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Using non-equilibrium Green’s function method combined with density functional theory, we
report bipolar spin diode behavior in zigzag graphene nanoribbons (ZGNRs). Nearly +100 % spin-
polarized current can be generated and tuned by a source-drain voltage and/or magnetic configura-
tions in these two-terminal bipolar spin diodes. This unique transport property is attributed to the
intrinsic transmission selection rule of the wave function of spin subbands near the Fermi level in
ZGNRs. Moreover, the bias voltage and magnetic configurations of the two-terminal ZGNR-based
spin diodes provide a rich variety of ways to control the spin current, which can be used to design
three-terminal spin transistors. These ZGNRs-based components make possible the manipulation
of spin-polarized current, such as rectification and amplification, for carbon-based spintronics.
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I. INTRODUCTION

Spintronics, a new type of electronics that exploits the spin degree of freedom of an electron in addition to its charge,
offers one of the most promising solutions for future high operating speed and energy-saving electronic devicest The
major challenge of spintronics is the difficulty in generating, controlling and detecting spin-polarized current. This
situation is expected to change with successful development of spintronics devices based on graphene, an atomically
thin carbon sheet.22 Since graphene was discovered experimentally in 20042 its applications in future electronics
and spintronics have been a major research focus and to date, a number of major break-throughs have been made.
Recently, spin injection in graphene has been demonstrated using cobalt electrode at room temperature Maassen
et al. theoretically predicted that the spin injection efficiencies from a ferromagnetic electrode into graphene can
reach 60%-80%. More recently, Han et al. proposed that the efficiency of spin injection from a ferromagnetic
electrode into graphene can be enhanced by a tunneling barrier.® Some graphene-based tunneling field effect transistors
(FETSs) were proposed by Guo et al. 8L Besides spin injection, spin detection in graphene has also been realized
using a non-local measurement method in which spin-up and spin-down currents can be distinguished and measured
independently# Moreover, graphene nanoribbon is known to have long spin diffusion length, spin relaxation time
and electron spin coherence time2 1% GNRs can be used as spin generation materials, such as electrodes, as well
as spin injection materials 113 All of these show that graphene hold the promise of spintronics14 A variety of
graphene-based spintronics devices have been proposed 14519 For example, A graphene nanoribbon-based giant
magnetoresistance (GMR) device has been proposed theoretically and realized experimentally which is useful for
information storage.1216:20 Wang et al. also experimentally observed large MR in graphene-based devices” However,
most of these studies have been on individual components and focused mainly on devices for information storage.
There has not been any implementation for the full range of spintronic devices. Developments of multi-functional
graphene-based spintronics components, such as devices that offer effective manipulation of spin-polarized current,
are crucial for a complete realization of spintronics.

In this article, we explore possible control of spin-polarized current in zigzag graphene nanoribbons (ZGNRs) and
discuss possible design of ZGNR-based devices. We demonstrate that spin polarization of a current in a ZGNR-based
two-terminal device can be tuned by a source-drain voltage and the device functions as a bipolar spin diode. This
is possible because of a symmetry selection rule. As we know, spin-polarized current is normally produced using
“half-metallic” materials, such as graphene nanoribbons under transverse electric fields?t:22, organometallic sandwich
molecular wires?2 and group I11/V semiconductors.2422 Generation of spin-polarized current using intrinsic symmetry
selection rule proposed here is a totally different concept. For the first time, we also propose the use of magnetic
configurations [+1,0], i.e., one electrode is magnetized while the other is non-magnetic in the design, in addition to
the conventional parallel [1,1]/anti-parallel [1,-1] magnetic configurations of GMR devices. The biggest advantage of
the [£1,0] magnetic configurations is that it allows reduction of design complexity since only one electrode needs to
be magnetized. It also avoids direct magnetic interaction between the two magnetic electrodes if the central part
of nano-devices is very small. Finally, no minimum working voltage is needed due to the zerio threshold voltage in
the sub-10 nm GNR-based devices in the [£1,0] magnetic configurations. These novelties of GNR~based spintronic
components offer flexibility in manipulating spin current and allow the designs of spintronic devices which provide
the essential components for future spintronic integrated circuit.

