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Abstract— Using density functional theory, the structural stabilities, electronic and magnetic properties of Fe,,
(n = 3—6) clusters absorbed on defect armchair graphene nanoribbons are systematically investigated. We
found that such systems have high stabilities and large magnetic moments. From n = 3, the binding energies
are very important. This can be explained by the fact that a triangularization phenomenon between iron atoms
and also more bonds with neighboring carbon atoms. Fe;-3V-AGNR exhibits a half-metal behavior with 61%
spin polarization. Other doped structures (n = 4—6) exhibit semiconductor behavior.
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INTRODUCTION

Infinite sheets of graphene called graphene
nanoribbons (GNRs) have attracted great interests in
several research and applications areas [1—6]. Several
methods for developing this material and controlling
the quality of graphene are developed. Structural
imperfections and atomic disorders can be induced by
several ways. Gan et al. [7] have recently proved direct
experimental evidences for the existence of these
defects. They have visualized individual Au and
Pt atoms incorporated into a very thin graphitic layer.

On theoretical side, several studies has been done
to explore these interesting structures. Among these,
using spin polarized DFT calculations, Duffy et al. [8,
9] have shown that, among the 3d transition metal
atoms, only Fe, Co, and Ni are adsorbed at hollow
sites [10]. Longo et al. [11] have also demonstrated
that iron impurity is inducing magnetic behavior in
GNRs. Experimentally, Gyamfi et al. [12] have
explored the electronic properties and the adsorption
site of Fe adatoms on monolayer and bilayer graphene.
Eelbo et al. [13] have proved that Fe adatom is para-
magnetic and exhibits an out-of-plane easy axis, with
high-spin ground states. Eelbo et al. have also pub-
lished other results confirming that doped graphene
lattice by transition metal atoms induced magnetism
[14] as well as reported and analyzed experimentally
[15]. It seems that there are two ways for the introduc-
tion of transition metal (TM) atoms in GNRs and
graphene: the first by embedding TM atom in vacancy

defect [16—18] and the second via direct adsorption of
TM atom on graphene [19, 20].

A systematic analysis of the structural and elec-
tronic properties conducted by Chan et al. [21] have
targeted different metal adatoms on graphene using
VASP code. Krasheninnikov et al. [22], studying all 3d
transition metal (TM) atoms embedded in single and
double vacancies of graphene, have found that an
atom of a traditional magnet as Fe at a single vacancy
of graphene is nonmagnetic, a finding that has been
confirmed recently by Santos et al. [23]. Understand-
ing the parameters involving the stability of such
doped structures are explained in the interplay
between the energetics and electronic properties of
graphene—TM systems and their magnetic properties
when deposited on pristine and defect graphene was
the subject of intense recent investigations [24—29].

In this work, we have studied the electronic, struc-
tural and magnetic properties of Fe,; n = 3—6 clusters
with n vacancies sites in a graphene sheet by ab-initio
density functional calculations. Our results show sig-
nificant chemical interactions between the cluster and
graphene. As a result, magnetic moments distribution
appears on the Fe clusters in presence of graphene
with a lower average magnetic moments compared to
the free iron clusters.

COMPUTATIONAL DETAILS

The spin-polarized density functional theory cal-
culations are carried out using SIESTA code based on
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Fig. 1. The ground-state structure of Fe,/AGNR: top view and side view; n = (a) 1, (b) 2, (c) 3, (d) 4, (e) , 5 and (f) 6.

numerical atomic orbitals basis set. We have employed
the density functional theory (DFT) [30, 31] method
to investigate the properties of our systems. Geometry
relaxations are calculated within the generalized gradi-
ent approximation (GGA) as parameterized by Per-
dew, Burke, and Ernzerhof (PBE) [32]. The Kohn—
Sham orbitals were expanded in numerical pseudo
atomic localized basis sets (SIESTA package [33])
with double zeta polarization (DZP) and electron—
ion interaction was included by employing norm-con-
serving pseudopotentials [34].

112 atoms of carbon passivated by eight hydrogen
atoms compose used supercell. In order to avoid inter-
actions between periodic images of the defective
graphene layer, the size of the supercell perpendicular
to the plane was set larger than 25 A. The Monkhorst—
Pack [35] used for k-sampling is equal to [1, 16]. All
the atomic coordinates were always optimized until
forces in all directions were smaller than 0.02 eV A~
The pseudopotentials for the metal atoms include
nonlinear core corrections [36] for exchange and cor-
relation. A double-{ polarized (DZP) [37] basis set
was used for the calculation of the magnetic and elec-
tronic properties. The cutoff radii of the different
orbitals were obtained using an energy shift of 50 meV.
For these atoms, the radii of the basis orbitals were
enlarged until binding energies were converged within
a few tens of meV.

