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Abstract: Spin-polarized electronic and transport properties of Armchair Graphdiyne
Nanoribbons (A-GDYNR) with single vacancy (SV), two types of configurations for
double vacancy (DV1, DV2) and multi vacancy (MV) defects are studied by non-
equilibrium Green’s function (NEGF) combined with density functional theory (DFT).
The results demonstrate that the A-GDYNR with the SV has the lowest formation
energy and the most energetically favorable. The SV induces a 2.08 uB magnetic
moment while the DV2 possess no magnetism into A-GDYNR. Analyzing the band
structures shows that the perturbation in A-GDYNR caused by the SV, DV1 and MV
breaks the degeneracy and appears new bands around the Fermi level which indicate a
strong spin splitting. Moreover, using density of states (DOS) analysis, it is illustrated
that the appeared flat bands correspond to the localized states which mainly contribute
by the carbon atoms near the vacancies. The calculated current-voltage characteristics
for A-GDYNR with the SV, DV1, and MV reveal that the spin degeneracy is obviously
broken. As well, a high spin-filtering efficiency around 90% is found at the bias voltage
of 0.3V for A-GDYNR with the SV. Our findings illustrate that we can obtain A-
GDYNRs with especial magnetic properties by removing carbon atoms from A-
GDYNR.

Keywords: Armchair Graphdiyne Nanoribbons, Vacancy Defects, Non-
Equilibrium Green’s Function, Density Functional Theory,
Formation Energy, Magnetic Moment, Spin Splitting.

1. INTRODUCTION

Over the past decade, many different forms of carbon allotropes such as
fullerenes, carbon nanotubes, graphene, graphyne and the others have been
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extensively studied due to their distinctive electronic structures and great
potential for the nanoelectronic and spintronic applications [1-4]. In recent
years, a new two-dimensional (2D) carbon base material, graphdiyne (GDY),
has been synthesized using cross-linking reaction and annealing so it has
attracted considerable attention due to its unique properties [5, 6]. Compared
with graphene which has only sp2-hybridized carbon atoms, GDY is composed
of sp- and sp2-hybridized carbon atoms where adjacent hexagonal rings are
connected to each other by two acetylenic linkages [7]. Recent studies have
reported that graphene has a zero energy band gap [8], however, GDY is a
direct band gap semiconductor with a band gap value of 0.46 eV. Furthermore,
the experimental measurements show that its intrinsic electron mobility is
similar to that of graphene at room temperature [6,7,9]. By the standard
lithographic techniques, GDY is patterned into extremely narrow ribbons, in
which carriers become laterally confined in quasi-one dimensional structures
known as GDY nanoribbons (GDYNRs). In terms of their edge orientation,
GDYNRs are classified as either armchair- GDYNRs (A-GDYNRSs) or zigzag-
GDYNRs (Z-GDYNRs). Both of the A-GDYNRs and Z-GDYNRs are found to
be semiconductor with direct band gaps [9,10]. Similar to graphene, GDY has
attracted extensive attentions due to its electronic, transport and mechanical
properties. Chemical doping has been confirmed to be an effective method to
lead to various GDY derivatives with useful physical properties [11]. Recently,
nitrogen-doped GDY is proposed as a desirable material for a high-powered
energy storage device [12]. In the other study, sulfur doping has been used to
induce robust ferromagnetic ordering into GDY and realize the coexistence of
room-temperature ferromagnetism and semiconductivity in graphdiyne without
extrinsic magnetic impurity [13]. Beside, in the other work, the electronic
structure and magnetic properties of GDY have been tuned by the heteroatom
doping [14]. Also GDYNR can be used as a molecular rectifier by modulating
its electronic properties using ad-atoms [15]. Moreover, by the element doping,
GDYNR can be used as a promising material for spintronic applications [16].
Theoretical studies prove that nitrogen doping leads to the formation of local
magnetic moment into GDY [17]. However, the magnetic properties of GDY
have not been investigated profoundly, which are very essential not only to
reveal the spin polarization states in this material but also to develop GDY base
spintronic devices [17-21].