II. METHODOLOGY

The spin-dependent quantum transport calculations were carried out within the framework of density functional
theory (DFT) combined with non-equilibrium Green’s function (NEGF) method as implemented in the Atomistix
ToolKit software package.2%:2L The local spin density approximation (LSDA) proposed by Perdew and Zunger was
adopted for exchange and correlation functional 28 and the single-¢ basis set was used for electron wave function, which
has been proved to well describe the m-conjugated bond system and the transport calculation including transmission
and current-voltage characteristics 42 A cutoff energy of 150 Ry and a Monkhorst-Pack k-mesh of 1 x 1 x 100 yielded a
good balance between computational time and accuracy in the results. The spin-polarized current through the system
was calculated from

o0

'O) = %/ {T““(s, Vi) [f1(e, Vi) — frle, Vb)]} de .

where fr(ry(e,Vs) = nr(e — pr(r))- nr and pr(r) are the Fermi function and the electrochemical potentials of the
left (right) lead, respectively. T1(Y) (e, V}) is the spin-resolved transmission defined as

T (e, Vi) = Tr [Im {zgm)(a, Vb)} @7y (eVh) x Im {ng(l)(a, Vb)} Gy (e, vb)] 2)



FIG. 1. (Color online) Schematic diagram of ZGNRs-based bipolar spin diodes. An external magnetic field is used to magnetize
one or both GNR leads. M and Mpg represent the magnetization of the left and right leads under the magnetic field,
respectively. The value of My and Mg can be 1, 0 or —1, corresponding to magnetization along +y direction, non-magnetic
lead, and magnetization along —y direction, respectively. (a) Under a positive bias, only spin-down electrons transport through
devices. Note that the flow direction of electrons is from right to left leads while the flow direction of current is from left to
right leads. (b) Under a negative bias, only spin-up electrons are allowed to transport from left to right leads. It behaves as a
bias-controlled bipolar spin diode device. The circuit diagram of this bias-controlled bipolar spin diode is shown in the inset.

where Y7 /r is the retarded self-energy matrix which takes into account the left and right leads. G"(G®) is the

retarded (advanced) Green’s function matrix. Contour integration was carried out in the imaginary plane to obtain
the density matrix from the Green’s function. We used 30 contour points, with a lower energy bound of 3 Ry in the
contour diagram in the case of zero bias and additional contour points spaced at 0.02 eV along the real energy axis in
the case of nonzero bias. The NEGF-DFT self-consistency was controlled by a numerical tolerance of 1075 eV. The
electron temperature is set to 300 K in the transport calculation. In all the calculations, dangling bonds at the edges
of GNRs are saturated with pseudo-hydrogen atoms. A 15 A vacuum slab was used to eliminate interaction between
ZGNRs in neighboring cells.

IIT. RESULTS AND DISCUSSION
A. spin diode

Structures of all graphene nanoribbons being studied were fully optimized and the C-C and C-H bond distances in
the optimized graphene nanoribbons are 1.42 and 1.10 A, respectively. Figure 1 shows the schematic configuration
of a two-terminal ZGNR-based spin device. Magnetization of each ZGNR electrode can be controlled by an external
magnetic field 1517 and can be set to 1 (magnetization along the +y direction shown in Fig. 1), 0 (non-magnetic),
or —1 (magnetlzatlon along —y direction). We denote the magnetization of the left (right) electrode by M (Mg)
(= 1,0, or —1). Current flows along z (—z) direction is defined as the + (—) direction, corresponding to a positive
(negative) applied bias voltage. A ZGNR with N zigzag chains is denoted by N-ZGNR.22 We focus on the case in
which NV is even since previous study has concluded that only ZGNR with an even number of zigzag chain shows the
transmission selection rule, which is related to the symmetry of ZGNRs.2?

