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[Abstract] We employ density functional theory (DFT) to investigate the electronic and magnetic properties of
hydrogen passivated equilateral triangular graphene nanoflake (GNF). It is predicted that the ground state of such
graphene nanostructure exhibits robust magnetic edge states and strong quantum confinement effects. Our DFT
calculations based on different exchange-correlation functionals demonstrate that the electronic energy gap and local
magnetic moment of GNFs depend sensitively on the GNF size. This is attributed to the different numbers of atoms
in the two sublattices of graphene since the spins on the same and different sublattices couple ferromagnetically and
antiferromagnetically, respectively. The total net magnetic moment scales linearly with the size of nanoflakes, while
the average magnetic moment localized at edges increases and saturates to a constant value for larger sizes. We show
that the spin-flipped and spin-preserving energy gaps near Fermi level decrease as the size of GNFs increases. The
degeneracies near Fermi energy are proportional to the length of edge in these triangular zigzag-edged GNFs as well.
The electronic and magnetic properties of GNFs thus open new avenues for utilizing triangular graphene in nanoscale

magnetic semiconductor and optoelectronic devices.
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1 Introduction

It is well known that magnetism in solids is u-
sually attributed to either d or f electrons, and
therefore carbon-based materials are generally re-
garded as non-magnetic. Nevertheless, it was
showed that intrinsic magnetism might exist in s-p
electron systems, and such magnetic order was
stable even  at

predicted to  be room

121 Since graphene was successfully

temperature
exfoliated in experiment™, the low-dimensional
carbon-based materials have drawn enormous at-
tention due to their extraordinary properties inclu-
ding electronic conductivity™', superconductivi-

[5—6 [7]

ty?® %, and high carrier mobility Graphene is a
kind of one-atom-thick carbon layer of graphite,
made up of a honeycomb lattice in two dimensions.

Although the ideal

ground state holds back its application in spintron-
L8]

graphene’s nonmagnetic

ics"*, recent studies have found the emergence of
long-range magnetic order on the zigzag edges in
the graphene-derived structures when going to

lower dimensions (e. g. quasi-one-dimensional na-

[9-13] [14-18]

noribbon and zero-dimensional nanoflakes
Graphene nanoflakes ( GNFs), or nanodisks,
nanoislands and quantum dots, have different
shapes and sizes, which might be realized by syn-
thesizing from smaller molecules or cutting from a
graphene sheet. Recently, the fabrication and
characterization of various graphene-based nanode-

[19-21]

vices provided access to detailed knowledge of

graphene-derived structures. In this context,
GNFs have been identified as attractive candidates
for spin qubits and quantum information stor-
age?* The synthesis of triangular GNFs, how-
ever, is extremely challenging due to the enhanced

[ Their open-shell structures

chemical instability
and the presence of unpaired electrons make such
triangulene difficult to fabricate. Nevertheless,
triangular GNFs have been synthesized by using
the bottom-up on-surface approach’®?’, with a-

tomic precision. Although the magnetic properties

of exactly triangular-shaped GNFs have not been

293 " the nanoflakes

well understood experimentally
with a triangular shape were predicted™’ to host
nonzero magnetic moments mainly on their zigzag
edges, and the local magnetization decays inwards
and tends to disappear in the middle of the
graphene fragment.

The nonzero net spin of triangular GNFs is at-
tributed to its distinctive honeycomb framework
containing (n — 1) unpaired electrongt®:2728:3031
The lattice of graphene is formed by two sublattic-
es, namely A and B. In triangulene, the numbers
of atoms in the two sublattices are not equal, N,
# Ny. The total spin value S scales linearly with
(N, — Nyg) (and the GNF size as well), which
could be anticipated from Lieb’ s theorem™*.
Using the Hubbard model with a bipartite lattice
and a half-filled band, it was shown that the
ground state has S = (N,—Nyg)/2. In triangular
shaped quantum dots, the sublattice imbalance N ,
—Ngy= n—1, where n number of sublattice A at-
oms on one edge of the triangulene. Thus, the net
spin always satisfies S = (n—1)/2. It would be
interesting and important to investigate the finite-
size effects on the electronic and magnetic
properties of nanoflakes. In this work, we charac-
terize the flake size of GNFs by the index n. We
carried out first-principles calculations to explore
the magnetic and energetic properties of triangular
zigzag-edged n-GNFs with the edge lengths in the
range of 0. 68 to 5. 11 nm (from 2-GNF to 20-
GNF).

