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First-principles calculations are performed to investigate the transport properties of zigzag «-graphyne
nanoribbons (ZaGNRs). It is found that asymmetric Za«GNRs behave as conductors with linear current-voltage
relationships, whereas symmetric ZaGNRs have very small currents under finite bias voltages, similar to those of
zigzag graphene nanoribbons. The symmetry-dependent transport properties arise from different coupling rules
between the 7w and 7* subbands around the Fermi level, which are dependent on the wave-function symmetry
of the two subbands. Based on the coupling rules, we further demonstrate the bipolar spin-filtering effect in the
symmetric Zo«GNRs. It is shown that nearly 100% spin-polarized current can be produced and modulated by the
direction of bias voltage and/or magnetization configuration of the electrodes. Moreover, the magnetoresistance
effect with the order larger than 500 000% is also predicted. Our calculations suggest Zo#GNRs as a promising

candidate material for spintronics.
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I. INTRODUCTION

Graphene, a single layer of sp? hybridized carbon atoms
in a honeycomb lattice, has been extensively studied for
application in the next-generation nanodevices because of
its outstanding properties.'™ In particular, zigzag graphene
nanoribbon (ZGNR) has attracted research interest as a
hopeful candidate material for spintronics devices, owing to
its magnetic zigzag edges™° and unique transport properties.’:*
So far, a number of theoretical schemes have been proposed in
this direction. For example, it is shown that ZGNR becomes
half metal by applying an external electric field>® or chem-
ical modification,!®!2 which can be utilized for generation
of spin-polarized current. Also, bipolar spin filtering and
larger magnetoresistance (MR) effects have been predicted
in a ZGNR-based spin-valve device, in which ZGNR is
connected to two electrodes and external magnetic fields
are applied to these electrodes with different magnetization
configurations.'>' Meanwhile, graphene-based spin devices
have been constructed experimentally.'’~!® Tombros et al.
demonstrated the spin injection in graphene via a cobalt elec-
trode at room temperature and detected the up-spin and down-
spin currents by using a nonlocal measurement method.!’
Recently, Bai et al. observed a negative magnetoresistance of
nearly 100% at low temperature in graphene nanoribbons.'?

Besides graphene, graphyne, a new allotrope of carbon
containing sp and sp? hybridized carbon atoms, has also been
the subject of interest.”**" Due to the presence of acetylenic
bonds in the structure, graphyne is thought to have rich
electronic and optical properties that are different from those
of graphene.®' Indeed, it has been found that graphyne is a
semiconductor with a narrow gap.”! Nevertheless, recently
Malko et al. found that «-graphyne and other graphyne
derivatives can behave as a gapless semiconductor similar to
graphene,’”? which extends the application scope of graphyne
in nanoelectronics and photoelectronics. Then a question of
fundamental interest is whether the spin-filtering and MR
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effects can be actualized in «-graphyne similar to or even more
fascinating than those of graphene. In this paper, we focus our
attention on the zigzag «-graphyne nanoribbons (ZoaGNRs).
From the first-principles calculations, we initially explore the
transport properties of ZoGNRs, and show that the Zo«GNRs
with symmetric and asymmetric structures exhibit different
transport behaviors. Then, based on this symmetry-dependent
transport behavior, we demonstrate the bipolar spin-filtering
and magnetoresistance effects in the symmetric ZaaGNRs-
based device. Our works suggest a route to manipulate spin
current and design the spintronic devices for complementing
the graphene-based spin devices. Furthermore, it will put an
urgency on the experimental study of graphyne as well.

