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Triangular graphene nanoflakes (TGFs), due to their novel magnetic configurations, can serve as

building blocks to design new magnetic materials. Based on spin polarized density functional

theory, we show that the two dimensional (2D) structures composed of zigzag-edged TGFs linked

by 1,3,5-benzenetriyl units (TGFN–C6H3) are ferromagnetic. Their magnetic moments can be

tuned by changing the size and edge termination of TGFs, namely magnetic moments increase

linearly with the size of TGFs, and double hydrogenation of the edge carbon atoms can

significantly enhance stability of the ferromagnetic states. The dynamic stability of the assembled

2D structures is further confirmed by frequency calculations. The characteristic breathing mode is

identified where the frequency changes with the inverse square root of the TGFs width, which can

be used to identify the size of TGFN–C6H3 in Raman experiments. This study provides new

pathways to assemble 2D ferromagnetic carbon materials.

Since the discovery of the giant magnetoresistance effect,1,2

extensive research has been devoted to finding new materials

for spintronic devices. The hotly pursued carbon-based magnetic

materials are potential candidates for such applications.3–7

Unlike conventional spintronic materials where magnetism is

due to d or f electrons, magnetism in carbon-based structures

originates from p electrons, having weak spin–orbit coupling and

hyperfine interactions8 which are the main channels of relaxation

and decoherence of electron spins. These properties together

with the remarkable electronic and mechanical properties of

carbon-based materials make them promising for transport of

spin-polarized currents as well as for spin-based quantum

information processing. Among the diverse carbon-based nano-

structures, graphene nano ribbons (GNRs), carbon chains (CCs)

and triangular graphene nanoflakes (TGFs) have recently

attracted considerable attention due to their novel electronic

and magnetic configurations.9–23 It has been found that the

two opposite edges of GNRs show antiferromagnetic (AFM)

coupling,9–13 and a finite CC with even (with bare ends) or odd

(with hydrogenated ends) number of carbon atoms only has a

total magnetic moment of 2.0 mB regardless of its length.14,15

From the point of view of ferromagnetism and tunability, zigzag-

edged TGF is unique. Different from GNRs, the magnetic

moments at its three edges are coupled ferromagnetically.16–22

It also differs from CCs, the total magnetic moment of TGF can

be tuned by changing its size and it obeys Lieb’s theorem.24 Such

novel properties promote the TGFs as promising building blocks

for new magnetic carbon-based structures. However, the

challenge is how to assemble the TGFs with long range ferro-

magnetic order for practical applications. A possible paradigm in

this direction, following the strategy used in organic magnetic

materials, is to use ferromagnetic coupling (FC) units to link the

TGFs. In organic chemistry, 1,3,5-benzenetriyl is a well-known

FC unit for versatile ferromagnetic (FM) structures.25 Thus, a

question arises: does this FC unit work for the TGFs to achieve a

long range ferromagnetic order? In this paper, with the aim of

designing ferromagnetic porous carbon-based materials, a first

principles study of geometries, electronic structures, vibrational

and magnetic properties of the 2D periodic structures composed

of zigzag-edged TGFs and 1,3,5-benzenetriyls with and without

hydrogen terminations has been performed. We show that the

assembled structures are all FM, and their magnetic moments

can be tuned by changing the size as well as the edge termination.

In experiments, TGFs have been fabricated by cutting graphene

sheets with electron beam irradiation and etching techniques.26,27

The 2D TGFs based porous structures theoretically designed

here could be obtained by various advanced cutting techniques.

A 2D structure unit cell has been generated using one

zigzag-edged TGFN as a spin-containing component and one

1,3,5-benzenetriyl (C6H3 ring) as a FC linker, having them in

the same plane (defined as the x–y plane) and introducing 12 Å

vacuum space along the z direction to prevent the unit cell to

interact with its image. The periodic porous geometry is

schematically plotted in Fig. 1(a), where the number (N) of

hexagons along one edge of the TGF is used to identify the

unit cell size, labeled as TGFN–C6H3. To study the magnetic

coupling between the unit cells, a supercell consisted of the

2 � 2 unit cells is used. The equilibrium structures, the total
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energies, and the electronic and magnetic properties were

calculated using the spin polarized density function theory

and the Vienna ab initio simulation package (VASP).28 The

exchange and correlation potentials were computed by using

the generalized gradient approximation (GGA) with PBE

form.29 All the atoms were fully relaxed by using a conjugate-

gradient algorithm. The convergence for energy and force is

0.01 meV and 0.001 eV Å�1, respectively, and the energy cutoff

was set as 400 eV. For the Brillouin zone sampling, (13 � 13 � 1)

to (3 � 3 � 1) (the number is reduced gradually by integer 2)

