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Impurities on graphene: Midgap states and migration barriers
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Monovalent impurities on graphene can be divided into ionically and covalently bond impurities. The

covalent impurities with one chemically active electron cause universal midgap states as the carbon atom next
to the impurity is effectively decoupled from the graphene 7 bands. The electronic structure of graphene
suppresses migration of these impurities and makes the universal midgap very stable. This effect is strongest
for neutral covalently bond impurities. The ionically bond impurities have migration barriers of typically less
than 0.1 eV, which is about an order of magnitude less than their typical binding energies. An asymmetry
between anions and cations regarding their adsorption sites and topology of their potential-energy landscape is

predicted. In addition, the migration barrier for oxygen adatoms on graphene and their electronic structure is
discussed. The barrier is found to be similar to that of monovalent covalently bond impurities.
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I. INTRODUCTION

The discovery of graphene' and its remarkable electronic
properties”* initiated great research interest in this material.
Particularly prospective for applications is the extraordinar-
ily high charge-carrier mobility w in graphene.!>® In combi-
nation with a very-high Fermi velocity v=10° m/s this
makes micron mean-free paths routinely achievable.

Away from the neutrality point, the conductivity of
graphene is weakly temperature dependent and approxi-
mately proportional to the carrier concentration n.”® The
mechanism causing this behavior and limiting the electron
mobility in graphene is still under debate. Charged impurities
are probably the simplest and thus the most natural
candidate®'! for the dominant source of electron scattering
in graphene. However, room-temperature experiments with
gaseous adsorbates such as NO, have showed only a weak
dependence of u on charged impurity concentration.!> Fur-
thermore, recent experiments'® did not find any significant
dependence of u on immersing graphene devices in high-«
media such as ethanol and water (dielectric constants «
~25 and 80, respectively) but this disagrees with another
report'* in which a few monolayers of ice increased u in
graphene by =~30%. Because of the experimental contro-
versy, alternative mechanisms such as scattering on frozen
ripples' and resonant impurities'®!7 were discussed.

However, both these mechanisms also have some weak
points, rather theoretical than experimental. There is still no
real theory which would explain why the ripple structure
becomes quenched and thus almost temperature independent.
As for the resonant scatterers, in general, the closeness of the
impurity quasilocal states to the neutrality point necessary to
make this mechanism efficient looks just accidental. To dis-
cuss this as the main scattering mechanism one needs, at
least, to clarify the mechanism which makes the resonant
scatterers typical for graphene. Thus, the physics of charge-
carrier mobility in graphene, crucially important for most of
potential applications, is not clarified yet. Also, while impu-
rities appear as undesirable residua from the graphene-
production process, chemical functionalization of graphene
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relies on impurities for controlling its electronic properties
as demonstrated recently for hydrogenated graphene
(graphane).'

For judging which impurities might determine electron
scattering in graphene and for optimizing chemical function-
alization, the mechanisms determining the impurity mobility,
i.e., their migration barriers and binding energies, need to be
known: first, the migration barriers decide at which tempera-
tures impurities will start moving along the graphene sheet
resulting in possible cluster formation. Indeed, it has been
shown that clusters of (charged) impurities lead to weaker
electron scattering than the same amount of randomly dis-
tributed impurities.'” Moreover, the migration barriers and
adsorption energies allow to judge at which temperature im-
purities can be removed from the graphene sheets, e.g., by
annealing. In this article, we first consider monovalent adsor-
bates and show that these can be divided into two separate
groups regarding the bonding mechanism: ionically and co-
valently bond impurities. To this end, we present ab initio
calculations on H, Li, Na, K, Cs, F, Cl, Br, I, CH;, and OH
adsorbates on graphene. For these systems the electronic
structure (Sec. III) and migration barriers (Sec. IV) are ana-
lyzed. The covalently bond impurities cause a characteristic
midgap state derived from the graphene electrons. This state
turns out to be very stable, as graphene’s conjugated 7 bonds
enhance the migration barriers of neutral covalently bond
impurities. In Sec. V, the experimentally important case of
oxygen adatoms is considered. Their migration barrier turns
out to be 0.74 eV, which is highly above room-temperature
thermal energies and well inside the range of barriers for
covalent impurities discussed in the preceding sections.

