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Tunable electronic and magnetic properties of
arsenene nanoribbonsf

Lei Ao,?® Anh Pham, £ *5< Xja Xiang,*® Frank Klose,“ Sean Li® and Xiaotao Zu®

The electronic and magnetic properties of different arsenene nanoribbon (As NR) structures were
investigated systematically using the density functional theory (DFT) method. Our results reveal that the
nanoribbons’ geometrical structure and chemical termination have significant impacts on their electronic
and magnetic properties. Specifically, the unpassivated armchair nanoribbons (a-NRs) and reconstructed

zigzag nanoribbons (zz-o-RNs)

are nonmagnetic

indirect and direct bandgap semiconductors,

respectively. Considering the magnetic interaction between the edge states, the normal and one-atom

terminated zigzag nanoribbons (z-NRs) are determined to be a weak antiferromagnetic (AFM)

semiconductor. H passivation at the edge sites results in nonmagnetic and semiconducting properties of
a-NRs, z-NRs, and zz-o-NRs. External strain has significant effects on both the band gap and the orbital
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characteristics of the band edge of a-NRs, zz-0-NRs and H passivated z-NRs, owing to the competition

between the As p, p,, and p, bonding/anti-bonding states. For the bare z-NRs, the tensile strain
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1. Introduction

Single-layered black phosphorus, i.e. phosphorene, has attrac-
ted widespread attention due to its exotic properties like high
carrier mobility, large band gap, and anisotropic thermal
conductivity."™ Motivated by the studies of phosphorene, the
two-dimensional (2D) structures of other V group materials like
arsenic (As) have also been investigated.”” Similar to phos-
phorus monolayers, single-layer arsenic nanosheets also exhibit
diverse polymorphs with different electronic properties ranging
from semiconductor to metal.'” Among them, arsenene is one of
the most stable allotropes of arsenic with a puckered layered
structure similar to phosphorene, with an indirect band gap of
0.83 ev."”

In nanostructures like nanoribbons (NRs), self-
reconstruction at the edges can result in diverse geome-
tries.'®?* For instance, in addition to the normal armchair
edge (AC), single-atom terminated zigzag edge (ZZ-1), and
double-atom terminated zigzag edge (ZZ-2), theoretical study
also revealed another two self-reconstructed edges of
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stabilizes the AFM state with enhanced magnetic moments. These versatile electronic and magnetic
properties suggest possible potential of the As NRs for application in nanoelectronic devices.

phosphorene NRs represented as ZZRC-i and ZZRC-o, corre-
sponding to the ZZ-2 edge with an inner and outer shift,
respectively.”® These structural reconstructions have been
observed experimentally using aberration corrected trans-
mission electron microscopy (TEM).?® In addition to the edge
state reconstruction, the nanoribbons' geometrical structure
and chemical termination can also affect their electronic
properties.>*** For P-based NRs, the unpassivated and one-
atom terminated zigzag NRs (z-NRs) have been shown to be
metallic,' while the corresponding armchair NRs (a-NRs) are
semiconducting. With hydrogen passivation at the edge sites,
both z-NRs and a-NRs are transformed to be semiconductors
with direct band gaps. In addition, the magnetic properties of
nanoribbons can also be affected by the localized electronic
states at the edge sites, as revealed in graphite and graphene
z-NRs. 3334

To utilize nanoribbons for device application, effects of
external strain on their electronic and magnetic properties need
to be investigated to identify suitable substrate material.**-* For
P-based NRs, compressive/tensile strains are shown to reduce/
increase the band gap energy of the a-NRs and the H passiv-
ated z-NRs." Compressive strains larger than 5% could induce
a magnetic to nonmagnetic transition in the unpassivated P z-
NRs.* Motivated by these results, we investigate the electronic
and magnetic properties of As NRs using density functional
theory (DFT) technique. Our study reveals that As NRs also have
tunable electronic and magnetic properties based on the edge
passivation and external strain.
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2. Computational details

