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a b s t r a c t

Doping with transition metal elements is an effective method to introduce magnetism in graphene,
which could enable future graphene-based spintronic devices. Motivated by the recent experimental
observation of a stable single layer iron membrane embedded in graphene perforation, we investigate
the electronic and magnetic properties of the Fe-nanostructure-embedded graphene system based on
first principles calculations. The results demonstrate that strain could lead to dramatic changes in the
magnetic configurations for both small Fe clusters bonded to the edge carbon atoms of graphene
perforation and the single layer Fe membrane fully embedded in the graphene layer. For optimal doping,
a delicate balance can be achieved, which leads to a half-metallic electronic structure. This work suggests
an easy and effective method to introduce and tune the magnetic properties of graphene, which offers a
new direction for the development of future graphene-based spintronic devices.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In the past decade graphene has attracted tremendous atten-
tions thanks to its novel electronic and magnetic properties [1e5].
Besides its potential applications in nanoelectronics, new type of
spintronic [6] devices has also been proposed, which may enable
information storage, processing and communication at a faster
speed, and with a lower energy consumption than conventional
electronics [7]. Besides, the carbon-based spintronic devices may
have an obvious advantage of long spin relaxation time because of
the weak spin-orbit coupling (SOC) [8,9]. Doping transition-metal
(TM) atoms in graphene is a straightforward way to make the
spintronic application of graphene possible. Many theoretical
[10e12] and experimental [13e15] studies have been focused on
the transition-metal (TM)-atom-decorated graphene. Kra-
sheninnikov et al. [11] reported that most of the TM metals
embedded in graphene will introduce magnetic moments with
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strong bonding interaction. Based on high-resolution transmission
electron microscopy, Gan et al. [15] and Cretu et al. [16] etc., have
observed that the TMmetals bond strongly with graphene vacancy,
suggesting it is an ideal stable candidate for future quantumdevices
applications. However, only separate and dispersed TM atoms were
considered for all the above situations, which may present a limit
on the magnetic moment, ferromagnetism, and the stability of the
TM-dispersed graphene.

Zhao et al. [17] found that by electron-beam irradiation, Fe
atoms can seal entirely small perforations in graphene and form a
monolayer iron membrane. This is the first time to realize free-
standing single-atom-thick Fe membrane, moving forward poten-
tial application of graphene in the fields of future spintronics and
quantum information devices, due to the higher magnetic moment
than its bulk counterpart, and a large perpendicular magnetic
anisotropy [18], and so on. However, the magnetism for the
embedded Fe-cluster/Fe-membrane in the graphene layer has yet
to be comprehensively explored, which is central for the applica-
tion of future spintronic devices.

Focusing on the Fe-nanostructure-embedded graphene layer,
here we study the electronic and magnetic properties of these
structures. Starting from two Fe atoms bonding to the edge carbon
atoms of graphene perforation, we have investigated the Fe-
graphene composite system by increasing the number of Fe
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atoms gradually, until the graphene perforation is filled completely
by a freestanding Fe membrane. We found that large magnetic
moments can be introduced by the Fe atoms and the neighboring C
atoms. Our results show that the applied critical biaxial strain can
change the total magnetism of the Fe-nanostructure-embedded
graphene system dramatically. Interestingly, the magnetic
moment will change abruptly more than once with increasing
strain for the case of Fe membrane embedded in graphene. This
provides a viable method to control the magnetic properties of
graphene by strain for future spintronics, where the reliable control
of the magnetic moment is a key step. Moreover, the combined
system of iron cluster embedded in graphene perforation can be a
half-metal, which afford an alternative method for achieving spin-
polarized properties in graphene layer.