II. METHODS

Electronic structures are calculated within the density
functional theory (DFT) by using the SIESTA code.** The
generalized gradient approximation (GGA) with Perdew-
Burke-Ernzerhof (PBE) functional® is employed for the
exchange-correction potential and norm-conserving Troullier-
Martins pseudopotentials®® are used for the core-valence
interactions. The single-¢ polarized numerical atomic-orbital
basis sets for C and H are adopted. The cutoff is set to be
300 Ry for real-space grid. A vacuum layer larger than 10 A
is used to avoid interaction between adjacent ribbons. The
energy level is populated using the Fermi-Dirac distribution
(kgT =25 meV). All atomic positions are fully relaxed
until the Hellmann-Feynman force on each atom is less than
0.04 eV/A. The transport properties are studied by using
nonequilibrium Green’s function method, as implemented in
the TRANSIESTA module.’” The spin-polarized current through
the system is calculated using Landauer-Biittiker formula,

I, (Vy) = ;, / (T, (EVOLA(EVy) — fr(EVo)lJE,
)
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FIG. 1. (Color online) Geometric structures of (a) 4-ZaGNR and (b) 5-ZaGNR. Gray and green balls correspond to C and H atoms,
respectively. The red dashed line denotes the mirror plane o. (c) Schematic structure of the two probe system. Red dashed rectangle indicates
the primitive unit cell of ZoGNR. M| and Mg represent the magnetization of left and right electrodes under the magnetic field, respectively.
(d) The variation of current as a function of bias voltage. The zero transmission gap versus bias for the 4-ZaGNR is given in the inset.
(e) Transmission spectra for 4-ZaGNR (upper) and 5-ZaGNR (lower) under 0.3 V. The vertical dashed lines denote the chemical potentials of

left and right electrodes.

where e is the electron charge, & is the Planck’s constant,
and 7, is the transmission value of an electron with spin
o. f]_(R)(E,Vb) = I’lF(E — ,LLL(R)), ng and ML) are the Fermi
distribution function and the chemical potentials of left and
right electrodes, respectively. T, is obtained from the equation

T,(E,Vp) = Te[Im{ [ ,(E,Vp)} GL(E, V)
x Im{ S}, (E, )} GL(E, W], )

where G” (G“) is the retarded (advanced) Green’s function
matrix, and Xj (Xy) is the retarded self-energy matrix for the
left (right) electrode. Also, it is straightforward to extend the
equations for the spin-unpolarized case.

III. RESULTS AND DISCUSSION

The ZaGNRs are originally obtained by cutting a 2D
a-graphyne along zigzag lines, and the edges are passivated
by single H atoms to remove the dangling bonds. Following
conventional custom, the widths can be characterized by the
number of zigzag C chains along the nanoribbon axis, namely,
N-ZaGNRs. Considering the symmetry, the N-ZaGNRs are
divided into two types, symmetric and asymmetric ZoGNRs,
which correspond to even and odd N respectively.

A. Symmetry-dependent transport properties

Our previous work has shown that all the Zo GNRs have two
types of spin states, a ferromagnetic state and an antiferromag-
netic state, with the latter energetically preferred as the ground
state.’® The ferromagnetic ZoGNRs are metallic, whereas
antiferromagnetic ones exhibit semiconducting behavior. The
energy difference between the two spin states would decrease
as the nanoribbon width increases. It seems that both symmet-
ric and asymmetric Zo«GNRs exhibit symmetry-independent
magnetic and electronic properties. However, the results
may be different with respect to the transport properties.
It has been found that zigzag graphene nanoribbons have
different transport behaviors under bias voltages, depending
on the symmetry of the nanoribbons.”** We wonder whether
the ZoGNRs would possess similarly symmetry-dependent
transport properties as the zigzag graphene nanoribbons do.

Here, we choose the 4-ZaGNR and 5-ZaGNR to rep-
resent the symmetric and asymmetric ZaGNRs, as shown
in Figs. 1(a) and 1(b). Clearly, symmetric ribbons hold a
mirror plane o between the two edges, while the o plane
is absent in asymmetric ribbons. In order to examine the
transport behaviors, we construct the two probe systems
[Fig. 1(c)] based on both the 4- and 5-ZaGNRs. The systems
consist of three portions, two semi-infinite electrodes and a
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FIG. 2. (Color online) (a) Band structure of 4-ZaaGNR. (b) I"-point wave functions of 7 and 7* subbands for 4-Za«GNR. The yellow and
blue colors indicate positive and negative signs, respectively. Red dashed lines denote the mirror plane. (c) Band structures for the left and right
electrodes, and transmission spectrum for 4-ZoGNR under 0.3 bias voltage. (d)—(f) The same caption as (a)—(c) but for 5-ZaGNR. The pink
shade in (c) indicates the ZTG for 4-ZaGNR, and the dashed arrow means the electron transmission is forbidden. The solid arrow in (f) means
the transmission is allowed. The horizontal dashed lines in (c¢) and (f) denote the chemical potentials of left and right electrodes.