Following the conventional approach used in GMR spintronic devices, we consider first the spin polarized current
in the two-terminal device under the magnetic configurations [My, Mgr] = [1,1] and [1, —1], respectively. Figure 2
shows the transmission spectra and I-V curves under the magnetic configurations of [1,1] and [1, —1]. The up and
down triangles shown by the intersecting solid straight lines are referred to the bias window and only transmission
within the bias window contributes to the current. Therefore, the properties of I-V curves can be understood based
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FIG. 2. (Color online) Spin-dependent transmission spectrum, as a function of electron energy F and bias Vsp, and I-V curve,
respectively, for different spins and under various magnetic configurations of the elecctrods. (a) and (b), spin-up state in the
magnetic configuration [1,1]; (¢) and (d), spin-down state in [1,1]; (e) and (f), spin-up state in [1, —1]; (g) and (h), spin-down
state in [1,—1]. The up and down triangles shown by the intersecting solid straight lines are the bias windows which sets
boundaries for transmission that contributes to the current at a given bias voltage. The Fermi energy is set to zero.
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FIG. 3. (Color online) Ribbon width dependance of transmission spectrum and I-V curve, showing decrease of both the zero
transmission gap (ZTG) and the threshold voltage with the increase of ribbon width.

on the transmission spectra. For example, in the spin-up state of [1, 1] configuration (see Fig. 2a), the area within
the bias window increases linearly under a low positive or negative bias (less than 0.4 V), resulting in a linear I-V
curve (region I in Fig. 2b). Once the bias voltage reaches 0.4 V, the rate of increase of the area of transmission
within the bias window becomes a constant, which results in the saturation of the I-V current (region II in Fig. 2b).
The spin-down state of the [1, 1] configuration shows similar property, as shown in Figs. 2¢ and 2d. The transport
and electronic properties of the [1, 1] system are in agreement with those of Ref. 15 and Ref. 20. Interestingly, in
the [1, —1] configuration, the spin transport property under a negative bias is completely opposite of that under a
positive bias. Figures 2e and 2g show the transmission spectra of magnetic configuration of [1, —1]. As can be seen,
the spin-up transmission within the bias window is always zero under a positive bias. Thus, the spin-up current is
always suppressed under the positive bias (region I in Fig. 2f). Under a negative bias, the variation of the current
with the bias voltage goes through three different stages. At a small bias (less than 0.25 V), the transmission is zero,
resulting in a suppressed current (region I in Fig. 2f). At an intermediate bias voltage (0.25 to 0.95 V), the rate of
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FIG. 4. (Color online) Spin-dependent transmission spectrum, as a function of electron energy E and bias Vsp, and I-V
curve, respectively, for various spin states and magnetic configurations of the elecctrods. (a) and (b), spin-up state in magnetic
configuration [1,0]; (c¢) and (d), spin-down state in [1,0]; (e) and (f), spin-up state in [—1,0]; (g) and (h), spin-down state in
[-1,0]. The up and down triangles shown by the intersecting solid straight lines are the bias windows which sets boundaries
for transmission that contributes to the current at a given bias voltage. The Fermi energy is set to zero.

increase of the transmission area with the bias voltage is linear, leading to a linear I-V curve (region II in Fig. 2f).
Once the bias voltage is above 0.95 V, the rate of increase of the transmission area within the bias window becomes a
constant, which results in the saturation of the current through the device (region III in Fig. 2f). In a brief summary,
under a positive bias, only the spin-down current is allowed to pass through the device, while under a negative bias,
only the spin-up current is possible. In other words, the spin polarization of the current can be selectively generated
by the source-drain voltage in the single device. A device with such properties is referred to a bipolar spin diode3:
or a dual spin filter32 because its operation involves both spin-up and spin-down polarized currents. It is different
from the traditional bipolar devices based on electron and hole carrier types or polarized and unpolarized states in
graphene-based memory devices32

We also considered the dependence of the transport property on the width of the ZGNRs. In Fig. 3, we show the
transmission of unpolarized N-ZGNRs (N = 4,8,12,16) and the I-V curves of spin-polarized N-ZGNRs (N = 4,8, 12).
As can be seen, the zero transmission gap (ZTG) and the threshold voltage decrease with the increase of ribbon width.
Therefore, when the ribbon is sufficiently wide, the ZTG and threshold voltage would diminish and the devices would
show a metallic behavior under a negative bias but an insulating property under a positive bias for the spin-up current.
The behavior of the spin-down current is exactly the opposite, i.e., insulating under a negative bias and metallic under
a positive bias.

