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a b s t r a c t

Sign-changeable spin-filter efficiency is predicted in both the ferromagnetic and antiferromagnetic con-
figurations of a zigzag graphene nanoribbon bridging two half-planar graphene electrodes from ab initio
quantum transport calculations. By changing edge spin-polarization configuration, we obtain giant room-
temperature magnetoresistance, which is one order of magnitude larger than the maximum experimen-
tal results.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

Graphene has been attracting much attention as a candidate
material for spintronics because of its long spin relaxation time
and length [1–6] due to a small spin–orbit coupling of carbon
atoms. The most popular existing spintronic devices are spin-
valves. Spin-valves based on graphene have been experimentally
fabricated recently. A 10% magnetoresistance (MR) is observed in
a spin-valve with a graphene wire contacted by two soft magnetic
NiF electrodes at 300 K [7]. A spin-valve consisting of a graphene
flake and ferromagnetic electrodes shows a 12% MR at 7 K and
the signals persist up to 60 K when an ultrathin MgO tunnel barrier
is inserted at the graphene/electrode interface [8]. MR decreases
with the increasing bias voltage and oscillates with the gate volt-
age. Improving MR of graphene-based spin valve is desirable for
the sake of wide application in spintronics.

Pure infinite graphene has no magnetism. Zigzag-edged graph-
ene nanoribbons (ZGNRs), however, have magnetic moment on the
two edges. Spin in each edge of ZGNRs is ferromagnetically (FM)
coupled [9–11]. The ground states of ZGNRs have the two edges
antiferromagnetically (AFM) coupled, and a gap is opened in the
band structure. FM coupling between the two edges of ZGNRs pro-
duces a metallic state, which is slightly higher in energy (about a
few meV per edge atom) than the ground state. The parallel spin
polarization of the two edges can be stabilized by applying an
experimentally accessible magnetic field. Two schemes are pro-

posed to fabricate spin-valve from ZGNRs. The first-type spin-valve
uses a ferromagnetic ZGNR connected to two ferromagnetic elec-
trodes and functions via changing the relative direction of the local
magnetic field applied on the electrodes [12,13]. The current in the
parallel configuration is much larger than that in the antiparallel
configuration. Giant MR (GMR) up to 1 million percent (optimistic
definition) is predicted for H-saturated ZGNR device [12] and 1 bil-
lion percent is predicted for bare ZGNR device [13] at small bias
from ab initio transport calculations. The additional orbital symme-
try matching besides traditional spin matching in ZGNRs is respon-
sible for this striking GMR. Nearly perfect spin-filtering efficiency
(SFE) is also predicted for the first-type ZGNR-based spin-valve in
the antiparallel configuration [12,13]. This theoretical prediction
has been corroborated by recent experiment which gives nearly
100% (pessimistic definition) MR [14]. The second-type spin-valve
uses an antiferromagnetic ZGNR connected to twometal electrodes
and functions by applying a magnetic field on the ZGNR to trans-
form the semiconducting antiferromagnetic state into the metallic
ferromagnetic state [15]. The conductance in the FM configuration
is much larger than that in the AFM configuration, and the result-
ing MR from the Hubbard model is nearly 100% (pessimistic defini-
tion) [15] at zero bias voltage.

Note that the actual spin-valve device works under finite bias,
and bias usually affects MR significantly. It is necessary to examine
the MR behavior of the second-type ZGNR-based spin-valve under
finite bias. In this work, we present ab initio study of transport prop-
erties of the second-type ZGNR-based spin valve under finite volt-
ages. Very recently, graphene nanoribbon seamlessly connected
to graphene has been fabricated in experiment [16]. To mimic the
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structure mentioned above, we adopt two-dimensional semi-infi-
nite graphene layer as electrodes, instead of using metallic graph-
ene nanoribbons [10,12,17,18] as electrodes. We find that the
currents of both the FM and AFM configurations of a ZGNR in this
device are actually spin polarized and remarkably the sign of SFE
changes with bias. The bias-induced reversal of the spin polariza-
tion has potential applications in logic spintronic devices. Room-
temperature GMR (optimistic definition) up to several thousand
percent at finite bias is predicted, which is one order of magnitude
larger than the previously reported experimental values [19–22].

