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Impurity-induced spin gap asymmetry in nanoscale graphene
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We present a way to control both the band gap and the magnetic properties of nanoscale graphene, which
might prove highly beneficial for application in nanoelectronic and spintronic devices. We have shown that
chemical doping by nitrogen along a single zigzag edge lowers the symmetry from D, (pure graphene) to C,,,
thereby accommodating the state with antiferromagnetic spin ordering of localized states between the zigzag
edges. This leads to an increase in the gap in comparison to that of pure graphene in its highest possible
symmetry of D,, and a shift of the molecular orbitals localized on the doped edge in such a way that the spin
gap asymmetry, which can lead to half metallicity under certain conditions, is obtained. The doping in the
middle of the graphene layer along the zigzag edge results in an impurity level between the highest occupied
molecular orbital and lowest unoccupied molecular orbital of pure graphene (much like in semiconductor
systems) thus decreasing the band gap and adding unpaired electrons, which can also be used to control the

graphene conductivity.
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I. INTRODUCTION

Applications of graphene with its unique physical
properties'™ in  nanoelectronics,®’  magnetism, and
spintronics,3~'? hang crucially on its band gap and spin or-
dering at the zigzag edges. A band gap can be opened in
graphene by breaking certain symmetries. For example, in-
teraction of graphene with its substrate, such as SiC, leads to
the charge exchange between them which breaks the sublat-
tice symmetry.!> Moreover, the quantum confinement effect
also has been found to introduce a small band gap in
graphene nanoribbons,'* just as was predicted earlier
theoretically.!>!® The effect of band gap opening and spin
ordering between the zigzag edges are found to be directly
linked to each other.'” When the spins align along the zigzag
edges and spin states localized at opposite edges have the
same spin orientation, then the symmetry of graphene is pre-
served and the system is gapless. Otherwise, if the spin-up
states are localized along one zigzag edge while the spin
down along the other, the sublattice symmetry is broken
which leads to a gap. In the light of a recent breakthrough in
fabrication of nanoribbons of required size through unzip-
ping of carbon nanotubes, the nanoribbons and nanoscale
graphene are the most promising systems for application in
nanoelectronics.?’

Manipulation of the spin ordering is important for both
graphene magnetism and its electronic properties. There are
several approaches which have been proposed recently to
control the spin ordering along the edges.>'>” One of them is
the termination of the zigzag edges by functional groups.?!
This has the advantage that one can achieve half metallicity
in this process. However, there are some serious issues in-
volved here. First, many of these functional groups are
placed out of the graphene plane thus making the whole
structure nonplanar and, most importantly, termination was
applied to every second edge cell, which makes its techno-
logical application very difficult. In fact, we found that the
strong interactions of the graphene lattice with some of the
functional groups, such as NH, and NO,, lead to buckling of
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the graphene layer and twisting of the functional groups,
which subsequently may result in the disappearance of the
half metallicity of graphene. The edges of graphene layer
were found curl up in earlier studies as well,Z” where the
boundary conditions were found to control the planarity of
graphene, namely, the curling occurs for stand-alone sys-
tems. For nanoscale graphene the ferromagnetic ordering of
the spin states along the zigzag edges can also be achieved
by adsorption of gas and water molecules on the graphene
surface, as shown in our previous work.?? The adsorption
leads to pushing of the a- and S-spin states to opposite zig-
zag edges thereby breaking sublattice symmetry and opening
a gap. In some cases the spin asymmetry can also occur. For
example, adsorption of HF gas molecules provides a highest
occupied molecular orbital (HOMO)-lowest unoccupied mo-
lecular orbital (LUMO) gap of 2.1 eV for the a-spin state
and 1.2 eV for the B-spin state. However, due to the weak
interactions between the adsorbate and the graphene sur-
faces, the phenomena of the spin alignment along the edges
take place locally, thus limiting its potential for application.