All the DFT calculations are performed using VASP code*® with
the projector augmented wave (PAW) potentials*' and the Per-
dew-Burk-Ernzerhof (PBE) functional.*> The plane-wave basis
set is expanded with a cutoff energy of 400 eV. A unit cell with
periodic boundary condition is used to simulate a nanoribbon
with a vacuum space of at least 20 A to avoid the interactions
between the periodic images. The Monkhorst-Pack*® k-point
mesh of 9 x 1 x 1and 1 x 9 x 1 are used for the Brillouin zone
integration for the As n-NRs with the armchair edge and
normal/reconstructed zigzag edge, respectively, where n (n = 4,
8, 12, 16, and 20) is the ribbon width. Geometric structures are
relaxed until the Hellmann-Feynman forces are less than
0.01 eV A~ Uniaxial strain along the direction of nanoribbon is
applied, which is defined as ¢% = (¢ — c)/co, where ¢, and ¢ are
the unstrained and strained lattice constant, respectively. For
the unpassivated As NRs, the edge energy (Fgqg.) is defined as

Fgage = (FNR — NasFas)/2L, (1)

where Fyy, is total free energy of the nanoribbon, Njs and Fys are
the total number of As atom and the free energy per As atom. L
is the unit cell width.

The relaxed lattice constants for the As monolayer are a =
3.675 A and b = 4.793 A. Fig. S1t gives the corresponding band
structure which exhibits semiconducting character with an
indirect band gap of 0.84 eV. The VBM and CBM are found
located at the A and I point, respectively. These results are all in
good agreement with previous theoretical study."”

3. Results and discussions
3.1 Edge stability

We first consider stability of the different edge configurations
similar to P NRs such as the AC, ZZ-1, ZZ-2, ZZRC-i, and ZZRC-0
edges for the As NRs, as schematically shown in Fig. 1. Table 1
shows the relative stability of different edge configuration. It
can be observed that stability of these edges follows the
sequence of ZZRC-o > ZZ-1 > ZZRC-i > AC > ZZ-2. Similar trend
was also observed for P NRs,** where the ZZRC-o configuration
is the most stable and the ZZ-2 edge is the least favorable. Thus,
our investigation will be focused on two normal edges, i.e., ZZ-1
and AC, and the most stable reconstructed edge, i.e., ZZRC-o.
The relaxed structures of the 12-NRs with the bare and H
passivated AC edge (a-NR), ZZ-1 edge (z-NR), and ZZRC-o edge
(zz-0-NR) are presented in Fig. 2.
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Fig. 1 Schematic view of the As
configurations.
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Table 1 The calculated edge energies (eV) in the As n-NRs (n = 4, 8,
12, 16, and 20)

n=4 n=38 n=12 n=16 n=20 Average
AC 0.30 0.30 0.30 0.30 0.30 0.30
77-1 0.19 0.19 0.19 0.18 0.18 0.19
77-2 0.31 0.31 0.31 0.31 0.31 0.31
ZZRCA 0.22 0.22 0.22 0.21 0.21 0.22
ZZRC-0  0.15 0.15 0.15 0.15 0.14 0.15

3.2 As NRs with the AC edge

Fig. 3(a) illustrates the band structure of the unpassivated 12-a-
NR, which exhibits semiconducting character with an indirect
band gap. As revealed by the partial charge density [Fig. 3(a)]
and the orbital-resolved band structures [Fig. S2(a)f], the
valence band maximum (VBM) located near the X point (indi-
cated by the A point) is dominated by the As p, bonding states
while the conduction band minimum (CBM) close to the I' point
(indicated by the B point) is dominated by the p, anti-bonding
states from the edge As atoms. The band edges position of the
bare As a-NRs is different from the corresponding P-based a-
NRs'® where the VBM is found located at the I" point. In addi-
tion, it is observed that o and B bands split at the A point,
contributed primarily by the edge and central As atoms,
respectively. Due to the weaker interaction between the As
atoms at the armchair edge, the unpassivated As a-NRs exhibit
decreasing band gaps with increasing ribbon width 7 [Fig. S31].