Besides the traditional parallel ([1,1]) and antiparallel ([1, —1]) magnetic configurations of the electrodes, we con-
sidered here also spin dependent transport in the magnetic configurations [1,0] and [—1,0]. The “0” represents the
non-magnetic state, which is possible considering the limited spin correlation length due to the unstable one dimen-
sional spin ordering, and the width and temperature dependent ground state in ZGNRs.222 One clear advantage of
the [£1,0] magnetic configurations, compared to [1, £1], is that it allows reduction of design complexity since only one
electrode needs to be magnetized. Another advantage would be that it avoids direct magnetic interaction between
the two magnetic electrodes if the central part of nano-devices is small. The calculated spin-dependent transmission
spectra, as a function of electron energy E and bias Vsp, and the I-V curves are shown in Fig. 4. The bipolar spin
diode behavior can be clearly seen in these configurations, similar to those in the [1, —1] configuration [Fig. 2a], with
only exceptions of a small leakage current and a zero threshold voltage in the [1,0] and [—1, 0] configurations, which
indicate that no minimum working voltage is required to operate such devices. The calculated I-V curves in the
[1,0] and [—1,0] configurations suggest that the spin-up or spin-down conducting channel can be switched by either
the bias direction or the magnetization of the ZGNR-electrode, as schematically illustrated in Fig. 1. This selective
spin current through the device is attributed to the orbital symmetry of spin subbands2% and can be understood
from the band structure of the left and right electrodes shown in Figs. 5a and 5b for the [1,0] configuration. The
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FIG. 5. (Color online) (a) Band structure of the magnetized left lead (left panel), transmission curve (middle panel), and band
structure of the non-magnetic right lead (right panel) of the device shown in Fig. 1 at zero bias. The spin-up bands are shown
in blue while the spin-down bands are given in orange. The dashed (solid) line with an arrow illustrates a forbidden (allowed)
hopping of electrons from the left lead to the right lead due to the symmetry mismatching (matching) of the 7 and 7* subbands.
(b) The same information as Fig. 5a but for a positive bias (+0.4 V). The transmission gap for spin-down is reduced but that
for spin-up is increased compared to that in Fig. 4g and Fig. 4e, which opens spin-down channel suppresses spin-up channel as
that in Fig. 4h and Fig. 4f. (c) and (d) Isosurface plots of the I'-point wave functions of 7* and = subbands for 8-ZGNR. Red
and Blue indicate opposite signs of the wave function.

7 and 7* subbands in the non-magnetic right electrode are spin degenerate and cross the Fermi level, while those
in the magnetic left electrode are split. At zero bias, transmission is forbiden in certain energy range (such as those
indiated by arrows in Fig. 5a) due to mismatch of symmetries of electron wave functions of the 7* and 7 subbands. As
shown in Figs. 5¢c and 5d, the 7* subbands have the o symmetry, while the = subbands show Cs symmetry. However,
shifts of energy bands induced by a small positive bias open the spin-down channel while keep the spin-up channel
closed, due to the symmetry match of spin-down subbands and mismatch of the spin-up subbands in the left and right
electrodes. The effect of a negative bias is similar except that the spin-up channel is selected while the spin-down
channel is blocked. Therefore, the transmission selection rule of the spin subbands near the Fermi level is attributed
to symmetry allowed transmission of one spin channel (o « o) and symmetry mismatch for the other spin channel
(0 < o%) between the two electrodes.