The connection between the phenomena of band-gap
opening and spin ordering with the sublattice symmetry
leads us to conclude that breaking of this symmetry is the
main direction to achieve the required semiconductor-type
band gap in graphene and a tunable spin ordering. Here we
propose that chemical doping along a single zigzag edge can
lower the symmetry from D,, to C,, symmetry, the latter
being characterized by the broken sublattice symmetry, a
semiconductorlike gap and antiferromagnetic spin ordering
between the zigzag edges. This method is far superior to
earlier approaches involving edge termination by functional
groups because doping can be done for every unit cell along
the zigzag edge and thereby preserves the planarity of
graphene. Doping not only breaks the sublattice symmetry of
graphene, it can also induce the spin gap asymmetry due to
the energetic shift of the molecular orbitals localized on the
doped edge. In a structure with a broken symmetry, the
HOMO,, and LUMOg states are localized at one edge while
HOMOg and LUMO,, are at the other. Suppose the doping
shifts the HOMO,, and LUMOg states localized at one edge
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down, then the HOMO,-LUMO,, band gap (A,) is increased
while Ag, in contrast, will be reduced. If a certain type of
impurities can cause a significant shift of the bands, then the
half metallicity of graphene may occur. This is what we set
out to investigate here. One of the important advantages of
this approach is that we expect insensitivity of spin-selective
behavior to the quality of the edges, when the band shift
induced by the impurities is stronger than the contribution
from the edge defects. We also investigate the possibility of
obtaining an impurity level in the middle of the graphene
band gap (in analogy to semiconductors) by substitutional
doping of a row of carbon atoms along the zigzag edge,
which has a lot of technological possibilities as well. Our
study of nanoscale graphene was based on the quantum
chemistry methods using the spin-polarized density-
functional theory with the semilocal gradient corrected func-
tional (UB3LYP/6-31G) performed in the Jaguar 7.5
program.?®

II. SYMMETRY OF NANOSCALE GRAPHENE

The highest symmetry for bulk graphite is the hexagonal
symmetry while for nanoscale graphene it would be the D,
planar symmetry with an inversion center. Additionally, there
are other lower symmetry classes available for nanoscale
graphene, such as the C,, symmetry with the mirror plane of
symmetry perpendicular to the zigzag or armchair edges,
only the planar symmetry, C; and no symmetry, C;. It has
been shown in others nanoscale systems? that they can be
tailor made with a desired symmetry. The lowest-energy
structure of graphene is found to be with C; or C; symme-
tries, which is of much lower energy (about 2.0 eV for struc-
tures with different sizes) than that of the C,, symmetry state
with the mirror plane perpendicular to the zigzag edges.
However, controllable spin ordering along the edges occurs
only for the high-symmetry states, such as the D,, planar
symmetry and the C,, symmetry, which are most interesting
from the point of view of device applications and will be the
subject of our present work. Further, we chose only one state
of graphene with C,, symmetry where the mirror plane is
perpendicular to the zigzag edges, which is characterized by
a much lower total energy than that with the mirror plane
perpendicular to the armchair edges (~1.5 eV). This sym-
metry type is characterized by the ferromagnetic spin order-
ing along the zigzag edges and antiferromagnetic spin order-
ing between the opposite zigzag edges that has potential
application of the graphene in spintronics.®*3%3! The
graphene structure optimized with constraints associated
with D,;, and C,, symmetries would be characterized by a
different lattice. However, for nanoscale graphene optimized
with D,;, symmetry the breaking of the sublattice symmetry
can cause a spontaneous transfer of graphene to the state of
C,, symmetry. That can be achieved with unequal doping of
the graphene sublattices as a result of interaction of the
graphene surface with adsorbed molecules®” or with the
substrate.!® However, it also can be done in controllable way
inducing lattice dissimilarity between sublattices, that is, un-
der consideration in present work.

