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We study spin transport in bilayer graphene structures where gate electrodes are attached to
ferromagnetic graphene. Due to the exchange field in the gated regions, the current becomes spin
dependent and can be controlled by tuning the gate voltages. It is shown that thanks to strong
resonant chiral tunneling inherent in bilayer graphene, very high spin polarization and tunneling
magnetoresistance can be achieved in the considered structures. Different possibilities for
controlling the spin current are discussed. The study demonstrates the potential of bilayer graphene
structures for spintronic applications with significant improvement over previously predicted results
in monolayer graphene structures. © 2011 American Institute of Physics. [doi:10.1063/1.3569621]

. INTRODUCTION

Since its first isolation in 2004," graphene has drawn
rapidly growing interest for its fascinating characteristics
and various potential applications.>™ This results in particu-
lar from its specific gapless electronic structure® and some
attractive properties such as high carrier mobility” and small
spin-orbit coupling.® A number of unusual transport phenom-
ena, such as finite minimal conductivity,9 an unconventional
quantum Hall effect,m the Klein paradox,11 etc., have been
demonstrated and explored. The potential of graphene for
high performance electronic devices has been discussed
(e.g., see a recent review®). Moreover, graphene also appears
to be very promising for spintronic applications, as dis-
cussed, for instance, in Ref. 5. This is because its long spin
relaxation length'> makes graphene an excellent candidate
for use in ballistic spin transport, and the possibilities of
inducing magnetism in graphene'*™'” provide a multiform
controllability of spin current in graphene-based structures.
On the basis of such considerations, several approaches for
controlling the spin transport in graphene nanostructures
have been proposed. For instance, the spin polarized states
induced by a transverse electric field and/or the edge defect
in zigzag graphene nanoribbons have been discussed in a
number of works.'>'®2° In addition, the possibility of con-
trolling the spin polarized current using a ferromagnetic gate
has been predicted and is discussed in detail in Refs. 21-25.
It was shown that due to the spin splitting induced in ferro-
magnetic graphene and to the chiral tunneling through hole
bound states in the barrier region, a spin polarized current is
generated and has an oscillatory behavior with respect to the
barrier height, which can be tuned by the gate voltage.
Though the features observed are very interesting, these
structures have some drawbacks in terms of practical use. In
particular, due to their zero energy bandgap, the spin polar-
ization in 2D-monolayer graphene structures is limited,*' >
i.e., it is always smaller than 30%. As a possible way of
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overcoming this limitation, the spin polarization effect can
be improved in armchair graphene nanoribbon structures
with a finite energy bandgap and/or with the use of normal
conducting leads.>*% However, it has been shown that the
results obtained are very sensitive to the device geometry,
e.g., the device length and the edge effects.

In recent worl<s,26’27 we have found that due to their spe-
cific electronic structure, the device operation of bilayer gra-
phene structures is better than that of monolayer structures.
In particular, strong resonant tunneling effects and signifi-
cant negative differential conductance behavior have been
demonstrated (Ref. 26). In addition, it was shown that the
electric-field-induced energy bandgap provides a possible
way to switch off the electrical current,”’ which is necessary
for digital applications (see more in Refs. 28 and 29). On
this basis, it is expected that the spin polarization effect in
ferromagnetic structures based on bilayer graphene can be
improved in comparison with that in monolayer structures.
In this work, using the nonequilibrium Green’s function
method (NEGF),***’ we investigate the spin transport in
bilayer graphene structures wherein, as illustrated in Fig. 1,
ferromagnetic gates are used to generate and electrostatically
control the spin current. We focus on the possibilities of con-
trolling both the spin polarization and the tunneling magne-
toresistance using different gate configurations, as shown in
Fig. 1.

Il. MODEL AND CALCULATION

To describe the charge states in bilayer graphene, a sim-
ple nearest neighbor tight binding model conveniently can
be used,3 with a, = 0.142 nm as the carbon—carbon distance
and t=2.7 eV and y = 0.39 eV as the hopping energies
inside and between the graphene layers, respectively. By
expanding the momentum close to the K-points in the Bril-
louin zone, the energy dispersion can be written as
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FIG. 1. (Color online) Model of considered ferromagnetic gate graphene
structures wherein the ferromagnetic graphene can be generated intrinsically
by doping and defects (Refs. 13 and 14), or extrinsically by the exchange
interaction with the ferromagnetic insulator (Refs. 16 and 17). The gate elec-
trodes are used to modulate electrostatically the magnitude of the spin current.

where vp = 3a.t/2h ~ 10° m/s is the Fermi velocity of the
monolayer modes, and A = U; — U, stands for the potential
difference between the graphene layers. When A =0 and
hvpk < 7y, the energy dispersion may be simplified as
E(k) = *12k*/2m with the effective mass m = y/2v2. This
is definitely different from the case of monolayer graphene,
wherein the energy dispersion is linear around the K-points.
The Hamiltonian of such a structure simply reads

VRGP T 10 0
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We assume that the potential energies are just functions of x
(OX is the transport direction). To solve this problem, an effi-
cient calculation method based on the NEGF formalism has
been developed by rewriting the Hamiltonian equation (2)
within a tight binding formulation in a new basis Ux,,), |ky) }
using the arbitrary mesh spacing x,,.| — x,, = ap.”~' Through-
out the work, ap has a chosen value of 0.2 nm, which is proved
to be small enough to give accurate results. The device retarded
Green’s function is then defined as

H =

G'(E)=[E+in—H—3% —Zg] ", 3)

where X ) is the left (right) contact-to-device coupling
self-energy, which can be solved using the fast iterative
scheme® as presented in Ref. 27. The transmission coeffi-
cient and the conductance are given by

T =Tr[I.G'TrG"], 4)
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in which Ty = i(Zpr) — ZZ<R)) is the tunneling rate for
the left (right) contact, W is the width of the graphene sheet,
f(E) = {1 +exp[(E — Er)/ksT]} " is the Fermi distribution
function, and Ef is the Fermi energy. Throughout the work,
unless otherwise stated, our simulation is performed at zero
temperature.

