thus, develop various functional
devices.!1>-17]

Rotational stacking faults (RSFs) are a type of intrin-
sic defects that commonly occur in layered materials, such
as folded monolayer and few-layer two-dimensional molyb-
denum disulfide!'32 and graphene.!?!-*2 An RSF refers to
the deviation from the standard sequence of the stacking or-
der among layers in a layered material, and a relative rota-
tion exists between the layers. Studies have already shown
that RSFs can change the electronic structure of layered

[21-24

materials. 1 In particular, bilayer graphene with a small

rotation angle, known as the magic angle, has unconventional

25,26

superconductivity.[>%1 However, the influence of RSFs on

the magnetic and electronic properties of bilayer graphene

DOI: 10.1088/1674-1056/28//078106

quantum dots has not been fully studied.

In this work, we employed the first-principles calculation
based on density functional theory (DFT) to study the elec-
trical and magnetic properties of bilayer graphene quantum
dots with RSFs having different rotational angles. Our results
show that these bilayer graphene quantum dots have differ-
ent magnetic moments, energy levels, and spin distributions.
For example, some graphene quantum dots have spin up in
both highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO), while some have spin
down and up. These results indicated that RSFs with different
rotational angles can be used to modulate the magnetism and
electronic structures of bilayer graphene quantum dots, aiding
us to develop various new electronic, magnetic, and spintronic
devices.

2. Calculation methodology

The software used in this study for the first-principles
calculation was the Vienna ab initio simulation package
(VASP).[?l The methodology used was the projector aug-
mented wave (PAW)[28] method. The exchange correlation en-
ergy was evaluated using the Perdew—Burke—Ernzerhof (PBE)
formulation,*”! a derivation of the generalized gradient ap-
proximation. The cutoff kinetic energy of the plane wave ba-
sis set was set at 400 eV. The convergence threshold energy
was set to 107> eV. The supercell used in the calculation had a
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vacuum layer of at least 20 A in all three directions which was
large enough to avoid interactions between adjacent bilayer
graphene quantum dots. Therefore, only a k-point was used to
express the Brillouin zone. To determine the ground states of
the bilayer graphene quantum dots, the spin polarization and
non-spin polarization of all models were also determined. The
total energy was compared, and the lower energy state was se-
lected as the ground state for the following calculation.

3. Results and discussion

Because many RSF rotational angles were found in the
experiments, [18-21.30:31] we selected bilayer graphene quantum
dots with RSF angles of 0°, 8.95°, 19.11°, 30°, 40.89°, 51.05°,
and 60° as examples for calculations. The total number of
atoms was 138, which was the same as that in a previous work
on molybdenum disulfide quantum dots.*? Among them, the
bilayer graphene quantum dots with the 60° RSFs were ac-
tually in the most stable AB stacking form. Figure 1(a)-
1(n) show three-dimensional (3D) views and top views of bi-
layer graphene quantum dots with RSF rotational angles of 0°,
8.95°, 19.11°, 30°, 40.89°, 51.05°, and 60°, respectively. For
convenience, we label these models as configurations A, B,
C, D, E, F, and AB, respectively. Figure 2 shows the relaxed
structures of these models. From Figs. 1 and 2, we find that

the model structures of configurations A—F prior to and after
relaxation were not the same, and the models after relaxation
did not become the most stable AB stacking form, which indi-
cate that the emergence of RSFs is ubiquitous. The unrelaxed
models can be considered as partial and restricted structures
that were extracted from an infinite bilayer graphene. Thus,
to comprehensively study the magnetic and electronic struc-
tural properties of bilayer graphene quantum dots with RSFs,
we performed DFT calculations for both the unrelaxed and re-
laxed models.

We first performed calculations for the unrelaxed mod-
els. The total energy differences between the spin polarized
state and the non-spin polarized state of the seven models in
Fig. 1 were —1.5 eV, —3.8 eV, —3.2 eV, —5.5¢eV, —2.4 eV,
—0.3 eV, and —5.9 eV, respectively. The total energies of all
the spin polarized states were lower, which indicates that the
ground states of these models were all magnetic.!'>33 Their
magnetic moments were 28.0001ug, 21.2795ug, 20.2941ug,
15.8469ug, 21.9491up, 19.8623up, and 28.0067 ug, respec-
tively, where up denotes the Bohr magneton. Figure 3 shows
the spatial distribution of unpaired spins of the seven unre-
laxed models. They were mainly concentrated at the edge of
the models, which indicates that magnetism mainly originated
from the edge structure of the models.

