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Magnetic properties of graphene nanoflakes with designed edge shapes are theoretically analyzed by means of
the first-principles calculation. As a starting point, we take a nanoflake with decorated zigzag edges where no
magnetism is expected. Then, it is shown that removal of one decoration unit induces a well-defined localized

spin-1/2 state. When two decoration units are removed, there arise two localized spin-1/2 states. Notably,
when two spins are aligned in the same edge, the spin-spin interaction is ferromagnetic, while when two spins
are aligned in the opposite edges, the spin-spin interaction is antiferromagnetic. This suggests that decorated
nanoflakes form a promising playground for nanoscale spin devices with tunable spin-spin interactions by

designing edge shapes.

1. Introduction

Electron spin is a minimal unit as a quantum information carrier,
and thus the impact of enabling fine manipulations of electron spin
can be maximal [1-4]. It may lead to better quantum information
processing, denser information storage, or low-loss devices as a result
of quantum effects. As a stage to host electron spins, molecules are
interesting because of their large variety. A molecule can host spin-1/2
as a whole due to a radical molecular orbital. Some molecules contain
atoms with spins (such as transition metals) as subparts of the host
molecule. When a molecule is large enough, there arises a possibility of
hosting multiple localized spins scattered around different parts of the
host molecule. We expect a variety of interactions between scattered
local spins, and one interesting consequence would be to realize a
molecular device [5-7].

In line with this thought, graphene nanoflakes, which are small
fragments of graphene sheets but can also be regarded as big molecules,
form an interesting playground. It is well known that magnetism is
induced at zigzag edges of graphene [8-11], while a nanoflake can have
short sections of zigzag edges at its perimeter, suggesting a rich variety
of spin interactions depending on the shapes of nanoflakes [12-16].
Indeed, an idea of realizing logic gates by nanoflake shape designs
has already been posted [17,18]. There, a nanoflake based logic gate
is designed by assembling smaller flakes, where each of the smaller
flakes is designed to host a single spin-1/2 state originating from the
existence of zigzag edges. The assembled flake is then regarded as

a network of spin-1/2 states, where each spin acts as an input or
output terminal. In order to realize useful devices, it is essential to tune
interactions between spins. A rough but useful rule is that two spins
living on the same sublattice of the honeycomb lattice tend to have a
ferromagnetic coupling, while those living on the opposite sublattices
tend to have an antiferromagnetic coupling [19,20]. For instance, in
graphene nanoribbons with two zigzag edges at the both sides, spins
on the same edge tend to have a ferromagnetic coupling, while spins
on the opposite edges tend to have an antiferromagnetic coupling, since
the roles of the two sublattices are switched between two edges [8-10].
This tendency has been confirmed in an experiment [21]. (Precisely
speaking, the antiferromagnetic coupling between the opposite edges
was found for relatively thin nanoribbons, and beyond some width
around 7 nm, it switches to the ferromagnetic coupling.)

To modify magnetic properties in finite size graphene, edge ter-
mination is important [22,23]. It has been known that proper edge
decorations can kill the edge states, and so the magnetism [24,25]. For
instance, decorated edges in Fig. 1(a) along the lateral direction are one
typical example of edges without magnetism, though the shown edge
is aligned in the zigzag direction. Note that the unit length along the
lateral direction is tripled from the pristine zigzag case. Nonexistence of
magnetism with the tripled unit cell superstructure can be explained by
a simple resonant theoretic analysis [24]. Or, it can also be understood
by the edge band structure of graphene. It is known that a nearly flat
band appears for the (pristine) zigzag edge of graphene, and the flat
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Fig. 1. Target structures of decorated nanoflakes. (a) Schematic picture of a nanoflake
without port. a stands for the lattice constant of pristine graphene. (b) With a single
port. (¢) Definitions of port names in this paper for two port cases. (d-g) Nanoflakes
with two ports. (d,e) For the case with two ports residing on the same edge (parallel
types). (f,g) For the case with two ports residing on the opposite edges (cross types).

band covers 1/3 of the edge Brillouin zone [26], suggesting that the flat
band can be gapped out to lose magnetism when a superstructure with
tripled unit length is introduced. Interestingly, nanoribbons with the
decoration pattern in Fig. 1(a) have already been fabricated in a bottom
up way [27-29]. Another interesting aspect of the decoration in focus is
that it plays an important role in manipulation of the topological edge
states in the distorted honeycomb lattice model [30,31].