II. METHODS

For a first-principles description of the graphene adsor-
bate systems we performed density-functional calculations
within the generalized gradient approximation®®?' on 4 X 4
graphene supercells containing one impurity. The Vienna ab
initio simulation package (VASP) (Ref. 22) with the projector
augmented wave”3?* basis sets has been used for solving the
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resulting Kohn-Sham equations. In this way we obtained re-
laxed structures for the graphene adsorbate systems, total
energies, and orbitally resolved local density of electronic
states (LDOS). In the total-energy calculations and during
the structural relaxations the k meshes for sampling of the
supercell Brillouin zone were chosen be as dense as a 24
X 24 and 12 X 12 k mesh, respectively, when folded up to the
simple graphene unit cell.

To find migration barriers for ionically bond impurities it
is sufficient to perform structural relaxations with the impu-
rities in three different high-symmetry adsorption sites: on
top of a C atom (7 site), in the middle of a hexagon (& site)
and above the middle of a nearest-neighbor C-C bond (b
site). The covalent impurities cause strong distortion of the
nearby bonds and require the minimum-energy paths to be
calculated using the nudged elastic-band method.? As start-
ing guess a linear interpolation between two adjacent stable
configurations with three or more intermediate points has
been chosen. To check for convergence of the migration bar-
riers with the supercell size, we performed also calculations
with 3 X3 as well as 5X5 supercells for H adatoms and
reproduced the barrier from the 4 X4 supercell within an
accuracy of 4%. Moreover, the convergence of the local den-
sity of states close to the impurity with the supercell size has
been assured in this way.

III. ELECTRONIC STRUCTURE OF MONOVALENT
IMPURITIES ON GRAPHENE

The local electronic structure of graphene in the vicinity
of adsorbates (Fig. 1) can be grouped into two classes. The
LDOS in the vicinity of adsorbates, such as Li or Cl exhibits
a sharp resonance close to Fermi level which is almost en-
tirely localized at the impurity. Besides this peak, the LDOS
at the nearest neighbor and at the next-nearest neighbor of
the impurity exhibits the pseudogap -characteristic for
graphene. This is qualitatively different for the second group
of impurities [Figs. 1(c) and 1(d)]. H and F adatoms cause a
midgap state characteristic for Dirac fermions: with the
bonding partner of the impurity in sublattice A the impurity
state is localized in sublattice B and at the impurity atom.

Every stable atomic configuration under investigation can
be strictly grouped either into the class of strongly or weakly
hybridized impurities, as can be seen from Figs. 1(e) and
1(f): ionically bond impurities give rise to a sharp acceptor
(donor) level below (above) the Dirac point at E,=0. The
LDOS of covalently bond impurities is much broader and
exhibits characteristic resonances far below the Fermi level
(between —10 and —4 eV) as well as a midgap state at the
Fermi level.

As regards electron scattering this midgap state is mainly
independent of the particular type of covalent impurity. The
supercell band structures for H, CH;, OH, and F covalently
bond to graphene are shown in Fig. 2. The band structure of
graphene with adsorbed H and CH; as well as those for
graphene with F and OH adsorbates coincide close to the
Fermi level despite the different internal structure of the ad-
sorbates. The coupling of the midgap state and the graphene
bands can be quantified in an effective impurity model H
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FIG. 1. (Color online) LDOS in different graphene-adsorbate
systems. [(a)—(b)] ionically bond impurities and [(c)—(d)] covalently
bond impurities. (a) Graphene + Li, (b) Graphene + CI, (c)
Graphene + H, and (d) Graphene + F. For the impurity’s bonding
partner in graphene and its nearest neighbor the p, projected LDOS
is shown. The valence electron LDOS at the impurity site for ioni-
cally bond impurities is depicted in (e) and for covalently bond
impurities in (f). In (a)-(d) and (f) the Fermi level is at E=0; in (e)
the Dirac point is at E=0.

=Hp+H;yp, where the unperturbed graphene bands are de-
scribed by

Hp= 2, e(k)d}d, (1)
k

and the perturbation by

Hipp= eimpcfc + V(E c'd + H.c.) . (2)
k

Here, the index k=(E, v) denotes crystal momentum k and
band number v==*. (k) is the unperturbed graphene disper-
sion. The effective impurity is characterized by its energy
€mp and its hybridization V with the graphene bands. In a

3
T —=
1
0

(a)

FIG. 2. (Color online) Supercell band structure of (a) H and CH;
on graphene as well as (b) F and OH bond covalently to graphene.
Bands coincide close to the Fermi level (E=0) despite the different
internal structure of the impurities.
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TABLE I. Impurity energy and hybridization for the effective impurity model of the midgap state for
different impurities. All impurities are placed on top of a C atom, which is at the total-energy minimum for
the covalently bond impurities and the anions CI/Br but not for the cations Li and Na.