Fig. 1. Unrelaxed model of bilayer graphene quantum dots with seven different RSF rotational angles: (a) 0°, (b) 8.95°, (c) 19.11°, (d) 30°,
(e)40.89°, (f) 51.05°, and (g) 60°. These models are labeled as configurations A, B, C, D, E, F, and AB, respectively. (h)—(n) The corresponding

top views of (a)—(g).
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Fig. 2. Relaxed model of bilayer graphene quantum dots with seven different RSF rotational angles: (a) 0°, (b) 8.95°, (c) 19.11°, (d) 30°, (e) 40.89°,
(f) 51.05°, and (g) 60°. (h)—(n) The corresponding top views of (a)—(g).
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Fig. 3. Spatial distribution of unpaired spins of the unrelaxed bilayer graphene quantum dots models with seven different RSF rotational angles.
Unpaired spins were obtained by subtracting the spin down density from the spin up density; results in positive values are shown in light blue,
and results in negative values are shown in light yellow. (a)—(g) The 3D views and (h)—(n) the top views of (a)—(g), respectively.
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Figure 4 shows the energy level structure and spin state
near the Fermi level of the seven unrelaxed models. Because
the ground states were all spin polarized, their electronic struc-
tures also split into two states. We then define the majority
spins and minority spins as spin up and spin down, respec-
tively. The energy level structure and the spin distribution
were also different for these models. Among them, the HOMO
and LUMO of models A, B, and C were both spin up, those
of models D, E, and AB were spin up and spin down, respec-
tively, and the HOMO and LUMO of model F were spin down
and spin up, respectively. This indicates that different RSF
rotational angles could be used to modulate the spin distri-
bution of bilayer graphene, thereby obtaining different spin
polarized currents, which is critical for the production of spin-
tronic devices.**! A comparison of Figs. 1, 3, and 4 shows
that the difference in the magnetic moment and spin distribu-
tion originated from the different stacking modes of the bilayer
graphene, namely, the difference in the rotational angles.

In addition, we also observed that the LUMO-HOMO
energy gaps of these seven models varied in magnitude, and
were 0.0009 eV (0°), 0.0128 eV (8.95°), 0.0094 eV (19.11°),
0.0108 eV (30°), 0.0028 eV (40.89°), 0.0044 eV (51.05°), and

0.0271 eV (60°), respectively. These differences implied that
the electron conduction of these seven quantum dots showed
different responses to an external electric field. Their ability
to generate photons and interact with photons also differed. 3!
This is advantageous for designing and producing various all-
carbon electronic and optoelectronic functional devices.

A B C D E F AB
0.04F _
> 0.02F - B
o
E —_ —_ —_
o0 0 P Rt
= _ |- 1=
k: -1 = |-
—0.02F — _ —
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TN Y W Y W N W Y 0 O W Y

Spin
Fig. 4. Distribution of the energy levels near the Fermi level of the un-
relaxed models of bilayer graphene quantum dots with different RSF
rotational angles. Labels A—F and AB correspond to models A-F and
AB, respectively. The dashed line represents the Fermi level. The en-
ergy levels in black and red correspond to spin up and spin down, re-
spectively.

(k)

Fig. 5. Spatial distribution of unpaired spins of the relaxed bilayer graphene quantum dots models with seven different RSF rotational angles.
Unpaired spins were obtained by subtracting the spin down density from the spin up density; results in positive values are shown in light blue,
and results in negative values are shown in light yellow. (a)—(g) The 3D views and (h)—(n) the top views of (a)—(g), respectively.
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We then performed DFT calculations for the relaxed mod-
els and found that the results were very similar to those of
the unrelaxed models, as shown in Figs. 5 and 6. The to-
tal energy differences between the spin polarized state and
the non-spin polarized state of these models were —5.7 eV,
—38¢V, —4.1eV, —4.3¢eV, —4.4¢eV, —3.5¢eV, and —6.5 eV
respectively, which indicates that the ground states of these
models were all magnetic. The spatial distributions of un-
paired spins of these models showed that the magnetism also
mainly originated from the edge structure of the models. As
shown in Fig. 5, the magnetic moments were 20.0000ug,
16.2101ug, 16.0000ug, 18.0000ug, 14.0000up, 16.0000uz,
and 26.0000ug, respectively. The energy gaps of these relaxed
models were 0.0870 eV, 0.0282 eV, 0.0665 eV, 0.2408 eV,
0.3059 eV, 0.3068 eV, and 0.2907 eV, respectively. Similar
to the DFT results of the unrelaxed models, the energy lev-
els and spin distributions of the relaxed models also varied
with changes in the RSF rotational angles, as shown in Fig. 6.
Figures 3 and 5 show that the magnetic moment of bilayer
graphene quantum dots mainly originated from the edge, re-
gardless of relaxation. Different rotational angles led to differ-
ent edge structures, resulting in different magnetic moments.
Thus, different RSF rotational angles can modulate the mag-
netic moment of bilayer graphene quantum dots. The DFT
results in Figs. 4 and 6 demonstrated that RSFs of different
rotational angles can modulate the distribution of spin and en-
ergy level of bilayer graphene quantum dots, regardless of re-

laxation.
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Fig. 6. Distribution of energy levels near the Fermi level of the relaxed
models of bilayer graphene quantum dots with different RSF rotational
angles. Labels A-F and AB correspond to models A-F and AB, respec-
tively. The dashed line represents the Fermi level. The energy levels in
black and red correspond to spin up and spin down, respectively.