In this paper, we inspect spin-spin interactions in graphene
nanoflakes whose shapes are derivatives of Fig. 1(a). As we have seen,
no spins are expected at the upper and the lower edges in Fig. 1(a).
Also, no spins are expected at the left and the right edges because
the armchair type edge is known to host no magnetism. Then, an
idea of introducing spins into this type of flakes is partially removing
the decoration units at the lateral edges to recover short sections of
pristine zigzag edges. Because one decoration unit per three times of the
original unit length balances with the number of original edge states,
removing one decoration unit leads to recovery of exactly one edge
state, which potentially hosts a single spin-1/2 entity. For convenience,
we name a removed part [i.e., the middle part at the upper edge in
Fig. 1(b)] a port throughout the paper. In the following, we start with
analysis of a flake in Fig. 1(b) as a typical example for single port
cases to check that it really hosts a single spin-1/2 state. After that,
we will move onto cases with two ports, aiming at deriving spin-spin
interactions between two ports. There, we take a flake in Fig. 1(c) as
a starting point. Note that the flake in Fig. 1(c) is longer than the one
in Fig. 1(a) and (b), to see lateral distance dependence up to larger
distance. Meanwhile, the width is reduced to ease the computational
difficulty. In order to specify the target flake structure, we label the
ports at the upper edge by 1 to 6, and the ports at the lower edge by 1/
to 6’ as in Fig. 1(c). Then, the target structure is specified by the labels
of removed decoration units. For clarity, we also classify flakes with
two ports by relative positioning of the two ports. Namely, when two
ports are on the same edge, we call a flake parallel type, while when
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they are on the opposite sides, we call a flake cross type. Following
these rules, the flakes in Fig. 1(d)—(g) are called parallel-12, parallel-14,
cross-11’, and cross-13’, respectively. The names for the other possible
structures can also be deduced straightforwardly.

2. Methods

To investigate structural, electronic, and magnetic properties of the
target flakes, we employ the first-principles density functional theory
(DFT) calculation using OpenMX package [32-35]. In OpenMX, the
localized basis method, in particular, the pseudo-atomic orbital method
is implemented. For the pseudo-atomic orbital method, what is critical
for its accuracy is the number of basis orbitals for each atom. Predefined
pseudo-atomic orbitals are provided by OpenMX package. Here, s2pl
and s2p2d1 type localized basis sets are used for H atoms and C atoms,
respectively. In this naming notations, the letters s, p, and d represent
angular dependence of the localized orbitals (i.e., the spherical harmon-
ics) as usual, and integers associated with them represent numbers of
radial functions for corresponding angular momentum sectors. Since s,
p, and d orbitals contain 1, 3, and 5 harmonics, s2p1 means 5 (= 2+1x3)
localized orbitals for H, and s2p2d1 means 13 (=2x1+2x3+1x5)
localized orbitals for C. We take PBE-GGA as an exchange—correlation
functional [36]. Although the localized basis method is applied, inte-
gration over the space is required to calculate matrix elements for the
Coulomb potential and the exchange-correlation potential, and plane
waves with an energy cutoff of 350 Ry are used to represent charge
density for the integration. In practice, “the space” is taken to be a
L,xL,x L, cuboid box, where (L,, L, L,) = (60, 50,20) A for the flake
in Fig. 1(b), while (Ly,L,,L;) = (75,30,20) A for the flakes derived
from Fig. 1(c), which have a large enough vacuum region around the
flake. In the self-consistent field (SCF) cycles in DFT, the occupation
of the Kohn-Sham orbitals are controlled by the Fermi distribution
function with temperature 300 K. For the structural relaxation, the
convergence criterion is such that the maximum remaining force goes
below 1x 10~* Hartree/Bohr. For the electronic and magnetic structure
analysis, we try both nonmagnetic and magnetic calculations, where for
the magnetic case, spin polarized GGA is adapted. For the calculation
with spins, the SCF cycles are started with C atoms residing in the ports
being spin polarized to see whether the cycles flow into zero or finite
localized spin moments. When there are two ports, we have two choices
for the initial spin polarization of the C atoms in the ports, parallel
or antiparallel, and we try both initial conditions to see the difference
between ferromagnetic and antiferromagnetic couplings. Throughout
the paper, perimeters of the flakes are always hydrogenated not to leave
uncoupled o-electrons in our analysis for stability.

