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Rectangular graphene nanodots have both armchair and zigzag edges, which can be terminated with a
variety of atoms or molecular groups. Our first-principles study shows that edge chemical modification can
alter the electronic structure of graphene nanodots significantly. We find that when saturated with different
atoms or molecular groups (such as -H, -F, -OH, etc.) on the zigzag edges, the graphene nanodots show a
spin-polarized ground state, but with magnetic moment, spin density and energy gap are strongly dependent on
the type of saturating atom or molecular group. Our results indicate that graphene nanodots have great potential
to serve as future molecular sensor and transistor devices.
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I. I NTRODUCTION

With experimental advances in the fabrication'™ of
graphene materials, two-dimensional (2D) graphene, one-
dimensional (1D) graphene nanoribbons (GNRs) and zero-
dimensional (0D) graphene nanodots have been extensively
studied from both experimental and theoretical points of
view.5"13 The relativistic characteristics®’ and outstanding
electronic properties involving ballistic transport and large
coherence length’? make graphene an excellent platform
for studying quantum electrodynamics (QED) phenomena.?®
It is also a promising candidate material for future
nanoelectronic>®~!' and nanospintronic!>!3 applications.
What is more exciting is the very recent report of the suc-
cessful fabrication of graphene quantum dots as small as 20
nm, with which a purely graphene-based single-electron
transistor was realized and studied.'*

Two particular types of GNRs with armchair and zigzag
shaped edges have been extensively studied.”~!° In the tight-
binding approximation, armchair graphene nanoribbons
(A-GNRs) are predicted to be metallic when n=3m+2,
where n is the width and m is an integer, and are insulating
otherwise, 1521 while first-principles studies have shown
that all A-GNRs have opened gaps with the introduction
of edge deformations.!! Zigzag graphene nanoribbons
(Z-GNRs) are semiconducting with nonzero energy gaps due
to the existence of ferromagnetically ordered edge states at
each zigzag edge and an antiferromagnetic arrangement of
spins between two zigzag edges.'''!> The application of an
external electrical field across the ribbon can drive Z-GNRs
into a half-metallic state where metallic electrons with one
spin orientation coexist with insulating electrons having the
other spin orientation.'>??

Following the investigations of quasi-one-dimensional
graphene nanoribbons, much research work has focused on
the electronic and magnetic properties of quasi-zero-
dimensional graphene nanodots.’>” Due to the existence
of both armchair and zigzag edges, finite 0D graphene nan-
odots also adopt spin-polarized edge states similar to 1D
zigzag graphene nanoribbons. The half-metallic nature of 1D
zigzag graphene nanoribbons under an external transverse
electrical field is predicted to be preserved for 0D graphene
nanodots.>* However, quantum confinement and finite-size
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effects greatly influence the electronic and magnetic proper-
ties of graphene nanodots as calculated with density func-
tional theory (DFT).23-23

In a recent first-principles study,>* it was shown that the
spin density of graphene nanodots is localized on the two
zigzag edges, which are terminated with hydrogen atoms.
Due to the relative high spin density at the zigzag edges, the
electronic structure of graphene nanodots could be very sen-
sitive to terminations on the zigzag edges. Chemical modifi-
cation of the edges is shown to induce metal-to-insulator
transition and energy-gap variations?® of armchair graphene
nanoribbons and to alter low-bias transport® as well as to
enhance the half-metallicity'® of zigzag graphene nanorib-
bons.

In this paper, we report the results of a first-principles
study of the chemical modification effect. We find that the
magnetic moment, spin density, highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) state characteristics and the energy gap between the
HOMO and LUMO states of finite graphene nanodots are
strongly dependent on the choice of saturating atoms or mo-
lecular groups on the zigzag edges. Each different termina-
tion is found to tune the electronic structure uniquely. The
terminations studied include hydrogen, fluorine, and oxygen
atoms as well as hydroxyl and methyl functional groups as
illustrated in Fig. 1. Following previous convention,”* a N
X M finite graphene nanodot is defined according to the
number of dangling bonds on the armchair edges (N) and the
number of dangling bonds on the zigzag edges (M). All the
DFT calculations in this work were implemented with the
GAUSSIAN suite of programs.’® We have used the hybrid
exchange-correlation functionals due to Becke, Lee, Yang,
and Parr (B3LYP),?! which was shown to give a good repre-
sentation of the characteristics of electronic structure in
nanoscale and especially C-based systems.??3>33 We have
adopted the 321 G basis set,* which we find to be adequate
when considering both computational efficiency and the ac-
curacy of results.”’For example, the energy gap for a 12
X 3 graphene nanodot is 1.491 eV obtained with the 3-21 G
basis set compared to 1.504 eV from a 6-31 G basis set,
while the computational time is doubled for the latter.

