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Spin-orbit coupling effects on electronic structures in stanene nanoribbons

Wengi Xiong,® Congxin Xia,** Yuting Peng,” Juan Du,’ Tianxing Wang,” Jicai Zhang® and Yu Jia©

The electronic structures and magnetic properties of stanene nanoribbons (SnNRs) are studied by using first-principles
calculations, considering the spin-orbit coupling (SOC) effects and edge passivation. The results show that all considered
armchair SnNRs are nonmagnetic semiconductors with the gap values as a periodic oscillation function of ribbon width.
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1 Introduction

As the rise of graphene,l'5 different kinds of two-dimensional (2D)
atomic layer materials manifest many new and interesting
properties not found in bulk materials, such as 2D MoSZG'10 and
phosphorene.u'MAmong these new studied 2D nanomaterials, one
particular topic of interest is exploring the electronic characteristics
of group IV elements-based 2D materials except graphene. So far,
extensive studies have shown that 2D silicene and germanene
analogues of silicon and germanium possess the promising
applications in electronic applications.ls'18 More recently, a new 2D
material Sn monolayer called stanene has also been firstly
fabricated by growing on suitable Bi,Te;(111) substrate,19 which will
attract much attention due to its novel electronic characteristics.

For the studies of stanene, Song et al. firstly predicted
theoretically the existence of stanene because Sn also belongs to
group IV in the periodic table and the Fermi velocity of freestanding
stanene is about 0.55x10° ms™ considering spin-orbital coupling
(SOC) effects.?’ The studies of Cai et al. showed that stable stanene
has a similar hexagonal buckled monolayer structure to graphene
and silicene with a remarkable 72 meV bandgap.uThe influences of
strain on the band structures are investigated by means of first-
principles methods.”” Based on first-principles calculations, Xu et al.
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The zigzag SnNRs present the antiferromagnetic ground states with opposite spin order between the two edges, and the
gaps decrease as the ribbon widths increase. Moreover, the influences of dangling bonds are obvious on the ferromagnetic
magnetic moments of zigzag SnNRs. In addition, the SOC effects can open the band gap values of stanene sheets and zigzag
SnNRs, while reduce the band gap of armchair SnNRs, which indicate that stanene nanostructures may be applied in the
spinelectronics and quantum spin Hall fields.

applications at room temperature.23 Moreover, some studies
reported that the stable epitaxial growth of stanene can be realized
on substrate and render stanene feasible use as a topological
insulator.”*” Broek et al. studied Sn nanoribbons have earlier
current onsets and carry currents 20% larger than C/Si/Ge-
nanoribbons.”® In addition, although experimental studies on
stanene about growth mechanism are scarce, previous properties
and substrate effects studies on graphene and silicene can pave the
way to production and application of stanene.””>? These studies
indicate that the new 2D stanene-based nanomaterials have a
promising applications on nano-electronic devices.

It is well known that finite size nanoribbons materials play an
extremely critical role on the related theoretical and experimental
studies. However, to our knowledge, there are few works on the
electronic structures and magnetic properties of stanene
nanoribbons (SnNRs) to date. Compared to graphene (silicene and
germanene)-based nanoribbons systems,ss'35 how about the effects
of ribbon widths and edge states on the electronic and magnetic
properties of SnNRs? To reveal this question, in this paper, we
systematically studied the electronic structures and magnetic
properties of bare and hydrogenated armchair stanene nanoribbons
(ASnNRs) and zigzag stanene nanoribbons (ZSnNRs) by means of the
first-principles calculations, considering the SOC effects.’%**%
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2 Computational method

In this work, spin-polarized density functional calculations are
carried out with the Vienna ab initio simulation package (VASP),%’?’7
The exchange—correlation functional is treated by the generalized
gradient approximation (GGA) with Perdew-Burke-Ernzerhofer
parameterization (PBE).38 The projected augmented wave potential
is also employed to describe the electron-ion potential.39 The
kinetic energy cutoff of plane wave is set to be 300 eV for the plane
wave expansion. The 15x15x1, 1x20x1 and 20x1x1 k-point meshes
are used for the Brillouin zone (BZ) integration in the stanene
nanosheets, ASnNRs and ZSnNRs,40 respectively. In addition, the 2D
crystal as well as the 1D nanoribbons are simulated with a supercell
approach. Moreover, in order to avoid artificial interactions
between the periodic images of the structures, the vacuum space of
at least 20 A is added. The SOC is calculated by a second-variation
procedure.41 All atomic positions are fully relaxed using the
conjugated gradient method until the Hellmann-Feynman force on
each atom is less than 0.01eV/A. Moreover, the convergence for
energy is chosen as 10” eV between two steps.