With H passivation at both edge sites, the bands in the Fermi
level region are disappeared and all a-NRs exhibit semi-
conducting properties, as shown in Fig. S4.1 Fig. 3(b) illustrates
the band structure of the H passivated 12-a-NR. Different from
the P a-NR with a direct band gap at the I" point,' the As a-NR
exhibits an indirect band gap, in which the VBM and CBM are
located at the A and the I' point, respectively. Due to the
quenching of the edge states, both of the VBM and CBM are
contributed by the states in the central region of the nano-
ribbon, which are dominated by the As p, and p, orbitals,
respectively, as indicated in Fig. 3(b) and S2(b).} The band gap
of the H passivated a-NR versus ribbon width n (n = 4, 8, 12, 16,
and 20) is illustrated in Fig. 4. Due to the weaker quantum
confinement, the band gap decreases with increasing ribbon
width and gradually approaches to that of the As monolayer
(0.83 eV).””

Effects of strain on the electronic properties of As a-NRs with
and without H passivation at the edge are investigated. Our
calculation reveals that applying strain has significant effects on
both of the band gap and orbital contribution at the band
edges. As revealed in Fig. 5(a) and 6(a), the band gap of the 12-a-
NR increases with respect to the increasing tensile strain,
accompanying by a VBM transfer from the A to I" point. At the
equilibrium lattice constant, as shown in Fig. 3(a) and (b), the
As p,, orbitals dominated bonding states at the I" point near the
Fermi level have a comparable energy with the p, states domi-
nated VBM. When tensile strain is applied along the armchair
direction, the As p, bonding states are the most affected. In
addition, the armchair-oriented strain also influences the As p,

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Top (nearly top) and side views of the relaxed structures of the As 12-NRs with the unpassivated and H passivated edges. The green and

gray balls represent As and H atoms, respectively.
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Fig. 3 Band structures of (a) the unpassivated and (b) the H passivated As 12-a-NR. Right panels show the partial charge density distribution of
the VBM/CBM and the a.and f bands at the A point in (a) the Fermi level is set to zero. The isosurface value is set to be 0.002 e A=*. The VBM/CBM

is indicated by red circle.

bonding states due to the small structural relaxation perpen-
dicularly to the armchair direction. Consequently, based on the
movement of different orbitals near the Fermi level, the
bonding states at the A point are most sensitive to the strain,
following by the bonding and anti-bonding states at the I" point.
The tensile strain helps stabilize the bonding states character-
ized by those states moving to the lower energy, resulting in an

This journal is © The Royal Society of Chemistry 2017

increasing band gap, as shown in Fig. 5(b) and 6(b). Further-
more, since the p, orbital dominated bonding states at the A
point are more sensitive to armchair-oriented strain [Fig. 5(c)
and 6(c)], they shift to lower energy compared with the p, orbital
dominated I' states, leading to a VBM shift from the A to I
point, as shown in Fig. S6.1 Thus, the H passivated 12-a-NR
undergoes a transition from an indirect-to-direct gap

RSC Adv., 2017, 7, 51935-51943 | 51937
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semiconductor, as revealed in Fig. 6(a) and S6.1 On the other
hand, the bonding states move to higher energy with decreasing
lattice constant along the armchair direction, leading to
a decreasing band gap. As shown in Fig. 5, the unpassivated 12-
a-NR undergoes a semiconductor-to-metal transition under the
compressive strain of 6%.

3.3 As NRs with the ZZ-1 edge

Previous study revealed that the localized electronic states at each
zigzag edge in graphene nanoribbons resulted in spin polariza-
tion and half-metallicity.**** This motivated us to consider the
stability of different magnetic coupling between the edge As
atoms in the z-NRs. As described in Fig. S7,7 four initial magnetic
configurations are considered including ferromagnetic (FM),
intra-edge FM and inter-edge AFM (AFM-1), intra-edge AFM and

Energy (eV)