The D,;, symmetry results in structurally identical corners
exhibiting ferromagnetic ordering of the spin-polarized states
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FIG. 1. (Color online) The spin-density distribution: (a) for
nanoscale graphene optimized with the D, point-group symmetry
and (b) for the case when one edge is doped by nitrogen, where the
highest symmetry is the C,, symmetry. Different colors indicate the
a—(light) and B—spin (dark) states. The spin density is plotted for
isovalues of +0.01 e/A3. The n and m are introduced to identify
the number of the carbon rings along the zigzag edge (n) and along
the armchair edge (m).

localized at the corners, as shown in Fig. 1(a). According to
the NBO (natural bond orbital) analysis, the localized elec-
trons at the corners are unpaired sp electrons belonging to
nonbonded orbitals that are located at the bottom of the con-
duction band or top of the valence band. For this symmetry,
both the a- and B-spin states of the HOMO and LUMO are
localized along the zigzag edges but their spin density is
equally distributed between the two edges. For nanoscale
graphene with D,;, symmetry the HOMO-LUMO gap ap-
pears due to the confinement and the edge effects.!> The
degeneracy of the @- and B-spin states belonging to the
HOMO and LUMO depends on the edge configuration, i.e.,
the « and S states can be nondegenerate or degenerate de-
pending on the number of the carbon rings along the zigzag
and armchair edges.”” The degeneracy reappears for larger
structures, such as n=8 and m =7 [see notation in Fig. 1(a)].
An increase in the graphene size leads to disappearance of
the confinement effect and as a result the gap vanishes.
Therefore, for n=4 and m=5 the gap is ~0.5 eV and al-
ready for n=6 and m=7 the gap is suppressed to ~0.19 eV.
The influence of the confinement effect on the graphene gap
has been already confirmed experimentally.'*

However, the state with D,;, symmetry is not the energeti-
cally preferable state for nanoscale graphene. Graphene, op-
timized with the C,, symmetry, where the mirror plane of
symmetry is perpendicular to the zigzag edges, has a total
energy that is lower than that for the D,;, symmetry. For the
C,, symmetry, the HOMO and LUMO are characterized by
the a- and B-spin states localized on the opposite zigzag
edges. Since the carbon atoms at the opposite zigzag edges
belong to different sublattices, such spin distribution breaks
the sublattice symmetry and a gap opens (~1.63 eV for n
=4 and m=5). The size of the gap is comparable to that
found for nanoribbons,'® where for a width of ~10 A that
corresponds to n=4 in our work, the gap was about 1.0 eV.
The larger gap of nanoscale graphene obtained here is a re-
sult of significant contribution from the confinement effect,
as the system is confined in all directions.

The localization of the a- and S-spin states belonging to
HOMO and LUMO at the opposite zigzag edges is important
for its possible application in spintronics.®%303! However,
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FIG. 2. (Color online) Spin polarizations in nanoscale graphene where the left edge is doped by nitrogen. Different colors correspond to
different signs of the molecular-orbital lobes. The electron densities are plotted for isovalues of *0.02 e/A3: (a) a state of HOMO
(Exomo=-6.04 eV), (b) B state of HOMO (Eyxomo=-35-43 eV), (¢) a state of (HOMO-1) (Eyomo-1=—6.38 eV), and (d) B state of
(HOMO-1) (Eyomo-1=—6.43 eV). The HOMO and LUMO are found to be localized at the single zigzag edges (edge states), while
(HOMO-1) and (LUMO+ 1)—delocalized over the entire graphene structure (surface states). Bottom pictures show the representation of the

localized and surface states.