©2008 The American Physical Society
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FIG. 1. (Color online) Isosurface spin densities (difference be-
tween a-spin and [B-spin density) of the ground state of 12X4
graphene nanodots with different edge atoms or molecular groups at
the zigzag edges: (a) -H, (b) -F, (c) -O, (d) -OH, and (e) -CH;. Red:
« spin; blue: B spin. The isovalue is 0.001.

II. SPIN DENSITY AND MAGNETIC MOMENT

All the geometrical structures reported here are fully re-
laxed by minimizing the total energy at the B3LYP level of
theory without any other specific constraints. The initial
bond length between all carbon atoms is set to 1.42 A
(which is the bond length of two-dimensional graphene) and
the resulting geometrical structures are planar except the hy-
drogen atoms in hydroxyl and methyl functional groups. The
optimized C-C bond lengths are between 1.36 A and
1.46 A, with the central bonds longer than the edge ones.
The C-H bond on the armchair edges is approximately
1.08 A in length. The optimized parameters for the bonds on
the zigzag edges are listed in Table I, where d -y represents
the distance between edge carbon atom and the saturating
atoms X (O, C for the hydroxyl and methyl cases, respec-
tively).

Our spin unrestricted calculations show that the graphene
nanodots present a spin-polarized singlet ground state with
different terminal atoms or molecular groups on the zigzag
edges. This is consistent with previous studies of magnetic
ordering in finite graphene clusters.?>?*?” For 12X4
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TABLE 1. Length of bonds (dcx) between edge carbon atoms
and terminal atoms and difference of system energy between spin-
polarized singlet state (E; ) and triplet state (E;;), spin-unpolarized
singlet state (E;) of 12X 4 graphene nanodots with various termi-
nations (X).

X dey (A) E;|-E;; (eV) E;|—-E; (eV)

H 1.08 -0.0022 -0.77

F 1.36 -0.0020 -0.74

0 1.29 -0.3985 -0.90
OH 1.35~1.41 -0.0008 -0.60
CH; 1.52 -0.1724 -0.86

graphene nanodots, we have compared the following spin
states: spin-polarized (open shell) singlet state, spin-
polarized triplet state and spin-unpolarized (close shell) sin-
glet state, whose total energies are Ey |, Ey; and Ej, respec-
tively. The energetic ordering is Ey| <E;<E, for 12X4
graphene nanodots with the terminations (-H, -F, -O, -OH,
-CH;). The energy differences between E;| and E;q, E, are
shown in Table I. Note the sign of the energy difference is
always negative, which means the spin-polarized singlet
state has lower energy than both the triplet and spin-
unpolarized singlet states. Thus, we conclude that the ground
state remains a spin-polarized singlet state even when the
zigzag edges are saturated with different atoms or molecular
groups. In addition, it is also noticeable that the energies
between spin-polarized singlet and triplet states of hydroxyl-
group terminated system are very similar, which makes the
magnetic ordering easy to be detected. Meanwhile, a close
look also reveals that the fluorine-terminated system has the
comparable stability (comparable energy difference between
E;| and E;;) to the hydrogen-terminated configuration, while
oxygen- and methyl-terminated systems are more stable than
hydrogen-terminated systems.