2. Methods

The density function theory calculations were performed to
investigate the magnetic moments and electronic properties of the
Fe-nanostructure-embedded graphene system using Vinnea Ab-
initio Simulation Package (VASP) code. The projector augmented
wave (PAW) pseudopotentials are adopted to describe the core-
electrons interaction, and the Perdew-Burk-Ernzerhof (PBE) func-
tional is adopted to describe the exchange and correlation poten-
tials, which were proved to be correct to describe the TM-graphene
systemswell [11,19e21]. The cutoff energy 420 eV is used to expand
the plane wave wavefunctions. The special points sampling inte-
gration over the Brillouin zone is employed by using the
Monkhorst-Pack method with a 2 � 2 � 1 K-point mesh. In the slab
model, vacuum distance is about 20 Å between graphene plane. The
force tolerance for geometry optimization is 0.01 eV/Å for the
relaxed atoms. In addition, the Hubbard U corrected GGA calcula-
tions (GGA þ U) [22] were performed to describe the partially
localized Fe d orbitals, using the structure of Fe bonded with gra-
phene hole edge as an example.

3. Results and discussions

When there are not enough Fe atoms to form themembrane, the
Fe atoms will preferentially bond with the graphene edge, as
observed in the experiment [14,23]. Fig. 1(a) shows the calculated
ball-and-stick models of two Fe atoms bond with the hole edge of
graphene. The system is magnetic with a total magnetic moment of
6 mB in this system. The distribution of magnetization density of this
system as shown in Fig. 1(a) indicates that the magnetization
mainly comes from the Fe atoms and partially from the adjacent
carbon atoms. Since the collinear calculations have been carried out
here, we anticipate that the adjacent C atoms’ magnetic moments
are parallel and antiparallel to Fe atoms’ magnetic moments,
depending on the electronic environment of each carbon. Fig. 1(b)
shows the corresponding band structure of this system. The spin-
up and spin-down state is non-degenerate, and both spin-up and
spin-down states have no band gap.

Fig. 2(a) shows the ball-and-stick models and the spin density
distribution for the configuration of four Fe atoms bondingwith the
periphery carbon atoms of graphene hole. It exhibits a magnetic
state too with a total magnetic moment of 12 mB, twice than that of
the previous. The spin density (Fig. 2(a)) in this case is mainly from
embedded Fe atoms and adjacent C atoms, similar to the previous
structure in Fig. 1(a). It is found that the distance dependence of the
magnetic moment of carbon atoms around Fe nanocluster shows a
trend like Friedel Oscillation. The corresponding band structure in
Fig. 2(b) shows a gapped Dirac-cone like state denoted by the red
and black dot. The partial charge densities in Fig. 2(c) and (d)
indicate that the gapped Dirac-cone like state mainly comes from
graphene and the d orbital of Fe atoms as shown in the distribution
of partial charge densities. Fig. 2(e) shows the perspective view of
the charge density in Fig. 2(d). Besides, only the spin up state is
conductive around the Fermi level, and there is a gap for the spin
down state as shown in Fig. 2(b). The system is half-metal for this
configuration, suggesting an alternative method for achieving sin-
gle spin device.When a smaller HubbardU (U� 2) term is included,
the system is still half-metallic. However it will not be half-metallic
when a larger U term is considered. Nevertheless, the magnetic
moments of the system are still 12 mB, not influenced by different U
value persisting with our conclusions.

The strain effect for four iron atoms embedded graphene hole is
studied. For the initial structure to be relaxed, we set a deviation of
0.1 Å out of the graphene plane for the Fe atoms, to take into ac-
count the possible undulation when compressed [24]. The strain-
dependent magnetic moments are shown in Fig. 3(a). A biaxial
strain b is defined here as b ¼ Da

a � 100%, where a is the lattice
constant of graphene. The positive/negative b means the Fe-
embedded graphene system is under tensile/compressive strain.
When there is no strain applied on the system, the total magnetic
moment of this system is 12 mB, about 0.113 mB per atom. When a
biaxial compressive strain b is applied for the system, the magnetic
ground state changes to lower spin state (0.075 mB per atom)
abruptly at the strain of b ¼ �2%. The abrupt decrease in the
magnetic moments of this system indicates that the iron-
embedded graphene hole can be used as strain-mechanical mem-
brane resonator [25].