3 Results and discussion

3.1 Electronic structures of bare SnNRs

As a benchmark test for our approach and parameterization, our
systematic studies begin with calculating the structural parameters
and electronic properties of stanene. As shown in Fig. 1, the
optimized stanene structure is a 2D hexagonal crystal with a lattice
constant a=4.674A. In contrast to graphene, silicene and germanene,
the 2D stanene has a larger buckling amplitude of A = 0.85 A. These
calculations are in agreement with previous calculations.”®*** |n
addition, the calculated band structures along high symmetry
directions of the first BZ are also plotted in Fig. 1(c). It can be seen
that the linear Dirac-like dispersion appears around the high-
symmetric K point of the BZ, which is similar as that of graphene,
silicene and germanene.‘l’44 Moreover, the valence band maximum
(VBM) and conduction band minimum (CBM) locate at K points,
which indicates that the 2D stanene is a direct gap semiconductor.
In particular, we also find that the 2D stanene possesses nearly zero
band gap in the absence of SOC effects; however, a large direct
band gap value (73 meV) can be obtained (see insert Figs of Fig. 1)
in the presence of SOC effects, which is in good agreement with
previous results.”®”! These results show that in the stanene, the
SOC effects on electronic strcutrures are much more obvious than
that in the graphene and silicene.” Therefore, the above calculated
results of 2D stanene indicate that the selected calculation methods
are reliable for the following studies of stanene nanoribbons
systems.

1) 2

Energy (¢V)
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Fig. 1 (a) The top and side views of the buckled stanene sheet, the
hexagonal lattice constant a and buckling amplitude A. (b) The band
structure of stanene without (black solid lines) and with (pink solid
lines) the SOC effects. The inset of (b) shows a zoomed in energy
dispersion near the K point. The Fermi level is set to zero energy
and marked by the red dashed line.

3.2 Electronic structures and magnetism of
ASnNRs

In the following sections, we study the structural and electronic
properties of stanene nanoribbons, which is modeled by cutting a
2D stanene sheets along armchair and zigzag orientations, as shown
in Fig. 2. The ribbons are denoted as N,-ASnNRs and N,-ZSnNRs with
N, and N, characterizing the ribbon widths. Moreover, the effects of
edge and hydrogen passivation on the band structures and
magnetic properties also considered.
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Fig. 2 The geometric structures of (a) bare N,-ASnNRs and N,-
ZSnNRs, (b) hydrogenated N,-ASnNRs and N,ZSnNRs. The shaded
area represents the unit cell. The green and gray balls represent Sn

and H atoms, respectively.

Fig. 3 displays the variation of total energy as a function of ribbon
width for bare and hydrogenated ASnNRs. Numerical results show
that whether the edge is hydrogenated or not, the total energies of
the ASnNRs decrease linearly with increasing ribbon widths.
Moreover, it can be seen that the total energies of hydrogenated
ASnNRs are always lower than that of bare ASnNRs for same widths,
which indicate that the hydrogenated ASnNRs are more stable than
that of bare ASnNRs. Therefore, in the following, we will study the

electronic structures of hydrogenated ASnNRs in more detail.
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Fig. 3 The total energies are calculated as functions of the ribbon
widths N, in the bare and hydrogenated ASnNRs.
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In addition, in order to study the stability of SnNRs, according to
) . 29,4547
previous studies, we also calculate the edge energy:

E

= (E”.bbm -mE,,, (stanene)-nu, )/ZL (1)

edge

where g is the total energy of the SnNRs, and g is the energy
of the monolayer stanene. ,, is energy of a hydrogen atom in the

H, molecule. The m and n are the numbers of stanene units and
hydrogen atoms in the nanoribbons, respectively. L is the length of
nanoribbons. Note that in formula (1) we divided by 2L, because the
unit cell contains both edges of the SnNRs. From the calculated the
edge energies of the bare and hydrogenated ASnNRs (Fig. 4(a)), the
edge energies converge to a constant. The edge energies of the
hydrogenated ASnNRs are slightly lower than that of bare edge
SnNRs. Therefore, the hydrogenated ASnNRs are more stable than
the ASnNRs with bare edges, because of their relatively higher edge
energies.
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Fig. 4 (a) The calculated edge energies of the ASnNRs with bare and
hydrogenated edges. (b) The edge energies of bare and
hydrogenated ZSnNRs for NM, FM and AFM states, respectively.

