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ABSTRACT: The effect of electron irradiation on the
dynamic behavior of Fe atoms, embedded into monovacancy
(Fe@MV) and divacancy (Fe@DV) defects in graphene, has
been investigated using ab initio molecular dynamics. This
study reveals the detailed mechanisms of transformation and
migration of Fe@MV and Fe@DV defects in graphene recently
observed in aberration-corrected high-resolution transmission

80 kev
electron
beam

electron microscopy (AC-HRTEM) experiments [Nano Lett. 2013, 13, 1468]. An important atomic-scale insight into the
dynamics of atomic Fe on graphene, unavailable to AC-HRTEM observations, has been provided. It was found that structural
changes of the studied defects are induced by electron impacts on carbon atoms bonded to Fe. The threshold energies for
ejection of these carbon atoms are significantly lower compared to that in pristine graphene. For electron impacts with the
subthreshold transferred energies, migration of the defects and flipping of Fe atoms between different sides of the graphene plane
can occur. The stability of a Fe@MV defect under electron irradiation strongly depends on the substrate side position of the Fe
atom with respect to the direction of the electron beam. The Fe@DV — Fe@MYV transformations take place spontaneously in
the presence of carbon adatoms, which are available in abundance on graphene in AC-HRTEM. The present study facilitates a
greater general understanding of the dynamic behavior of substitutional metal atoms in graphene.

1. INTRODUCTION

Interactions between graphene and metals have been
extensively studied to aid the development of new graphene
functionalities for technological applications, understanding the
properties of graphene—metal electrical contacts,"” catalytic
growth of graphene on metallic surfaces,” > and production of
fuel cells,"® to name a few. Adsorption of metal atoms on
graphene is considered to be a promising approach to
manipulation of its electronic and magnetic properties. Doping
graphene with free charge carriers has been predicted
theoretically and confirmed experimentally for various metallic
adsorbates.””'* However, metal adatoms on graphene typically
have low activation barriers for diffusion and therefore are very
mobile at room temperatures.”'*'® A lot of attention has been
recently devoted to substitutional metal impurities in graphene.
Such structures have been predicted to be very stable and can
induce magnetism, which makes them of significant importance
for applications in spintronics.'® Metal atoms embedded into
the graphene lattice have also been predicted to be efficient
catalysts for oxygen reduction'” and CO oxidation reactions.'®

Incorporation of metal atoms into substitutional sites in
graphene and carbon nanotubes has been realized exper-
imentally and can potentially be performed with nearly atomic
precision."” ™ In these experiments, high energy particles
(electrons, ions) have been used to create vacancy defects in
graphene which act as trapping centers for metal atoms. An
interesting dynamic behavior of Fe atoms embedded in
graphene mono- and divacancies (labeled as Fe@MV and
Fe@DV) has been shown in real time using aberration-
corrected high-resolution transmission electron microscopy
(AC-HRTEM) at 80 kV accelerating voltage.22 The authors
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observed a reversible Fe@MV < Fe@DV defect trans-
formation as well as migration of these defects with no site
symmetry change. Theoretical studies of Fe atoms embedded
into mono- and divacancies in graphene predict a barrier to
migration of 3.6 eV for Fe@MV and about S eV for Fe@DV,
thus suggesting a high stability of these defects.'"® Hence, the
experimentally observed defect dynamics has been proposed to
be caused by electron beam irradiation. A comprehensive
understanding of the dynamics of substitutional metal atoms in
graphene is essential for achieving control over the fabrication
process and creation of graphene—metal nanostructures with
desired properties. In this work, ab initio molecular dynamics
(AIMD) studies have been performed to investigate the effects
of electron irradiation on the dynamics of Fe@MV and Fe@
DV complexes in graphene.

2. COMPUTATIONAL METHODS

Density functional theory (DFT) calculations have been
performed using the PBE form of the exchange-correlation
functional”® and Troullier—Martins pseudopotentials™® as
implemented in the SIESTA code.”® For the valence states,
double-{ basis sets of localized orbitals including polarization
functions were used. The charge density was represented on a
real-space grid with an energy cutoff of 250 Ry. Graphene layers
were modeled using orthorhombic supercells consisting of 160
carbon atoms. A vacuum layer of 20 A was included in the
direction normal to the graphene plane to avoid interactions
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between the graphene sheet and its replicas. The structures
were optimized using a conjugate-gradient algorithm with the
convergence criterion for the force of 0.02 eV/A. In all
calculations, spin polarization of the valence states has been
taken into account. For analysis of structural and electronic
properties of the defects, the Brillouin zone was sampled using
a3 X 3 X 1 k-points grid generated within the Monkhorst—
Pack scheme.”® AIMD simulations were performed at the T
point with a time step of 0.5 fs. To account for the dispersion
interactions, the Grimme semiempirical potential was used.”’
The threshold energies for irradiation-induced transformations
were calculated by varying the amount of the transferred energy
to the target atom with 0.1 eV intervals.