atoms as shown in Fig. 1(a). We investigate the

The largest flake contains 481 carbon

magnetic moment and energy gap as functions of
size; the degeneracy at Fermi level is also analyzed
for the spin-polarized ground states. This investi-
gation provides quantitative understanding of the
size-scaling behavior of the magnetic and electronic
properties of triangular graphene nanoflakes with

hydrogenated zigzag edges.
2 Methods

Our calculations were carried out based on

* 0117 -
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spin polarized density functional theory (DFT), u-
( PAW )

as implemented in Vienna ab initio

sing  projector-augmented wave

method"***"
simulation package (VASP)P**%) One Gamma k-
point sampling was used, and the electronic wave-
functions were expanded using a plane-wave basis
set with a cutoff energy of 500 eV, which gave rise
to good convergence for the energy (10 ° eV).
The structures of all GNFs are optimized until the
force on each atom is smaller than 0. 01 eV/A.
The spin-polarized local density approximation
(LDA)Y®™, Perdew-Burke-Ernzerhof (PBE)™® of
generalized gradient approximation (GGA )P,
and PBEsol™ exchange-correlation functionals
were employed for the DFT computations. The

calculated spin density isosurfaces were plotted u-

sing VESTAM?,
3 Results and discussion

We have constructed and optimized structures
of a set of triangular GNFs with different triangle
edge sizes, in which each carbon atom at edges is
bonded to a single hydrogen atom. The mono-
hydrogenated flakes were found to retain triangular
shape after optimization regardless of their sizes
and exchange-correlation functionals. Besides,
each carbon ring in nanoflakes keeps its hexagonal
shape from the edge to central regions. As shown
in Fig. 1, the edges of the triangular GNF's are pas-
sivated by hydrogen atoms to eliminate dangling
bonds. We summarized the calculated edge lengths
and bond lengths of a series of optimized triangular
hydrogenated GNFs withn = 2, 3, ---, 9, 10. U-
sing the PBE functional, it was found that bond
lengths change significantly compared with ideal
graphene. The length of the C-C bonds located at
the three corners of n-GNFs is 1. 39 A, which is
slightly shorter than other C-C bonds (1. 41 ~
1.44 A) at the edge and the inner area; the length
of H-C bonds is 1. 09 A. For larger GNFs with n
= 11, 12, -
pristine graphene, with the H-C bonds fixed at

, 19, 20, we adopted the structure of

* 0118 -

1.09 A and C-C bonds 1. 42 A. In Fig. 1(a), we
show the 20-GNF triangulene consisting of n? +
4n +1 = 481 C atoms and 3n + 3 = 63 H atoms.
The length of the edge is about 51 A. The honey-
comb lattice of GNFs formed by two sublattices A
and B is shown in Fig. 1(b), with Ny—Ny=n—1
=19 for 20-GNF.

We employed three different energy functions
to investigate the magnetism and electronic struc-
tures of GNFs of different sizes. Our results show
that the total magnetic moment increases with the
nanoflake size, regardless of the functional used.
Meanwhile, the energy gaps are found to decrease
monotonically (except for the phenalenyl 2-GNF)
with increasing nanoflake size. Note that at largen
limit, we expect a disappearance of band gap for
the infinite sized graphene. QOur calculations
suggest that the ground states of triangular
nanoflakes with zigzag edges are intrinsically mag-
netic, with spin ferromagnetically coupled within
the sublattice and antiferromagnetically coupled
between the two sublattices, giving rise to a ferri-
magnetic ordering in the triangular nanoflakes.
The ferrimagnetic ordering is clearly seen by plot-
ting the spin density isosurfaces as shown in Fig. 1
(c)~(h). The spin polarization density is defined
as M(r) =p, (r)—p, (r). The net spin S = (N,
—N,)/2 where Ni and N, correspond to the
number of atoms localized up and down magnetic
moments, respectively, and thus satisfies S = (N,
—Np)/2 = (n—1)/2.