scattering region. My and Mg represent the magnetization
of the left and right electrodes, which can be controlled by
external magnetic field.">'® M and Mg can be 1, 0, or
—1, corresponding to magnetization along the +y direction,
nonmagnetization, and magnetization along the —y direction,
respectively. The scattering region contains four primitive
unit cells, with the length of 28.48 A. Then we study the
spin-unpolarized transport behaviors of the ZoGNRs, namely,
[My,Mr] = [0,0]. The calculated current (/) versus the bias
voltage (V) is given in Fig. 1(d). Similar to the zigzag
graphene nanoribbons, the transport behaviors of ZaGNRs
are dependent on the symmetry of ribbons. For 5-ZaGNR,
the current increases with increasing |V,| and obeys a linear
relationship. It is attributed to the constant conductance
of 2G( within the applied voltage range. In contrast, the
current of 4-ZaGNR is close to zero under finite bias, and
begins to increase when the bias is stronger than a critical

bias voltage (V). This current variation can be understood
by the corresponding transmission spectrum. As shown in
Fig. 1(e), a zero transmission gap (ZTG) appears around the
Fermi level upon the bias being applied. Herein, the vertical
dashed lines indicate the chemical potentials of left and right
electrodes (u and wr) separated by e| Vy|. The region between
ur and g is referred to as bias window. Moreover, the
ZTG linearly increases with increasing bias voltage [inset of
Fig. 1(d)]. Because the ZTG is almost equal to the bias window
between the chemical potentials of left and right electrodes,
the transmission nearly keeps zero in the whole bias window.
Consequently, the current of 4-ZaGNR remains small until
the bias reaches V.. Our results therefore demonstrate that
ZaGNRs exhibit symmetry-dependent transport properties.
Next, we investigate the basic mechanism underlying
the symmetry-dependent transport behaviors in ZaGNRs.
Generally, the distinct transport properties should arise from
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FIG. 3. (Color online) (a) Spin density for 4-ZoGNR with [M,,Mg] = [1,1] configuration under zero bias. The red and blue colors stand
for the up-spin and down-spin components, respectively. The isosurface level is taken as 0.006 e/A3. (b) The I — V,, curve for 4-ZaGNR with
[1,1] configuration. (c)—(d) The same information as (a)—(b) but for 4-ZaGNR with [M;,Mr] = [1, —1] configuration. (e) The ratio of each
spin current to the total current versus the bias voltage. Red and blue bars correspond to the up-spin and down-spin components. (f) ZTG versus
bias for 4-ZaGNR with [1, —1] configuration. The green solid lines indicates the value of bias window. In (b), (d), and (f), the up-spin and
down-spin currents are denoted by red square and blue triangle symbols.

the characteristics of band structures of 4- and 5-Za«GNRs, as
shown in Figs. 2(a) and 2(d). However, it seems both of them
exhibit very similar characteristics. Around the Fermi level,
there exist two subbands, which meet near the X point in the
Brillouin zone. Based on the projected densities of states of
4- and 5-ZaGNRs (not shown here), it is found that states
ranging from —2 to 3 eV origin from C 2p, state. The two
subbands around the Fermi level, accordingly, are bonding
m and antibonding 7* bands. Thus, we can expect that the
characteristics of 7 and 7* would determine the transport
properties of ZoGNRs under small bias voltage. We now turn
to the nature of wave functions of & and 7* subbands for 4-
and 5-ZaGNRs, as plotted in Figs. 2(b) and 2(e). It is found
that their wave functions do have different characteristics. The
7 (") subband of 4-ZaGNR has even (odd) parity under the
o mirror operation, while the w (7*) subband of 5-ZaGNR
has no definite parity due to the absence of the mirror plane.
Figure 2(c) then shows the band structures of left and right
electrodes and transmission spectrum for 4-Za«GNR under

