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ABSTRACT: Tunable spin transport in nanodevices is highly desirable to spintronics. Here, we predict existence of quantum
spin Hall effects and tunable spin transport in As-graphane, based on first-principle density functional theory and tight binding
calculations. Monolayer As-graphane is constituted by using As adsorbing on graphane with honeycomb H vacancies. Owing to
the surface strain, monolayer As-graphane nanoribbons will self-bend toward the graphane side. The naturally curved As-
graphane nanoribbons then exhibit unique spin transport properties, distinctively different from the flat ones, which is a two-
dimensional topological insulator. Under external stress, one can realize tunable spin transport in curved As-graphane nanoribon
arrays. Such intriguing mechanical bending induced spin flips can ofter promising applications in the future nanospintronics
devices.
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pintronics, using the spin degrees of freedom of the charge Graphene, a model QSH insulator,” is flexible and easy to be

carriers, have already been widely studied for potential bent but has too small spin orbital coupling (SOC) gap. Some
applications in the spin transistors, spin diodes, memories, and theoretical works have indicated that the SOC gap of graphene
so forth."” Tuning spin transport properties is a key step in the can be enlarged via metal adatom deposition.'"'* However, due
spintronic devices but remains quite challenging.”* Recently, it to the weak interaction between metal adatom and graphene,
has been found that two-dimensional topological insulators metal adatoms tend to form nano clusters on graphene.l3_16
(2DTI) exhibit quantum spin Hall (QSH) effect with spin- Thus, it is quite difficult to obtain monolayer single metal atom-
filtered edge states in the bulk gap.”~” More importantly, this modified metal—graphene systems. Recently, more and more
topological phase requires neither strong electron—electron freestanding 2DTIs with large SOC gaps have been
interaction nor strong magnetic field to manipulate spin PrediCtEd;N_w and some of them have been synthesized on

| . . e 20-22 ) .

transport, demonstrating a potential paradigm shift in the the substrates. Particularly, the large-gap topological
spintronic devices. Because of the spin-momentum locking insulators have been reported on semiconductor surface, for
property, flat 2DTI nanoribbons present antiparallel spin example, Bi-Si(111),”> Bi or Pb—Au/Si(111),** Bi-
current along their edges,7 so that there is no net spin current Ge(111),” and Bi-SiC(111).>*" However, owing to the
in a two-terminal settings. However, spin polarizations exist in
the curved 2DTT nanoribbons.”” This provides a new path to Received:  April 6, 2017
realizing the spin transport in the curved 2DTI nanoribbons by Revised:  June 17, 2017
mechanical bending."’ Published: June 19, 2017
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large thickness of the substrates, none of these systems could be
bent easily. Therefore, it is of great interest to look for new
flexible 2DTIs to realize the spin polarized transport.”*”

In this work, we construct a new QSH insulator named as
monolayer As-graphane with As deposition on graphane with
honeycomb H vacancies (hHv-graphane), which have been
synthesized on the Cu(111) surface.”® The As-graphane
nanoribbons, which curve naturally as a result of the surface
stress, will have spin polarized transport properties. Tight-
binding (TB) transport calculations also show that the spin
polarization depends on the degree of bending of As-graphane
nanoribbon. Furthermore, by providing different stress, we are
able to tune the spin transport in the curved As-graphane
nanoribbon arrays.

Graphane, as a 2D large gap semiconductor, can be
synthesized by hydrogenating graphene.”’ Recently, hHv-
graphane that contains honeycomb H vacancies have been
synthesized on Cu(111) surface.”® Because of its honeycomb
dangling bonds, hHv-graphane is a perfect substrate to grow
monolayer honeycomb metal atoms. In Figure la, we provide

Figure 1. Schematic atomic structure of hHv-graphane and As-
graphane film. Top and side view of geometric structure of (a) hHv-
graphane and (b) As-graphane. The atoms in gold correspond to the
carbon atoms with dangling bonds. The red and blue dash lines denote
the unit cells for hHv-graphane and As-graphane, respectively.