Since the carbon atoms with magnetic moment are symmetric
with respect to the vertical direction, all these periphery C atoms of
graphene hole are classified into two types, C1 and C2, as shown in
the inset of Fig. 3(d). Themagnetic moment of each Fe and C2 atoms
decreases sharply at b ¼ �2%, as shown in Fig. 3(c) and (d). The
magnetic moments of C1 atoms increase at b ¼ �2%, but the vari-
ation is small in comparison to the Fe atoms and C2 atoms. For the
states of b � �1% or b � �2%,the magnetic moment of Fe and C
atoms change in the opposite trend, so the total magnetic moments
remain the same for these states. We can see from Fig. 3(b) that the
height of Fe atoms increase abruptly when b ¼ �2%, and the length
of CeFe bonds change suddenly at the same strain too. When the
bond length changed abruptly, the magnetic moment changed
spontaneously, which is consistent with previous reports on the
single transition-metal atom embedded in graphene [26]. The
abrupt change in the magnetic state is closely related to the
structure change since the change of bond length between CeFe
and FeeFe affects the magnetic moment.

We now turn to the case of the complete Fe membrane
embedded graphene hole. Fig. 4(a) shows the ball-and-stickmodels
of the super cell. The initial structures are set up with a vertical
displacement of 0.1 Å for the Fe atoms as in the situation of Fe
atoms bonded to the graphene hole. The membrane contains six Fe
atoms. Because of the confinement of the relatively smaller hole,
the Fe atoms are not in the same plane and they distribute sym-
metrically up and down of the graphene plane after geometric
relaxation, as can be seen in the cross-sectional view of Fig. 4(a).
After comparing with the other configurations of Fe (all the Fe
atoms in the same plane of graphene or all the Fe atoms deviation
graphene plane on the same side), we found that this is the most
stable structure.

Graphene is one of the strongest materials ever measured
experimentally, and it has been demonstrated that it can sustain a
strain as large as 25% [27,28]. Nevertheless similar stepped mag-
netic transition of the incomplete iron cluster embedded graphene
hole is also found in this case but with significant difference as
follows. There are more than one transition in magnetic moment
for the embedded Fe-membrane. In the present work, the applied



Fig. 1. (a) Geometries of the structure with two Fe atoms bond with the hole edge and the corresponding spin distribution. Gray, white, and brown balls denote carbon, hydrogen,
and iron atoms respectively. Red/blue isosurface stands for spin accumulation/depletion. (b) Band structure for the configuration shown in (a). The blue (magenta) line denotes spin-
up (spin-down) components. (A colour version of this figure can be viewed online.)

Fig. 2. (a) Ball-and-stick model of the structure with four Fe atoms bond with the hole edge and the corresponding spin distribution. Red/blue isosurface stands for spin accu-
mulation/depletion. The gray and blue balls denote carbon and iron atoms respectively. (b) Band structure for the configuration shown in (a). The blue (magenta) line denotes spin-
up (spin-down) components. (c) The charge density distribution for the state denoted by the black dot in panel (b). (d) The charge density distribution for the state denoted by the
red dot in panel (b). (e) Perspective view of the charge density shown in Fig. 2(d). (A colour version of this figure can be viewed online.)
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largest strain is 12%, as the Fe atoms will change the lattice struc-
ture of graphene when b � 12% (as shown in Fig. 4(d)). In Fig. 4 the
ball-and-stick model at b ¼ 0%, 5%, 10% and 12% are presented as
examples respectively. We can see from the side-view that the
system tends to be more planar as the tensile strain increase as
expected (thickness changes from 1.2 Å for strainless case to 0.07 Å
for 12% strain).

When there is no strain applied on Fe-membrane embedded
graphene system, the total magnetic moment of the system is 14 mB,
about 0.13 mB per atom.When a tensile strain of b¼ 3% is applied for
the system, the magnetic moment suddenly changes to 16 mB, or
about 0.15 mB per atom. It can be further tuned to 20 mB abruptly
when the strain is 10%, as shown in Fig. 5(a).