RESULTS AND DISCUSSION
Structural Study

The typical relaxed geometries of the systems stud-
ied in this paper were presented on Fig. 1.
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In order to gain more insights into the interaction
between Fe,, (n = 3—6) clusters and graphene, we have
studied the binding energy (£,) for the cluster on
graphene which is defined as

Eb = Esystem - Egr - EFens

where n is the number of iron atoms, E., is the total
energy of the iron—graphene nanoribbons system,
Ep, is the total energy of an isolated iron cluster, and
E,, is the total energy of GNR with defects.

One and two iron atoms substitutions in AGNR are
depicted on Figs. laand 1b. Asit is known, many tran-
sition metal (TM) atoms can form covalent bonds with
under-coordinated C atoms at a vacancy [23, 38]. It is
exactly the situation of atomic configurations of
Fe/SV and Fe,/DV complexes (where SV is the single
vacancy and DV is the double vacancy). As the iron
atomic radii are larger than those of the carbon atom,
the metal atoms are displaced outward from the
graphene plane. The binding energies E, for the Fe/SV
and Fe,/DV are greater than calculated by other authors
in [23, 38] indicating a strong bonding and pointing to a
possible use of such structures in catalysis.

The lowest energy structure of the Fe trimmer on
graphene obtained from our calculations is depicted
on Fig. lc. The binding energy is very higher
(14.23 eV). Two iron atoms are close to the GNR plane
and the third far away, forming an isosceles triangle
with 2.55 and 2.30 A. Fe—C distances vary between
1.88 and 2.1 A. The trimmer plane is perpendicular to
the graphene plane. We note that if the number of sub-
stitution is greater than three, the clusters of atoms
tend to form a three dimensional shape, with good
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agreement with Haldar et al. results [39, 40]. These
results seem to be different from the previous studies
[41, 42]. As demonstrated by Boukhvalova et al., for
adatoms of transition metals, the bonding energies are
larger and the charge transfer is essential and predom-
inant. For iron, cobalt, and nickel, the distortions of
the tetrahedron into carbide like configuration Me;C
are very strong [43]. In the case of Fe,, the cluster
plane has two different adsorption behaviors, namely,
parallel or perpendicular to the AGNR. Among the
optimized structures, we found the perpendicular case
is energetically most stable. The parallel case is very
unfavorable following results of reference [44].

For a complete study of iron substitution, four, five
and six iron cases substitutions are investigated. After
relaxation, all Fe atoms come out of the GNR plane.
Three Fe atoms in one side and the fourth is in another
side (see Fig. 1d). The ground state of the free iron
tetramer is a tetrahedron with three short 2.40 A bond
lengths and three long 2.45 A ones while this tetramer
is distorted when is embedded in GNR. The calcu-
lated binding energy equals 143.3 eV. Although free
Fe, is a three-dimensional (3D) structure with D,,
symmetry, it may undergo a 3D-to-2D transition after
adsorption. To obtain the ground state, various possi-
ble initial structures and adsorption sites were investi-
gated. Finally, it was found that Fe, still keeps the tet-
rahedron configuration little changed after adsorp-
tion. In the ground state, the bottom three Fe atoms
adsorb on one side and fourth one on the other side of
AGNR and the top Fe is far away from AGNR. Simi-
lar adsorption behavior was also observed in ZGNR
and graphene systems [45, 46]. In addition, the
tetramer may be planar when it is on AGNR, but the
energy is higher than the ground state by about 1 eV.
Because Fe—Fe covalent bond is strong, Fe atoms on
AGNR surface prefer to form 2D or 3D cluster
structure rather than disperse to separated adsorp-
tion sites [44].

By adding Fe atoms, the coordination number of
Fe atoms increases, leading to higher fraction of trian-
gular lattices. We can easily see on Fig. le, for five iron
atoms that three atoms form a triangle on one side of
the graphene and the other two atoms go on the other
side. Bond lengths vary from 2.24 to 2.89 A with a bro-
ken symmetry. The free Fes has symmetry of distorted
trigonal bipyramid. The calculated binding energy is
less than previous cases. It equals to 139.9 eV. This
effect is expected. In principle, one expects the bind-
ing energies decrease as the triangular lattices enlarge.
However, the formation energies per Fe atom for high-
symmetry Fe increases as the number of newly added
Fe atoms increases, while the formation energies per
Fe atom for low-symmetry are nearly unchanged. Ear-
liest, Srivastava et al. [42] proposed that a square pyra-
midal structure of the Fe pentamer on graphene is the
ground-state structure.
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A substitution with six iron atoms still gives support
to our hypothesis or reasoning. After relaxation, the
six iron atoms that are initially in GNR plane, go for-
ward and form two bonded iron trimmer via GNR
plane. This structure seems to be the most stable among
other with binding energy of 148.1 eV. To the best of our
knowledge, only one study for Fe hexamer on graphene
have been published. The structure has two layers of Fe
atoms with three Fe atoms in the first layer sitting above
the B sites and the other layer in opposite face of
graphene, in good agreement with [40].