Furthermore, spin-density maps of the ground state show
several other characteristics as shown in Fig. 1. First of all,
while the spin arrangement on adjacent atoms is antiferro-
magnetic (AF) in the four cases: -H, -F, -OH, and -CHj3, in
the ketonated system a mixed configuration of magnetic or-
dering appears on the zigzag edges. Both up- and down-spin
waves appear on the same zigzag edge as shown in Fig. 1(c).
On each zigzag edge, the up-spin wave is only sustained for
half of the edge and the down-spin wave dominates the other
half. This is quite different from the result for the 1D
graphene nanoribbon ketonated system, where the magnetic
ordering is antiferromagnetic on both edges.'® This differ-
ence is attributed to a finite-size effect that makes a less
strong effective spin correlation. Second, the presence of dif-
ferent terminations significantly changes the spin densities of
the carbon atoms on the zigzag edges, as can be seen quali-
tatively in Fig. 1. Quantitatively, the largest local magnetic
moments of carbon atoms (M) on zigzag edges and termi-
nal atoms or groups (My) are given in Table II. For the
methyl-terminated system, M - is larger and My smaller com-
pared to those in the hydrogenated system. Conversely, sys-
tems terminated by fluorine, oxygen, and hydroxyl have
smaller M and larger My compared to the hydrogenated
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TABLE II. The largest local magnetic moments of carbon atoms
(M) and terminal atoms or groups (My) of 12X 4 graphene nan-
odots with various terminations (X).

X Mc (pp) My (pp)
H 0.434537 0.018155
F 0.363568 0.039413
O 0.089167 0.487594
OH 0.309457 0.093818
CH; 0.470425 0.040428

system. These differences originate from charge transfer be-
tween edge carbon atoms and terminations induced by dif-
ferences in electronegativity. For example, the fluorine atom
is more electronegative than the hydrogen atom and thus
attracts more charge (electron/spin) from the carbon atoms.
As a result, fluorine atoms have larger magnetic moments
than hydrogen atoms as shown in Table II. For the ketonated
system, the p electrons in oxygen atoms strongly affect the
magnetic arrangement on the edge and greatly weaken the
antiferromagnetic ordering, leading to a mixed configuration.
Correspondingly, the carbon atoms on the edges have a very
small magnetic moment.

III. ENERGY GAP AND HIGHEST OCCUPIED
MOLECULAR ORBITAL—LOWEST
UNOCCUPIED MOLECULAR ORBITAL

Having studied the impact of chemical edge modifications
on the spin density and magnetic ordering, we now turn to a
discussion of the energy gap between HOMO and LUMO
states as well as the orbital configurations corresponding to
these states. It is well known that the HOMO and LUMO
states in finite graphene nanodots are either localized at the
edge or form delocalized extended states, depending on the
size of the system.?*?3 The calculated energy gap between
HOMO and LUMO states for 12 X 4 graphene nanodots ter-
minated with different atoms and molecular groups on the
zigzag edges is shown in Fig. 2. Other studies have found
that the band gap of zigzag graphene nanoribbons (1D coun-
terparts of 0D graphene nanodots) is only slightly changed in
oxidized systems compared to fully hydrogenated ribbons.!?
The magnetic ordering on the edges of zigzag graphene na-
noribbons of oxidized systems is also antiferromagnetic.'?
However, quantum confinement and finite-size effects make
the electronic structure of 0D graphene nanodots very sensi-
tive to chemical edge modification. At the B3LYP level of
theory, we find, for example, that when zigzag edges are
terminated with methyl groups, the energy gap in 12X4
graphene nanodots increases to 1.707 eV compared to 1.668
eV in the hydrogenated system. When zigzag edges are ter-
minated with fluorine, hydroxyl groups, and oxygen atoms,
the HOMO-LUMO energy gap decreases to 1.60 eV, 1.228
eV, and 0.817 eV, respectively. This result demonstrates that
the energy gap can be tuned significantly by chemical modi-
fication of zigzag edges with different atomic and molecular
groups. This effect can be very large; for example, the
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FIG. 2. (Color online) Energy gap between HOMO and LUMO
for 12 X4 graphene nanodots with zigzag edges terminated by -H,
-F, -O, -OH, and -CHj;. Red squares represent the results obtained
with B3LYP functional and blue dots represent those obtained with
PBE functionals. Note that there is about a factor of 3 difference
between the energy scale of B3LYP and PBE.