Recently, it is proved that the existence of vacancies can dramatically changes
the electronic and magnetic properties of graphene [19]. Similarly, it is
important to study the electronic and magnetic properties of A-GDYNR in the
presence of vacancies. In the practical conditions, it is hardly achievable to have
a pure ideal GDYNR and real samples may naturally contain some defects. In
the present work, we have investigated four types of structural vacancy defects
including: (a) single vacancy (SV), (b) two types of configurations for double
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vacancy (DV1 and DV2), and (c) multi vacancy (MV) defects.

2. COMPUTATIONAL METHODS

We perform spin-polarized DFT calculations with the SIESTA package [22].
The generalized gradient approximation (GGA) with Perdew, Burke and
Ernzerhof (PBE) functional [23] is chosen for the exchange-correlation
functional. SIESTA employs basis sets comprised of norm-conserving Toullier-
Martins pseudopotential orbitals [24]. Each basis set is assumed numerical
double-C plus polarization. The calculations are performed using 200 Ry cutoff
energy and a density matrix convergence criteria of 1 x 10—4 for self-
consistency. The Brillouin zone integration of the supercell is sampled with a
1x1x60 Monkhorst-Pack grid and a Gaussian smearing with a width of 0.01 eV
is set in the calculations.

In order to define A-GDYNR in SIESTA package, we use the periodic
boundary condition (PBC) along z-direction and the neighboring A-GDYNR in
x- and y-direction should be separated by 20A of vacuum space to prevent the
spurious interaction between the mirror planes. The dimensions of all structures
along x, yand z directions have been considered 20A, 50.30A and 39.76A,
respectively. Furthermore, to separate a defect in a given super-cell from its
nearest neighboring defects placed in the adjacent super-cells, the distance
between the assumed defects is high enough (about d=~36A), so the defects of
the neighboring super-cells have not any interaction with each other.

In the second point of view, it is obvious that in analyzing the effect of vacancy
or ad-atom, increasing the size of super-cell guaranties more real and accurate
simulation results since the nature of these phenomena is random and we cannot
see periodic defect in the nature. But due to the heavy and sophisticated
computing, it takes too long times and needs to very powerful computers. So in
the most similar studies in the current field, the authors have assumed several
types vacancies or doping with the periodic boundary conditions in 2D carbon
materials such as graphyne and GDY [1, 16, 20, 21, 25-28].

The edge carbon atoms are saturated by single Hydrogen atoms. All structures
are fully relaxed until the maximum residual force on each atom to be less than
0.02 eV/A.

Electronic properties such as band structure and total density of state (TDOS)
have been computed by DFT [29]. Spin-polarized transport properties, such as
current-voltage characteristic and the transmission spectra have been
investigated by non-equilibrium Green’s function (NEGF) method [30] based
on DFT in the TranSIESTA module within the SIESTA. TranSIESTA makes
the ability to model open boundary conditions in the two-terminal system under
different bias voltages. Each system involves a confined central scattering
region where connected to two semi-infinite long electrodes. When an atomic or
molecular structure is connected to the electrodes we have non-periodic system.
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2-1. NEGF FORMALISM:

The quantum transport simulations are applied by the first-principle self-
consistent non-equilibrium Green’s function (NEGF) approach in combination
with density functional theory.

G,and G are the advanced and retarded Green’s function matrices of the
scattering region, respectively:

G, =[(E+i0)I-H-U-X ->.1" 1)
Where o is 1 (up spin) or | (down spin) and H is the Hamiltonian matrix. U is
the electrostatic potential energy achieved by solving self-consistently in three
dimensions and the Poisson equation with the transport equations. Y and >r
are the electrodes self-energy matrices which lead to the shift of the energy

levels because of the interaction between the left and right electrodes
respectively, and can be calculated as:

2= TIgLTL’ZR = T;gRTR (2)
Where g. and gr are Green functions of the left and right electrodes surface
respectively and can be effectively calculated using an iterative scheme [30].