B. spin current amplifier

The above results indicate that all three magnetic configurations, [1,—1], [1,0], and [—1,0], of the two-terminal
device exhibit spin diode behavior and the conducting spin channel can be selected by setting proper bias direction
(4 or —) and/or magnetic configuration (1, 0 or —1) of the left and right electrodes. This flexible control over spin
current makes it possible to use the two-terminal device as a basic component for building multi-functional spintronic
devices, such as spin transistors. The first device we propose here is a spin transistor for current amplification. Two
designs of the transistor, one for spin-up current and one for spin-down current, are shown in Fig. 6a and Fig. 6b,
respectively. A side view of the device is shown in Fig. 6¢. Each transistor consists of three terminals, an emitter,
a collector and a base. The only difference between the two designs is the magnetic configurations of the electrodes
which are indicated in the figure. The emitter is grounded and the collector voltage (Vi) is fixed to a positive value,
while the voltage of the base (Vi) can be varied which controls the flow and polarization of the current. The polarity
of spin transistor is determined by the magnetic configuration between the emitter and the collector. In Fig. 6a, the
magnetic configuration between the emitter and the base is [1,0] and the bias voltage is negative. Based on the I-V
property shown in Fig. 4b and Fig. 4d, the current Ig contains only spin-up electrons. Between the collector and
the base, the magnetic configuration is [—1, 0] and the bias voltage is positive as long as Vg < Vo, according the the
I-V curve shown in Fig. 4f and Fig. 4h, only the spin-up electrons are allowed to flow from the base to the collector.
Similarly, the design shown in Fig. 6b allows only spin-down electrons to pass through the device. The equivalent
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FIG. 6. (Color online) Schematic illustrations of ZGNR-based transistors with current and voltage amplification functions,
respectively. (a)-(c) Top and side views of the current-amplifying three-terminal spin-up and spin-down transistors. (d) and (e)
The circuit symbols of spin-up and spin-down transistors, respectively. (f) The current gain (|Ic/Ip|) as a function of Vg /Ve
based on Eq. (3). (g) and (h) Top and side views of a Johnson-type transistor as a voltage amplifier.

circuit diagrams are shown in Fig. 6d and Fig. 6e, respectively. According to the I-V curve shown in Fig. 4, I = GV
under a small bias (—0.4 ~ 0.4 V), where G is the conductance. The current gain is defined as

Ic
Ig — Io

G(Ve —Vp)

Ic
Ip }G(VB —Vg) — G(Ve — Vp)

Ip

(3)

| 1-VE/Ve
C|2VB/ Ve — 1

The current gain (I/Ip) based on the above equation is shown as a function of Vi /Ve in Fig. 6f. The current gain
is equal to 1 when Vg = 0 and goes to zero when Vg = Vo, but it increases dramatically near Vg /Ve = 1/2, which
suggests a high-performance ZGNR-based three terminal spin transistor. The amplification of spin-polarized current
is also useful for detection of spin-polarized current.

C. spin voltage amplifier

Transistors operating as voltage amplifiers can be designed similarly. In Fig. 6g and Fig. 6h, we show a possible
Johnson-type of design2* Here the emitter and base are similar to those in the current amplifiers, but the collector is
replaced by a cobalt and graphene junction. The a ferromagnetic cobalt electrode is used to detect the spin-polarized
current (up or down). The spin polarized current will flow from the emitter to the base under a bias voltage, and
then diffuses from the base to the collector (I;), generating a voltage difference V; across the cobalt and graphene
junction which can be measured. At a fixed diffuse distance, V; is determined by the injected spin polarized current
at the base, which is linearly dependant on Vpp. Therefore we can have V; = aVpg, where « is a constant. On
the other hand, the magnetization of the emitter can be manipulated by placing a conducting wire with a current
Iy, next to it. Thus the voltage gain of this transistor is § = Vy/Vi, = (aVeg)/(LinRin). With proper choices of
the parameters, it is possible for the transistor to act as a voltage amplifier. Compared with the conventional spin
transistors, ZGNR-based spin transistors possess several unique features. First, the injected current from the emitter
to the base is completely spin polarized. Second, graphene is a much better spin transport medium because the spin
diffusion length in graphene is much longer than that in metal. In addition, the spin polarization of the current
can be simply tuned by switching either the magnetization of the emitter-ZGNR or the DC bias direction, providing
adjustable bipolar spin transistors.



IV. SUMMARY

In summary, our first-principles studies on spin-dependent transport properties show that a bias-controlled bipolar
spin diode behavior is an intrinsic property of biased ZGNRs which arises from the symmetry matching of wave
functions of the two different subbands near the Fermi level. Spin polarization and direction of the current through
the device can be controlled through either the source-drain voltage or magnetic configuration of the electrodes.
Such freedom in controlling the spin-polarized current in ZGNR-based spin diodes allows us to theoretically design
three-terminal spin transistors. These spin components can perform basic functions of spintronics devices, such as
rectification and amplification, and make it possible to manipulate spin-polarized current for the graphene-based
nanospintronics.
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