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Intrinsic magnetism in penta-hexa-graphene: A first-principles study
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Recently, several monolayer carbon allotropes have been proposed. The magnetic properties of these metal-free
materials are investigated, and we explore a special type of all carbon system having an intrinsic magnetic ground
state. The structure is composed of mixing pentagonal and hexagonal rings of carbon atoms, such that the unit
cell consists of eleven atoms, where two C atoms each have an unpaired electron each with a local magnetic
moment. The antiferromagnetic (AFM) state has a lower energy than the ferromagnetic (FM) one. However, a
strain-driven transition to the FM ground state is possible. The application of strain not only lowers the energy of
the FM state but it also induces an energy barrier of about 13 meV/(magnetic atom) to protect the FM state from
excitation. Our findings based on first-principles calculations will motivate other works on similar metal-free
magnetic monolayer materials and will have an impact on their possible applications in spintronic devices.
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I. INTRODUCTION

More and more two-dimensional (2D) crystal materials
with distinct properties are predicted and synthesized. Es-
pecially, graphene [1,2] and its derivatives [3,4] are under
intensive research to either modify their known properties
or to increase their functionality. Considering the very low
spin-orbit coupling and long spin relaxation time in these
systems, substantial effort has been devoted to the induction of
magnetism in these metal-free materials with the aim for future
spintronic devices [5,6]. Intrinsic magnetism in graphene is
absent, but extrinsic magnetism has been achieved by means
of partial hydrogenation [7,8], foreign atom substitution [9,10],
and the introduction of defects [11,12].

Three types of orbital hybridization are usually found in
carbon allotropes, namely sp, sp2, and sp3. While graphene is
made of a network of sp2 hybridized atoms connected through
σ and π bonds of pz orbitals, diamond is exclusively held
together by σ bonds between sp3 bonded atoms. Another
class of carbon allotropes is formed by the graphynes and
graphdiynes [13,14]. These flat materials contain a mixture
of sp and sp2 hybridized C atoms. Structures containing a
mixture of sp2 and sp3 atoms, such as penta-graphene [15],
have been studied [16–18] as well. This last structure contains
a mixture of threefold and fourfold coordinated C atoms. This
leads to a distorted structure with nonideal bond angles that
has higher formation energy than the nondistorted graphene
and diamond crystals with their ideal planar and tetrahedral
bonding geometry. Therefore, a system with a local bond
structure resembling that of graphene or diamond will have
lower energy.

None of the above mentioned materials are magnetic
because they contain only paired electrons. Local magnetic
moments usually originate from lone electrons that are not
involved in chemical bonding. Single atomic defects such as
vacancies break covalent bonds and create lone electrons that
give rise to magnetism. It is interesting to investigate whether
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a structural modification with a proper mixing of three- and
fourfold coordinated C atoms can lead to local magnetic
moments in a stable crystalline structure. In this paper we
propose such a type of 2D carbon allotrope with nontrivial
magnetic properties. This structure is composed of a mixture
of pentagonal and hexagonal rings of carbon atoms and will be
called penta-hexa-graphene (ph-graphene). This material has
an antiferromagnetic (AFM) ground state which transforms
to a ferromagnetic (FM) state under strain. The latter state
is protected by a small strain-induced energy barrier. These
findings can initiate further research to induce magnetism
and spin-flip barriers through strain in other metal-free 2D
materials.

Recently, Zhang et al. [19] reported our proposed structure
in their supplementary materials. These authors discussed the
possibilities of the experimental realization of this type of
structure from C36 quasi-2D membranes. However, a detailed
study of the physical properties, especially the magnetic
properties, of our proposed structure was not reported. The
effect of strain on the magnetic properties was also not
investigated in Ref. [19].