7. and x are the coupling matrices between the device and the corresponding
electrodes.

The carriers’ spin resolved transmission probability through the device can be
calculated by [30]:

T_(E,V,)=Trace[l',G,I',G'] (3)
I" is the electrodes broadening function written as:
FL,R = i[zL,R _ZTL,R] 4)

That presents the coupling at energy E between the scattering region and the left
/ right electrodes. The spin-dependent current that is transmitting through the
central region at a given bias voltage is evaluated with the Landauer-Buttiker
formula [30]:
e

1 (V) = [T EMFL(EN,)- fa(E.V,)IE ©)
Where o is the spin component index (up/down), T, (E, Vb) is the spin-
dependent transmission coefficient at the energy of E and the bias voltage of V.

fLr(E,Vp) is the Fermi-Dirac distribution function of the left (L)/right (R)
electrode.

3. RESULTS AND DISCUSSION

In Fig. 1, we present a pristine A-GDYNR and four types of vacancies that we
have assumed in A-GDYNR. Fig. 1(a) illustrates the pristine A-GDYNR and
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the labeled numbers represent the potential vacant sites. As shown in Fig. 1(a)
due to the sp- and sp2-hybridized carbon networks in GDY, there are two
inequivalent positions, C3 (sp carbon) or C2 (sp2 carbon), that can be removed
to produce SV. When we remove a single carbon atom from the sp or sp2 sites,
the local geometry near the vacancy site is considerably changed after the full
structure optimization. However, these two structures became equivalent and we
show it in Fig. 1(b).

For the DV defect, we have considered two types of configurations. Fig. 1(c,d)
represent the A-GDYNRs with DV defects named as DV1 and DV2,
respectively. To explore the structure of DV, we remove two neighboring
carbon atoms such as C3, C4 (from sp site) or C1, C2 (from sp2site). With
removing the C1 and C2 atoms in the A-GDYNR, some new bonds can be
formed between C3 atom and the atoms near the vacancy so the lengths of some
other bonds in the neighboring of the vacancy are changed.

To consider the MV defect in the A-GDYNR, we remove two acetylenic
linkages (-C=C-C=C-) of one chain in the super-cell of pristine A-GDYNR. As
shown in Fig. 1(e) the geometry around the vacancy site changes negligibly
after the structure optimization. We clearly demonstrate that the geometric
construction of A-GDYNR remains planar in all studied structures.
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Fig. 1 Top view of the optimized structures a) pristine A-GDYNR with the labeled
numbers of vacancy sites b) SV ¢) DV1 d) DV1 e) MV defects.

In table 1, the formation energy (Ef) of the A-GDYNR with defect is calculated
by Ei = Evac-EprisinetNyu. Where, Eyac IS the total energies of the defective A-
GDYNR. Eprisine IS the total energies of the pristine A-GDYNR. The total
energies can be obtained from SIESTA package. N represents the number of
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removed atoms. W is the chemical potential for an isolated carbon atom of bulk
GDY and calculated by:
_ Totalenergies of pristineGDY (eV)
# Number of carbon atomsin pristineGDY ©)

It is important to note that the structures with larger formation energy are less
stable than the structures with smaller formation energy [31].

TABLE 1.
Formation energies (eV) of A-GDYNR with different vacancies

Vacancy Type SV A-GDYNR DV1 A-GDYNR | DV2 A-GDYNR | MV A-GDYNR

Et(eV) 0.71 0.95 2.04 4.17

The Formation energies of each structure are given in Table I. One finds the SV
has the lowest formation energy (Er = 0.71eV) among the various vacancy
structures. In the 1* finding, the results indicate that the SV defect is more likely
to exist in A-GDYNR.

