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a b s t r a c t

Fine-tuning magnetic states by understanding topological frustration inducing magnetic mechanism
should allow greater flexibility for the design of graphene-based spintronics. Based on first-principles
calculations, it is predicted that bowtie-shaped graphene nanoflake (GNF) is of spin-polarized ground
state exhibiting antiferromagnetic (AFM) ordering between two individual triangular GNFs. It is
demonstrated that strength of antiferromagnetic coupling of both symmetric and asymmetric bowtie-
shaped GNF displays strong zero-energy-state-orientated behavior due to non-trivial nature of topo-
logical frustration, with implications for designing graphene nanostructures with predefined magnetic
states. It also proposes a specific example of structures that can serve as nanoscale molecular logic gates
composed by asymmetric bowtie-shaped GNFs units, which augment the special antiferromagnetic
function through structural configuration of multi-bowtie-shaped GNFs.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Spintronics, exploiting spin degree of freedom rather than
charge of electron in conventional electronics, can achieve infor-
mation storage, detection, logic, and communication capabilities on
a single chip [1,2]. With the recent development of techniques like
molecular beam epitaxy (MBE) [3], it becomes possible to fabricate
multilayers or even monolayer molecular spintronics [4,5]. Gra-
phene, easily tailored than one-dimensional nanomaterials for
planar geometry at the atomic-size scale, such as nanowires (NWs)
and carbon nanotubes (CNTs) [6], holds the promise as a spin
channel material for its room temperature physical properties
including long spin lifetimes and spin diffusion lengths due to low
intrinsic spin-orbit and hyperfine coupling in carbon [6e12].
Recently, twin effects of quantumvalley Hall and quantum spin Hall
could be probed simultaneously in graphene and will significantly
advance the field of graphene spintronics, hitherto hobbled by the
lack of spin-orbit interaction [13].
).
However, perfect graphene’s nonmagnetic ground state im-
pedes its application in spintronics [14]. When a graphene sheet is
cut into graphene nanoflake (also referred to as nanodot, nanois-
land or nanodisk), the newly generated C-dangling bonds at the
edge cause localized edge states (nonbonding p-electron state)
along the high-symmetry zigzag direction or along any low-
symmetry (chiral) direction boundaries [15], which has been veri-
fied experimentally [16e18]. Furthermore, due to the large contri-
bution to density of states at Fermi energy by localized edge states,
remarkable electron-electron correlation gives rise to localized
spins that bring about an intriguing carbon-only edge magnetism
favoring applications in graphene-based spintronics [14,19e21].
Also, important effects of edges on magnetism and the spin-
dependent transport properties of symmetric and asymmetric
zigzag-edged graphene nanoribbon (ZGNR) have been demon-
strated [22]. Recently, magnetic orderings on graphene edges in
controlled zigzag orientation have been confirmed stable even at
room temperature experimentally, raising hopes of graphene
nanoflake as the most favorable candidate material in future mo-
lecular spintronics/electronics devices operating under ambient
conditions [23,24]. Encouragingly, substantial progress of precise
nanofabrication techniques and bottom-up synthesis for
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preparation of graphene nanostructures indeed make it possible to
produce specific well-defined atomically precise zigzag edge and
triangular shapes with tunable size [25e32].

Building graphene-based spintronics with predetermined
magnetic properties has long been the focus of basic and applied
research. Edge states of graphene nanoflake from the resulting
geometrical frustration are further topologically characterized.
Contrary to its implication of the name, frustrated systems actually
have more configurational options than conventional collective
systems [33]. Basic concepts of frustrated systems are turning out to
have more practical uses, and geometrical frustration can manifest
in well-defined structures [34e36]. It has been concluded that the
appearance of magnetism requires presence of defects, since the
presence of defects can introduce important changes in electronic
structure of graphene, leading to phenomena such as carbon
magnetism [37]. A distinct origin of this unconventional carbon-
only magnetism in finite graphene structures is the topological
frustration of p-bonds, first introduced by Wang who has made a
rigorous classification depending on whether only one or both
sublattices of graphitic structure are frustrated for arbitrarily-
shaped graphene nanoflake [38]. Typical representative shape of
the second class with both sublattices topologically frustrated is
zigzag bowtie-shaped graphene nanoflake (GNF), also known as
Clar’s goblet, composed of two zigzag-edged triangle fragments
sharing hexagons, as shown in Fig. 1(a). In particular, a zigzag-
edged triangle with one sublattice topologically frustrated has
nonzero net magnetization but scales linearly with fragment size
[39e41]. With this property, bowtie-shaped GNF may have anti-
ferromagnetic (AFM) ordering by connecting two individual trian-
gular GNFs, acting as a fundamental single-molecule NOT logic
gate.