€imp ‘V| €imp |V‘

(eV) (eV) (eV) (eV)
H -0.03 0.69 Li 1.17 0.11
CH;, -0.11 0.70 Na 0.93 0.07
OH -0.70 0.65 Cl -0.79 0.21
F -0.67 0.65 Br -0.73 0.09

supercell calculation at the backfolded Dirac points k=K~,
this model simplifies to

A B
H=| A" 0 0], 3)
B* 0 0

where the zero block stems from the graphene bands at the
Dirac point and A (B) are the components of V, in the two
different sublattices A (B). This allows to derive the coupling
strengths |V|=V]A]*+|B|* and €, from the density func-
tional theory energies of the three bands closest to the Fermi
level in the supercell calculation: We identify the energies of
these bands at the supercell Brillouin zone K point, E{<E,
=< E;, with the eigenvalues of H from Eq. (3): €=0 and €.
=€mp/ 2 = V| €/ 2|7 +| V|2, By letting €y=E, (i.e., choosing
the energy offset such that E,=0), e.=E, and €,=E3, and
solving for €, and |V|?, we obtain the impurity energies and
coupling strengths as shown in Table 1.

The coupling |V| is mainly independent of the internal
structure of the covalently bond impurities. Hence, this mid-
gap state appears as a universal feature of all monovalent
impurities which are strongly bond to one of graphene’s car-
bon atoms.

Bonding of H atoms to graphene and related electron scat-
tering has been analyzed in.?®?8 For the bonding partner of
H, the 7 bond to its nearest carbon neighbors is broken and
a o bond with the H adatom is formed. The carbon-bonding
partner of H atoms has been found to be decoupled from the
graphene m-electron system and the resulting local imbal-
ance between the number of atoms belong to each of the two
sublattices causes a midgap state. The band structures from
Fig. 2 and the coupling constants from Table I show that

same mechanism is effective for all monovalent covalently
bond impurities on graphene.

It might appear surprising that F forms a covalent bond
with graphene, while CI becomes charged and bonds ioni-
cally. This is caused by the inertness of graphene’s sp” net-
work, which has to be broken upon formation of a covalent
bond. For Cl having one completely filled inner electronic
shell the typical covalent radius is 1.02 A (see Ref. 29),
which is almost twice more than for F. Thus, a significantly
lower covalent binding energy can be expected for CI than
for F, which—as our calculations show—unables CI to break
graphene’s sp® network. For the same reason, NO, does not
bind covalently to graphene.

IV. MIGRATION BARRIERS AND CHEMICAL BONDING

In the following we show, that the creation of the midgap
state by an impurity covalently bond to one carbon atom
enhances migration barriers for covalently bond monovalent
impurities in graphene. A comparison to ionically bond im-
purities is given.

In agreement with Ref. 30, we find the energy minimum
for the alkali cations at the % sites and barriers as shown in
Table II. The barriers decrease with cation size and are all
(except for the special case of Li) below 0.1 eV. The
potential-energy landscape for the cations consists of dips in
the center of the hexagons bordered by a hexagonal net of
banks. Within this net spanned by the nearest-neighbor car-
bon bonds, the variation of potential energy is by a factor of
more than five smaller than between the & site and the ¢/b
sites.

This landscape is reversed for the anions: having their
energy minima on the net and maxima in the center of the
hexagons, the anions can freely move on the graphene

TABLE II. Minimum-energy sites, bonding energies Ej,, and migration barriers AE for ionically and covalently bond impurities.

E, AE E, AE E, AE
Site (eV) (eV) Site (eV) (eV) Site (eV) (eV)
H t 0.80 1.01 Li h 1.08 0.31 Cl t,b 0.80 <0.005
CH; t 0.27 0.63 Na h 0.48 0.09 Br t,b 0.54 <0.005
OH t 0.91 0.53 K h 0.81 0.06 1 t,b 0.31 <0.005
F t 1.99 0.29 Cs h 0.96 0.04
O b 2.43 0.74
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FIG. 3. (Color online) Stable- and transition-state geometries for H, OH, CH3 and O (from top to bottom) on graphene. For H, OH, and
0, two neighboring stable adsorption geometries are in the very right and left and the saddle-point transition state in the middle. Transition
of CH; from one stable adsorbed geometry to a neighboring requires desorption. For CH;, desorption with the saddle-point configuration
being in the middle is shown. In the minimum-energy-adsorbed configuration of CH; the H-C-H bond angles are 109.2°, suggesting sp’
hybridization of C in the CH; group, whereas the desorbed CHj is flat corresponding to sp? hybridization.