As shown in Fig. 1(d), DV2 imposes a fully reconstructed atomic structure in
the surrounding of vacancies positions so this causes the formation energy of
the DV2 is considerably larger than that of DV1. However, we have found no
significant local geometry distortion in the A-GDYNR with DV1. This causes
relatively smaller formation energy than that is in A-GDYNR with DV2,

Spin polarized calculation indicates that pristine A-GDYNR has not magnetic
character. Interestingly, we find magnetic moments induced by vacancies in the
A-GDYNR. The calculated magnetic moments are 2.08, 1.56, and 1.27 uB for
the A-GDYNRs with SV1, DV1, and MV respectively, whereas we find no spin
polarized state in the A-GDYNRs with DV2. Consequently, in the 2" finding
the dependence of the magnetic properties on the type of the vacancy is
demonstrated.

In Fig. 2 we illustrate spatial iso-surface of the spin polarization charge density
of the A-GDYNR when the vacancies are included. The red and blue iso-
surfaces represent the up and down spin densities at 0.002 e/bohr3, respectively.
The A-GDYNR with DV2 is not shown in this figure, since it is found to be
non-magnetic, as already discussed. The corresponding spin polarized charge
densities, shown in Figs. 2(a-c), indicate that the induced magnetic moments are
mainly localized around the vacancy sites. Clearly, the SV has a larger effect on
the spin polarization of the A-GDYNR and this is compatible with the results
that are reported in Table 2.
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Fig 2.The spin density difference (pup spin -pdown spin) of magnetic structures. The A-
GDYNR with (a) SV, (b) DV1, and (c) MV difects. The red and blue colors are
corresponding to the up and down spins. The iso-surface is taken to be 0.002 eA—3.

Fermi Energy for the pristine and A-GDYNRs with the assumed defects are
given in Table 2.

The comparisons reveal that in all of the assumed structures the Fermi level is
shifted to the valance band of the A-GDYNR. In the 3" finding, this result
suggests that vacancy defects can be used as an effective way to produce p-type
doping in the A-GDYNREs.

TABLE 2.
The values of magnetic moment, Fermi energy and the energy band gap (Eg) for the
assumed structures.

Structure Type | Perfect A- | SV DV1 DV2 MV

GDYNR A- A- A- A-GDYNR
GDYNR | GDYNR | GDYNR

Magnetic 0 2.08 1.56 0 1.27

Moment (UB)

Fermi Energy -6.35 -6.45 -6.66 -6.44 -6.69

(eV)

Eg(eV) 0.82 0.42 0 0.42 0.82

Fig. 3 represents the spin polarized band structures and density of states (DOSSs)
of the A-GDYNR with the assumed defects. In addition, the band structure and
density of state for the pristine A-GDYNR are given in Fig. 3(a). It is obvious
that the pristine A-GDYNR is semiconductor with a direct band gap of 0.82 eV
at the I'-point. This result is in good agreement with previously reported results
[9,11].

In particular, the pristine A-GDYNR indicates symmetric up and down spin
bands, which offers that it is a nonmagnetic semiconductor. Fig. 3(b) shows the
spin polarized band structure and density of states (DOS) of the A-GDYNR
with SV. The result illustrates that the SV induces the defect states in the middle
of the band gaps. However, both of the up and down spin bands display
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semiconducting behavior with 0.75 and 0.55 eV band gap, respectively, which
are smaller than that of the pristine A-GDYNR (0.82 eV). The result shows that
the up spin flat band is occupied and the down spin flat band is unoccupied in
the vicinity of the Fermi level. These two flat bands correspond to the localized
states at the Carbon atoms around the vacancy site that will be shown in Fig.
4(a). From another point of view, in the plotted DOSs in Fig. 3(b), it is seen
that the up and down spin DOSs are highly asymmetric, reveal that the A-
GDYNR with SV is magnetic.