To better understand the effect of different RSF rotational
angles on the magnetic moment and energy gap of bilayer
graphene quantum dots, we plotted the magnetic moment and
energy gap of unrelaxed and relaxed models together as a func-
tion of the rotational angle, as shown in Fig. 7. The maximum
magnetic moments of both unrelaxed and relaxed models were
found to occur around 0° and 60°. The minimum values oc-
curred around 30° and 51° for the unrelaxed models, and 19°
and 41° for the relaxed models, as shown in Fig. 7(a). This in-
dicates that RSFs with different rotational angles can modulate

the magnetism of bilayer graphene quantum dots. Figure 7(b)
shows that the maximum energy gap of the unrelaxed model
corresponded to around 9° and 60°, and the minimum value
corresponded to around 0° and 41°. The maximum energy gap
of the relaxed model corresponded to around 0° and 41°, and
the minimum value corresponded to around 9° and 60°. The
trends for the maximum and minimum energy gaps of the two
models were the exact opposite, indicating that the restrictive-
ness at the edge of the quantum dots had a significant influence
on the properties of the electronic structure, thus further con-
firming that RSFs with different rotational angles can modu-
late the electronic structure of bilayer graphene quantum dots,
regardless of relaxation. Therefore, bilayer graphene quantum
dots with RSFs having different rotational angles are a poten-
tial means to tailor the properties of graphene. This can be
used to develop different electronic, magnetic, and spintronic
devices based on bilayer graphene quantum dots.
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Fig. 7. (a) Plot of magnetic moment against rotational angle for unre-
laxed and relaxed models of bilayer graphene quantum dots with dif-
ferent RSF rotational angles. (b) Plot of LUMO-HOMO energy gap
against rotational angle for unrelaxed and relaxed models of bilayer
graphene quantum dots with different RSF rotational angles.

To explore the source of the magnetic moments of these
models, we focused on the bilayer graphene quantum dots with
a 30° RSF rotational angle as an example and determined the
magnetic moment of each atom in the quantum dots by us-

5.136-38] Figure 8 shows the magnetic

ing Bader charge analysi
moment of individual atoms in the unrelaxed bilayer graphene
quantum dots. We added the magnetic moments of each atom
to obtain a sum of 15.8467ug, this is consistent with the to-
tal magnetic moment in the DFT calculation; i.e., 15.8469p.

This demonstrates the validity of the Bader charge analysis.
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Figure 9 shows the results of the relaxed model. The sum of
the magnetic moments of the individual atoms was 18.0000up,
consistent with the total magnetic moment in the DFT calcu-
lation; i.e., 18.0000ug. Figures 8 and 9 show that atoms with
larger magnetic moments were all near the edge, while the
magnetic moments of the inner atoms were much smaller. This
finding suggests that the magnetic properties of these models
originate mainly from their edge atoms, which is consistent
with our conclusions from the spatial distributions of unpaired
spins in Figs. 3 and 5, and the results of other works.[3%33-39-40]
Because the magnetic moments of bilayer graphene quantum
dots are mainly derived from the edge atoms, and the number
of edge atoms is proportional to the quantum dot size, the num-
ber of total atoms is proportional to the square of the quantum
dot size, the maximum magnetic moments of the edge atoms
are all about 1ug, as shown in Figs. 8 and 9, so it can be con-
cluded that the average atomic magnetic moments of quantum
dots decrease with the increase of the size, which is similar
to the nanoribbons.*3! In addition, we also found that the dis-
tribution of the magnetic moment of each atom in the relaxed
quantum dot model was more stable than the unrelaxed model,
where atoms with negative magnetic moment essentially dis-
appeared and the magnetic moments were more concentrated
at the edge.

Magnetic moment/pB

Fig. 8. Magnetic moment of individual atom obtained through the
Bader charge analysis of unrelaxed bilayer graphene quantum dots with
30° RSF rotational angle.

Magnetic moment/uB

Fig. 9. Magnetic moment of individual atom obtained through the
Bader charge analysis of relaxed bilayer graphene quantum dots with
30° RSF rotational angle.

4. Conclusion

Our first-principles calculation results show that bilayer
graphene quantum dots containing RSFs with different rota-
tional angles are all magnetic, while the magnetic moment
varies with changes in the rotational angles. By examining
the spatial distribution of unpaired spins and through Bader
charge analysis, we confirm that the magnetic moment mainly
originates from the edge atoms, while the rotational angle de-
termines the edge structure. Consequently, we can modulate
the magnetic moment of bilayer graphene quantum dots us-
ing RSFs with different rotational angles. We also discover
that RSFs with different rotational angles can modulate the
distribution of energy level and spin of bilayer graphene quan-
tum dots. We expect that our findings will potentially open
a new path of defect engineering to produce electronic, mag-
netic, and spintronic devices with a variety of functions.
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