2. Model and method

The two-probe model of H-terminated ZGNRs connected to
semi-planar graphene is as shown in Fig. 1. The separation be-
tween two adjacent ZGNRs in the same plane is 11.9 Å, and the
separation between two adjacent planes is 10 Å. A ZGNR is denoted
as N-ZGNR according to its width, where N is the number of the lat-
eral zigzag chains. The examined H-terminated ZGNRs have widths
of N = 3–8, or width wribbon=7–18 Å. The lengths of the central
ZGNRs we studied are the same, being lribbon = 28.3 Å. Atom posi-
tions in the central region and surface layers are relaxed based
on the density functional theory (DFT) method implemented in
the ATK [23–25] code. Quasi-Newton method with force tolerance
of 0.05 eV/Å is used. Spin-polarized quantum transport properties
are computed based on the DFT coupled with the non-equilibrium
Green’s function (NEGF) formalism implemented in the ATK [23–
25] code. The k-points of integration over the Brillouin zone are
set to be 10 � 1 � 500 [26]. Single-zeta basis and GGA-PBE [27] ex-
change correlation functional are employed throughout the calcu-
lations. Self-consistent calculations are performed with mixing
rate of 0.1, atomic mesh cutoff of 150 Rydberg, and tolerance of
10�5. The electrode temperature is set to 300 K in the calculation.

The spin-polarized current Ir under bias Vbias is calculated with
the Landauer-Büttiker formula [28]:

IrðVbiasÞ ¼ e
h

Z
fTrðE;VbiasÞ½fLðE;VbiasÞ � fRðE;VbiasÞ�gdE; ð1Þ

where Tr (E, Vbias) is the spin-polarized transmission probability, fL/R
(E, Vbias) denotes the Fermi–Dirac distribution function of the left (L)/
right (R) electrode, and r represents the spin.

SFE at finite bias is defined as:

SFE ¼ Iup � Idown

Iup þ Idown
; ð2Þ

where Iup and Idown are the currents of up and down spin
respectively.

3. Results and discussion

The currents of the ZGNRs in the both AFM and FM configura-
tions are spin polarized. Fig. 2a shows the contrast between the
spin-up and spin-down currents of the AFM-coupled 3-ZGNR and
the FM-coupled 4-ZGNR. The contrast between the spin-up and
spin-down currents of other ZGNRs in both the AFM and FM con-
figurations is provided in Fig. S1 of Supplementary Information.

The asymmetrical ZGNRs (N is odd) in the AFM configuration
have much larger absolute SFEs (Fig. 2b) than those (Fig. 2c) of the
symmetrical ZGNRs (N is even) at finite bias although the energy
band structures of the symmetrical and asymmetrical ZGNRs are al-
most the same [11,29,30]. Generally, thenarrower the asymmetrical
ZGNR, the higher is the absolute SFE. At a voltage of lower than 0.5 V,
the SFEs of the asymmetrical ZGNRs in the AFM configuration are
negative, indicating that the spin-down electrons dominate the
spin-up ones. The maximum absolute SFEs are 77%, 47%, and 24%
for the 3-, 5-, and 7-ZGNRs at 0.2, 0.15, and 0.1 V, respectively.
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Fig. 1. Schematic models of H-terminated ZGNR connected to two semi-infinite
graphene sheets at the armchair edges. (a) The 3-ZGNR in the AFM configuration.
(b) The 4-ZGNR in the FM configuration. The coupling of the two edges can be
controlled by applying or removing magnetic field. The red/blue arrow denotes up/
down spin on edge atoms. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (a) Spin-resolved I–V characteristics of the AFM-coupled 3-ZGNR and FM-
coupled 4-ZGNR. (b) Bias-dependent SFEs of the asymmetrical ZGNRs in the AFM
configuration. (c) Bias-dependent SFEs of the symmetrical ZGNRs in the AFM
configuration. (d) The same as (b), but in the FM configurations. (e) The same as (c),
but in the FM configuration. Positive/negative SFE represents that the current is
dominated by up/down spin electrons.
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However, when the voltage reaches 0.6 V, the SFEs of the AFM-cou-
pled 3- and 5-ZGNRs change their signs from negative (the spin-
down electrons dominate) to positive (the spin-up electrons domi-
nate) value while that of the 7-ZGNR remains negative. The bias-in-
duced reversal of the spin polarization has potential applications in
logic spintronic devices and it has been reported recently for the
inorganic Fe/GaAs(0 0 1) interface [31,32] due to an interfacial
minority-spin resonant state [33]. Wang et al. also predicted that
the sign of the spin current of the Au–Fe5Cp⁄