The band structures and DOSs of A-GDYNR with DV1 and DV2 are presented
in Figs. 3(c,d). In the A-GDYNRs with DV, the band structures show a
structural dependency on the configuration of the vacancies. Figure 3(c) shows
the spin polarized band structure and density of state for DV1. It is notable that
the down spin band structure behaves as a half-metal due to a state crossing the
Fermi level that is completely localized near the vacancies as will be shown in
Fig. 4(b). Moreover, the up spin shows semiconducting behavior with a direct
band gap of 0.83 eV. The down density of state for the A-GDYNR with DV1
illustrates a peak at the Fermi level that is related to the electrons trapped in the
localized states near the vacancy defect (Fig. 2(b)).

In contrast, as shown in Fig. 3(d), we find semiconducting behavior for both of
the up and down spins in the A-GDYNR with DV2. Also, as can be seen in this
figure, the A-GDYNR with DV2 shows symmetric up and down spin bands,
which in the 4™ finding, offers that the A-GDYNR with DV2 is a nonmagnetic
semiconductor.

Fig. 3(e) gives the spin polarized band structure and DOS of the A-GDYNR
with MV. Interestingly, both of the up and down spin bands show
semiconducting behaviors. The up and down spin band gaps are 0.75 and 0.55
eV, respectively, which are smaller than that of the pristine A-GDYNR (0.82
eV). As shown in this figure, the band structure is substantially modified which
is found a spin splitting due to the vacancy. In the 5™ finding, it is worth noting
that the spin polarization is sensitive to the type of the vacancies.
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Fig 3. The spin-polarized band structures and density of states for (a) pristine (b) SV (c)
DV1 (d) DV2 (e) MV A-GDYNR. The band structures of up spin (down spin) electrons
are illustrated by red (blue) lines. The Fermi level is indicated by dashed black lines.

To clarify more on this issue that the flat states are localized on some carbon
atoms around the vacancies sites, we divide the super-cell into two components:
(1) the carbon atoms near the vacancies and (2) the carbon atoms away from the
vacancies. Then, we calculate the DOS contribution of each component. Fig. 4
shows that the spin states of the carbon atoms near the vacancy split
degeneracy. It leads to the spin-polarized states and resulting in asymmetry of
the up and down spin states. For each of the assumed defects, the comparison
reveals that the large peaks are related to the localized states which mostly
contributed by the carbon atoms around the vacancies.

Moreover, the Carbon atoms away from the vacancies represent almost identical
DOSs. It confirms that they play no role in the magnetic properties.
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Fig. 4. Density of States (DOSs) curves for the A-GDYNRs with a) SV, (b) DV1 and

(c) MV: the upper panels are for DOSs of carbon atoms near the vacancies and the

lower panels are for DOSs of the carbon atoms away from the vacancies. The up spin

and down spin states are denoted by the positive and negative values, respectively. The
Fermi level is set to be zero.

In the next stage, we calculate the |-V, characteristics of the open two- probe
structures when they are biased. In doing so, we consider the A-GDYNRs
super-cells as shown in Figs. 1(a-e) that are connected to two semi-infinite
pristine A-GDYNRs, on the left and right electrodes. The currents for the up
and down spins of the defective A-GDYNRs as well as the pristine one are
given versus the applied bias voltage (V) in Figs. 5-1(a-d) and Figs. 5-2(a-d) by
the linear and logarithm scales respectively. Clearly, the 1-V}, characteristic of
the pristine A-GDYNR has semiconductor behavior that is in good agreement
with its band structure and density of state, in which the threshold voltage is
about 0.82V. This result is in good accordance with the other reports [9,11].

As shown in this figure, obvious current appears when the bias voltage is larger
than the bandgap. More interestingly, in the 6™ finding, the negative differential
resistance (NDR) phenomenon can be observed at the bias voltage of V, = 1.9
V. As shown in Fig. 5-1(a), for the A-GDYNR with SV, the current of the up
spin state grows rapidly from 0.8 to 1.8 V and then decreases. So, a NDR
characteristic appears. However, it is different for the down spin state in which
the current increases along with increasing the bias voltages. Moreover, it can
be seen that the currents are spin polarized.