Monkhorst–Pack k-point meshes were used for the unit cells

with size N from 2 to 7, respectively. For each of the supercells

(N = 2 to 7), we computed the total energies corresponding to

both the FM andAFM spin alignments. The energy differenceDE
between the FM and AFM states, defined as DE= EAFM� EFM,

was calculated to determine the preferred magnetic coupling. The

phonon frequencies at the G point are obtained by the ab initio

force constant method,30 the Raman spectrum is calculated by the

empirical bond polarizability model.31,32

In order to determine the most stable hydrogenated edge

structure of a zigzag edged TGF, we calculated the C–H

termination formation energy eH, which is defined as:

eH ¼ 1
NH
ðEtotal � E0 � NH

2
EH

2
Þ, where Etotal is the total energy

of the edge hydrogenated TGF, E0 is the energy of the bare

TGF, EH2
is the energy of a single H2 molecule, and NH is

the number of H atoms in the hydrogenated TGF. We have

considered several different types of edge terminations, including

bare (note as z0), single (z1), double (z2) hydrogenations and two

more complicated edge structures, namely z211 (one doubly

hydrogenated edge-site and two singly hydrogenated adjacent

edge-sites) and z121 (one doubly hydrogenated edge-site and

two singly hydrogenated separate edge-sites). Taking the TGF3

as an example, we found that the z111 edge structure of the TGF3

has the lowest formation energy, which is different from the

situation in GNRs, where the z211 type hydrogenation is the

most stable edge structure.33 The formation energies of the z211
and z121 edge structures of TGFs are higher than that of the z111
type structure by 0.60 and 0.57 eV H�1, respectively. Therefore,

in this study we have used the three ideal edge terminations,

namely the z0, z1 and z2 edge types to study the effect of edge

termination on the magnetic properties of the assembled TGFs

structures. We have also changed the size N of TGFNs from

2 to 7 to explore the size dependence.

We began with the analysis of geometrical structures of the

assembled TGFN–C6H3 (N = 2 to 7). In a zigzag-edged

TGFN, the carbon atoms at the edges with dangling bonds

are defined as A sites, and their neighboring sites are defined as

B sites. The numbers of A and B sites in the TGFN are given

by: NA = (N2 + 5N)/2, NB = (N2 + 3N + 2)/2, respectively.

There are 2N C–C bonds (b1) in one zigzag edge which are

connected with the inner carbon atoms by (N � 1) bonds (b2),

as shown in Fig. 1(a). Geometry optimization and total energy

calculations were carried out for all the structures. The

changes of calculated bond lengths of b1 and b2, labeled as

db1 and db2, respectively, with respect to the C–C bond index

along the width direction for the singly and doubly hydro-

genated TGFN–C6H3 are plotted in Fig. 1(b). We note that

both db1 and db2 are quite different in these two different

hydrogenated systems due to having different sp2 and sp3

hybridized edges, respectively. For the singly hydrogenated

systems, the two end bond lengths of db1 and db2 are smaller

than those in the middle bonds excepting the smaller structures

with N = 2 and 3, where db1 is smaller than db2. While the

inside C–C bond length is not sensitive to edge hydrogenation

and is close to that of 1.42 Å in graphene sheets. On the other

hand, for the doubly hydrogenated frameworks, the two end

bond lengths are larger than the middle bonds (not including

N = 2 and 3, either), and db1 is larger than db2. This is because

that sp3 hybridization significantly elongates the bond length

of the b1 bond (in the range of 1.48–1.50 Å) but decreases the

length of the b2 bond. For the bare-edged systems, db1 (db2) is

decreased (increased) by about 0.02 Å, as compared to those in

the singly hydrogenated structures.

We then studied the magnetic properties of the 2D struc-

tures. It was found that all the systems are magnetic, and each

of them carries a magnetic moment that is linearly increased

Fig. 1 (a) Geometric structure of the assembled TGF3–C6H3. The

rhombus consisting of dashed lines represents a unit cell. w and N are

the width and number of hexagons along one edge, and b1 and b2
stand for the edge and inner bonds of the TGF, respectively. (b) Bond

lengths of b1 and b2 corresponding to the C–C bond index along the

width direction for the singly (hollow symbols) and doubly (solid

symbols) hydrogenated TGFN–C6H3 (N = 2 to 7) structures.