the top and side view of the schematic atomic structures for the
hHv-graphane, where the atoms in gold correspond to the
carbon atoms with dangling bonds. The lattice constant of hHv-
graphane is ~4.37 A, which is similar to that of the freestanding
halogenated arsenene (~4.6 A).*> Hence, we choose As as the
adsorbates. All As atoms will bind with the carbon atoms with
dangling bonds on the hHv-graphane surface, and form the
honeycomb As monolayer. The bonding between As and the
underlying C removes effectively the p, orbital of As, leaving
behind a four-band model in a hexagonal lattice, which is
known to be topological nontrivial, similar to metal atoms bind
on hydrogenated or halogenated Si surface.” In Figure 1b, one
can see the geometric configurations of the As-graphane system
(with new lattice constant of ~4.465 A). The distance between
As and its nearest carbon atoms is about 2.09 A, exhibiting
strong interactions between them. The binding energy is ~5.63
eV, which is much larger than that of the cohesive energy of As
(~2.96 eV).”> The Young’s modulus of As-graphane (130.9
GPa) is much smaller than that of graphene (1057.7 GPa) (see
Table S1 in the Supporting Information), which suggests that
As-graphane is more flexible than graphene. To investigate the
dynamic and thermal stability of As-graphane, we calculated its
phonon-dispersion curves and found no imaginary frequencies
(see Figure Sla in the Supporting Information). We also
performed ab initio MD simulations using a supercell of 3 X 3
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unit cells at 300 K up to 4 ps and confirmed that the structure
of As-graphane is stable (see Figure S1b in the Supporting
Information).

Figure 2a shows the band structures and projected density of
states (PDOS) of the As-graphane system without and with
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Figure 2. Electronic properties of As-graphane film. (a) Band
structures and PDOS, where the left inset indicates the charge
distributions around the Fermi level (—0.1—0.1 €V, isosurface = 0.0004
e/A3), and the right inset indicates the zoom-in bands around the
Fermi level. (b) Top and side view of the flat zigzag As-graphane
nanoribbon with a width of ~10.57 nm (56 As atoms per unit cell).
(c) Band structures along the zigzag edge of As-graphane nanoribbon
in (b), which clearly exhibit the Dirac edge states of zigzag As-
graphane nanoribbon.

SOC. One can see typical Dirac bands exist around the Fermi
level. Considering SOC, a band gap (~83 meV) opens at the
Dirac point. From the PDOS, we can confirm that the bands
around the Fermi level mainly come from As p, and p, orbitals,
as also indicated by the plot of partial charge density
distribution around the Fermi level. We employ a flat As-
graphane zigzag nanoribbon of ~10.57 nm in width with 56 As
atoms per unit cell, as shown in Figure 2b. Figure 2¢ shows its
band structures, where the two linear-dispersion edge states
appear. The edge states, connecting the valence and conduction
bulk bands and forming a 1D Dirac state at the Brillouin zone
boundary, are characterized by an odd number of crossings over
the Fermi level (one time at X point), indicating that As-
graphane is 2DTI. We also calculate the Z, invariant of As-
graphane system by using the WCCs methods, and found Z, =
1 (shown in Figure S2 in the Supporting Information),**’
confirming that As-graphane is 2DTIL

Because of a large tensile surface stress in the As-graphane
system (about 0.32 eV/A?), the zigzag As-graphane nanorib-
bons will bend toward the graphane side naturally with a
bending curvature 0.41 nm™..*° In the left panel of Figure 3a,
we show the side view of the geometric structures of the flat
zigzag As-graphane nanoribbons containing 16 As atoms per
unit cell (with a width of ~2.84 nm). After full relaxation, the
As-graphane nanoribbon bends to the graphane side with a
curved angle (the central angle of the curved nanoribbon) ~
72°. 1f we choose an As-graphane nanoribbon containing 40 As
atoms per unit cell (with a width of ~7.48 nm), the curved
angle will be up to ~180°. In Figure 3b, we show the band
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Figure 3. Geometric and electronic structures of naturally curved
zigzag As-graphane nanoribbons. (a) Side view of schematic
configurations for the curving process of zigzag As-graphane
nanoribbon. (b) Band structures of the naturally curved zigzag As-
graphane nanoribbon with bending of ~180°. (c) Real-space charge
distributions of the edge states at chosen k-points (as marked in b).