The spin densities for 10-GNF at LDA, PBE-
sol, and PBE levels are shown in Fig. 1(¢) ~ (e),
respectively, where different colors indicate
different spin states: blue is for the up-spin
moment while red for down-spin moment. In the
zigzag edged triangle-shaped GNF structure, the
up-spin moment prefers to localize on sublattice A
while down-spin moment prefers to localize on B,
giving rise to a net spin-up magnetic state. This is
to minimize the on-site Coulomb repulsion and pre-

vent a double occupation of one p. orbital at the
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Fig. 1  Atomic structure and spin density of triangle
shaped GNFs. (a) One H atom (small and white) is atta-
ched to each of the outmost C atoms (big and grey) at
three edges in 20-GNF. (b) Two-dimensional crystalline
lattice of graphene. The area indicated by red dashed line
represents the unit cell of graphene containing two carbon
atoms which belong to the two sublattices of graphene,
namely A (empty circle) and B (filled circle). Spin
density of 10-GNF obtained through DFT calculation
using (¢) LDA, (d) PBEsol, and (e) PBE functionals.
(£)-(h) The spin density of 20-GNF is calculated by using
those three functionals. Blue / red isosurfaces correspond
to the spin up / down density. The magnitudes of up and
down spin moments are proportional to the size of the
spheres. The isosurfaces of spin density are drawn using

VESTAM,

In Fig. 1, we present the spin density of 10-

GNF in (c)-(e) and that of 20-GNF in (f)-Ch). It
is illustrated clearly that magnetic moments of tri-
angular nanoflakes develop mainly along the
edges. In addition, we find that the larger the size
of GNFs, the more localized the edge states. For
the largest nanoflake, 20-GNF, the total magnetic
moment is M =19 pp. It is interesting that such a
large magnetic moment can develop in a nanoscale
s-p system. We compared the isosurfaces of spin
density calculated using three DFT functionals and
found only small differences, suggesting the ro-
bustness of the magnetism in these nanoflakes. In-
specting the spin density for 20-GNF calculated
within the LDA in Fig. 1({), we observe that the
local magnetic moments sit mainly on the edges,
then decay rapidly and vanish eventually when ap-
proaching to the center of the flake. For 20-GNF,
as the magnetic moments are mainly localized on
three edges, atoms near the center of the nanoflake
have negligible local moments (~ 0. 004 pp).

It is well know that the magnetic properties of
graphene nanoribbon can be tuned by different hy-
drogen passivated schemes, we compare three
other nanoflakes of different hydrogen passivation
with the above discussed monohydrogenated GNF's
(Cpziynr1 Hynis). We take 5-GNF as a representa-
tive example, considering bare nanoflake with no
(C2yamt1 )s and
nanoflakes with dihydrogenated

hydrogen passivated edges
carbon edges
(Cizyint1 Henrs) as well. Besides, we construct a
special kind of corner-dihydrogenated nanoflake
with three carbon atoms at corners saturated by
two H atoms and other edge atoms bonded to one
H atom (C.2 4,11 Hspig). Optimized structures for
these four different hydrogen-passivated configura-
tions are shown in Fig. 2.
Compared with our previous

monohydrogenated configuration, the carbon
atoms at edges or corners transform from sp® to sp
and sp® types in bare, corner-dihydrogenated and
dihydrogenated nanoflakes. This results in the dif-

ferent number of unpaired electrons in triangular

+ 0119 -
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Fig. 2 Atomic structures of 5-GNFs with different hydrogen passivated schemes: (a) bare, (b) monohydrogenated, (c)

corner-dihydrogenated and (d) dihydrogenated nanoflakes. Calculated spin density and total moments of nanoflakes are given

in (e)-(h) for (a)-(d) respectively.

GNFs and therefore changes the total moments.
We present the calculated spin density isosurface
and total spin moments M for bare, monohydroge-
nated, corner-dihydrogenated and dihydrogenated
nanoflakes in Fig. 2 (e)-({f). The -calculated
magnetic moment of the monohydrogenated case is
4 py with 4 unpaired electrons. For bare 5-GNF,
when all hydrogen atoms are removed the
nanoflakes, each of 3z sublattice A atoms and
three sublattice B atoms has an extra nonbonding
electron that contributes to the magnetic moment,
thus giving rise to a net magnetic moment (n —1
+ 3n —3) pp= 16 pp. For corner-dihydrogenated
5-GNF, three more hydrogen atoms than the mo-
nohydrogenated 5-GNF are passivated on the
corner atoms. This induces three extra unpaired e-
lectrons and results in a total magnetic moment (n
—1 + 3) pg= 7 pp. For configuration shown in
Fig. 2 (d), at three dihydrogenated edges, each
carbon atom has sp® hybridized electrons, giving
rise to a total magnetic moment |n —1—3n + 3|
pp= 8 pp and the spin-polarized orientation is re-
versed™. From these results, it will be
interesting to obtain tunable magnetic moments of
GNFs through various hydrogen saturation which
might be applied in spintronic nanodevices.