Table 1 Total magnetic moment (in mB/unit cell) for the 2D
TGFN–C6H3 (N = 2 to 7) structures with the different edge
terminations

Size N 2 3 4 5 6 7

Bare 7 11 15 19 23 27
Single H 1 2 3 4 5 6
Double H 5 7 9 11 13 15
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with the size N and depends on the edge terminations. The

magnetic moments for the systems with different size N and

different hydrogenated edges are listed in Table 1. For the bare,

singly and doubly hydrogenated systems, the total moments

are found to be (4N � 1), (N � 1) and (2N + 1) mB per unit

cell, respectively. This is because for the bare-edged structures,

the 3N edge C atoms have sp hybridization, resulting in 3N

dangling bonds. Each of them contributes a moment of 1 mB.
Therefore, the total magnetic moment is (NA � NB + 3N)mB,
i.e. (4N � 1)mB. For the singly hydrogenated systems, all

the C atoms are in sp2 bonding similar to those in graphene.

The difference between the number of C atoms at A and B

sites is: (NA � NB) = (N � 1). Accordingly, the magnetic

moment is (N � 1)mB. While the double hydrogenation turns

the edge states into sp3 hybridization, which have no contribution

to the magnetic moment. This leads to a total moment of

|NA � NB � 3N|mB, i.e. (2N + 1)mB.
To further study the magnetic coupling between the unit

cells, we calculated the energy difference DE between the FM

and AFM spin alignments for all the systems studied above.

The calculated results are given in Fig. 2(a). It was found that

the FM state always has lower energy than the AFM one for

all the configurations. DE shows little dependence on the size

N, but it is sensitive to the edge termination. For the bare and

singly hydrogenated systems, DE is small and is in the range of

5–10 meV per unit cell. The FM states, however, lie lower in

energy by about 0.2 eV per unit cell than the AFM ones for the

doubly hydrogenated structures. We see that the double

hydrogenation significantly enhances the magnetic stability

of the structures.

We then explored the origin of the different magnetic

behaviors. To this end, we plotted the spin density iso-surfaces

of the TGF3–C6H3 with the different edge terminations, as

shown in Fig. 3. We see, although the magnetic moment for all

the structures mainly comes from the 2p orbitals of C atoms,

for the structures with the bare and singly hydrogenated

TGFs, the net spin density is mainly localized on the A sites

of TGFs and the spins on B sites are small. Since the 1,3,5-

benzenetriyl connects the TGFs through B sites, accordingly

the induced spin polarization on the FC unit is weak [see

Fig. 3(a) and (b)], and the energy difference DE is small.

However, the situation is different in the doubly hydrogenated

system, where the B sites carry large magnetic moments, which

strongly polarize the FC units [see Fig. 3(c)]. Therefore, the

FC unit becomes more effective in mediating the magnetic

interaction between the TGFs, resulting in the large energy

difference DE. We also note that the spins at B sites always

polarize antiferromagnetically the C atoms at 1,3,5 sites in the

1,3,5-benzenetriyl unit, leading to the spins at 2, 4, 6 sites of

the unit parallel to those at the B sites. In this way the FM

coupling between the TGFs is achieved.

The band structures and density of states (DOS) of the

newly designed 2D structures were also calculated, as shown

in Fig. 4, to gain a deeper understanding of the magnetism.

The difference between the singly and doubly hydrogenated

systems can be seen clearly. Fig. 4(a) shows that in the singly

Fig. 2 Changes of energy difference DE (a) and band gap (b) with

respect to the size N for the assembled 2D structures with different

edge hydrogenations.

Fig. 3 Calculated spin density (rm � rk) iso-surfaces of the 2D assembled structure with the barely (a), singly (b) and doubly hydrogenated

(c) TGF3–C6H3.
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hydrogenated system, there are two-split bands near the Fermi

level EF that are dominated by the C 2p orbitals of the TGFs.

The 1,3,5-benzenetriyl has minor contribution to the bands.