the energy difference between the states of the D,; symmetry
and the C,, symmetry is not significant. For small structures
such as n=4 and m=5 the difference is ~0.5 eV but it de-
creases exponentially down to ~0.02 eV with increasing
structure size of up to n=6 and m =7 that are in good agree-
ment with earlier work.!” The gap disappears for n>8 and
m>>8. Therefore, the state of pure graphene with the C,,
symmetry, which is of major interest due to the distribution
of the localized states with opposite spin orientation between
two zigzag edges, becomes unstable with increasing struc-
ture size. However, we have found a way to establish
graphene in a state of C,, symmetry. The distortion or dis-
similarity induced along a single zigzag edge not only breaks
the sublattice symmetry of the graphene but also lowers the
symmetry from D,, to C,,, thereby accommodating the
graphene in a state characterized by antiferromagnetic spin
ordering between the zigzag edges. The spin-density distri-
bution for nanoscale graphene with one zigzag edge doped
by nitrogen is presented in Fig. 1(b). Localized states along
the zigzag edges are formed by unpaired electrons belonging
to the natural nonbonded orbitals, which participate in for-
mation of the HOMO and LUMO. The «- and [B-spin states
of the HOMO and LUMO are spatially separated, i.e., local-
ized at opposite zigzag edges. The (HOMO-1) and (LUMO
+1) orbitals usually correspond to the surface states, redis-
tributed over the entire graphene structure. The surface states
are important for conductivity of graphene in a transverse
electric field because the charge transfer between the spa-
tially separated HOMO and LUMO may occurs through par-
ticipation of the surface states. The electron-density distribu-
tion for the edge states and the surface states is presented in
Fig. 2. The slight difference between the «- and B-spin sur-
face states (HOMO-1) is due to doping of the left zigzag
edge. The a- and B-spin states remain spatially separated
with increasing structure size.

III. HALF METALLICITY OF GRAPHENE

The edge dissimilarity allows us to explore the required
properties, such as the semiconductor-type band gap and lo-
calization of a- and [-spin states at opposite zigzag edges.
Moreover, the spatial separation of the «- and the S-spin

states resulted from doping of the single zigzag edge is stable
in comparison to the water adsorption.”> Doping of a single
edge shifts the band energies of the orbitals which are
strongly localized at this edge. Such a shift provides an op-
portunity to obtain another useful property of graphene
which is important for spintronics—the half metallicity. For
the HOMO or LUMO, which are shown to be localized at the
edges, the substitutional doping at the single zigzag edge can
create a strong nondegeneracy of the a- and S-spin states
because these states are spatially separated and localized at
the opposite edges. Moreover, the HOMO,, and LUMOg are
localized at one edge while HOMOz and LUMO,, at the
other. If doping increases the band gap A, for the a-spin
state, then the band gap Ag for the S-spin state, in contrast
will be reduced, and vice versa. Therefore, doping induces
the spin gap asymmetry in graphene. Materials exhibiting
asymmetric gaps for the a- and B-spin states where one gap
is of semiconductor type while the other is an insulator, are
known as half-semiconductor materials, but if one of them is
metallic, the system is half metallic. Therefore, by choosing
the right doping we can achieve a stable half metallicity in
graphene which will be an important step forward for appli-
cations in spintronics.