3. RESULTS AND DISCUSSION

3.1. Structural and Electronic Properties of Fe@MV
and Fe@DV. Atomic structures of the Fe@MV and Fe@DV
complexes are shown in Figure 1, where a single Fe atom
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Figure 1. Optimized atomic structures of Fe@MV (left) and Fe@DV
defects (right): (a and b) top view; (c and d) side view. Carbon atoms

are represented by gray spheres, Fe atoms are shown as larger orange
spheres.

substitutes missing carbon atom(s) and passivates the under-
coordinated atoms of the native mono- and divacancy defects.
The calculated structural parameters and binding energies are
presented in Table 1 and are in good agreement with previously

Table 1. PBE DFT Values of the Fe—C Bond Length dg,_c,
Elevation of the Fe Atom above the Graphene Surface h,
Binding Energy E,, and Magnetic Moment M for Fe@MV
and Fe@DV Structures

dre—c (A) h (A) E, (eV) M (ug)
Fe@MV 177 145 7.58 0
Fe@DV 197 0.57 635 3.6

reported results.'® The binding energies have been calculated
with respect to a reconstructed vacancy defect with a distant Fe
atom. As the Fe atom has a larger atomic radius as compared to
a carbon atom, once embedded into the monovacancy, it is
significantly displaced out of the graphene plane, by about 1.45
A. Tt also induces a considerable out-of-plane shift of the
neighboring carbon atoms (Figure 1c). In the case of Fe@DV,
the out-of-plane distortion of the surrounding graphitic lattice is
much smaller (Figure 1d), and the elevation of the Fe atom
above the graphene surface is only 0.57 A.

The Fe@MV and Fe@DV defects have very different
electronic properties. While Fe@MYV is not magnetic, Fe@

DV has a magnetic moment of 3.6 yi5. Density of states (DOS)
calculations of Fe@MV (Figure 2a) show the absence of
electronic states at the Fermi level, Ez. The DOS also goes to
zero at about —0.5 and 0.2 eV with respect to Ep. Inside this
energy interval, there are, however, two sharp peaks that
indicate the presence of occupied and unoccupied electronic
bands with low dispersion. The electronic structure of Fe@DV
is more complex. The DOS shows a number of spin-polarized
states close to the Fermi level and nonzero DOS at Ej (Figure
2b). Such states have been demonstrated to have a metal—
carbon bonding character.'®

3.2. Dynamics of Fe@MV and Fe@DV under Electron
Irradiation. To investigate the effects of electron irradiation on
structural chan§es of Fe@MV and Fe@DV, a well-established
methodology2 31 has been followed, where molecular
dynamics simulations are used to model the evolution of a
system with time after an elastic collision between a high-
energy electron and a nucleus took place. In such a collision,
the direction and magnitude of the momentum transferred to a
nucleus of a sample depend on the electron scattering angle 6.
In a spherical coordinate system, the direction of the
transferred momentum can be defined by the polar angle Q
= (180° — 6)/2, counted from the direction of the incident
electron, and azimuthal angle ¢. Figure 3 shows the orientation
of the graphene layer and direction of the electron beam
adopted in the present simulations. The maximum kinetic
energy that can be transferred to a nucleus by an elastically
scattered electron corresponds to 8 = 180°. In this case, = 0°
and the transferred momentum is directed perpendicular to the
graphene plane. For 80 keV electrons, the maximum kinetic
energy transferred to Fe and C atoms is Ty, (Fe) = 3.4 eV and
Trax(C) = 15.8 eV, respectively. Our calculations show that
scattering of 80 keV electrons by Fe atoms is unlikely to induce
significant structural changes to Fe@MV or Fe@DV defects.
However, the C atoms covalently bonded to Fe receive
sufficient energy to break both Fe—C and C—C covalent bonds.

To evaluate the stability of a Fe@MV defect under electron
irradiation, the threshold energy required for emission of the
target carbon atom (shown in blue in Figure 3b,c) has been
calculated for the case of 8 = 180°, i.e., when the transferred
momentum is directed perpendicular to the graphene plane.
Since the out-of-plane character of the defect cannot be
distinguished in AC-HRTEM images, two possible config-
urations have been considered, when Fe atoms are displaced
either above, as shown in Figure 3¢, or below the graphene
plane. For the case shown in Figure 3¢, where the Fe atom is
located above the graphene plane, the threshold energy for
ejection of the target carbon atom is T, = 15 eV. If the defect is
formed below the graphene plane, the threshold energy
increases to T, = 17 eV.