Next, we continue to focus on the electronic
« 0120 -

and magnetic properties of triangular GNFs with
monohydrogenated zigzag edges. We have also cal-
culated the density of states and the energy spectra
for a set of triangular zigzag-edged GNF with dif-
ferent sizes n as shown in Fig. 3. In Fig. 3(a) and
Fig. 3 (¢), we present the projected density of
states (PDOS) onto selected orbitals of carbon and
hydrogen atoms of nanoflakes with n = 10 and 20
using the PBE functional. The vertical dashed lines
denote the Fermi level, and the upper and lower
panels show spin-up and spin-down states, respec-
tively. Our calculations reveal that the highest oc-
cupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) are mainly
contributed by the 2p. orbitals of C atoms in
GNFs. We note that the states near the Fermi
level are strongly spin-polarized: the states below
zero energy are the majority spin (up-spin) states,
and those above are minority (down-spin) ones.
Fig. 3(b) and 3(d) show the energy levels cal-
culated for 10-GNF and 20-GNF, respectively.
Filled Cempty) triangles represent occupied (un-
occupied) energy levels, and blue and red colors
distinguishes different spin orientations. The
energy gaps are formed between up- and down-spin
states, which are 0. 49 eV for 10-GNF and 0. 30 eV
for 20-GNF, as shown in Figures. 3(b) and 3(d).
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Fig. 3 Projected density of states (PDOS) and energy levels of GNFs calculated by using PBE functional. (a) and (b) show

the PDOS and self-consistent energy levels respectively in triangular graphene nanoflake with » = 10. (¢) and (d) show

what in the nanoflake with n = 20. In (a) and (c). the vertical dashed line denotes the Fermi level. the upper and lower

panels represent spin-up and spin-down states, respectively. In (b) and (d), the horizontal dashed line denotes the Fermi

level, filled (empty) triangles represent occupied (un-occupied) energy levels, and, blue and red colors indicate spin up and

down.

Here the energy gap is defined as the energy differ-
ence between the spin-up HOMO and spin-down
LUMO, which are appropriate for processes
involve spin flipping. We may also define spin-pre-
serving gaps: up-spin gap is between the up-spin
HOMO and LUMO, while down-spin gap is be-
tween the down-spin ones. The spin-preserving
gaps are about 1. 40 eV for 10-GNF and 0. 78 eV
for 20-GNF, with very little difference between the
two spin channels. We mention that the spin-pre-
serving gaps may be compared with optical excita-
tions (if both electron-electron and electron-hole
interactions are taken in account) in systems with
weak spin-orbit coupling effects.

It is interesting to note that there is a very
high degree of degeneracy for the states near the
Fermi level (both in Figures. 3(b) and 3(d)),
which coincides with the energy window in which
significant spin-splitting are observed. In other
words, spin polarization and splitting are accompa-

nied with a high degree of degeneracy in a narrow

energy range around the Fermi level (Er £ 0.5
eV). Therefore, the spin-polarization of the elec-
tronic states (so as the magnetic moment forma-
tion) comes exclusively at the band edges within a
small energy window (£ 0.5 eV) from the Fermi
level. Outside this energy window, there is very
small spin splitting between up- and down-spin
states. This appears to be a unique feature of the
magnetism in these nanoflakes. In addition, there
are precisely (n —1) spin-polarized states immedi-
ately below (majority spin) or above (minority
spin) the Fermi level. Our results agree with pre-
vious works which show that the degeneracy at
Fermi energy is equal to the difference between
numbers of two sublattices in the bipartite lattice.
Since there are (n — 1) more occupied up-spin
states than down-spin states, the calculated net
spin is 9/2 (19/2) for 10-GNF (20-GNF). It can
be anticipated from the presence of (n — 1)
unpaired electrons, each of which carries 1/2 spin
and one Bohr magneton. This is consistent with

- 0121 -
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Lieb’s theorem regarding the total spin S = (n—
1)/2, which is dictated by the sublattice imbalance
NA,'\_NB:?’I_I and thUS S:(N"\_N[g)/z.