In order to understand the electronic characteristics of ASnNRs,
we calculate the electronic band structures of bare and
hydrogenated ASnNRs, considering the SOC effects and different
ribbon widths N,from 4 to 20. Fig. 5 shows that for all considered
ASnNRs, the spin-up and spin-down band structures are symmetric
and possess the nonmagnetic ground states. Moreover, for
hydrogenated ASnNRs, the VBM and CBM locate at I point, which
indicate hydrogenated ASnNRs are the direct gap semiconductors.
These behaviors are similar as previous results of graphene and
silicene nanoribbons.>*** Here we also note that for bare ASnNRs
cases, the indirect band gaps occur when the widths are smaller
than 2.1 nm (the widths along x-axis) such as 7-ASnNRs shown in

This journal is © The Royal Society of Chemistry 2015

Fig.6(a). The reason can be explained as follows. The smaller ribbon
width is, the stronger interedge coupling are. The dangling bonds of
edge atoms for unstable bare ASnNRs may cause the edge
reconstruction and different charge density. Thus, the behavior may
be induced by dangling bonds of ribbon edge and the interedge
coupling in the ASnNRs. In addition, Fig. 5(c) also shows that when
we take the SOC effects into our calculations of hydrogenated
ASnNRs, the band dispersion take place some changes. The direct
gaps located at I' point decrease a little because of band split.
Therefore, the SOC effects exercises great influence on the
electronic band structure of 2D stanene nanosheet, while the
influence is small on the band gap of 1D SnNRs. Although the SOC
effects do not result in a remarkable change in band dispersion, our
calculations provide more detail to study the QSH effects for
stanene-based nanomaterials.

( a) 1.0 Bare

Energy (eV)
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Energy (eV)
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Fig. 5 The band structures of (a) bare N,-ASnNRs without SOC
effects, (b) hydrogenated N,-ASnNRs without SOC effects, and (c)
hydrogenated N,-ASnNRs with SOC effects for N,=12, 13, and 14,
respectively. The Fermi level is set at zero.
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In Fig. 6(b), the band gaps of the ASnNRs are investigated as a
function of ribbon widths. It can be clearly seen that the band gaps
present an oscillation behavior with the variation of the ribbon
width. According to the gap variation, the N,-ASnNRs can be
classified into three families with N, =3n, 3n + 1, 3n +2, where n is a
positive integer. We can see from Fig. 6(b) that for hydrogenated
ASnNRs with and without SOC effects, the band gap values behave a
regular pattern as A3M>A3”>Am(n>1). Furthermore, the band gap

values for the ribbon widths N, = 3n + 2 are smaller than 40 meV,
but the hydrogenated ASnNRs don’t become metal with increasing
the ribbon widths. Moreover, Fig. 6 also shows that the slight
decrease of band gap is induced by the SOC effects due to band
splitting in the hydrogenated ASnNRs, as expected. In particular, we
can also see from Fig. 5 that for bare ASnNRs case, the gaps behave
a hierarchy as A, SA A, (n>1), which is different from that of

hydrogenated ASnNRs. Note that for bare and hydrogenated
ASnNRs, the differences of the band gap versus the ribbon widths
are similar as the electronic behaviors of bare and hydrogenated BN
armchair nanoribbons.*® Therefore, these results indicate that the
ribbon edge and width are important factors in the studies of
ASnNRs.
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Fig. 6 (a) The band structure of bare 7-ASnNRs. (b) The variation of
band gaps as a function of ribbon widths N, for bare N,-ASnNRs
without SOC effects, hydrogenated N,-ASnNRs without SOC effects
and hydrogenated N,-ASnNRs with SOC effects, respectively.

3.3 Electronic structures and magnetism of
ZSnNRs

In order to understand the electronic characteristics of ZSnNRs
and solve the question whether the magnetic moments can be
raised in the ZSnNRs, we carry out the calculations of total energies
and band structures of the ZSnNR considering nonmagnetic (NM),
ferromagnetic (FM) and antiferromagnetic (AFM) orders. Numerical
results show that the total energies of AFM and FM states are lower
than that of NM states for any width of the ZSnNR, indicating that
spin polarization is a possible stabilization mechanism for the
ZSnNRs.