Knowing the values of the threshold energy, the cross
section, o,, for the transformation of Fe@MV to Fe@DV under
irradiation with 80 keV electrons can be estimated using the
McKinley—Feshbach formula.”” Taking into account the out-of-
plane lattice vibrations with a Debye temperature of 1287 K*°
and the number of equivalent C atoms bonded to Fe, we have
obtained the cross section for the Fe@MV — Fe@DV
transformation of o, = 21.2 barn (Fe above the graphene
plane) and o, = 5.5 barn (Fe below the graphene plane). The
cross section was assumed to be isotropic with respect to the
direction of emission, a widely used approximation in
evaluation of stability of the structures under electron
irradiation.””* These results suggest that the probability for
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Figure 2. Calculated DOS of Fe@MV (a) and Fe@DV (b). Solid blue lines and dotted red lines correspond to the majority and minority carrier
spin, respectively. Energy scale zero corresponds to the position of the Fermi level.
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Figure 3. Direction of the momentum transferred to the C atom as a
result of a collision with a high energy electron shown with the red
arrow and defined by the polar angle Q, measured from the direction
of the incident electron (along the Z axis), and the azimuthal angle ¢.
Parts b and ¢ show the orientation of the axes and emission angles of
the carbon atom for a Fe@MV defect in graphene.

the Fe@MV — Fe@DV transformation to occur under
electron irradiation is sufficiently large for the transformation
to be observed in AC-HRTEM. For example, for the
experimentally used beam current density of 10° e/nm?/s, the
cross section of 21.2 barn corresponds to about one
transformation in 8 min.

It has been further found that electron irradiation can induce
migration of Fe@MV to the adjacent lattice site when the Fe
atom is displaced along the direction of the incident electron
beam. The migration occurs when the energy transferred to the
carbon atom is in the range 13.5—14.9 eV. Figure 4a shows
snapshots of AIMD simulation for an impact energy of 14 eV.
The ejection of a carbon atom from the defect results in the
formation of an intermediate Fe@DV structure. Due to the

strong interaction with the metal atom, the ejected carbon atom
gains an in-plane component to its velocity and moves toward
the opposite site of the defect where it is reincorporated back
into the lattice. This effectively results in a swap of Fe and C
atom positions in the lattice and a shift of the defect by one
lattice site. A similar migration mechanism has been recently
demonstrated for the Si@MV defect in graphene.’* A pathway
for the migrating C atom depends strongly on the amount of
the transferred energy. For an impact energy of 14 eV, the C
atom moves over the Fe following a high trajectory, which
becomes lower if the value of the transferred energy is
decreased. Eventually, the ejected C atom forms a bond with Fe
again leading to an intermediate structure comprised of Fe@
DV with the C adatom, as shown in Figure 4a. In all of our
simulations, such structures spontaneously recombine to Fe@
MYV, suggesting that the Fe@DV + C adatom is a metastable
configuration. It has also been observed that during migration
of the defect the Fe atom typically flips to the opposite site of
the graphene plane (Figure 4).

In the simulations described above, it has been assumed that
the direction of the momentum transferred to a C atom is
normal to the graphene plane for different values of the
transferred energy. In reality, however, the direction and
magnitude of the transferred momentum are functions of the
electron scattering angle 6, and the impacted atom always has
an in-plane component of its velocity, except at € = 180° (see
Figure 3). Therefore, the impacts of 80 keV electrons, scattered
with angles of 150 and 160°, on the C atoms bonded to Fe have

Figure 4. Snapshots of AIMD simulations showing migration of the Fe@MV defect. In part a, the carbon atom shown in blue has been given a
momentum that corresponds to a transferred energy of 14 eV and directed perpendicular to the graphene plane. In part b, the direction and the
magnitude of the transferred momentum corresponds to a collision event with an 80 keV electron scattered at an angle of € = 150°. The emission
angles of the carbon atom are Q = 15° and ¢ = 60° (see Figure 3). The timing is shown in femtoseconds (fs) after the collision event and is

applicable to both parts a and b.
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Figure S. Snapshots of AIMD simulations showing migration of the Fe@DV. The carbon atom shown in blue has been given a momentum
corresponding to a collision event with an 80 keV electron scattered at an angle of 6§ = 150°. The emission angles of the carbon atom are Q = 15°

and ¢ = —30° (see Figure 3).