View Article Online
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inter-edge FM (AFM-2), intra-edge AFM and inter-edge AFM
order (AFM-3). To calculate the FM and AFM configurations in
the zigzag edge, the corresponding supercells are increased to
1 x 2 x 1. Table 2 shows the relative energy difference between
these magnetic states and the nonmagnetic (NM) states in the As
n-z-NR (n = 8, 12, 16, and 20). The FM and AFM-1 configurations
are shown to be energetically less stable than the nonmagnetic
states, indicating that the FM coupling between the edge states
on the same side is not favorable. Meanwhile, the AFM-2 and
AFM-3 configurations where edge states are AFM aligned on the
same side have much lower energies. However, the small energy
difference of only several meV relative to the NM state indicates
their weak magnetic coupling between the As atoms at the edges
and small thermal oscillations can quench the magnetism. The
AFM-2 and AFM-3 configurations are almost degenerate in energy
and have similar band structures. As illustrated in Fig. 7(a), the
band structure of the AFM-2 ordered 12-z-NR exhibits a semi-
conducting character with a direct band gap of 0.26 eV at the Y
point. The Bader charge analysis indicates that the magnetic
moments are mainly distributed on the As atoms at the edge sites
(0.24 up per atom) and the neighboring saturated As atoms (0.09
up per atom). In the nonmagnetic states, similar to that of the P
based z-NRs, the band structure of 12-z-NR shown in Fig. 7(b)
exhibits the metallic character with two nearly degenerated edge
bands crossing at the Fermi level. The corresponding orbital-
resolved band structure [Fig. S2(c)t] indicates that these bands
are contributed by the As p, states hybridized with the p, states.

With H passivation of the edge sites, all n-z-NRs (n =4, 8, 12,
16, and 20) exhibit nonmagnetic and semiconducting proper-
ties with a direct band gap at the I point, as shown in Fig. S8.}
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Fig. 5 Strain-dependent (a) band structures, (b) band gaps and (c) energies of the VBM/CBM states of the unpassivated As 12-a-NR.
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Table2 The relative energies (eV) of the unpassivated As n-z-NRs (n =
8, 12, 16, and 20) with different magnetic configurations

NM ™M AFM-1 AFM-2 AFM-3
8 0.005 0.405 0.380 0.000 0.005
12 0.008 0.399 0.380 0.000 0.001
16 0.013 0.396 0.382 0.000 0.006
20 0.006 0.391 0.391 0.000 0.002

Further examination of the band structure of the 12-z-NR shows
that both of the VBM and CBM are contributed by the states
from the central region of the nanoribbon, dominated by the As
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p. and p, orbitals, respectively, as shown in Fig. 7(c) and S2(d).T
The ribbon width-dependent band gaps also show a similar
trend with that of the H passivated a-NRs due to the quantum
confinement effect, as indicated in Fig. 4.

Effects of strain on the magnetic coupling of the edge states
are investigated by applying —6% to +6% zigzag-oriented
strains on the 12-z-NR. The relative stability between the AFM-
2 and NM states is compared by calculating the total energy
differences, as outlined in Table 3. The tensile strain helps
stabilize the AFM-2 state with enhanced energy differences and
the magnetic moments distributed on the edge sites, as
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Fig. 7 Band structures of (a) the unpassivated As 12-z-NR with the AFM-2 configuration, (b) the unpassivated As 12-z-NR in the nonmagnetic
states, and (c) the H passivated As 12-z-NRs. The panel below shows the corresponding spin density distribution in (a), the partial charge density
distribution of the edge state bands in (b) and the VBM/CBM in (c). The Fermi level is set to zero. For the spin charge density, the yellow/blue
isosurface shows the positive/negative spin density with a value of 0.002 e A~>. For the partial charge density, the isosurface value is set to be
0.002 e A=3. The VBM/CBM is indicated by red circle. The indicated magnetic moment is in the unit of ug.
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Table 3 The strain-dependent relative energies (eV) of the unpassivated As 12-z-NR between the NM and AFM-2 configuration

+6 +5 +4 +3 +2 +1 0 -2 -4 -6
NM 0.141 0.157 0.080 0.063 0.040 0.015 0.008 0.000 0.000 0.051
AFM-2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.053 0.000