We have investigated the transformation of the electronic
structure of nanoscale graphene due to the induced edge dis-
similarities. The results are schematically presented in Fig. 3.
For nanoscale graphene with D,;, symmetry a small band gap
occurs due to the confinement. The HOMO and LUMO in
this case are localized at the zigzag edges but their electron
density is equally redistributed over both edges [see Fig.
3(a)]. Termination of the left zigzag edge by hydrogen [Fig.
3(b)] opens a gap as a result of breaking of the sublattice
symmetry, thereby lowering D,;, symmetry to a state of C,,
symmetry. The hydrogenation leads to saturation of the dan-
gling o bonds at the terminated edge but does not signifi-
cantly change the energy of the HOMO,, and LUMOg states
localized at this edge. The resulting nondegeneracy of the a-
and SB-spin states is not large, and the HOMO-LUMO gap of
the a-spin state (A,=1.8 eV) is almost identical to that of
the B-spin state (Ag=2.1 eV). For pure graphene in a state
with C,, symmetry, the energy diagram differs mostly by the
magnitudes of the energy gap A, and A which are
~1.5 eV for this case. Therefore, hydrogen termination
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FIG. 3. (Color online) Schematic diagrams showing the distribution of the edge states and surface states in the energy scale and over the
graphene structure (see the bottom pictures in Fig. 2 for pictorial description of the states). The structures at the bottom demonstrate the spin
distribution with isovalues of £0.01 e/A3. (a) Nanoscale graphene optimized with the D,;, symmetry, (b) with left edge terminated by
hydrogen, and (c) with the left zigzag edge doped by nitrogen. For the localized states the energy levels (HOMO and LUMO) show density
distribution (schematic), particularly delocalization of the orbitals between the two edges if the D,;, symmetry is preserved, and their
localization on the zigzag edges when sublattice symmetry is broken and C,, symmetry becomes to be highest possible symmetry. The
surface states [(HOMO-1) and (LUMO+1)] are delocalized over the entire graphene structure [see, for example, Figs. 2(c) and 2(d)].

along a single zigzag edge increases the gap from ~1.5 eV
for pure graphene in state of C,, symmetry to ~1.9 eV due
to major breaking of the sublattice symmetry in comparison
to that of pure graphene, where symmetry breaking is in-
duced by the spin distribution.

Doping of the left zigzag edge by nitrogen [see Fig. 3(c)]
shifts down the orbital energies of the HOMO, and LUMOg
states localized at the doped edge and results in a strong
nondegeneracy of the orbitals. This leads to a slight enhance-
ment of the HOMO-LUMO gap for the a-spin state up to
A,=2.2 eV but a significant decrease in the HOMO-LUMO
gap for the B-spin state down to Ag=0.8 eV. The length of
the nitrogen-carbon bond at the edges is found to be dy.¢
=1.35 A, which is similar to the carbon-carbon bonds dc ¢
=1.39 A. Similar results are obtained for the phosphorus
impurities, where the gaps are A,=2.0 eV and Az=0.9 eV.
Phosphorus is, however, less useful because of the large
phosphorus-carbon bond (dp.c=1.78 A) which can lead to
destruction of the lattice. We have also investigated the pos-
sibility to dope the single zigzag edge of the nanoscale
graphene by other impurities, such as oxygen and boron, but
they are not as effective as nitrogen. The oxygen doping
leads to strong delocalization of the electron density of the
orbitals localized at the edges. The doping by boron leads to
destruction of the graphene lattice due to the long boron-
carbon bonds at the edges (dyc=1.42 A), thereby signifi-
cantly stretching the doped edge that can lead to breaking of
the bonds at the corner of the edges. Doping by boron shifts
the states localized at the edges from the HOMO-LUMO gap
deeper into the conduction and valence bands.

For the size of the nanoscale graphene investigated in this
work, the spin asymmetry is achieved but the band-gap mag-
nitude for a- and B-spin states corresponds to the half-
semiconductor behavior (A,=2.2 eV,A5=0.8 eV). We
found that the spin-selective behavior of graphene is pre-
served with increasing structure size because substitutional
doping energetically shifts the orbitals localized on the doped
edge independently of the graphene size and breaks the sym-
metry of graphene. However, increasing the size of graphene
results in a decrease in both the A, and Agz gaps due to
diminishing confinement effects. Therefore, for graphene
structures doped by nitrogen or phosphorus of size n=6 and
m=7, the gap Ag is close to being metallic. For n=6 and
m="7 the gap for a-spin state is suppressed down to 1.13 eV
while for -spin state down to 0.19 eV, which corresponds to
the half-metallic behavior of graphene.