0.3 V bias voltage. Within the bias window, only the m
subband of left electrode overlaps with the 7* subband of
right electrode. Since the 7w and 7* subbands have opposite
parities with respect to the o mirror operation, the electron
transmission from the 7 subband of left electrode to the = *
subband of right electrode is forbidden. As a result, ZTG
appears around the Fermi level and no electron transmission
contributes to the current. For 5-ZaGNR, the subband overlap
between the two electrodes is similar to 4-ZaGNR in the bias
window. However, as its 7 and 7* subbands have no definite
parity, the electron transmission from the 7 subband of left
electrode to the 7* subband of right electrode is allowed,
leading to a 2G( conductance and linear current-voltage
characteristic as shown in Fig. 1(d).

B. Bipolar spin-filtering effect

Now we focus on the spin-polarized transport properties
of symmetric Z«GNR by using the two-probe system based
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on the 4-ZaGNR. Two magnetic configurations [My,Mgr] =
[1,1] and [1, —1] are considered first. In the former con-
figuration, both of the left and right electrodes are up-spin
polarized, whereas the left electrode is up-spin polarized and
the right one is down-spin polarized in the latter configuration.
Their spin polarization directions are also confirmed by the
spin densities under zero bias [Figs. 3(a) and 3(c)]. For
the [1, —1] configuration, a more rigorous scheme involving
noncollinear spin-polarization configuration would need to be
considered. Previous studies have shown that, in the case
of graphene nanoribbons, noncollinear spin polarization has
only a minor influence on the transmission spectrum, and
whether including or excluding this effect does not change the
main results.'>*! Since a-graphyne shows similar properties
as graphene, it can be expected that the noncollinear spin
effect on the ZaGNR is also small, and neglecting this effect
would be reasonable. Thus, we still utilize the collinear spin
configuration in our calculations. When the bias voltages
are applied, the spin currents are obtained, as shown in
Figs. 3(b) and 3(d). Obviously, the I — V;, curves for the two
configurations exhibit different characteristics. For the [1,1]
configuration, the up-spin current |Iyp| increases rapidly with
increasing |V, | under a low positive or negative bias, and then
it nearly saturates with several uA when |V;| is larger than
0.2 V. The variation of down-spin current |lgown| With |V|
are similar to the up-spin case. For the [1, —1] configuration,
the up-spin current /,;, shows metallic behavior in the positive
region of V;,, while it is completely suppressed in the negative
region. On the other hand, the down-spin current lgow, Shows
metallic behavior in the negative region of Vj, while it is
completely suppressed in the positive region. The ratio of up-
spin (down-spin) current to the total current increase gradually
to over 99.9% (nearly 100%) as V;, increases to 0.2 V (—0.2 V)
[Fig. 3(e)]. Consequently, a perfect bipolar spin-filtering effect
is observed. It seems that these I — V}, characteristics depend
on not only the spin, but also the direction of bias voltage.

The spin-filtering effect can be understood by examining
the V}, dependence of the transmission spectrum in the [1, —1]
configuration. As shown in Fig. 3(f), there exists a ZTG of
0.36 eV for both the up-spin and down-spin states around the
Fermi level under zero bias, and the current is zero. Upon the
application of bias, the ZTG is found to vary as a function of V;,.
For the up-spin state, when Vj, is below 0.2 V, ZTG linearly
decreases with increasing V,,. However, because the ZTG is
still larger than the bias window, I, remains zero. Then, ZTG
for the up-spin state continually decreases with increasing V;,
and reaches 0 when 0.35 < V;, < 0.40 V. Within this range,
ZTG becomes smaller than the bias window, the electron
transmission contributes to the current flow, and I, starts
to increase. Once Vj, is larger than 0.4 V, zero transmission
gap appears again and /., almost saturates. The variation of
ZTG for the up-spin state is different as V4, increases towards
the negative direction. ZTG first increases with increasing
Vi, and reaches the maximum of 0.73 eV at —0.4 V, beyond
which ZTG starts to decrease. Because ZTG is always larger
than the bias window in the negative region of V;, Iy, is
completely blocked. In contrast, the variation of ZTG for
the down-spin state is totally opposite to that for the up-spin
state in the positive region of V;, as well as the negative
region.