Following the study on magnetic feature of bowtie-shaped GNF,
there have been several related reports on the magnetic states of
hydrogenated diamond-shaped zigzag graphene quantum dots,
intrinsic ferromagnetism in two-dimensional (2D) carbon semi-
conducting structures, magnetic-field control of magnetism in
bowtie-shaped GNF and alternative spintronic designs [42e45].
These studies all concluded that magnetic properties of GNF are of
strongly geometry dependence. However, the underlying topolog-
ical frustration inducing mechanism that is prerequisite in pre-
dicting the strength of magnetic coupling of specific GNF hasn’t
been given out. Thus, it is the purpose of our paper to explore the
underlying topological frustration inducing mechanism with a
detailed analysis of the effect of zero energy state on the magnetic
properties of symmetric and asymmetric (also can be referred to
axisymmetric and centrosymmetric) bowtie-shaped GNFs.
Analytical models with varying structure configurations from the
Fig. 1. The two sets of representative symmetric and asymmetric bowtie-shaped GNFs.
(a) n5m1, (b) n5m2, (c) n5m3, (d) n4m1, (e) n4m2, (f) n4m3.
perspective of topological frustration were developed to demon-
strate a general controlled zero-energy-state-orientated magnetic
behavior on spintronics employing first-principles calculations. The
work provides explicitly a nonmonotonic relationship between the
number of zero-energy-state and the strength of antiferromagnetic
coupling for bowtie-shaped GNF, unveiling an underlying topo-
logical frustration inducing mechanism: manipulation on the
number of zero energy state. Furthermore, a specific example of
nanostructured logic gate composing of three asymmetric bowtie-
shaped GNF units is presented.

2. Method

The proposed symmetric and asymmetric hydrogenated
bowtie-shaped graphene nanoflake is composed of two individual
triangular fragment with different triangle side length n and con-
necting width m, where n ¼ 3,4, …,7, and the connecting width
m ¼ 1,2,3,4, … Two sets of representative symmetric and asym-
metric bowtie-shaped GNF are shown in Fig. 1, n5m1, n5m2, n5m3,
n4m1, n4m2, n4m3. All calculations on geometry optimizations
were carried out based on first-principles Density functional The-
ory (DFT) using Gaussian 09 program package [46]. Spin-polarized
calculationwas obtained using the functional of the Perdew-Burke-
Ernzerh (PBE) [47] realization of the generalized gradient approx-
imation and 6-31G** Gaussian basis set. The initial bond length
between all carbon atoms is set to 1.42 Å. Calculations of such open-
shell singlet ground states are not always trivial since the system
has equal numbers of spin up and spin down electrons that require
explicit spatial spin-symmetry breaking, and merely using an un-
restricted method will fail, leading to higher ground state energy.
Therefore, fragment molecular orbital method [48e50] was adop-
ted to get an initial spin-symmetry guess wave functions, and then
such a broken spin-symmetry initial wave function was used to get
singlet ground states for symmetric and asymmetric bowtie-
shaped GNF with zero net spin.

3. Results and disscussion

First, a large set of bowtie-shaped nanoflakes of different tri-
angle size n and connecting width m for both symmetric and
asymmetric geometries was calculated, and some representative
examples are shown in Fig. 1. In Fig. 2 (a) and (b), spin density of
representative structures of symmetric and asymmetric configu-
ration of ground state are shown using the PBE density functional.
In Fig. 2, different colors indicate different spin states: the color
blue represents the spin-up magnetic state while the red corre-
sponds to the spin-down magnetic state. The two connected tri-
angles show opposite net spins, namely, the left triangle shows net
Fig. 2. The spin density distributions of the singlet ground state of symmetric and
asymmetric bowtie-shaped (a) n6m1, (b) n4m2 GNFs obtained using the spin-
unrestricted (U) PBE/6-31G** method. Different colors indicate different spin states:
the color blue represents the spin-up magnetic state while red corresponds to the
spin-down magnetic state. (A colour version of this figure can be viewed online.)
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spin-downmagnetic state, and the right triangle shows net spin-up
magnetic state. Therefore, the structures studied here give rise to a
strong antiferromagnetic (AFM) coupling, as shown in Fig. 2. All
depicted structures exhibit open-shell spin-polarized singlet
ground state that magnetic moments localized at two individual
triangles and oriented antiparallel in both halves of the nano-
structure. Since such structures have equal number of carbon atoms
in the two sublattices A and B, according to Lieb’s theorem, they
have no net magnetization, and Hund’s rule breaks down. This is a
remarkable finding that there exists magnetic orderings even for
GNF with balanced sublattices. In other words, it is the ground
electronic configuration that breaks the spin-spatial symmetry and
exhibits antiferromagnetic ordering, as shown in Fig. 2. The struc-
ture presenting strong antiferromagnetic features is a natural NOT
logic gate, since flipping the input spin in one side of bowtie shape
requires the output spins to flip on the other side as well, enabling
practically accessible logic operations [38].