An external electric field applied between the zigzag
edges has been shown®*3%3! to shift the band of graphene
with spatially separated and degenerate «- and S-spin states.
The electric field shifts the bands in such a way that for «
spin the HOMO and LUMO levels move closer to each other
in the energy scale while for 8 spin they move apart. At a
certain electric field, A, vanishes and the metallic behavior
of graphene appears. If the electric field +E,. can close the
band gap for the a-spin state, —E,. leads to disappearance of
the band gap for the SB-spin state. Therefore, the current-
voltage characteristic of such a structure will be symmetrical
because the A, equals Ag and for both spin states the switch
from the semiconductor to metallic behavior occurs at the
same critical electric field =E.. The advantage of graphene
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with spin gap asymmetry, i.e., different A, and Ag gaps,
found in this work is that, the different values of the critical
electric field required to close these gaps, such that |EL.(ﬁ)|
<|Ec(a)| when Az<A,. Therefore, this structure will be
characterized by the spin-selective behavior and assymetric
spin channels.

IV. DOPING OF GRAPHENE

We have also investigated the influence of impurities on
the electronic structure of graphene in the case when they are
not embedded at the zigzag edges. Replacing the row of
carbon atoms by nitrogen atoms in a graphene lattice along
the single zigzag edge results in the appearance of impurity
levels inside of both the A, and Ay gaps. The energy dia-
gram of localization of the molecular orbitals for the doped
graphene is presented in Fig. 4. As we mentioned earlier, in
pure graphene the HOMO and LUMO are localized at the
zigzag edges. The applied doping creates one extra occupied
orbital (HOMO) which is localized at the embedded nitrogen
atoms and located above the occupied orbital belonging to
the edges, which becomes HOMO-1. The NBO analysis has
shown that this extra orbital is formed by the unpaired sp
electron localized on each nitrogen atoms. This reduces the
HOMO-LUMO gap (A,=1.1 eV and Ag=0.7 eV) while
preserving the spin asymmetry.

In an applied in-plane electric field the charge transfer
occurs between the orbitals localized on the opposite zigzag
edges, i.e., in our case such transfer occurs between the
HOMO-1 and LUMO, which is a multistep process with par-
ticipation of HOMO. Since the gap is decreased and each
nitrogen atom adds an unpaired electron into the system due
to the doping, the conductivity of graphene would be signifi-
cantly enhanced and can be controlled as in semiconductor
devices.

V. CONCLUSION

We have investigated the possibility to control the elec-
tronic and magnetic properties of nanoscale graphene. We
found that the dissimilarity of the edges induced by doping
lowers the symmetry of graphene from D,; to C,,, which is
characterized by the spin ordering along the zigzag edges
and their antiparallel alignment between opposite zigzag
edges. Moreover, impurities embedded at a single zigzag
edge shifts in the energy scale the molecular orbitals local-
ized at this edge, thereby decreasing the band gap for one
spin channel and increasing the other. Under these condi-
tions, the half-metallic behavior can be achieved. Nitrogen
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FIG. 4. (Color online) Schematic diagram showing the distribu-
tion of the edge states localized on carbon atoms at the graphene
edge denoted as “C” in the diagram (LUMO and HOMO-1) and
states localized by the dopant in the middle of the graphene struc-
ture (HOMO) and denoted as “N” in the diagram (see the bottom
pictures in Fig. 2 for pictorial description of the states). The
HOMO,, and HOMOg are extra impurity levels that appear due to
the doping and replaces the occupied orbital localized on the left
carbon edge by shifting it deeper into the valence band. The inset
picture (in brackets) demonstrates the electron-density distribution
for the HOMO,, with isovalues of £0.01 e/A3.

doping in the middle of the graphene surface is found to have
the prospect for application in nanoelectronics due to the
appearance of the occupied impurity levels in the band gap.
The impurity level results in a decrease in the band gap of
~2.0 eV by one half and contains unpaired electrons, which
should lead to an enhancement of the conductivity. There-
fore, both the conductivity of the nanoscale graphene and its
magnetic properties can be controlled by the impurities.
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