Magnetic and Electronic Properties

Fe,/GNR systems preserve in almost cases, the
semiconducting nature of the pristine nanoribbon.
The Fe clusters get strong positive atomic spin mag-
netic moments [45] because most Fe states near the
Fermi level are spin-down while the corresponding
spin-up states are well below the Fermi level. From
Fig. 2, we see that all our structures are semiconductor
except the Fe;~AGNR one which exhibits a metallic
behavior.

The Fe;-AGNR has a total magnetic moment aver-
aging 3.21 Ug. An interesting result must be noted. We
have found that the three iron atoms exhibit antiparal-
lel magnetic moments. The iron atom which is the
most distant from the GNR plane has a negative mag-
netic moment equal to —2.81 W This structure is typ-
ically half-metal. In such system, the spin-up electron
will be blocked but the spin-down electron can easily
pass through it.

Fe,~AGNR structure exhibits a total magnetic
moment of about 10 ug. In this case, all magnetic
moment is carried by iron atom are parallel and the set
of carbon atoms surrounding the hole carries an anti-
parallel moment. From band structures (Fig. 2d), we
see that this structure is semiconductor.

The same observation can be made for Fe;-AGNR
structure. This structure exhibits 14 pg for the mag-
netic moment. The surrounding carbon atoms and
iron atoms exhibit anti-parallel spins. This structure
exhibits a semiconductor behavior with a little band
gap (0.15 eV).The last structure (Fe,~AGNR) is also
semiconductor, with a total magnetic moment of
about 18 ug. We note that the magnetic moments of
the last three structures are less than those obtained by
reference [39].

In Table 1 we compare the magnetic moments of
the Fe clusters in their free-standing form (in paren-
thesis) and on graphene. We can see that the magnetic
moments of all clusters on graphene are reduced from
its value in the freestanding. A drastic diminution on
magnetic moment is noted for iron trimmer on
AGNR. Le magnetic moment of the cluster equals
2.97 ug while it equals 11.9 p for the free one. Fe, and
Fe; cluster on AGNR know also an important reduc-
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Fig. 2. Bands structure of Fe,/AGNR: n = (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, and (f) 6.

tion of the magnetic moments. The magnetic moment
reduction is very significant. The magnetic moments
are reduced by ~5 and 4 |, respectively.

In order to understand how the Fe clusters interact
with graphene and how the graphene affects the mag-
netic moments of the Fe clusters, we performed a
chemical bonding analysis to study the electron trans-
fer and bonding characteristics among the different
orbitals of Fe atoms and graphene within Mulliken
charge analysis method. We can see that the s orbitals
of Fe atoms transfer their electrons to the p and
d orbitals of Fe (in both freestanding and adsorbed
clusters) and to the p_ orbitals of graphene in the
adsorption case (not mentioned in Table 1). The ori-
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gin of the magnetic moment reduction can be
attributed to the charge transfer and redistribution
among different orbitals within the Fe clusters and
between the clusters and graphene upon adsorption.
We can also see that magnetization on each carbon
atom in the graphene is also strongly correlated with
the lattice distortion of the carbon atoms in good
agreement with results of [40]. Iron cluster adsorbed
on AGNR exhibits strong covalent bonding with
graphene. The majority of the contributions to the
covalent bonds are from strong hybridization between

the d,,_,, and d,, orbitals of the 3d-transition-metal
adatoms and p, orbitals of the carbon atoms. The
strong covalent bonds cause large in-plane lattice dis-

Suppl. 1 2022



S136 LAMIRI et al.

Table 1. Mullikan charge redistribution of iron clusters in graphene in comparison with free-standing Fe clusters (values in
parentheses). The magnetic moment LL is given by Wg. The up arrow suggested spin-up state, and the down arrow suggested