As illustrated in Fig. 5-1(b), for the A-GDYNR with DV1, both of the up and
down spin currents increase with an increase in the voltage bias. Moreover,
according to the result, the down spin current is larger than the up spin current
for the similar bias voltage. The spin degeneracy in the A-GDYNR with DV1 is
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obviously broken and the current becomes strongly spin dependent. However,
as shown in Fig. 5-1(c) in the A-GDYNR with DV2 A-GDYNR the up and
down spin currents through the structure, are degenerated completely.
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Fig. 5-1. The linear scale spin-polarized current for the A-GDYNR with (a) SV, (b)
DV1 (c) DV2 and (d) MV under the bias voltages.
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Fig. 5-2. The logarithm scale spin-polarized current for the A-GDYNR with (a) SV, (b)
DV1 (c) DV2 and (d) MV under the bias voltages.

Fig. 5. The spin-polarized current-voltage characteristic for the A-GDYNR with a) SV,
(b) DV1 (c) DV2 and (d) MV in comparison with that of a similar super-cell for the
pristine A-GDYNR (dashed lines) (currents are in linear scale in Fig. 5-1. and are in
logarithm scale in Fig. 5-2.). The up and down spin electrons are presented by solid red
and blue lines, respectively.
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As shown in Fig. 5-1(d), for the A-GDYNR with MV, the down spin current is
obviously larger than the up spin current and the spin NDR is obviously
appeared for both of the up and down spin currents. So, in the 7" finding, it
presents a spin-polarized characteristic for using in the spin filtering devices.
Moreover, the NDR behavior is observed in the similar bias to that is in the
pristine A-GDYNR. We observe that the current of A-GDYNR with DV1 is
obviously larger than that of the other structures. This is due to the high density
of states below the Fermi level (Fig. 3(c)) that are related to the extra transport
channels. Therefore, the electrons can be transmitted easily from the energy
bands in left electrode to the energy bands in the right electrode through the
scattering region.

According to the results, the down spin currents are larger than the up spin
currents for the similar bias voltage in the A-GDYNRs with SV, DV1 and MV.
This result is in good agreement with the relative spin polarization charge
density shown in Fig. 2.

To better estimate the current under the low-biased conditions, we illustrate the
logarithm scale of the current versus the linear scale voltage bias in Fig. 5-2. As
shown in this figure, the A-GDYNRs with SV, DV1, and MV have spin-
polarized currents in the low bias conditions.

To confirm the spin-polarized current—voltage characteristics of the two-probe
structures, we have shown the transmission spectra for both spin channels at
different bias voltages in Figs. 6 and 7.

=~ 5 Pristine A-GDYN
= Vo 1

N; ‘
° OHW)—CLL\{—’
o 5| |

4 0 1 T 0 1
E-E.(eV) E-E. (eV)

Fig. 6.The spin-polarized transmission spectra at the bias of 0 V for (a) Pristine (b)SV,
(c) DV1 (d) DV2 and (e) MV structures. The red lines present the up spin channel and
the blue lines present the down spin channel.
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As shown in Fig. 6, the zero transmission is corresponding to the energy
window of -0.41 eV<E - EF <0.41 eV. This is due to the fact that in all of the
two probe structures, the electrodes are pristine A-GDYNRs with a 0.82 eV
band gap value.

Moreover in order to have a comprehensive comparison, transmission spectra
for both of the spin channels at the bias voltages of 0.3, 0.5, 0.7, 1.5, 1.7 and 2.0
V are shown in Figs. 7-1 to Fig. 7-6, respectively.

As is known, the spin-polarized current through the structures is calculated by
integrating the transmission function over the bias window using the Landauer-
Buttiker formalism [30]. Hence, the value of the current depends on the
transmission coefficients in the bias window (between the two vertical dotted
lines).

From Figs. 7-1 to 7-3, it can be seen that up to the bias voltage of V, = 0.8V, the
transmissions coefficients are too small and almost are near the zero in the bias
windows, which leads to a very weak spin current in the bias voltages of 0.3,0.5
and 0.7 V.