structures of the naturally curved As-graphane nanoribbon with
bending of ~180°. Similar to the flat As-graphane nanoribbon,
there are also gapless edge states inside the bulk band gap. The
real-space charge distributions of the edge states at the chosen
k-point (as marked in Figure 3b) are shown in Figure 3c. One
finds that the charges mainly locate at both edges for the
degenerate states, which is the same as that of the flat 2DTI
nanoribbons.”” However, the intriguing difference between
their edge states is that the curved case can transport net spin
current. For the flat As-graphane nanoribbon, there is only one
crossing point between the edge state and Fermi level within
the energy window of bulk band gap. For the curved As-
graphane nanoribbon, due to the effective second—nei%hbor
hopping, the lower branch of Dirac bands will bend up,” and
the edge state will be separated into two parts (shaded by
yellow and blue in Figure 3b). In the upper part (yellow), there
is only one crossing point, which is the same as that in the flat
As-graphane nanoribbon. In the lower part (blue), there are
three crossing points between the edge state and Fermi level.
Therefore, in the lower region the electron backscattering can
no longer be 100% prohibited in a scattering process between
two states with same energy but different momentum.”’
Neither the three crossing points nor the one crossing point
in band gap will change the topological properties, as they are
odd numbers. The quantized conductance will be different,
where two quantized conductance corresponds to one crossing
point and six quantized conductance corresponds to three
crossing points, which will be shown in the TB transport
calculation results in the following.

To calculate the transport properties of the curved As-
graphane nanoribbons, we adopt a spin polarized non-
equilibrium Green’s function method combined with an As p,
and p, orbitals based TB Hamiltonian, and the two-center
Slater-Koster approximation for hopping.”® The Hamiltonian
takes the form H = H,, + Hy = i Hyc; + Z;; ¢ Hj¢; (Where
the Rashba terms are neglected).” By fitting to the DFT results
of the single unit cell As-graphane, we get the TB parameters
for the transport calculations (details are shown in the Methods
parts). In Figure 4a, we show the TB band structures around
the Fermi level for the zigzag As-graphane nanoribbon with
bending of ~180°, which are in good agreement with the DFT
results in Figure 3b. From Figure 4b, one can clearly see that
the charge conductance is quantized (2e*/h), and the two peaks
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Figure 4. Transport properties of the naturally curved As-graphane
nanoribbons. TB band structures (), charge conductance G, (b), and
spin conductance G; (c) of the naturally curved As-graphane
nanoribbon (6 ~ 180°).

in the charge conductance around the Fermi level come from
the band splitting at the edge of the SOC gap. The spin
conductance along different directions are shown in Figure 4c.
Only spin conductance along x direction is not zero. The spin
conductance mainly comes from two edge states propagating in
the same direction. If we define S,, S, S, as the x-, y-, and z-
directional components of the spin current S, these two edge
states contribute zero S, spin current, the same S, spin current,
and the opposite S, spin current. Thus, only the x-component
contributes to the spin conductance. This spin conductance
spectrum is intrinsic for the considered structure, and can be
obtained without magnetization field. More importantly, the
polarization happens only in the Dirac energy bands near the
Fermi energy (in the SOC gaps of 2DTTI).