Furthermore, the ground state of bowtie-shaped GNF from the
frontier molecular orbital (FMO) prospect was studied and
explained in terms of localization. In Fig. 3, red and green colors
indicate positive and negative phases of wave function whose
square represents electron cloud density. It is clear that the wave
functions of spin-up highest occupied molecular orbital (a-HOMO)
shown in Fig. 3(a) and spin-down highest occupied molecular
orbital (b-HOMO) Fig. 3(b) exhibit identical phase characteristics,
but were completely localized on opposite triangles rather than
distributing over the whole bowtie-shaped sample. Therefore, the
spreading of electron cloud density on opposite triangles strongly
exhibits the antiferromagnetic coupling characteristic of electrons,
in agreement with previous calculations on several singly occupied
orbitals of a representative bow-tie GNF [38]. Similarly, wave
functions of the spin-up lowest unoccupied molecular orbital (a-
LUMO) shown in Fig. 3(c) and spin-down lowest unoccupied mo-
lecular orbital (b-LUMO) shown in Fig. 3(d) also demonstrate the
same antiferromagnetic coupling features. Therefore, the open-
shell singlet nature of the system is qualitatively illustrated for
these bowtie-shaped GNFs.

Next, we consider the most important relationship between
zero-energy states and the strength of magnetic coupling for both
symmetric and asymmetric geometries, quantitatively. According
to the counting rule referred in Ref. [40], the number of zero-energy
states of structures referred as nullity equals to 2*(2aeN), where N
Fig. 3. The spin-up and spin-down polarized HOMO and LUMO of the ground state of a
typical symmetric bowtie-shaped GNF for n6m1, obtained using the spin-unrestricted
(U) PBE/6-31G** method. (A colour version of this figure can be viewed online.)
is the total number of sites and a is the maximum possible number
of non-adjacent sites involving atoms belonging to both sublattices
A and B in bowtie-shaped GNF. The strength of magnetic coupling is
the energy difference between ferromagnetic (FM) and antiferro-
magnetic (AFM) configurations. For these graphene nanoflakes, the
following spin states: spin-polarized (open-shell) singlet state and
spin polarized triplet state (open-shell) were obtained, with total
energies are EAFM and EFM, respectively.

The calculated results of nullity and strength of magnetic
coupling for both symmetric and asymmetric bowtie-shaped
structures with varying triangle size n and connecting width m
are shown in Table 1. The number of zero energy states for sym-
metric and asymmetric bowtie-shaped GNF is 2*(n-m-1) in either
case. As shown in Table 1, no matter symmetric or asymmetric
bowtie-shaped GNF, the strength of magnetic coupling drops with
the decrease of the number of nullity for the same triangle size n.
For instance, symmetric bowtie-shaped GNFs of n6m1, n6m2, or
n6m3 with the nullity of 8, 6, and 4, respectively, have decreasing
magnetic strength of 245 meV, 205meV and 165meV, respectively.
However, it is hard to find trends for bowtie-shaped GNFwith equal
number of nullity, since equal number of nullity can be induced by
topological frustration from different triangle sizes and connecting
widths. In other words, is has to confirm either triangle size or
connecting width. To verify this assumption, the strength of mag-
netic coupling with respect to the same connecting width m was
studied. In Fig. 4, the magnetic coupling strength as a function of
triangular size with the same connecting widths of symmetric and
asymmetric bowtie-shaped GNF is presented for the three sets.
Unexpectedly, the plots clearly show that the tendency of magnetic
coupling strength does not increase monotonously with the size of
the triangle. This variation has two implications: (i) the strength of
antiferromagnetic coupling can be modulated by the nullity
induced by topological frustration, (ii) size effect in quantum sys-
tem diminishes the minimum energy level splitting, leading to a
decrease of antiferromagnetic coupling strength. Therefore, with an
increase of triangle size or nullity, the coupling strength of all three
representative sets of different widths experiences an increase
before reaching a maximum, then decrease to convergence, as
shown in Fig. 4. Furthermore, energy difference between ferro-
magnetic and antiferromagnetic coupling obtained were all greater
than thermodynamic threshold 18 meV, which can make the
structure achieve robust operation at reasonable temperatures [51].