4–Au system can be al-
tered by changing the bias [34]. The maximum positive SFE is 30%
(23%) for the 3-ZGNR (5-ZGNR) at 0.7 V (0.6 V). As the voltage is
higher, the SFEs of the 3-, 5-, and 7-ZGNR decay rapidly. Sign switch
of SFEwith the voltage is also available for the symmetrical ZGNRs in
the AFM configuration.

In the FM configuration, the asymmetrical ZGNRs generally have
smaller absolute SFEs (Fig. 2d) than those (Fig. 2e) of the symmetri-
cal ZGNRs at finite bias. The FM-coupled 3-ZGNR hasmoderate SFEs
with the maximum value of 18% at 0.4 V, while the 5- and 7-ZGNRs
have small SFEs. The dominant spin of the asymmetrical ZGNRs is up
spin. The sign of SFEs of the FM-coupled 4-ZGNR oscillates with the
voltage. Its SFEs are positive at the voltages of no more than 0.15 V
with the maximum of 43% at 0.15 V. As the voltage increase from
0.2 to 0.5 V, the SFEs change to negative value with the absolute
maximumof 57% at 0.3 V. The SFE restores positive value as the volt-
age reaches 0.6 V. The FM-coupled 6- and 8-ZGNR basically have
positive SFEs at various voltages. The maximum SFEs of the 6- and
8-ZGNRs are 34% and 38%, respectively, at 0.3 V.

To understand the origin of SFE, it is necessary to investigate the
transmission spectrum and the spatially-resolved local density of
states (LDOS). We take the FM-coupled 4-ZGNR as an example.
Fig. 3a–c show the spin-resolved transmission spectra of the FM-
coupled 4-ZGNR at Vbias = 0.3 V, 0.7 V, and 1.0 V, respectively. The
transmission coefficients of the spin-down electrons are always
higher than those of the spin-up ones within the bias window at
Vbias = 0.3 V, a result in agreement with a large negative SFE (-
57%) under this bias. The LDOSs at the Fermi level (Ef) for the
spin-up and spin-down electrons under Vbias = 0.3 V are shown in
Fig. 3d and g, respectively. The LDOS of the spin-down electrons
in the central region is apparently larger than that of spin-down
electrons. At Vbias = 0.7 V, the spin-up and spin-down electrons
dominates alternately the transmission spectra, and the spin-up

ones slightly dominates on the whole. This is in agreement with
a slight positive SFE (18%) at this bias. The LDOSs at Ef for the
spin-up and spin-down electrons under Vbias = 0.7 V are shown in
Fig. 3e and h, respectively. The LDOS near the central line of the
nanoribbon of the spin-up electrons is slightly larger than that of
the spin-down ones, a result consistent with the somewhat higher
transmission coefficient at Ef for the spin-up electrons than the
spin-down ones. At Vbias = 1.0 V, contrary to the case of Vbias = 0.7 V,
the contrast of spectra (Fig. 3c) and LDOSs (Fig. 3f and i) of spin-up
and spin-down electrons shows the opposite dominance, spin-
down over spin-up electrons. The dominance is in accord with
the slight negative SFE (�11%) at this bias. In a whole, the sign of
the SFE of FM-coupled 4-ZGNR oscillates with the voltage.