PHYSICAL REVIEW B 86, 235448 (2012)
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FIG. 4. (Color online) Band structure for the left electrode
(left panel), transmission spectrum (middle panel), and band structure
for the right electrode (right panel) for 4-Za«GNR with [1, —1]
configuration. (a)—(d) correspond to 0.0, 0.2, 0.4, and 0.5 V bias
cases, respectively. The yellow and blue shades show the ZTG for the
up-spin and down-spin states. The horizontal dashed lines denote the
chemical potentials of left and right electrodes.

The increasing and decreasing of ZTG are attributed to the
band structures of the left and right electrodes of 4-ZaGNR.
At Vi, = 0 V [Fig. 4(a)], near the Fermi level the up-spin 7*
subband of the left electrode only overlaps with the up-spin
subband of the right electrode. As the 7 and 7 * subbands have
opposite parities under the o mirror operation, the electron
transmission between them is hence forbidden, resulting in
a gap of 0.36 eV (yellow shade region). When V;, increases
to 0.2 V [Fig. 4(b)], the energy region where the up-spin 7 *
subband of the left electrode only overlaps with the up-spin
subband of the right electrode decreases, and contributes to a
0.16 eV gap, which is slightly smaller than the bias window
(0.2 V). Then, when V;, reaches the range from 0.35 to 0.4 V
[Fig. 4(c)], the up-spin m subbands, as well as the up-spin
7* subbands, of the two electrodes overlap, respectively. As
a result, the electron transmission within the bias window
is completely allowed and the ZTG disappears. Figure 4(d)
plots the band structures for Vi, = 0.5 V case. Near the Fermi
level, the up-spin 7 subband of the left electrode only overlaps
the up-spin 7* of the right electrode. Due to the absence of
transmission between the two subbands, a gap of 0.08 eV
opens again. On the other hand, for the down-spin state the
7 subband of the left electrode only overlaps with the =*
subband of the right electrode around the Fermi level, as Vj,
increases towards the positive direction. Therefore, the gap
remains open owing to the parity mismatch of the spin-down

235448-5



YUE, CHANG, TAN, QIN, KANG, AND LI

(@) 8 '[MIL’ |'V|R1='[0,|1]'

PHYSICAL REVIEW B 86, 235448 (2012)

(b) [My, Mg] =[O0, -1]

. —=— Up
4_+ Down

Current (uA)
o

8 T T T T
. —=— Up
4 | —&— Down

-03 -02 -01 0.0 01 0.2 03
Bias Voltage (V)

-0.2 -01 00 01 02
Bias Voltage (V)

o
o

S
N

Energy (eV)
o
N~

Left electrode

Right electrode

FIG. 5. (Color online) The I — V, curve for 4-ZaGNR with (a) [M,,Mr] = [0,1] and (b) [M,Mr] = [0, —1] configurations. Red square
and blue triangle symbols denote the up-spin and down-spin currents, respectively. Band structure for the left electrode (left panel), transmission
spectrum (middle panel), and band structure for the right electrode (right panel) for 4-ZoGNR with [0, 1] configuration under (c) 0.0, and (d)
0.2 V bias voltage. The up-spin and down-spin states are degenerate in all energy bands of left electrode. The yellow and blue shades show the
ZTG for the up-spin and down-spin states, respectively. The horizontal dashed lines denote the chemical potentials of left and right electrodes.