According to our previous calculation, only the x-component
contributes to the spin conductance. Then, we can use the

formula G, = G, cos(%g) =2 cos(%) to estimate the spin

conductance for different curved angles 6. From this formula,
we can find that the spin conductance will increase as the
bending increases. Then, we can realize the tuned spin
conductance through tuning the bending of As-graphane
nanoribbons. Here, we construct a new periodic model,
named as zigzag As-graphane nanoribbon array.”” In this
model, there are 40 As atoms (with a width of ~7.48 nm)
located on graphane nanoribbon which contains 204 C atoms
(with a width of ~12.7 nm) per unit cell. After relaxation, the
flat zigzag As-graphane nanoribbon arrays will shrink along the
ribbon width direction and form the curved ones (shown in
Figure SS in the Supporting Information). Because the extra
graphene nanoribbon provides tensile surface stress along the
opposite direction, the curved angle 6 of the relaxed structure is
~168°, which is a slightly smaller than that in the naturally
curved As-graphane nanoribbon. We can use different external
stress to get As-graphane arrays with different curved angles.
Compressive strain (tensile strain) will increase (decrease) the
curved angle 6. In Figure Sa, we show the geometric structures
of the strain tuned As-graphane arrays with four different
curved angles 6, 0, w/3, 27/3, and 7, corresponding to four
strains, 65.4%, 56.6%, 34.0%, and —1.9%, respectively. Figure
5b shows their corresponding spin conductances, respectively.
Clearly, the spin conductance obeys the formula

G =2 cos(%g), where G,,3 ® 1.7, G5 ® 1, and Gy =
0. Thus, we demonstrate the tuned spin conductance in the
zigzag As-graphane nanoribbon arrays by strain.

In summary, we construct a new QSH insulator named as
monolayer As-graphane and find that the naturally curved As-
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Figure S. Spin transport for the strain tuned zigzag As-graphane
nanoribbon arrays. (a) Geometric structures of the strain tuned zigzag
As-graphane nanoribbon arrays with different curved angles, and (b)
their corresponding spin conductivities G,.

graphane nanoribbons exhibit spin polarized transport proper-
ties. The spin transport properties are intrinsic, and the spin
polarizations can be obtained without external magnetization
field. By applying different external strain, we can realize 0—
100% spin polarizations. The strain tuned spin transport
properties in the As-graphane nanoribbon arrays provide a
perfect tunable spin injector (schematic design is shown in
Figure S6 in the Supporting Information), which may offer
promising applications in spintronic devices.

B METHODS

DFT Computations. All DFT calculations are carried out
using Vienna ab initio simulation package (VASP)*’ with the
projector augmented wave method, and a generalized gradient
approximation (GGA) in the form of Perdew—Burke—
Ernzerhof (PBE) is adopted for the exchange-correlation
functional.”’ The energy cutoff of the plane-wave basis set is
400 eV. When doing the static self-consistent calculations, 15 X
15 X 1 and 1 X 1 X 5 Monkhorst-Park k-point meshes are used
for the single unit cell of As-graphane and As-graphane
nanoribbons, respectively. In all the calculations, a 15 A vacuum
layer is used and all atoms are fully relaxed until the residual
forces on each atom are smaller than 0.01 eV/A. The Z,
invariant is determined by the evolution of the Wannier Charge
Centers (WCCs) method.****

Tight Binding Models and Transport Computations.
For all the As-graphane systems (consisting of freestanding
single unit cell As-graphane, as well as flat and curved As-
graphane nanoribbons), we adopt a spinful tight-binding model
with As p, and p, orbitals and the two-center Slater-Koster
approximation® for hopping. For cases that the SOC gap is
larger than the Rashba splitting, to simplify our calculation, we
neglect the Rashba term. The tight-binding Hamiltonian takes

the form
H=H,+Hy= Y ¢'He+ )
i (i) (1)

where ¢ = (ciy,ciuy,Ch16,y) contains the creation operators of
the electron on the orbital p,, pij, Py Py at site i, and (i)

+
H‘] C]
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indicates that the site i and j are the nearest neighbor. We take
the atomic energy of p orbitals as the zero of energy. Then the
on-site energy H; includes only the spin—orbit coupling®

0 —ilo-e,/2
H; =
ilo ‘e, /2 (2)

where A represents the strength of atomic spin—orbit coupling,
and o6 is the vector of Pauli matrices.
The hopping matrix Hj; is given by

0

txxUO txyGO

Hy

£x00 100 3)
where to5 = Aggtps + (e, ep — a/,)t pm Oo is the 2 X 2 unit
matrix, Aa/; = (e, el})(e/; el}) with e; as the unit vector directed
from site i to j, and t,,, and £, are hopping parameters.