In addition, to explore the stability of AFM and FM states in the
ZSnNRs, in Fig. 7(a), we also present the total energy differences
AE =E. - E as a function of the ribbon width. This is a key

component in understanding the spin polarization of the
nanoribbons, which is directly related to the interedge interaction
and determines the spin alignment at the edges. It can be seen from
Fig. 7(a) that for all considered cases, the total energy differences

FM AFM

4|

are positive value, which indicates that the total energy of AFM
states is lower than that of FM states and the NM states in the bare
and hydrogenated ZSnNRs. Therefore the ZSnNRs possess AFM
ground state for different ribbon widths. Meanwhile, Fig. 7(a) also
shows that the total energy differences between the FM and AFM
spin configurations decrease when the ribbon widths increase and
eventually vanish. Moreover, for bare ZSnNRs, the total energy
difference decreases rapidly with increasing ribbon widths; while
for hydrogenated N,-ZSnNRs, the total energy difference decreases
slowly with increasing the ribbon width N,. For instance, the total
energy difference AE of bare N,-ZSnNRs reduces 9.8 meV for N,
from 8 to 20, but changes 2 meV for hydrogenated N,-ZSnNRs. This
result agrees with the calculated edge energies of bare and
hydrogenated ZSnNRs in NM, FM, and AFM states (Fig. 4(b)).
Moreover, three states for hydrogenated ZSnNRs possess lower
edge energies than that of bare ones, which indicates the
hydrogenated ZSnNRs are more stable.
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Fig. 7 (a) The total energy differences Af = Epy —E s and (b)
magnetic moments of the FM states as a function of width N, in the
bare and hydrogenated N,-ZSnNRs, respectively. (c)The spin
densities of bare and hydrogenated 8-ZSnNRs in FM states and AFM
states, respectively. Yellow (blue) distributions represent positive
(negative) values. The isosurface level is taken as 0.007 e/As.

In order to understand the mechanism of spin polarization and
the origin of the magnetism in the ZSnNRs, we further calculate the
magnetic moments and spin density of bare and hydrogenated
ZSnNRs for different widths N,. In Fig. 7(b), it is interesting to find
that the magnetic moments are insensitive to the change of ribbon
widths in bare and hydrogenated ZSnNRs. In addition, the magnetic
moments of bare N,ZSnNRs are still larger than that of
hydrogenated ZSnNRs for all considered widths N,. Fig. 7(c) also
provide the side view of spin density of 8-ZSnNRs as an example. It
can be seen clearly that the magnetic moments are mainly
contributed by edge atoms and decrease quickly towards the center
of the ribbon. For FM states, the majority spins are only found at
two edges of the bare 8-ZSnNRs; while most majority spins and few
minority spins exist at hydrogenated 8-ZSnNRs, which weaken the
magnetic moments. So the magnetic moments of bare N,-ZSnNRs
are still larger than hydrogenated one. The fundamental reason is
that the dangling bonds at ZSnNRs are removed by H atoms. The
presence of a dangling bonds is crucial form the magnetism of
ZSnNRs. However, for AFM states, the equal majority spins and
minority spins occupy the each edge atoms of ZSnNRs.

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 (a) The band structures of bare 12-ZSnNRs without SOC
effects in NM states, FM states, and AFM states, respectively. (b)
The band structures of hydrogenated 12-ZSnNRs in NM states, FM
states, AFM states without SOC effects, and AFM states with SOC
effects, respectively. The Fermi level is set at zero.
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To further understand the influences of edge states and SOC
effects on the electronic structures of ZSnNRs, the band structures
of NM, FM and AFM states are calculated. As an example, in Fig. 8(a)
and (b), we present the energy band structures at NM, FM and AFM
states of the bare and hydrogenated 12-ZSnNRs. Numerical results
show that for NM states of bare and hydrogenated ZSnNRs, two
energy bands across the Fermi level, which results in metallic
character in NM states. Also, the spin polarized FM states of the
ZSnNRs presents asymmetrical majority spin and minority spin
bands, which means the spin degeneracy has been broken. Both
spin channels for FM states show a metallic characteristics
regardless of the ribbon widths. For the AFM states, the conduction
band edge and valence band edge are split just above and below
the Fermi level, resulting in a small band gap with the value of 0.11
eV for bare 12-ZSnNRs and 0.13 eV for hydrogenated 12-ZSnNRs
without SOC effects. Moreover, in the AFM configuration, the
opposite spin states at opposite edges occupy different sublattices
induces staggered sublattice potentials, which results in the change
of band gaps for electrons on hexagonal lattices. In addition, the
SOC effects are implemented into the hydrogenated ZSnNRs
calculations of band gaps in AFM states to study the influence on
the band structures. Fig. 8(b) shows that the CBM and VBM are
shifted up and down, which results in the increase of band gap from