However, from Figs. 7-4 to 7-6 it can be seen that as the bias voltage increases
above 0.8 V for all of the assumed structures, the nonzero transmission
coefficients appear in the bias windows that provide new channels for the
electron transport and the spin current are significantly enhanced. Typically, in
Figs. 7-4(c) to 7-6(c) for A-GDYNR with DV1, it can be easily seen that in the
bias window there exists high down spin transmission coefficients which make
contributions to the down spin current, so it is larger. Also we observe that the
current of the A-GDYNR with DV1is obviously larger than that of the other
structures. These are consistent with the 1-Vb diagrams of Figs. 5(a-d)
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Fig. 7-1.The spin-polarized transmission spectra at the bias of 0.3 V
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Fig. 7-2.The spin-polarized transmission spectra at the bias of 0.5 V
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Fig. 7-3.The spin-polarized transmission spectra at the bias of 0.7 V
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Fig. 7-4.The spin-polarized transmission spectra at the bias of 1.5 V
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Fig. 7-5.The spin-polarized transmission spectra at the bias of 1.7 V
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Fig. 7-6.The spin-polarized transmission spectra at the bias of 2.0 V

Fig. 7 The spin-polarized transmission spectra at the bias of 0.3 V (Fig. 7-1) to 2.0 V
(Fig. 7-6) for (a) Pristine (b) SV, (c) DV1 (d) DV2 and (e) MV structures. The red lines
present the up spin channel and the blue lines present the down spin channel. The region
between the two vertical dotted lines is the bias window.

Finally, we compute spin filtering efficiency (SFE) defined as SFE = |l -
laown|/[lup + ldown|, Where lyp and lgown represent the up and down spin currents,
respectively at the bias region [32] (Fig. 8(a-c)). It is clearly seen that the SFES
of the structures are strongly depending on the bias voltages and have non-linear
behaviors. The maximum SFEs are 90%, 85% and 40% for the A-GDYNRs
with SV, DV1 and MV at the bias voltage of 0.3V, 0.1V and 0.9V, respectively.
Furthermore, for the A-GDYNRs with SV and DV1, the maximum SFE appears
under the low bias voltages. However, maximum SFE of the A-GDYNR with
MYV occurs under the high bias voltage.

Consequently, in the 8™ finding, it is revealed that the spin filtering effect is
dependent to the bias voltage and the type of vacancy defect. It is noteworthy to
say, it is the first time that the SFE for the defected A-GDYNR is calculated.
The proposed structures may bring the promise potential for the applications of
the defected A-GDYNRs in nano-scale spintronic devices.
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Fig. 8. SFE as a function of bias voltage for the A-GDYNR with a) SV, b) DV1 and c)
MV

Finally, in order to have comparison with the other similar researches in this
area we have summarized these works in table 3. The structures, types of the
defects and the final result of them are included in this table. As it shown, each
type of defect has its impact on the assumed structure. This can lead to the
structural rearrangement, some changes in the magnetic moment and the type of
semiconductor with changing the Eg value.

TABLE 3.
A brief comparison by the other similar defects in Graphite and Graphyne
Reference | Structure | Kind of defect The Result
[33] Ugeda
et_. al: Graphite
Title: X .
o With removing C . .
Missing . Removing a C atom from an a site
single- atom from o, B :
Atom as a . generates a stronger magnetic moment
atom site
Source of vacancy
Carbon
Magnetism
1- The position of the removed C atom
[34] Kang plays an important role in tuning the
et. al. electronic structure of graphyne and
Title: a, B,y showed different influences based on
Single-atom | graphyne | removing C1 | the type of graphyne.
vacancy (Gy) (sp carbon) or | 2- A single-atom vacancy can lead to an
induced sheet C2 (sp2 carbon) | in-plane structural rearrangement.
changes in with is denoted 3-Removing C1 makes aGy a p-type
electronic single- vl and v2, semiconductor, while removing C2
and atom respectively. results in an n-type semiconductor.
magnetic vacancy 4-For PGy, v1-BGy is a p-type
properties of semiconductor, while v2-BGy exhibits
graphyne metallic character.
5- vGy is half-metallic regardless of
whether C1 or C2 is removed.
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6- Magnetic moments were obtained
1.21, 1.14, 1.34, 1.11, 1.85, and 1.74
uB for vi-aGy, v2-aGy, v1-BGy, v2-
BGy, v1-yGy, and v2-yGy, respectively.
7- The single-atom vacancy can induce
stronger magnetization in yGy than in
the other two models.