II. COMPUTATIONAL DETAILS

Our first-principles calculations are based on spin-polarized
density functional theory as implemented in the Vienna
ab initio simulation package (VASP) [20]. The cutoff energy
for the plane-wave basis used to expand the wave functions is
set to 500 eV. This is large enough to guarantee the convergence
of the relative energy differences between different ground
states. The projected augmented wave (PAW) method [21] is
used to describe the wave functions. Exchange-correlation in-
teractions are described with the generalized gradient approx-
imation (GGA) within the Perdew-Burke-Ernzerhof (PBE)
formulation [22,23]. The Brillouin-zone sampling is done
with a 15 × 15 × 1 k-points mesh for monolayer structures.
A vacuum space of 25 Å is included to simulate a monolayer
environment. The self-consistency convergence criterion for
the total energy is set to 10−8 eV. The ionic optimization
criterion for the atomic forces is set to 10−7 eV/Å. These high
criteria are required to perform accurate phonon calculations.
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FIG. 1. Atomic structure of a 2 × 2 supercell of monolayer ph-
graphene. (a) Top view with hexagonal and pentagonal rings marked
with red and yellow color, respectively; (b) Side view of the buckled
structure (visualisation using VESTA [25]).

These phonon calculations are done in a 3 × 3 × 1 supercell
with the Phonopy code [24].

III. STRUCTURAL, ELECTRONIC PROPERTIES,
AND STABILITY

The structure of the proposed 2D material is schematically
shown in Fig. 1. It consists of hexagonal rings of C atoms
surrounded by six pentagonal rings which share one edge with
the hexagon and four with other pentagons. These hexagonal
and pentagonal rings are arranged in a hexagonal lattice to
form an infinite monolayer sheet. Considering the complex
structure of this system, it is important to understand the
hybridization of the electronic orbitals. For this, we calculate
the hybridization index of the three C atoms that have a unique
local environment, namely C1, C2, and C3 in Fig. 2, through
Coulson’s theorem: 1 + √

n1n2cosθ12 = 0, where θ12 is the
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FIG. 2. Bond angles in the unit cell of monolayer ph-graphene.

TABLE I. Orbital hybridization indices of the C atoms in ph-
graphene.

Orbitals

Atom ϕ1 ϕ2 ϕ3 ϕ4

C1 2.00 2.00 2.72 14.58
C3 3.11 3.11 3.11 2.70

interorbital angle between orbital 1 and 2 (see Fig. 2) and n

is the hybridization index. n corresponds to the index in the
spn notation and determines the relative fraction of p orbitals
with respect to the s orbital. The sum of the s fractions in all
hybridized orbitals should equal 1, while it should be 3 for the
sum of the p fractions.

In Table I, we list the hybridization indices n of the C1
and C3 orbitals which are denoted as ϕi , where i is the
index for different orbitals. The C1 atom has two sp2 orbitals
with 120◦ interorbital angle and one sp2.72. The latter gives
rise to a partly buckled structure. The fourth C1 orbital has
a large p contribution, indicating that it is close to a pz

orbital with little s contribution, and induces π bonding in the
hexagonal rings. The C2 atoms have fourfold coordination and
their hybridization should be close to sp3. Due to geometric
constraints, the bonds have strained angles [26]. Finally, the
C3 atom has four quasi-sp3 orbitals of which three are used for
nearest-neighbor σ bonding. The electron in the fourth orbital
remains unpaired and can give a local magnetic moment of
1 μB (Bohr magneton). There are two C3 atoms per unit cell
which form a graphenelike subcrystal. The maximal magnetic
moment per unit cell is therefore 2 μB if the system is
ferromagnetic. However, when we align these two magnetic
moments antiparallel, the total energy is lowered by 12 meV
per magnetic atom, which gives an AFM ground state.

In comparison to penta-graphene, ph-graphene has a
76 mev/atom lower formation energy. However, it is about
0.9 eV/atom higher than that of graphene. These results
are consistent with the ones from Zhang et al. [19]. The
relatively high formation energy of ph-graphene as compared
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FIG. 3. Phonon dispersion relation of monolayer ph-graphene.
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FIG. 4. Electronic band structure of monolayer ph-graphene of the (a) AFM and the (b) FM state. The charge densities at the VBM and
CBM in the unit cell are shown as insets. The arrows on the atoms indicate the orientation of their magnetic moments.

to graphene can be mainly attributed to the “bent” bonds of
the C2 atoms due to geometric constraints.

To check the dynamical stability of the ph-graphene
structure, we calculated its phonon spectrum (see Fig. 3). Since
there are no imaginary frequencies, we can conclude that the
structure is dynamically stable.