To further clarify the logic function, three-terminal NOR and
NAND gates were studied, in which the central triangle is con-
nected to three other triangles just like the previously described
three connected asymmetric bowtie-shaped GNFs. In this illus-
trating structure shown in Fig. 5 (a), the region is separated into A,
B, C and D, respectively. It is clearly shown in Fig. 5 (b), (c) and (d)
that these tend to be AFM coupled. Regions A and B are set as input
operands; C is programming bit; D is output. Spin up state 1 is
defined as Boolean true and spin down state 0 as Boolean false. A
NAND or NOR logic gate can be made by setting 1 or 0 to C. For the
first case, set C is set as 0, A and B as input are assigned for 1 and 0,
respectively, thenwe get a NAND gate for D¼ A∩B¼ 1, shown in red
in Fig. 5(b). For the second case, set C is set as 1, A and B as input are
assigned for 1 and 0, respectively, then a NOR gate for D ¼ A∪B ¼ 0
is obtained, shown in blue in Fig. 5(c). For another case, set C is set
as 1, A and B as input are assigned for 1 and 1, respectively, then a
NOR gate for D ¼ A∪B ¼ 0 is obtained, shown in blue in Fig. 5(d).

These above three logic cases induced by special structure
configuration present a typical Boolean logic designation that em-
ploys spin degree of freedom instead of charge of electron used in
conventional electronics. The coupling strength for the above three
cases well outnumbered the thermodynamic threshold 18 meV



Table 1
PBE/6-31G** energy difference between ferromagnetic (FM) and ground state antiferromagnetic (AFM), and the nullity induced from topologically frustration for both
symmetric and asymmetric bowtie-shape structure.

Symmetric bowtie-shaped Nullity EFM-EAFM (meV) Asymmetric bowtie-shaped Nullity EFM-EAFM (meV)

n3m1 2 18 n3m1 2 88
n4m1 4 155 n4m1 4 137
n4m2 2 18 n4m2 2 84

e e e n4m3 0 33

n5m1 6 194 n5m1 6 171
n5m2 4 127 n5m2 4 153
n5m3 2 43 n5m3 2 128
n6m1 8 245 n6m1 8 346
n6m2 6 205 n6m2 6 210
n6m3 4 165 n6m3 4 183
n7m1 10 320 n7m1 10 416
n7m2 8 260 n7m2 8 355
n7m3 6 142 n7m3 6 270
n8m1 12 264 n8m1 12 361
n8m2 10 232 n8m2 10 324
n8m3 8 122 n8m3 8 255
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Fig. 4. The strength of magnetic couplings computed using UPBE/6-31G** as a function of triangular sizes n and connecting width m for (a) symmetric configurations and (b)
asymmetric configurations. (A colour version of this figure can be viewed online.)

Fig. 5. Programmable logic gate structure and spin density distributions of the
structure configuration (a) asymmetrical bowtie-shaped GNF units structure (b) spin
NAND gate, (c) spin NOR gate obtained using the spin-unrestricted (U) PBE/6-31G**
method. (A colour version of this figure can be viewed online.)

Table 2
The truth logic table for the above three-terminal logic gate.

Gate A B C D

NOR 0 0 0 1
NOR 0 1 0 0
NOR 1 0 0 0
NOR 1 1 0 0
NAND 0 0 1 1
NAND 0 1 1 1
NAND 1 0 1 1
NAND 1 1 1 0
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[51], which confirms that the structure can maintain spintronic
properties for this programmable logic gate. The truth table for the
above three-terminal logic gate shown in Table 2 enumerates over
all logical combinations of all inputs and possible outputs. In
addition, the structure configuration can be designed using
different combinations of triangle unit, either symmetric or
asymmetric bowtie-shaped GNF. This is consistent with results
from a previous study of fundamental (NOR and NAND) logic gate
composed by symmetric bowtie-shaped GNF and diamond-shaped
zigzag graphene quantum dot (GNF) [38,42].
4. Conclusion

In this paper, the PBE results of a first-principles study of to-
pological frustration effect on magnetic property of bowtie-shaped
GNF were reported. Our findings unambiguously demonstrate that
both symmetric and asymmetric bowtie-shaped GNF display
strongly nullity-orientated magnetic behavior induced by topo-
logical frustration. This described relationship opens a way toward
designing graphene nanostructures with predefined magnetic
states from the structure-property prospective, a highly useful tool
for the design and development of novel spintronic devices. From a
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technological perspective, this is a significant finding, since char-
acterization of magnetic properties on the structure configuration
of the GNF is a key prerequisite for device engineering.
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