Investigation

DAV3 iny Gy)

1- DAV led to in-plane structural
rearrangement for all three of the Gy
systems.

2- The position of DAV is a crucial

[35] Wu et. There are ; o e Tk
al. several ways to actor in the manipulation of the
Title: a, [?] Y | insert DAV into electronlg protﬁ)ertles of aGy and BGy as

. ith yGy.
Effects of | 9raPnyne a, B, vy Gy due compared with y . .
Double- (Gy) to their hybrid 3- DAVlaGy is a metallic
atom sheet network of So- ferromagnetism  with a  magnetic
\Vacancy on with sn2 P moment of 1.99 uB, while DAV2-aGy
they double- (DAle DAV2 is a semiconductor with an Eg of 0.17

- atom T eV,

plrzc!f,ztrrt?:;%f vacancy | Al\r}la (I;Dy,g\VZ 4- DAV1-BGy is an antiferromagnetic
Graphyne: A (DAV) | bav3 in BGV)’ semiconductor, and DAV2-BGy and
DFT (DAV1, DAV2, | PAV3-BGY show metallic

characteristics.
5- All of the defective systems for yGy

are nonmagnetic semiconductors, and
the position of the vacancy can slightly
change the Eg value.

4. CONCLUSION

Spin-dependent electronic transport properties of vacancy defects in A-GDYNR
have been investigated by means of NEGF method in combination with DFT.
We have assumed four types of defects in A-GDYNR that are named as SV,
DV1, DV2 and MV. It is demonstrated that the geometric structure of A-
GDYNR remains planar in all of the four considered defects. The results reveal
the SV defect is energetically more stable than the other types of vacancy
defects in A-GDYNR. In addition, it is illustrated introducing vacancy defect is
an effective way to produce p-type doping in A-GDYNR due to the Fermi level
shift to the valance band.

Calculations of the electronic structures reveal that vacancies have a significant
effect on electronic properties of A-GDYNR where DV1 shows half-metallic
band structure but in contrary, the other vacancies display semiconducting band
structures. Moreover, A-GDYNRs with SV, DV1, and MV display magnetic
properties due to the strong spin splitting property of the energy levels. For A-
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GDYNR with SV, the defect induce states which are highly splitted and
appeared in the band gap, leads to have the largest magnetic moment in
comparison with the other types of the assumed defects. Spin polarization
charge densities show that the carbon atoms far from the vacancy defects do not
have obvious spin polarization, and magnetic moments are mainly localized in
the carbon atoms near the vacancies. Furthermore, the result of spin polarized
charge densities shows that SV has larger impact on the spin polarization of A-
GDYNR. The SV can induce a 2.08 uB magnetic moment into A-GDYNR,
while this value equals zero in A-GDYNR with DV2. Consequently, the
dependence of the magnetic properties on the configuration of the vacancies is
demonstrated. Spin-polarized transport properties for A-GDYNRs with SV,
DV1 and MV are found since the spin degeneracy of current is completely
broken and the down spin current becomes larger than the up spin current for
the same bias voltages. We have observed that the current of A-GDYNR with
DV1 is obviously larger than that of the other structures. This is due to the high
density of states below the Fermi level that are related to the extra transport
channels. Besides, the A-GDYNR with SV induces large spin-filtering effect
where it is around 90% at the bias voltage of 0.3 V. The major novelty of this
work is that the findings may bring great promise for applications of the
defected A-GDYNRs in nano-scale spintronic devices.
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