This journal is © The Royal Society of Chemistry 2015

0.13 eV to 0.17 eV for 12-ZSnNRs in the presence of SOC effects. In
addition, we also considering the SOC effects in ZSnNRs for FM
states in Fig.9. The results show that for bare ZSnNRs, it remains the
metallic character in the presence of SOC effects. However, for
hydrogenated ZSnNRs, the SOC effects induce the remarkable band
gap of 55 meV. Therefore, the SOC effects have obvious influences
on electronic properties for hydrogenated ZSnNRs.
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Fig. 9 The band structures of (a) bare and (b) hydrogenated 12-
ZSnNRs with SOC effects in FM states, respectively. The Fermi level
is set at zero.

Moreover, we notice a remarkable changes from Fig. 8 by
comparing the band gap types of bare ZSnNRs with the case of
hydrogenated ZSnNRs. We see clearly that the AFM case of
hydrogenated ZSnNRs has a direct gap for different widths N, we
have considered which highly correspond to graphene
nanoribbbons and silicene nanoribbons.***° While bare ZSnNRs also
possess indirect gap in AFM states. The reason is that unstable edge
atoms induce the change of electronic structure in the absence of
SOC effects.
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Fig. 10 Variation of the band gaps in AFM states for bare N,-ZSnNRs
without SOC effects, hydrogenated N,-ZSnNRs without SOC effects,
and hydrogenated N,-ZSnNRs with SOC effects, respectively.

In Fig. 9, we present the band gaps dependence on the ribbon
widths for the bare and hydrogenated N,-ZSnNRs with the AFM
states, considering the presence and absence of SOC effects.
Numerical results show that the band gap values decrease with
increasing the ribbon widths, as expected. The reason is that
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guantum confinement effects are weakened when quantum size
increases in the bare and hydrogenated ZSnNRs. Moreover, Fig. 9
also shows that the band gap values decreases when the ribbon
width increases in the bare and hydrogenated ZSnNRs. For bare N,
ZSnNRs case, the band gaps reduce from 0.16 eV for 8-ZSnNRs to
0.07 eV for 20-ZSnNRs. Also, in the case of hydrogenated N,-ZSnNRs,
the band gaps decrease from 0.16 eV for 8-ZSnNRs to 0.08 eV for
20-ZSnNRs. In particular, we can also find from Fig. 8 that for each
considered ZSnNRs case, the SOC effects enhance the band gap
values in the bare and hydrogenated ZSnNRs. These results indicate
that SOC effects are very important to SnNRs and related device
applications.

4. Conclusions

In summary, we have investigated the electronic structures and
magnetic properties of SnNRs with armchair and zigzag edges by
means of first-principles methods. Moreover, the SOC effects and
edge passivation are also considered. Numerical results show that
ASnNRs are NM semiconductors with bare and hydrogenated edges,
and the gap values present a periodic oscillation function of ribbon
width. In addition, results also show that the bare and
hydrogenated  ZSnNRs  present the AFM  ground-state
semiconducting properties with opposite spin order between the
two edges, and the gap values decrease as the ribbon widths
increase. Moreover, the influences of dangling bonds are obvious on
the FM magnetic moments of ZSnNRs. In particular, it can be seen
that the SOC effects can open the band gap values of stanene
sheets and zigzag SnNRs, while reduces the band gap of ASnNRs.
We expect that these results are useful to understand the new
graphene-like stanene as promising applications in nanoelectronics
and quantum spin Hall fields.

We would also like to point out that although conventional DFT
methods underestimate the band gap of semiconductors, DFT
methods are good at predicting correct trends and physical
mechanisms. Thus, for future related experimental studies, the
numbers obtained in this work should be taken with care since the
calculated energy gap is underestimated.
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