sheets. The fact that the height of the impurity above the
sheet is always minimized in center of the hexagon, would
result in the energy minimum being in the center of the hexa-
gon for all ionically bond impurities if atomic-scale inhomo-
geneities in the screening charge of the impurities were neg-
ligible. The anions preferring the # and b sites over the / sites
shows that inhomogeneities in the screening charge corru-
gate the potential-energy landscape of the ions on the order
of some 10 meV.

The total bonding energy, E, (see Table II), is for the
cationic species about 3 to an order of magnitude bigger than
the migration barriers, AE associated with them. For the an-
ions this ratio E,/AE~ 107 is even larger. While the typical
ionic bonding energies on the order of a few 100 meV to 1
eV prevent desorption a room temperature, the migration
barriers are significantly smaller, make most ions mobile on
graphene and let cluster formation appear possible at room
temperature.

This is in strong contrast to covalently bond impurities:
our calculations show that the potential-energy landscape for
these impurities is by an order of magnitude more corru-
gated. We find migration barriers between 0.29 eV for F and
1.01 eV for H. Notably, F has highest absolute binding en-

ergy (E,=1.99 eV) of all monovalent impurities considered,
here, but it has the smallest migration barrier within the
group of covalent impurities. For F and OH we find the
saddle-point energy of the transition path significantly below
the desorption energy, which is E,=0.91 eV for OH. This is
in strong contrast to H and CH;: for H the energy of the
saddle-point state is only 4 meV below the desorption barrier
and moving a CH; group from one carbon atom to its nearest
neighbor requires even overcoming the desorption barrier of
0.63 eV. No saddle-point configuration with the CH; group
in the middle of two neighboring C atoms except for the CH;
being fully desorbed from the graphene sheet could be
found.

The transition paths between adjacent stable adsorption
sites of H, OH, and CHj; are depicted in Fig. 3. In agreement
with previous studies,”® we find significant out-of-plane lift-
ing (0.4-0.5 A) of the impurity’s bonding partner in the
minimum-energy configurations.

H, F, and OH are above a bridge site in saddle point of the
transition path. In this configuration, the OH group is ori-
ented perpendicular to the C-C bond of the two neighboring
carbon atoms. For F, OH, and H the nature of chemical bind-
ing in the saddle-point configuration can be understood from
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FIG. 4. (Color online) Electronic structure in the transition state.
(a) p, LDOS at a carbon atom next to the impurity. Lower part:
band structures of graphene supercells with (b) H and (c) F impu-
rities in transition-state configuration. Contributions from the impu-
rity atoms are marked as fatbands.

the supercell electronic properties shown in Fig. 4. The
LDOS at the carbon atoms next to the F and OH impurities is
very similar to the LDOS in the vicinity of ionically bond
impurities, such as Cl or Br [see Fig. 1(b)]. This is in contrast
to the case of H, where in addition to a resonance at 2 eV, the
LDOS at the carbon neighbor of the impurity is broadened
and exhibits a peak at —8 eV—similar to all covalently bond
impurities in their minimum-energy configuration. The H im-
purity causes a donor level and is at the same time covalently
bond as the supercell band structure with contributions from
the H impurity marked as fat bands further illustrates. There
are contributions from the H s orbital over the energy range
from —10 up to +3 eV, indicating strong hybridization of the
impurity orbital with the graphene bands. This is very differ-
ent from F in the saddle-point configuration with its valence
orbitals contributing significantly within an energy interval
which is an order of magnitude smaller. In the transition state
F and OH are ionically bond to graphene.