Accordingly its ability of mediating the magnetic coupling

between the TGFs is weak. While for the system with doubly

hydrogenated edges [see Fig. 4(b)], there are seven spin-split

bands near the EF, which are governed by the 2p orbitals of C

atoms on both the TGFs and the 1,3,5-benzenetriyl. The

partial DOS shows that in addition to the 2p orbitals, the

s orbitals of H atoms in the TGFs also make small contributions

to the bands near EF. Thus, the s–p and p–p orbitals hybridi-

zations make the 1,3,5-benzenetriyl play the role of FC unit in

mediating the magnetic coupling between the TGFs, leading to

the strong FM coupling. Furthermore, we also found that all

the calculated structures have similar split bands and they are all

direct-band-gap semiconductors. The change of band gap with

size N is plotted in Fig. 2(b). For a given size N, the band gap

increases going from bare to single and double hydrogen

terminations. It is in the range of 0.10–0.35, 0.60–0.74, and

0.79–0.87 eV for the bare, singly, and doubly hydrogenated

systems, respectively.

Finally, we have calculated the frequencies of phonons at

the G point for all the assembled 2-D structures (N= 2 to 7) to

determine their stability. Not any unstable mode was found.

Therefore, all the structures are dynamically stable. Based on

the frequency calculations, we further studied their Raman

Spectra, which is well known as an ideal technique to study the

geometrical and physical properties of materials because of its

nondestructive advantage. The calculated Raman spectra for

the structures with their edges in doubly hydrogenated are

given in Fig. 5(a). It shows clearly that there is a characteristic

mode, in which the frequency decreases with increasing the

size N. The corresponding atomic displacement (N = 3 as an

example) and the frequency changes with respect to the inverse

square root of TGFs width (1=
ffiffiffiffi

w
p

, w in Å) are plotted in

Fig. 5(b) and (c), respectively. We see that this peculiar mode

corresponds to the unitary in-plane vibration which is similar

to the radial breathing mode (RBM) of single-walled carbon

nanotubes.34 Here, we define this peculiar mode as in-plane

Fig. 4 Band structures and the corresponding partial DOSs of the 2D

structures with the singly (a) and doubly (b) hydrogenated

TGF3–C6H3. Dark and light lines in band structures (left) represent

spin up and spin down, respectively. The subscripts T and R in partial

DOS (right) are for the contributions from the TGF and the C6H3

ring, respectively.

Fig. 5 (a) Non-resonant Raman spectra of the doubly hydrogenated TGFN–C6H3 frameworks (N = 2 to 5). The breathing modes are labeled

with red stars. (b) Atomic displacement of the breathing mode. The solid arrows represent the vibrational vectors. (c) Breathing mode frequency vs.

the inverse square root of TGFs width w for the different edge hydrogenations.
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breathing mode (BM). It was found that the changes of the

BM frequencies in bare and singly hydrogenated structures are

nearly in a same line, and their frequencies are larger than

those of the doubly hydrogenated ones. We find that the

changes of frequencies with the width w can be fitted by

o ¼ a=
ffiffiffiffi

w
p
þ b, here o and b are in the unit of cm�1, w is in Å,

and a is in cm�1 Å1/2, namely

o ¼ ð2038:78=
ffiffiffiffi

w
p
� 200:54Þ (for the bare/single hydrogenation)

o ¼ ð1878:81=
ffiffiffiffi

w
p
� 172:75Þ (for the double hydrogenation).

The difference between them is caused by the elongation of

C–C bonds due to sp3 hybridization in edge states of the

doubly hydrogenated structures. The elongated C–C bonds

decrease the force constants of the TGFN–C6H3 and results in

the smaller slope and frequencies. Therefore, the BM frequency

is useful to determine the structure of TGFN–C6H3.

In summary, we have investigated the geometries, electronic

structures, magnetic properties, dynamic stability and Raman

spectra of the assembled 2D porous structures using the TGFs as

building blocks and the 1,3,5-benzenetriyl units as linkers. We

find that the resulting systems are FM semiconductors with the

band gaps changing from 0.1 to 0.9 eV. Edge termination can

tune the strength of magnetic coupling between the TGFs. The

1,3,5-benzenetriyl unit becomes more effective in mediating the

magnetic coupling when the edges of TGFs are doubly hydro-

genated. The frequency calculations confirmed that the assembled

structures are dynamically stable. In addition, the linear relation-

ships are found for the change of magnetic moment with size N

and the change of BM frequency with the inverse square root of

TGFs width w. The long-range ferromagnetism together with the

kinetic stability, flexible tunability, and the homogenous porosity

makes the assembled structures very promising in many potential

applications. The present study provides theoretical insight into

the applications of the novel graphene nanoflakes in design of

new magnetic materials. We hope it can stimulate further experi-

mental studies.
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