The electronic band structure and the charge densities at
the valence band maximum (VBM) and conduction band
minimum (CBM) are shown in Fig. 4. Both the FM and
AFM states exhibit indirect semiconducting character with
a band gap (PBE) of 1.06 eV and 0.96 eV, respectively.
The band edge states are mainly located on the magnetic
atoms and the band gap separates states of opposite spin
orientation. The hybridized ϕ4 states (see above) on these
atoms form a π bonding network that resembles the pz π

bonding in graphene. For the FM state, the typical graphenelike
band structure that results from this can be observed for the
valence and conduction bands. These bands are separated
due to the ferromagnetic exchange splitting in spin-up and
spin-down states with a large gap in between. Note that the
splitting between bonding and antibonding states at the �

point is strongly reduced with respect to graphene because
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FIG. 5. The transition of monolayer ph-graphene between the
AFM and the FM state under strain.

of the larger interatomic distance separating the C3 atoms
(3.1 Å in ph-graphene vs 1.4 Å in graphene). Due to this
increased bonding distance, the exchange interaction exceeds
the bonding interaction and the system is magnetic in stark
contrast to graphene where the π bonding is much stronger.

IV. EFFECT OF STRAIN: AFM-FM TRANSITION

Strain is an effective way to modulate the electronic
properties of materials. There are different ways to induce
strain in 2D materials. Roldán et al. [27] have given a
comprehensive review on strain engineering of 2D materials,
both from experimental and theoretical views. Here, we apply
biaxial strain to our structure and monitor how the total energy
of the different magnetic phases change, see Fig. 5. We find
that an AFM to FM transition occurs for both compressive
and tensile strains of approximately 6% and 8%, respectively.
Therefore, strained structures of this kind can give an FM
ground state, which is more beneficial for applications. The
variation of the band gap under strain is plotted in Fig. 6.
Both the FM and the AFM band gap has a similar qualitative
behavior with a small quantitative difference between the
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FIG. 6. Band gap variation of AFM and FM monolayer ph-
graphene under strain.
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FIG. 7. AFM to FM transition through spin-flip in monolayer
ph-graphene.

two magnetic phases. Tensile strain decreases the band gap
monotonically up to 10%, while compressive strain gives a
nonmonotonic behavior due to band crossings. From −5% to
10% strain, CBM and VBM are located at the � and K high
symmetric k points, respectively, while two transitions of the
location of the VBM happen below −5% strain. First, it is
shifted to the � k point from the second highest valence band
around −8% and then shifted to the � k path between the �

and M k points at −9%.
As a final property of the two different magnetic ground

states, we study the energy barrier for the transition from
the FM to AFM state through spin flipping. This calculation
is realized by constraining the magnetic moment through a
penalty contribution to the total energy in VASP, and rotating
one of the moments stepwise through 180◦. In this way an
energy profile from FM to AFM can be obtained (see Fig. 7).
The rotation of the magnetic moment was carried out along
two different planes, one along the zigzag direction and the
other along the armchair direction, but the difference in the
energy profile is negligible.

Without strain, there is almost no energy barrier for the
transition from the FM to AFM state. However, if the structure
is under a 9% tensile strain, in which case the FM state is the
ground state, an energy barrier of about 13 meV per magnetic
atom has to be overcome to reach the AFM state. This is much
larger than the energy barrier from the AFM to the FM under
the same strain, which is about 3.3 meV per magnetic atom.
This calculation informs us about the stability of each magnetic
state and the possibility to form a paramagnetic state. We found
that both magnetic states are stable and that there is no tendency
to form a noncollinear magnetic moment orientation.

V. SUMMARY AND CONCLUSIONS

In this paper, we proposed a type of stable monolayer carbon
allotrope composed of pentagonal and hexagonal rings of
carbon atoms. We explained the symmetry and the structure of
the bonds that result in local magnetic moments. By comparing
the total energy of the FM and AFM state, we conclude
that the latter is the ground state.

We discovered a strain-driven magnetic ground state tran-
sition from AFM to FM around 6% compressive strain and
8% tensile strain. The energy as a function of angle between
two local magnetic moments is calculated to study the energy
barrier for the transition between FM and AFM. While an
energy barrier of about 13 meV/(magnetic atom) was found
that protects the AFM ground state in the pristine case; it is
protecting the FM ground state when the system is under 9%
tensile strain. Our theoretical calculations give insight into
the magnetic mechanism in this metal-free material, which
can initiate further work on the exploration of the magnetic
properties of other 2D metal-free material.
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