When the orbitals from different sites (i and j) are
nonorthogonal, the overlap integral between them should be
considered through an overlap matrix S;. By means of the
overlapping parameters S,,, and S, one has (p,ISlpy) =
[A,,,;SPP,, + (ea~e/; aﬁ)SPPﬂ]GO Note that S; is a 4 X 4 unit
matrix.

For the freestanding single unit cell As-graphane, by fitting
with the DFT results we get the strength of atomic spin—orbit
coupling, the corresponding hopping and overlapping param-
eters 4 = 0.09, t,,, = 1.3, t,,, = —1.0, S,,, = —0.05, S, = 0.6.
The fitting results are shown in Figure S4 in the Supporting
Information, we can find the TB results agree well with the first
principle results.

For the As-graphane nanoribbons, we adopt a global
coordinate system XYZ shown in Figure S3 in the Supporting
Information to describe the spin vectors. The OZ axis is in
parallel with the primitive lattice vector a of the ribbon, which is
taken as the spin quantum axis. At each site i, a local coordinate
system e,, e, and e, is used to define the three p-orbitals. Here
the unit Vector e, is along the Z direction, e, = e, X e,, and e is
oriented along the line from the bonded carbon atom to the As
atom at site i. Note that we neglect the component of e, along
e, because le™-e*l < 1. The lobe of the p-orbital p,,/,,, at site i is
pointing along e, /.. The strength of atomic SOC, the hopping
parameters f,,, and f,,, and overlapping parameters S, and
Sppr are the same as the fitting ones on the freestanding single
unit cell As-graphane, and the second-neighbor hopping
parameters are 10% of that of the nearest hopping parameters.

The Bloch eigenstate with one-dimensional wave vector k
can be written as ly) = Xc/10)y;, where the four-component
wave function ; satisfies ZHll//] EXS;y,. Further, if the
position difference between site i and j is na(n is integer), then
W = exp(mka)l// For the eigenstate ly), the local spin density
(s;) and probability density (p;) at site i are obtained from
= 25,

j

G =90, ® 3N,  (p) =,

4)
For a given k point, there may exist two degenerate states. In
this case, we introduce a tiny magnetization field m (m < 0.2
meV) to break the degeneracy so that each state can be
attributed to an intrinsic spin density.” This would only change
the onsite energy H; in (2), whose diagonal blocks become
m-c.
To examine the spin current in the curved ribbon, we apply a
voltage bias V along the ribbon direction so that the electric
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potential is — V/2 in the region z < 0 and V/2 in the region z >
L, (where L, is the length of the curved ribbon). In the middle
region 0 < x < L, the electric potential is assumed to have a
linear profile. The Fermi energy at zero bias is set at zero.

At zero temperature, the spin current flowing through the
region z > L, can be calculated from™*

Isfl _ E feV/Z
h J-ev/2
(%)

where I is the current of the spin @ component (@ = %, y, z)
divided by #/2, T,(E,V) is spin-dependent transmission, the
broadening function I, = i(ZP - Z;) is expressed in terms of
the retarded self-energy Zp(p =1, 2 for the region z < 0 and z >
L,), G is the retarded Green’s function, and 1 is a unit matrix.
(If we change o, in eq S as o, we will get the charge
transmission T, and the charge current I°.)

T(E, V)dE, T, =Tr[(ly ® ¢),G,G"]
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