subbands [Figs. 4(a)-4(d)]. The above analysis can also apply
to the case when V;, increases towards the negative direction.
Apart from the [1,1] and [1, —1] magnetic configurations,
we also investigate the spin-polarized transport properties of
4-ZaGNR with [0, 1] and [0, —1] configurations. O represents
the nonmagnetic state of the left electrode and 41 represents
the magnetization of the right electrode. The variation of spin
current with bias is shown in Figs. 5(a) and 5(b). Obviously,
the bipolar spin-filtering behavior is also obtained in the two
configuration analogous to that in the [1, —1] configuration.
It is found that the ratio of up-spin (down-spin) current to
the total current rapidly increases to nearly 100% at very
low bias, which indicates that very low working voltage is
required to operate such system. Based on the same magnetic
configuration, Zeng et al.'* demonstrated similar spin-filtering
behavior in zigzag graphene nanoribbons. Nonetheless, it is
found that there exists a small leakage current in the cutoff
region, and thus the ratio of each spin to the total current
is lower than that of ZaGNRs. This spin-filtering effect can

be simply understood from the band structures of left and
right electrodes plotted in Figs. 5(c) and 5(d) for the [0,1]
configuration. At zero bias, near the Fermi level the up-spin
(down-spin 7*) subband of the left electrode only overlaps
with the up-spin 7* (down-spin ) subband of the right
electrode, the transmission is forbidden owing to the opposite
parities between the two subbands, the ZTG thus appears for
both spin components. When V,, reaches 0.2 V, the situation
becomes different. Within the bias window, the up-spin 7
subband of the left electrode only overlaps with the up-spin
7* subband of the right electrode, the electron transmission is
forbidden and I, keeps zero. In contrast, both the down-spin
7 subbands of the left and right electrodes overlap, and the
transmission is allowed, leading to a down-spin current flow.
It is shown that combining spin transport properties and
magnetization direction of electrons can give rise to the MR
effect in zigzag graphene nanoribbons.'> Here, based on the
different transport behaviors of 4-Za«GNR with [1,1] and
[1, —1] configurations, the MR effect can also be realized.
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FIG. 6. (Color online) Log-scale of the up-spin, down-spin, and
total magnetoresistance versus the bias voltage. Red square, blue
triangle, and green diamond symbols correspond to the up-spin,
down-spin, and total spin cases.

As shown in Fig. 3(d), for the [1, —1] configuration, the
spin current is quiet small within the bias range —0.15 <
W < 0.15 V, indicating a very high differential resistance.
For the [1,1] configuration, the spin current increases rapidly
and remains linear when —0.15 < V;, < 0.15 V, indicating a
relatively low differential resistance [Fig. 3(b)]. According to
the definition,*> MR = (I1y — I —1)/1, -1, where I; _; and
I, 1 are the spin current in the [1,1] and [1, —1] configuration,
respectively. The calculated MR value is given in Fig. 6. It
is found that the system shows a much stronger MR effect,

PHYSICAL REVIEW B 86, 235448 (2012)

and the up-spin, down-spin, and total MRs are all larger than
500 000%.

IV. SUMMARY

In summary, we investigate the transport properties of
ZoGNRs using the first-principles calculations. It is found that
ZaGDNRs exhibit symmetry-dependent transport characteris-
tics, which arise from the different wave-function symmetry
of w and 7* subbands near the Fermi level for symmetric
and asymmetric ZoGDNRs. While symmetric Zo«GNRs have
very small currents in the presence of a ZTG around the
Fermi level, asymmetric Zo«GNRs behave as conductors with
two conductance quantum. Then, we demonstrate the bipolar
spin-filter effect in a two-terminal device constructed by
symmetry ZaGNR. It is shown that the behaviors of spin-up
and spin-down currents depend on not only the direction of
bias voltage, but also the magnetization configuration of the
electrodes. Besides, MR effect with the order larger than
500000% is predicted. Our results show that the ZoaGNRs
hold promise for developing ideal spin-valve devices in future
spintronics.
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