Table4 Magnetic moments distribution and the band gap evolutionin
AFM-2 ordered unpassivated As 12-z-NR under the tensile strain. The
magnetic moment and the band gap are in the unit of ug and eV,
respectively

+6 +5 +4 +3 +2 +1 0

Mag. (edge site) 0.53 0.49 0.45 041 037 0.30 0.24
Mag. (neighboring site) 0.12 0.12 0.12 0.12 0.12 0.10 0.09
Band gap 0.18 0.28 0.33 0.35 0.33 0.31 0.26

=S =
———

—— k=
—=

Energy (eV)

.

N
M\

Fig. 8 Strain-dependent band structures of the unpassivated As 12-z-
NR with the AFM-2 configuration. The Fermi level is set to zero. The
direct/indirect band gap is indicated by the blue arrow.

indicated in Tables 3 and 4. The strain-dependent band struc-
tures shown in Fig. 8 indicate that, under the increasing tensile
strain, the 12-z-NR undergoes a direct-to-indirect-to-direct band
gap transition with band edges changed from the Y to I' point.
Furthermore, the band gap increases to 0.35 eV under the strain
of +3% and then decreases with increasing tensile strain.
Whereas compressive strains from 0% to 4% stabilize the NM
state in the 12-z-NR as indicated in Table 3. For larger
compressive strain of 6%, the AFM-2 configuration becomes
more stable due to the semiconducting-to-metal transition.
Under the influence of external strain, the electronic prop-
erties of the H passivated z-NR undergo significant changes.
Fig. 9(a) illustrates the band structures of the 12-z-NR under the
strain from —8% to +8%. As indicated in Fig. 9(b), the funda-
mental band gap of the 12-z-NR decreases under either tensile
or compressive strains, which is different from the behavior in
the corresponding P-based NRs.'” The orbital-resolved band
structures [Fig. S91] demonstrate that the band gap evolution is
governed by the different responses of the py, py, and p, domi-
nated bonding and anti-bonding states to the external strains.
By analyzing the relaxed structures of the strained 12-z-NRs, it is
found that there is significant relaxation along the ribbon width
direction when the lattice is strained along the zigzag direction.
As a result, the As p, and p, orbitals dominated states are
significantly affected under the zigzag-oriented strain. In addi-
tion, as shown in Fig. 9(c) and S9,T the tensile strain helps
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Fig. 9 Strain-dependent (a) band structures, (b) band gaps and (c) energies of the VBM/CBM states of the H passivated As 12-z-NR.
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Fig. 10 Band structures of (a) the unpassivated and (b) the H passivated As 12-zz-o-NR. Right panels show the partial charge density distribution
of the VBM/CBM and the edge state bands in (a) the Fermi level is set to zero. The isosurface value is 0.002 e A=3. The VBM/CBM is indicated by

red circle.

decrease the energy splitting between the p, anti-bonding and
bonding states. This results in a decreasing band gap trend due
to the downward shift of the p, orbital dominated CBM.
Meanwhile, under compressive strains, the p, anti-bonding
states move to higher energy, leaving the CBM characterized
by the p, anti-bonding states which are less affected. As dis-
cussed above, applying strain along the zigzag directions is ex-
pected to have significant effects on the p, orbital dominated
states. However, since the p, bonding states are situated deeply
inside the valence band, they only affect the VBM when the
compressive strain reaches to 8%, as shown in Fig. 9(c) and S9.}
Therefore, applying compressive strain only moderately reduces
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the band gap of the 12-z-NR and the nanoribbon preserves its
semiconducting property.