3. Results - Single port

Let us start with the results for the single port case using the flake
in Fig. 1(b). Fig. 2(a) shows the energy spectrum of the Kohn-Sham
orbitals for the nonmagnetic calculation, where the energy is measured
from the Fermi energy. The inset shows the relaxed structure (note
that the hydrogenation at the edge is applied). There appears a clear
gap of order 2 eV between (approximately) continuum valence and
conduction spectra. This gap is originating from the confinement effect
of the finite size flake, and inherited from the case without any ports.
Throughout the paper, we call the gap between the valence continuum
and the conduction continuum the finite size gap for consistency. The
most important feature provided by the port is the in-gap state at
the zero energy, whose wave function (not shown) is localized at the
port. Theoretically, the key to understand the formation of the in-gap
state is the imbalance between the total number of sublattices in the
honeycomb structure. Focusing exclusively on the carbon r-electrons,
and modeling the electronic states by a tight-binding model only with
the nearest neighbor hoppings, it can be proven that if the number of
two sublattices of the honeycomb lattice differs by Ang;,; there should
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Fig. 2. Kohn-Sham energy spectra for (a) nonmagnetic and (b) magnetic cases.
Horizontal axes show eigenstate index. Energies are measured from the Fermi energy.
Insets show (a) the relaxed structure and (b) calculated spin density for the magnetic
case. Note that the perimeter is hydrogenated. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Kohn-Sham energy spectra for several kinds of two port flakes, where
horizontal axes show eigenstate index and energies are measured from the Fermi
energy. Insets show corresponding relaxed structures. (a) to (d) correspond to cross-11’,
cross-13’, parallel-12, and parallel-14, respectively.

arise Ang,,, zero energy states [37]. A simple counting tells us that
introducing one port results in |Angpacl = 1.

With the spin polarization turned on, the resultant energy spectrum
of the Kohn-Sham orbitals is in Fig. 2(b), where the blue and the red
dots are for the up spin states and the down spin states, respectively.
The finite size gap is kept intact by the magnetic effects, while we see
clear splitting of the in-gap zero energy state into a fully occupied up
spin state and a fully empty down spin state, indicating the formation
of the magnetic moment. For simplicity, we name this splitting spin gap
in this paper. The inset of Fig. 2(b) shows the calculated spin density,
confirming the localized nature of the induced magnetic moment. This
proves our expectation that the removal of a single decoration unit
results in a single localized spin-1/2 object.

4. Results — Two ports

Moving onto the two port cases, Fig. 3 shows the Kohn—-Sham energy
spectra obtained in the nonmagnetic calculations for the four selected
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Fig. 4. Minigaps as functions of distance along the zigzag direction (lateral direction
in the pictures for the structures) in the unit of 3a, where a is the lattice constant of
the pristine graphene. The red line for cross types and the green line for parallel types.
The horizontal line in the middle shows the size of the spin gap for the single port
case. Note that the lateral distance zero is not allowed for the parallel types. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