also been considered. The energy transferred to the carbon
atom in such collisions is T = 14.7 eV for 8 = 150° and T = 15.3
eV for = 160°. It has been found that all impacts
corresponding to € = 150° and ¢ = 60, 90, 150, and 180°
result in the migration of the Fe@MV defect. Figure 4b shows
the migration of the defect for the case of ¢ = 60°. For ¢ =
180°, the in-plane component of the initial velocity of the C
atom is directed outward from the defect. The interaction with
the Fe atom changes the direction of the carbon atom motion,
and the resulting migration path is very similar to the one
shown in Figure 4a. In simulations with ¢ = 0, 30, and 120°, the
ejected C atom returns to the same lattice position, but the Fe
atom flips to the opposite site of the graphene plane.
Interestingly, for an electron scattering angle of 160°, the
energy transferred to the C atom is higher than the calculated
emission threshold energy of T, = 15 eV. However, migration
of Fe@MV for ¢ = 60, 90, and 180° and recombination of the
ejected carbon to the same lattice site for ¢ = 30° are still
observed. These results indicate a strong anisotropy of the cross
sections for emission and migration of Fe@MYV with respect to
the emission angles. When Fe atoms are displaced against the
direction of the incident electrons, no migration of Fe@MYV is
observed.

Our calculations show that the stability of a Fe@MV defect
under electron irradiation, for both defect migration and carbon
atom emission, strongly depends on the direction of the out-of-
plane displacement of the Fe atom with respect to the direction
of the incident electrons. The energy barrier for the transition
of the Fe atom through the graphene sheet was calculated to be
2.3 eV, assuming that the saddle point corresponds to the
configuration where the Fe atom positioned at the center of the
graphene monovacancy. According to our AIMD simulations,
for this process to be induced by electron irradiation, the
energy transferred to the Fe atom should be higher than 7 eV.
For comparison, the maximum energy that can be transferred
to Fe due to a collision with a 150 keV electron is about 6.8 eV.
Such electrons, however, will quickly cause damage to the
graphene lattice by alternative mechanisms. These results
suggest that transition between different out-of-plane orienta-
tions of Fe@MYV is unlikely to occur due to thermal effects or
direct collisions between the Fe atom and the high-energy
electrons. During migration of Fe@MV, the Fe atom typically
flips from above the plane to below the plane site (Figure 4);
this can occur without any in-plane migration and for the
impact energies down to 13.3 eV. However, the opposite
movement of Fe in the Fe@MV structure has not been
observed in our simulations, suggesting that such transitions, if
possible, have a rather low probability. This suggests that, under
80 keV electron irradiation, Fe@MYV defects preferably adopt a
configuration with the Fe atom displaced against the direction

of the beam, which is more stable to the irradiation induced
transformations.

For Fe@DV, our calculations yield threshold energies for
emission of the C atom of T, = 15.7 eV if the Fe atom is
displaced along the direction of the incident electrons and T, =
16.3 eV for Fe displacement against the direction of the
electron beam. Taking into account that there are four
equivalent C atoms bonded to Fe, the cross sections for the
Fe@DV — Fe@TV transformation were estimated to be o, =
18.5 barn for T, = 15.7 eV and o, = 12.4 barn for T, = 16.3 eV.
The difference in the values of the threshold energies for the up
and down configurations is significantly smaller than in the case
of Fe@MV, which is expected due to the smaller out-of-plane
distortion of the Fe@DV defect. Moreover, it has been found
that the energy barrier for the Fe atom flipping through the
graphene plane is only 0.2 eV. Such a low energy barrier
suggests that Fe@DV can easily switch between up and down
configurations at room temperature.

While our calculations show that Fe@DV — Fe@TV
transformations can be in principle promoted by an 80 keV
electron beam, such transformations have not been previously
observed experimentally. The out-of-plane lattice vibrations can
be locally suppressed by the presence of the heavy Fe atom,
which will considerably reduce their contribution to the kinetic
energy transfer at the impacted atom. For comparison, within
the static lattice approximation, the transformation of Fe@DV
to Fe@TV will have a cross section of 1.2 and 0 barn for the
emission threshold energies of 15.7 and 16.3 €V, respectively.
There is also a possibility that recombination of Fe@DV with C
adatoms, which are always present in experiment, occurs more
often than emission of C atom. The experimental statistics for
the Fe@DV defects is, however, rather limited,** which makes
any direct comparison with theoretical results difficult.