The six Fe atoms are classified into three types, designated as Fe-
1, Fe-2, and Fe-3 in the inset of Fig. 5(c). The height and magnetic
moment for Fe-1 and Fe-3 is degenerate except for the state of
b ¼ 10% (When b ¼ 10%, the Fe atoms move slightly downward in
the graphene hole, and the system is not symmetric.). Themagnetic
moment of each Fe atom has the similar variation trend with the
total magnetic moment. Accompanying the magnetic transition,
the height and magnetic moments of each Fe atoms and bond
length of FeeFe have similar trend, changing suddenly at b ¼ 3%
and 10%, too, as shown in Fig. 5(c) and (d).

It is interesting that the magnetic moment is closely related to
the atomic structure from the above two cases. The magnetic
moment mainly comes from the Fe d state and the adjacent
dangling bonds of periphery carbon atoms. As the tensile/
compressive strain changes the atomic structure, the bond length
of the CeFe and FeeFe will become longer/shorter, making the
hybridization between them weaker/stronger. Then the electrons
of Fe and C atoms will be unpaired/paired at a particular strain.
Finally, the magnetic state is thus tuned. The principle of this
sudden change inmagnetism is similar to the situation of single TM
atom embedded in graphene [26]. Nevertheless, this topic still re-
quires more detailed studies.

It should be noted that there would be buckling instability for a
compressive graphene sample even in the presence of embedded
iron cluster [24]. Therefore, large compressive strain (>1%) in gra-
phene samples might not be achievable based on current experi-
mental techniques. This is not obvious within such a small supercell



Fig. 3. Magnetic moment per atom (a), bond length (b), magnetic moment per Fe atom (c), magnetic moment of C1 and C2 (d), as a function of strain. The inset in (b) is the sketch of
the height of Fe atoms. The inset in (d) denotes the C1 and C2 atoms. (A colour version of this figure can be viewed online.)

Fig. 4. Ball-and-stick models of the Fe-embedded graphene super cell for the applied
strain ¼ 0% (a), 5% (b), 10% (c) and 12% (d), respectively. Upper (lower) panel stands for
a cross-sectional (top) view for each figure. Gray and blue balls denote carbon and iron
atoms respectively. (A colour version of this figure can be viewed online.)
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and the boundary condition considered in DFT calculations within
this work, but ripples of large magnitude is easily observable in
simulations when a compressive strain is applied in a large
supercell size (~5 nm), to effectively eliminate the applied large in-
plane compressive strain. Only for the sake of discussion and the
completeness, we include here the data-set for compressive strain
up to 4%. However, the buckling instability should be considered in
the realistic applications, since the real graphene sample should
have a size of ~100 nm or microns with free boundaries.
4. Conclusions

We have studied the electronic properties and magnetic mo-
ments of the Fe-graphene combined system based on first-
principles calculations. Our results are generally consistent with
the experimental observations on the single layer iron membrane
within graphene perforations [17]. The system is magnetic, and the
magnetic moment mainly comes from the Fe atoms and the adja-
cent C atoms. With the critical biaxial strain applied to the gra-
phene membrane, the magnetic moment of the composite changed
abruptly, for both the situations of Fe atoms bonded to the gra-
phene edge only and the Fe nanomembrane entirely sealed in the
graphene perforation. Besides, the magnetic moment can be
changed more than one time with increasing strain for the case of
Fe membrane embedded in graphene. The tunable magnetism can
be attributed to the changes in the atomic structure, namely, the
FeeC and FeeFe bond lengths and the thickness of Fe-membrane.
This provides a tunable magnetism in graphene for future spin-
tronic applications. In particular, for the single layer Fe membrane
first fabricated in experiment, simply applying a strain to control
the magnetism is achievable. This work provides a useful clue for
promoting graphene in future spintronic applications.



Fig. 5. Magnetic moment per atom (a), bond length (b), magnetic moment per Fe atom (c), height of each type of Fe atoms (d), as a function of strain. The inset in (c) and the upper
inset in (d) denote the three types of Fe atoms. The bottom inset in (d) denotes the height of Fe atoms. (A colour version of this figure can be viewed online.)
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