The total currents in the FM configuration are much larger than
those in the AFM configuration for all the checked ZGNRs. Fig. 4a
and b show the current contrast of the FM and AFM configurations
of the 3- and 4-ZGNR, respectively. The current contrasts between
the FM and AFM configurations of other ZGNRs are provided in
Fig. S2 of Supplementary information. In Fig. 4c, we plot the trans-
mission spectra contrast of the 4-ZGNR at 0.3 V between the FM
and AFM configurations (the transmission spectra of 3-ZGNR at
0.3 V are almost the same as that of 4-ZGNR). Consistent with
the larger current in the FM configuration, the transmission coeffi-
cients in the FM configuration are much larger than those in the
AFM configuration throughout the bias window. The difference in
conducting mechanism (metallic versus tunneling) is also reflected
from the LDOS at Ef as shown in Fig. 4d and e. The LDOS of the FM
configuration is much larger than that in the AFM configuration.

MR is calculated according to the optimistic definition:

MR ¼ IFM � IAFM
IAFM

ð3Þ

where IFM (IAFM) is the current of the junctions in the FM (AFM) con-
figuration. Fig. 5 shows MR against bias of different-width ZGNRs.
The six ZGNRs have oscillating room-temperature GMR of hundreds
to thousands of percent at lower bias (lower than 0.6 V), and their
GMRs decay with the bias at higher bias. 4- and 6-ZGNR perform
the best. 4-ZGNR has the highest MR of 3300% at 0.3 V, and 6-ZGNR
has the secondhighestMRof 3100%at 0.05 V. Thehighest room-tem-
perature MR obtained in the second-type ZGNR-based spin-valve is
much lower than the highest MR in the first-type ZGNR-based spin
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Fig. 3. 4-ZGNR in the FM configuration. (a) Spin-polarized transmission spectra at Vbias = 0.3 V, (b) Vbias = 0.7 V and (c) Vbias = 1.0 V. Dashed black lines denote the bias
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valve (1 million percent for H-saturated ZGNR device [12] and 1 bil-
lion percent for bare ZGNR device [13]). Themaximumexperimental
room-temperature MR values are at a few hundred percent [14,19–
22], and our theoretical maximum MR in the second-type ZGNR-
based spin-valve remains one order of magnitude much larger than
the available experimental values.

Due to the semiconducting nature of the AFM configuration, the
transport of the AFM configuration is a tunneling phenomenon.
While the ribbon length increases, the tunneling is suppressed.
At the same time, the metallic transport of the FM configuration
is almost unchanged. Consequently the MR is generally favored
as the ribbon length gets larger [15].

The critical magnetic field needed to change the spin polariza-
tion from an anti-parallel to a parallel configuration of a given
graphene nanoribbon is reduced as the temperature drops, since
it is determined by the spin correlation length [15]. Munoz-Rojas
et al. [15] calculated that this critical magnetic field is 0.03 T at li-
quid He temperature, which is easily attained in the laboratory.

4. Conclusions

In conclusion, we study the transport properties of a ZGNR
seamlessly joining two half-planar graphene electrodes. We find

that the AFM coupled asymmetrical ZGNRs and the FM coupled
symmetrical ZGNRs show remarkable sign-changeable (with bias)
spin-filter efficiency. These devices have outstanding giant magne-
toresistance at finite bias. The maximum room-temperature MR
we obtain is one order of magnitude larger than the recent exper-
imental results. Based on these remarkable characteristics, our de-
vices have potential application in spintronics.
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