types, cross-11’, cross-13’, parallel-12, and parallel-14, respectively cor-
responding to Fig. 3(a)-(d). (The relaxed structures are shown as the
insets.) We observe that the finite size gaps are nearly the same for the
four cases. This supports a naive guess that the finite size gap depends
only on the overall size of the flake, not on the port positions. On the
other hand, it appears that the in-gap states are sensitive to the relative
locations of the ports. Since we have two ports, two in-gap states are
expected. For convenience, we name the gap between two in-gap states
minigap throughout the paper. We see clear contrast between the cross
types and the parallel types regarding the behavior of the minigaps. For
the cross types [Fig. 3(a) and (b)], there appear sizable minigaps, and
the minigap size depends on the lateral distance between the two ports,
while for the parallel types [Fig. 3(a) and (b)] there are no significant
minigaps irrespective of the lateral distance between the two ports. The
difference can be accounted by Ang,,, inspection. Since the roles of
the sublattices are flipped at the upper edge and the lower edge, the
cross types result in Angp,c = 0, and nothing guarantees the formation
of the zero modes, whilst the parallel types result in |Ang.| = 2,
indicating a tendency to bind two states to zero energy. Tiny deviations
from the zero energies are due to the minor effects such as influences
from orbitals other than the carbon z-orbitals, or long range hoppings.
Fig. 4 shows the lateral distance dependence of the minigaps, where
the red line is for the cross types and the green line is for the parallel
types. For this calculation, one of the ports is fixed at position 1,
meaning that the target flakes are in either cross-1y’ type or parallel-1u
type, where u is a label integer. In order to have an insight for the
formation of localized spins, the spin gap value for the single port case
is indicated by a horizontal line in the middle (slightly below 0.3 eV).
When the minigap exceeds the spin gap, naively, it is preferable to
fill a state at the lower side of the minigap by up and down spin
electrons, rather than to form a finite local spin moment. That is, when
the minigap is larger than the spin gap, no local spin is expected and
vice versa. Fig. 4 suggests that the cross types show a crossover between
the state with localized spins and without localized spins as a function
of the lateral distance between the two ports. On the other hand, we
always expect the formation of localized spins for the parallel types.
Fig. 5 summarizes the total energies obtained in the magnetic
calculations. As in Fig. 4, the horizontal axis is the lateral distance
between the two ports. What we plot is the total energy difference
between the magnetic case and the nonmagnetic case for each flake
type, namely, the energy gain by the formation of the localized spin
moment. As we have noted, two kinds of spin configurations are tested,
antiferromagnetic (AFM) and ferromagnetic (FM). In Fig. 5, the solid
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Fig. 5. Energy gain due to the formation of the localized magnetic moment. The red
lines for the cross types and the green lines for the parallel types. The solid lines for
antiferromagnetic spin configuration and the dashed line for the ferromagnetic spin
configuration. Note that when the energy gain is zero, the local magnetic moment
is calculated to be zero. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

and the dashed lines are for the AFM and the FM configurations,
respectively, and the red and the green lines are for the cross and the
parallel types. For the cross types, the energy gain sticks to zero in
the small lateral distance for both of the AFM and FM cases, which is
consistent with the dominance of the minigap effect. When the energy
gain is zero, the SCF cycles of DFT automatically bring the local spin
moment to zero, namely, the cycle flows into a nonmagnetic ground
state. On the other hand, for the parallel types, the energy gain is
always finite, i.e., always expecting the formation of a localized spin
moment, which is consistent with the negligible minigap effect. The
insets of Fig. 5 illustrate the calculated spin density for the selected
cases with the finite energy gain, which clearly shows localization of
spins as in the single port cases.

When the local spin moment arises, the AFM configurations are
preferred (have lower energy) for the cross types, while the FM config-
urations are preferred for the parallel types. The FM states in the cross
types and the AFM states in the parallel types appear as metastable
states. This is consistent with the knowledge learned from the study of
the zigzag nanoribbons: spin—spin interactions are FM along the ribbon
while they are AFM across the ribbon. (Note that the width of the target
flakes in this paper is about 1.5 nm, way less than 7 nm.) In the large
lateral distance regime, the energy gains for the different types and
the different spin configurations are merged. This is reasonable since
when the two spins are separated by fairly large distances, the spin—
spin interactions are expected to be small and the energy gains are
accounted almost fully by the formation of the isolated localized spins,
which is independent of the cross or the parallel types and the AFM or
the FM configurations.