For impacts with energies below 15.7 eV, no resultant
transformations of Fe@DV have been observed, except flipping
of the Fe atom to the opposite site of the graphene plane.
However, simulations of impacts that correspond to different
electron scattering angles indicate the possibility of the induced
migration of the Fe@DV defect. Figure S shows snapshots of
AIMD simulation for the impact corresponding to 8 = 150° and
@ = —30°. The migration mechanism is similar to that of Fe@
MYV and occurs via the ejection of a C atom and formation of
the intermediate metastable structure comprised of Fe@TV
with a C adatom. Migration of the defect has also been
observed in simulations for 8 = 150°, ¢ = —60° and € = 160°, ¢
= —15°. In many calculations, the intermediate structure shown
in Figure 5 at 110 fs has been observed. However, after some
time, the ejected C atoms return to the initial lattice position.

Along with the migration of the defect and emission of the C
atom, other structural transformations have been observed.
Figure 6a shows the reconstructed Fe@DV formed after impact
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Figure 6. Atomic configurations observed in molecular dynamics
simulations of structural transformations of Fe@DV as a result of a
momentum transfer from an 80 keV electron. The emission angles of
the carbon atom are Q = 10° and ¢ = —30° (a) and Q = 5° and ¢ = 0°

(b).

with € = 160° and @ = —30°. Similar reconstructions of Fe@
DV have been experimentally observed in the TEM at 80 kV.**
In Figure 6b, another interesting outcome of molecular
dynamics simulation is shown where the ejected C atom
lands on graphene away from the defect. In this case,
thermodynamically driven recombination of Fe@TV with the
ejected atom can result in formation of some of the other
reconstructions of Fe@DV that have been observed exper-
imentally.

The focus of the above discussion is on structural changes of
Fe@MYV and Fe@DV defects under a 80 keV electron beam,
which has been used in the experimental study.”” However, the
calculated values for the threshold energies can also be used to
estimate the cross sections of irradiation induced trans-
formations for an extended range of electron energies exploited
in modern TEM experiments. Figure 7 shows the calculated
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Figure 7. Cross sections for migration of a Fe@MV defect (denoted as
m-1Fe@MV and shown by the black solid line) and emission of a C
atom from Fe@MV (red lines) and Fe@DV (blue lines) defects,
calculated for different electron accelerating voltages. The up- and
down-arrows indicate configurations with the Fe atom displaced along
(as shown in Figure 3c) and against the direction of the electron beam,
respectively.

cross sections for migration of a Fe@MV defect and emission
of a C atom from Fe@MV and Fe@DV defects at different
accelerating voltages. The direction of the out-of-plane
displacement of the Fe atom is indicated by arrow symbols.
The up- and down-arrows correspond to the configurations
with the Fe atom displaced along (as shown in Figure 3c) and
against the direction of the electron beam, respectively. For
accelerating voltages in the range 50—80 kV, the probability of
irradiation induced migration of a Fe@MYV defect is higher than
that of a C atom emission. However, for higher electron
energies, the Fe@MV — Fe@DV transformation becomes

dominant. It should be noted that the values for the total cross
section depend on the number of equivalent transformations in
the system, which, for the case of Fe@MV and Fe@DV defects,
correspond to the number of carbon atoms bonded to Fe. This
has been taken into account in the results shown in Figure 7.
Therefore, for accelerating voltages above 85 kV, the cross
section for emission of a C atom from a TFe@DV defect
becomes larger than that of {Fe@MYV, although the threshold
energy for the latter has a lower value.

4. CONCLUSIONS

In the present work, the effect of electron irradiation on
structural changes of Fe@MYV and Fe@DV defects in graphene
has been investigated using ab initio molecular dynamics. It is
shown that impacts of high-energy electrons on the carbon
atoms adjacent to Fe promote various structural trans-
formations including ejection of the C atoms, migration of
the defects, and transition of Fe atoms between different sides
of the graphene plane. The calculated threshold energies of
irradiation-induced transformations suggest that they will be
feasible for electron energies of 60—100 keV, which are
typically used in AC-HRTEM experiments. Under such
irradiation conditions, the effect of electron impacts on the
Fe atoms is insignificant. It has also been found that Fe@DV is
not stable against recombination with C adatoms.

Stability of the substitutional metal atoms in graphene under
electron irradiation depends on a variety of factors, such as the
type of metal atom and structure of the defect, accelerating
voltage, and current density of the electron beam. The
computational approach used in this work can be employed
to predict the behavior of different metal—graphene complexes
under electron irradiation. It can also reveal the out-of-plane
structural transformations that cannot be observed in AC-
HRTEM experiments. This work therefore facilitates a greater
understanding of the dynamics of metal atoms embedded into
the graphene lattice and, in particular, of the effect of electron
irradiation on transformation and migration mechanisms of
these defects.
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