20 T T T T T T T T T
16 - .
1

M (14,)

W o & o
T T
|

e
)
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|

[uN

<M>edge (,U B)

Fig. 4 (a) The linear scaling of total magnetic
momentsM versus triangular size n of GNFs. Results cal-
culated using three different energy functionals show no
differences. (b) The average magnetic moment (M) 4
on the outermost edge atoms scales as (n —1)/3n and

converges to 1/3 up for large n.

Now we address the size effects on the elec-
tronic and magnetic properties of triangular GNFs.
Fig. 4 (a) shows the calculated net magnetic mo-
ments of 7n-GNFs as a function of size n. The dis-
tinctive topology of our quantum dots, coupled
with the half-filled nature of graphene lattice, re-
sults in the presence of (7 —1) unpaired electrons.
Our results confirms a linear scaling of the
magnetic moment with the system size n as predic-
ted by Lieb™ based on a bipartite half-filled Hub-
bard model with repulsive interactions. We men-
tioned that we have carried out calculations using
namely, the PBE,

PBEsol, and LDA functionals,

three different functionals,
the results are
practically identical. Thus, we only show the re-
sults calculated using the PBE functional. The net
magnetic moment is found to be proportional to
the edge size, i.e.» M = (n —1) pp, with n
being the number of atoms on the A sublattice on
one of the edges. Fig. 4 (b) shows the averaged lo-
cal magnetic moment (M) 4. = (n—1)/3n on the

outermost edge atoms as a function of n. The

. 0122 -

result converges to 1/3 py in the large n limit.
The quantum confinement effects also have an
important influence on the electronic properties, in
particular, the energy gaps of these systems as
shown in Fig. 5. We show the spin-flipping gaps
calculated using three different functionals. In gen-
eral, the PBE functional gives slightly larger gaps.
The DFT-PBE (spin-flipped) gap varies from 0. 24
to 0. 69 eV for n-GNFs with n ranging from 2 to
20, decreasing monotonically (but moderately) for
n greater than 3. Interestingly, the spin-
preserving gap shows a much greater size depend-
ence, decreasing from 2. 70 eV for 2-GNF to 0. 72
eV for 20-GNF. Although DFT calculations cannot
give accurate predictions of the energy gap, our re-
sults still suggest that these triangular quantum

dots may be used as building blocks for magnetic

semiconductor and optoelectronic devices with size-

tunable gaps?72-31,
3.0
A spin-up gap
A/ v spin-down gap
a5k Il rsE
X [ |PBEsol
X oA
20 H
> .
\q_-)/ v
& 15t -
cn bV
> %
20 i
g bt
S 10f Y
Vi
. -
0.5 H

234567891011121314151617181920

n
Fig. 5 Spin-preserving (open triangles) and spin-flipping
(bars) energy gaps as a function of n. Only the PBE re-

sults are shown for the spin-preserving gaps.

4 Conclusion

In conclusion, we have investigated the elec-

tronic and magnetic properties of triangular

shaped graphene nanoflakes using spin-polarized
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DFT calculations. Our first-principles calculations
demonstrate that the electronic and magnetic prop-
erties of triangulene are intimately related to their
sizes. The minimization of the Coulomb energy
leads to the localization of these unpaired electron
on one the graphene sublattices, giving rise to a
magnetic ground state. The net magnetic moment
is found to be proportional to the edge size, i. e. ,
M = (n —1) pg, with n being the number of at-
oms on the A sublattice on one of the edges. Inter-
estingly, the average magnetic moment on the out-

ermost edge atoms converges to a constant value

increases. The degree of degeneracy of the spin-po-
larized near-edge states is also equal to n —1. We
show that the energy gaps, both the spin-
preserving and spin-flipping ones, decrease as the
size of GNFs increases as a result of diminishing
quantum confinement effects. We believe that
these systems provide a unique opportunity for de-
signing quantum structures with a high degree of
degeneracy, analogously to the two-dimensional e-
lectron gas in a strong magnetic field. The elec-
tronic and magnetic properties of GNFs thus open

new avenues for utilizing triangular graphene in

(n — 1)/3n as the size of the quantum dot nanoscale magnetic semiconductor devices.
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