Then, let us estimate the spin-spin coupling constant from the data
obtained so far. When there are two localized spin-1/2 entities, a
minimal model Hamiltonian is

H=1JS, S, @

where S; is the spin-1/2 operators. Within this treatment, the energy
difference between the singlet state and the triplet state is J, with
J > 0 corresponding to AFM coupling, while J < 0 corresponding to
FM coupling. Although what we obtain in the DFT calculations are not
exactly the spin singlet states and the triplet states, an estimation of
J by the energy difference between the AFM state and the FM state
is expected to be a reasonable approximation. The energy difference
between the AFM and FM configurations are plotted as functions of

Materials Today Quantum 6 (2025) 100041

30 \ \ \ \
cross —e—
15 ’/\'iaﬂd‘—o— B
Z 0 . .
A
~ —15f -
2
', 30} —
S a5t -
S -o0f .
—75¢ 4
—90 I I I I
0 1 5

2
Lateral Distance [3a]

Fig. 6. Energy difference between the ferromagnetic and the antiferromagnetic spin
configuration. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

the lateral distance in Fig. 6, where the red and green lines are for
the cross and the parallel types, respectively. As it should be, the cross
types give J > 0, while the parallel types give J < 0. For the small
lateral distance, the cross types do not develop localized spins, and J
values are meaningless for that cases, but we put zero values just as a
reminder that the magnetism is killed. As the lateral distance becomes
larger, |J| decreases as expected from a naive intuition. The maximum
|J| reaches about 20 meV for the AFM coupling, and about 80 meV for
the FM coupling.

5. Discussion and summary

The origin of the difference between the ferromagnetic and antifer-
romagnetic couplings can be accounted from the theorem in Ref. [37].
There, it is proven that for a repulsive Hubbard model (where the
Coulomb interaction is described by onsite repulsion) on a bipartite
lattice, the total spin of the ground state is |Agpacl/2- Under the
assumption that graphene is modeled by nearest neighbor hoppings
between z-orbitals on a honeycomb lattice and short-range Coulomb
repulsion between electrons, the theorem in Ref. [37] is applicable.
Then, for the cross types with Angy,,, = 0, an antiferromagnetic
coupling is expected between two localized spins to have zero net spin,
while for the parallel types with Ang,,, = 2, a ferromagnetic coupling
is expected between two localized spins to have a spin-1 ground state.
Of course, the assumption regarding the nearest neighbor hoppings
and onsite Coulomb repulsion is not strictly applied, and we need to
confirm this idea by more realistic calculations as has been done in
this manuscript.

To summarize, it is shown that the properly decorated nanoflakes
form an excellent stage for tunable spin-spin interactions. The ferro-
magnetic and antiferromagnetic couplings can be switched by placing
two ports at the same edge or the opposite edges, and the magni-
tude of the couplings can be tuned by changing the distance between
the two ports. By investigating width dependence or different types
of decorations, reachable parameter regime can be extended further.
The proposed scheme is not only for molecular devices, but also for
quantum simulators of one-dimensional quantum spin chains that have
a long history of theoretical and experimental studies, by considering
longer flakes or infinitely long nanoribbons. In this paper, we limit our-
selves to collinear spin configurations, which is reasonable for two port
cases. By introducing more than three ports, there may arise frustration.
Or, by introducing the spin-orbit coupling via proximity to substrates,
rotational symmetry in the spin space is broken. In such cases, we need
to explore more spin configurations (including noncollinear ones) to
obtain true ground states, which can be exotic.

Before closing, we would like to emphasize again that the nanorib-
bons with desired edge decoration have been synthesized [27] at least
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without ports. Not necessarily limited to this specific type of decora-
tion, recent progress in manipulation of graphene edge morphology
is remarkable [38-47]. These developments encourage us to look for
nanoscale spin devices realized by flake shape designs.
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