The high barrier for H suggests that the formation of a
strong covalent bond in the transition state is highly unfavor-
able. The origin of this effect can be understood from the
model Hamiltonian, Eq. (3): with the impurity on top of the
bridge site, sublattice symmetry is preserved: A=B in Eq.
(3). The symmetric combination of the two C-p, orbitals ad-
jacent to the impurity ¢+=%(O, 1,1) will couple to the im-
purity ¢;,,=(1,0,0). The antisymmetric combination ¢_
=é(0, 1,-1) is decoupled and forms the analog of the mid-
gap state occurring for the impurity on top of a carbon atom:
in the latter case, with the impurity’s bonding partner in sub-
lattice A, one obtains B=0 and finite A in Eq. (3). Thus,
¢o=(0,0,1) is decoupled from the impurity in the stable
configuration. ¢, is nonbonding and is therefore at the en-
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FIG. 5. (Color online) Electronic structure of graphene with
adsorbed oxygen in the minimum-energy configuration (a) and in
the transition state configuration (b). The p.-projected LDOS at a
carbon-bonding partner of oxygen, one of its nearest neighbors, and
the LDOS at the oxygen adatom are shown.

ergy of the Dirac point. ¢_=é(0, 1,-1), however, is an an-
tibonding combination of neighboring C-p, orbitals. The ab
initio calculations show that the resonances derived from this
state are more than 1 eV above the Dirac point, unoccupied
and not available for screening the additional positive charge
brought by the H impurity. Thus, the creation of a local
charge is enforced by graphene’s electronic structure for the
impurity in a b-site saddle-point configuration. As a conse-
quence, a strong tendency to ionic bonding with graphene
decreases migration barriers while migration of preferably
neutral covalently bond impurities is suppressed.

V. OXYGEN IMPURITIES ON GRAPHENE

In the previous sections, we showed with the model sys-
tem of monovalent impurities that covalently bond impurities
exhibit higher migration barriers than ionically bond impuri-
ties. With increasing number of chemically active orbitals,
as, e.g., for transition-metal adsorbates with partially filled
3d shells, the situation can become arbitrarily complicated.
We now show, however, that the experimentally and techni-
cally important case of oxygen adatoms is well in line with
the results on monovalent impurities.

Oxygen being divalent, adsorbs to bridge sites on
graphene with migration from one stable configuration to the
next involving the path depicted in Fig. 3. In the stable ad-
sorbed configuration, it binds covalently to graphene with
decoupling its two carbon-bonding partners from the
graphene 7 electronic system (see Fig. 5). The LDOS at
these carbon atoms is strongly depleted in the vicinity of the
Fermi level and exhibits the typical shape of sp® bonded
carbon—very similar to the situation for monovalent co-
valently bond impurities on graphene discussed in Sec. III.
However, no midgap state is created by oxygen adatoms in
their minimum-energy configuration as both graphene sublat-
tices are affected equally by the oxygen adatoms. There are
resonances in the LDOS of nearest neighbors at E=
—1.2 eV and E=0.9 eV but the LDOS vanishes linearly at
the Fermi level Ex=0. This is because O represents a “double
impurity” in terms of a tight-binding model,?'> where
strong impurities do not universally create midgap states.

For migration of oxygen from one stable configuration to
a neighboring, one of its two bonds to graphene has to be
broken. In the saddle-point state, oxygen is forming a single
covalent bond to one carbon atom. This results in a midgap
state of the same nature as in the case of covalently bonding
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monovalent impurities in their stable configuration. The mid-
gap state is slightly above the Fermi level as the nonbonding
orbital of oxygen [sharp peak below Ep=0 in Fig. 5(b)] is
fully below Eg=0 and accepts one electron from the midgap
state. So, O binds partially covalent and partially ionically to
graphene in the saddle-point configuration.

As in the case of monovalent impurities, the requirement
of breaking one covalent bond results in the rather high
migration barrier of 0.74 eV for oxygen on graphene, which
is however smaller than the adsorption energy of 2.43 eV. In
this sense O is similar to OH or F on graphene, which are all
able to form a (partially) ionic bond in the saddle-point
configuration.

VI. CONCLUSIONS

In this paper we investigated various examples of
monovalent impurities on graphene and established a relation
between their type of chemical bonding, the occurrence of
chiral midgap states and their migration barriers. We showed
that migration barriers of ionically bond impurities are sig-
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nificantly lower than their binding energies, AE<E,, which
is in contrast to covalently bond impurities having typical
migration barriers on the order of some 100 meV to 1 eV and
AE ~F b

This tendency explains experimental findings of charged
impurities moving almost freely on graphene'?*3 and experi-
ments suggesting considerable migration barriers for H
adsorbates.'®3* The fact that clusterization of impurities on
graphene strongly suppresses their contribution to the
resistivity!” makes covalently bond impurities one natural
candidate to the main source of scattering limiting the elec-
tron mobility in graphene. It is essential that, as demon-
strated here, these impurities frequently have quasilocal
peaks nearby the neutrality point—not accidentally but en-
forced by symmetry.
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