spin-down state

Structure Wiotal Fe-s Fe-p Fe-d u
GNR + Fe, Fe 1 T 2.937 (11.979) | 0.415 (0.797) 0.213 (0.287) 1.928 (4.924) | —2.813 (4.016)
l 0.427 (0.451) 0.311 (0.089) 4.631 (1.452)
Fe 2 T 0.425 (0.774) | 0.432 (0.289) 4.672 (4.910) 3.114 (3.942)
l 0.349 (0.421) 0.250 (0.100) 1.816 (1.510)
Fe 3 T 0.469 (0.798) | 0.499 (0.287) | 4.430 (4.924) 2.636 (4.021)
l 0.388 (0.452) | 0.321 (0.088) 2.053 (1.448)
GNR + Fe, Fe 1 T 10.59 (15.995) 0.409 (0.734) | 0.421(0.352) | 4.492 (4.907) 2.619 (3.985)
{ 0.350 (0.423) 0.316 (0.095) 2.037 (1.490)
Fe 2 T 0.437 (0.747) 0.411 (0.356) 4.650 (4.918) 2.984 (4.041)
2 0.364 (0.459) | 0.259 (0.082) 1.891 (1.439)
Fe 3 T 0.438 (0.733) 0.361 (0.352) 4.117 (4.907) 1.693 (3.984)
2 0.402 (0.423) | 0.366 (0.095) | 2.455(1.490)
Fe 4 T 0.470 (0.734) | 0.366 (0.352) | 4.763 (4.907) 3.294 (3.985)
{ 0.380 (0.424) 0.191 (0.095) 1.734 (1.489)
GNR + Fe; Fe 1 T 14.109 (18.002) | 0.472 (0.590) | 0.403 (0.265) | 4.743 (4.901) 3.282 (3.545)
2 0.376 (0.596) | 0.233 (0.085) 1.727 (1.530)
Fe 2 T 0.428 (0.649) | 0.354(0.328) | 4.479 (4.858) 2.502 (3.646)
l 0.382 (0.446) | 0.309 (0.134) | 2.068 (1.609)
Fe 3 T 0.439 (0.589) | 0.429 (0.266) | 4.379 (4.901) 2.352 (3.544)
{ 0.393 (0.596) | 0.330 (0.086) 2.172 (1.530)
Fe 4 T 0.432 (0.645) | 0.443(0.327) | 4.498 (4.857) 2.657 (3.635)
2 0.360 (0.444) | 0.328 (0.135) 2.028 (1.615)
Fe 5 T 0.455 (0.644) | 0.356 (0.327) | 4.796 (4.855) 3.316 (3.632)
2 0.363 (0.443) | 0.245 (0.136) 1.683 (1.615)
GNR + Feq Fe 1 T 18.184 (19.999) | 0.435(0.570) | 0.421 (0.256) | 4.674 (4.868) 3.066 (3.397)
{ 0.369 (0.536) 0.265 (0.128) 1.830 (1.633)
Fe 2 T 0.438 (0.570) | 0.406 (0.256) | 4.669 (4.868) 3.013 (3.399)
2 0.369 (0.538) 0.280 (0.128) 1.851 (1.629)
Fe 3 T 0.433 (0.544) | 0.404 (0.299) | 4.674 (4.770) 3.004 (3.207)
2 0.374 (0.436) 0.293 (0.129) 1.840 (1.841)
Fe 4 T 0.432(0.543) | 0.401(0.299) | 4.667 (4.768) 2.981 (3.202)
{ 0.374 (0.435) 0.294 (0.129) 1.851 (1.844)
Fe 5 T 0.435(0.569) | 0.420(0.256) | 4.683 (4.868) 3.089 (3.396)
l 0.370 (0.536) 0.262 (0.127) 1.817 (1.634)
Fe6 T 0.439 (0.570) | 0.406 (0.256) | 4.674 (4.868) 3.031 (3.398)
d 0.372 (0.538) 0.277 (0.128) 1.839 (1.630)

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 96

Suppl. 1 2022



ELECTRONIC AND MAGNETIC PROPERTIES

N
(e
T

|
N
(e
T

S137

Total density of states, arb. units

Energy, eV

Fig. 3. Total density of states of Fe,/AGNR: n = (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, and (f) 6.

tortions in the graphene layer. Charge redistributions
upon adsorptions also induce significant electric
dipole moments and affect the magnetic moment [47].
Carbon p, orbitals (m bonded states) were found to
hybridize strongly with the d orbitals of the adsorbed
iron atoms. Generally, the magnetic moment of any
iron atom on the AGNR surface depended strongly on
the adsorption site with good agreement with refer-
ences [10, 48, 49]. For the spin polarization, all struc-
tures (with one and two Fe atoms) have a zero spin
polarization since they are semiconductors except
Fe;-GNR, which have a half-metal behavior with a
spin polarization equal to 61% (Fig. 3).

CONCLUSIONS

In present paper, we studied the structural, elec-
tronic and magnetic properties of Fe, embedded in
defect vacancies of AGNR (n = 1—6) systems by using
density functional theory. It is found that the
Fe,/AGNR systems have high stabilities and large
magnetic moments. We have found that depending on
the number of iron atoms Fe,/AGNR may be half

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYA  Vol. 96

metal with 61% spin polarization (» = 3) or semicon-
ductor (n = 1 and 2). These fascinating electronic and
magnetic properties show that these systems are prom-
ising materials for designing new nanodevices.
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