HOMO-LUMO gap decreases by roughly 50% when zigzag
edges are oxidized. This is attributed to the participation of p
electrons of oxygen atoms in the 7 electron system as noted
above. To confirm our conclusion and show that the modifi-
cation effect is independent of the exchange-correlation
functional we chose, we also carried out the same energy-gap
calculation with the semilocal gradient corrected functional
of Perdew, Burke and Ernzerhof (PBE).333¢ As shown in Fig.
2, the PBE result exhibits similar energy-gap modulation be-
havior with B3LYP. Although the energy magnitude of PBE
differs approximately by a factor of 3 with B3LYP, the gen-
eral trend of gap variations we studied here is the same. To
explore the origin of this significant gap modulation, we plot
the density of states (DOS) of 12X 4 graphene nanodots hav-
ing different edge modifications in Fig. 3. The Fermi level is
indicated by a vertical dashed line in each figure. A full
width at half maximum (FWHM) of 0.2 was used to make
the DOS peaks smooth. From Figs. 3(a)-3(c), we find that
the profile of the density of states distribution for hydrogen,
fluorine, and methyl terminated graphene nanodots are quite
similar with only a slight shift in the Fermi level under ef-
fective potential induced by the attached atoms or functional
groups. This occurs because hydrogen, fluorine, and the me-
thyl group provide one extra electron to saturate the dangling
o electron of carbon atoms at the zigzag edge. As a result,
the o orbitals are removed from the vicinity of the Fermi
level, with only the vertical-to-plane 7 orbital left in the
vicinity of the Fermi level. However, after saturating the car-
bon o electron, the hydroxyl group and an oxygen atom still
have extra p electrons that can mix with the carbon  elec-
tron system. As a result, the DOS profile of hydroxyl and
oxygen terminated graphene nanodots are quite different
from hydrogen-terminated species with regard to both peak
position and peak height [Figs. 3(c) and 3(d)]. In particular,
one and two gap states appear in the vicinity of the Fermi
level (as indicated by the arrows) for hydroxyl and oxygen
terminations, respectively. Their appearance significantly al-
ters the electronic structure near the Fermi level and narrows
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FIG. 3. (Color online) DOS for 12X 4 graphene nanodots with
zigzag edges terminated by -H, -F, -O, -OH, and -CH;. The Fermi
level is indicated by the vertical dashed line. The full width at half
maximum is set to 0.2. The arrows indicate the modification-
induced gap states.

the gap between HOMO and LUMO energy levels.

The effect of chemical modification on the orbital nature
of HOMO and LUMO states is shown in Fig. 4. It is appar-
ent that fully hydrogenated 12 X 4 graphene nanodots exhibit
clear localization of HOMO and LUMO states confined to
the zigzag edge regions. This is consistent with results from
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a previous study of 0D graphene nanoribbons.?* Similar edge
localization of HOMO and LUMO states is also found in
12X 4 systems terminated with fluorine atoms and methyl
groups (not shown in Fig. 4). When the zigzag edges are
saturated with oxygen atoms, the HOMO and LUMO states
convert to delocalized extended states with the orbitals uni-
formly distributed along the graphene nanodots. The partici-
pation of p electrons of an oxygen atom in the 7 electron
system causes the HOMO and LUMO states to change from
an edge-localized configuration to an extended-delocalized
distribution. However, a completely different configuration is
observed for HOMO and LUMO states in hydroxyl-
terminated systems. As shown in Fig. 4(c), the HOMO state
is found to exhibit edge localization, while the LUMO state
orbital is largely distributed at the center of the nanodot. It is
also interesting that the orbital symmetry of the HOMO and
LUMO orbitals is broken when the system is terminated with
hydroxyl groups. This is attributed to a change of molecular
point group from the high-symmetry C,, group in the hydro-
genated system to the low-symmetry configuration C; in the
hydroxylated system.

IV. CONCLUSION

In conclusion, we have demonstrated that the chemical
modification of zigzag edges can significantly alter the elec-
tronic and magnetic properties of graphene nanodots since a
large proportion of the spin density is localized on the zigzag
edges. The spin density, magnetic moment, as well as the
HOMO-LUMO energy gap are highly dependent on the
choice of terminating atoms or molecular groups on the zig-
zag edges and each atom or molecular group has a unique
effect on these properties. In addition, it is also found that the
HOMO and LUMO orbital configurations can be changed
from an edge-localized to extended-delocalized distribution.
Our results indicate that careful control of chemical termina-
tion in these structures could provide an opportunity to tailor
0D graphene nanodots for specific sensor applications as
well as for applications in the field of spintronic devices. The
delocalization of HOMO-LUMO states introduced by edge
modifications could make the graphene nanodots insensitive
to edge defects which are inevitable in experimental fabrica-
tion procedure of samples. This will provide more stable
charge-spin transport behavior mediated by OD graphene
nanodots. Our results of energy-gap modulation also provide
an alternative way to achieve graphene-based transistors in
addition to field-effect transistors.
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