3.4 As NRs with the ZZRC-o edge

Our calculations show that both of the bare and H passivated As
n-NRs (n = 4, 8, 12, 16, and 20) with the ZZRC-o edge exhibit
semiconducting character with direct band gaps at the I" point,
as shown in Fig. S10(a) and (b).T Furthermore, due to the weak
interaction between the As atoms at the edge, the As zz-0-NRs
exhibit decreasing band gaps with increasing ribbon width n,
as indicated in Fig. 4 and S10(c).t
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Fig. 11 Strain-dependent (a) band structures, (b) band gaps and (c) energies of the VBM/CBM states of the H passivated As 12-zz-o-NR.
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Fig. 12 Strain-dependent (a) band structures, (b) band gaps and (c) energies of the VBM/CBM states of the unpassivated As 12-zz-o-NR.

For the 12-zz-0-NRs, the partial charge density [Fig. 10] and
the corresponding orbital-resolved band structures [Fig. S2(e)
and ()] reveal that the VBMs are contributed by the p, bonding
states from the central region of the As-NRs, while the CBM
originations are distinct between the bare and H passivated
NRs. Specifically, for the bare zz-0-NRs, the CBM is dominated
by the anti-bonding edge states with the As p, orbital character,
while H passivation quenches the edge states in the Fermi level
region, leading to the CBM mainly contributed by the p, anti-
bonding states from the central As atoms. Furthermore, in
comparison with the z-NRs, the bands for the zz-0-NRs are less
dispersive along the I'-Y direction.

Our calculation reveals that the H passivated zz-o-NRs
exhibit similar strain response with the corresponding z-NRs,
due to their similar orbital contribution at the band edges, as
indicated in Fig. 11 and S11.} As for the bare zz-0-NRs, there is
an additional competition among the p, and/or p, anti-bonding
states from the edge and central As atoms. According to
Fig. 12(c) and S12,} the p, anti-bonding states originated from
the central As atoms move to lower energy under the effect of
tensile strain, while the corresponding edge states are less
affected. This results in a p, orbital characterized CBM
changing from the edge site to the central region of the nano-
ribbon when the tensile strain increases to 4%. Meanwhile, for
the zz-o NRs under the compressive strain, the energy difference
between the p, anti-bonding central states and the p, anti-
bonding edge states at the I' point decreases. When the
compressive strain is increased to 8%, the CBM is contributed
by more central As antibonding states with the p, orbital
character. In comparison with the compressive strain, the
tensile strain has more significant effects on the band gap of the
bare zz-0-NRs due to the effect of strain on the p, central anti-
bonding states, as indicated in Fig. 12 and S12.t

51942 | RSC Adv., 2017, 7, 51935-51943

4. Conclusion

In conclusion, we have presented a comprehensive theoretical
study of the electronic and magnetic properties of the As NRs
under the effect of external lattice strain. By calculating the edge
energies of different edge configurations, the reconstructed
zigzag edge (ZZRC-0) is found to be the most stable. In addition,
our calculations reveal that both of the unpassivated and H
passivated a-NRs are indirect bandgap semiconductors, with
the VBMs and CBMs dominated by the p, and p, states,
respectively. The compressive/tensile strain leads to decreasing/
increasing band gap primarily due to the shifting of the VBM at
the A/I' point. On the other hand, the zz-o-NRs and the H
passivated z-NRs exhibit semiconducting character with direct
band gaps at the I' symmetry point. The corresponding VBMs
are all dominated by the p, states, while the CBMs for the bare
and H passivated NRs are contributed by the p, and p, orbitals,
respectively. Compared with the compressive strain, the tensile
strain has more significant effects on these zigzag edge NRs,
resulting in greatly reduced band gap. The evolution of the band
edges at the I' point is governed by the competition among the
As py, py, and p, bonding and anti-bonding states from the edge
site and the central region. With respect to the spin couplings
between the As atoms, the unpassivated z-NRs reveal a weak
AFM interaction. In addition, applying tensile strain helps
stabilize the AFM states and enhance the magnetic moments
distributed on the edge sites. The tensile-strained 2z-NRs
undergo a direct-to-indirect-to-direct band gap transition due
to the shifting of the band edges. Consequently, through
a combination of strain tuning and edge modification, the
magnetic and conductive properties can be engineered in the
As-based NRs for future nanoelectronics applications.

This journal is © The Royal Society of Chemistry 2017
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