Note that due to the exchange field of the ferromagnetic
graphene, the potential energy in the gated regions, which is
normally tuned by the gate voltage, becomes spin dependent.
As introduced above, such an exchange field can be induced
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in graphene intrinsically by doping and defects,'*'* or
extrinsically by the exchange interaction with a ferromag-
netic insulator.'®!” In principle, this may result in a substan-
tial amount of disorder and a nonhomogeneous magnetic
field near the gate edges. However, on one hand, the disorder
very strongly affects the electronic characteristics when the
graphene sheets are narrow;z’31 therefore, we assume that
disorder effects can be negligible in this work where we con-
sider the transport in wide systems.*> On the other hand, the
effects of a magnetic field are important when its magnitude
is high and the length of the region in which it appears is
large enough.>® With the assumption that the nonhomogene-
ous magnetic field is small and appears only in a narrow
region, the effect of such a magnetic field is also neglected
in our simulation. The potential energy of the device is mod-
eled simply as Uy(x) = (Uy — oh) 0(x) O(L — x) for the
structure in Fig. 1(a) and

UO-(X> = (Ugl — O']’ll) H(X) H(Ll —X)
+ (Ugp — 0h) 0(x — Ly — d) O(Ly + Ly +d — x)

in Fig. 1(c), where Uy, hy, L, (2 =1, 2), and d are the
potential barrier, the exchange splitting energy, the gate
length, and the distance between two gate electrodes, respec-
tively. Our study addresses the ballistic spin transport with-
out the spin-flip processes; then the conductance for two spin
channels can be considered independently. The spin polar-
ization P = (G} — G|)/(G +G)) and the tunneling magneto-
resistance  TMR = (Gp — Gap)/(Gp + Gap), where Gy
denotes the conductance for the up (down) spin channel and
Gp(ap) is the total conductance of the parallel (antiparallel)
alignment configuration of magnetic moments.

lll. RESULTS AND DISCUSSION

Using the formalism described above, we now investi-
gate the spin polarized current in single ferromagnetic gate
structures [see Fig. 1(a)]. At first, to illustrate the chiral tun-
neling in bilayer graphene structures, we display the trans-
mission coefficient and a map of the local density of states in
Figs. 2(a) and 2(b), respectively. These results are plotted for
a finite transverse energy E, = 50 meV (E, = hvpk,) and a
nonferromagnetic gate (4 = 0). Figure 2(a) shows many high
peaks of 7 with very clear gaps in the energy region
E < U,. This can be explained as a consequence of the good
matching of electron states and hole bound states outside/
inside the barrier region (transmission peaks) and the appear-
ance of evanescent states (clear energy gaps) as illustrated in
Fig. 2(b). This feature essentially results in strong resonant
effects (discussed in detail in Ref. 26), which are also derived
from the Fabry—Pérot resonance® and manifest clearly
through the oscillations of conductance with respect to the bar-
rier height shown in Fig. 2(c). Now, when an exchange field
is induced in the gated region, the potential barrier becomes
spin dependent and the conductance of each spin channel is
shifted relatively to the other, as is illustrated in Fig. 2(c) and
similarly discussed in monolayer structures.'”*"*>?* This
essentially leads to the oscillation of the spin polarization
when tuning the barrier height [see Fig. 2(d)]. The strong
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FIG. 2. (Color online) (a) Transmission coefficient and (b) local density of
states plotted for £, = 50 meV clearly showing the picture of chiral tunnel-
ing in single barrier bilayer graphene structures for # = 0 (Ref. 26). Oscilla-
tion of (c) the conductance G, (¢ =T, ]) and (d) the spin polarization P
(solid curve) vs the barrier height U, in the single ferromagnetic gate struc-
ture. In (d), the solid, (star, solid), and (V, solid) curves are obtained at
T =0, 77, and 150K, respectively, and the dashed line corresponds to the
results obtained in the monolayer structure (Ref. 22) with the same parame-
ters at 7' = O K. The Fermi energy Er = 75 meV, the spin splitting 7 = 22.5
meV, and the gate length L = 20 nm. The conductance is given in the unit
of Gy = e*W /27thay.

resonant effects seen in Figs. 2(a)-2(c) therefore result in a
very high spin polarization in this structure—it reaches 90%
[solid curve in Fig. 2(d)] at zero temperature, while its maxi-
mum value is only about 30% in monolayer structures [see
Refs. 21-23 or the dashed curve in Fig. 2(d)]. It is worth not-
ing that even at finite temperature, the spin polarization in
bilayer graphene structures is still significant; magnitudes as
high as about 60% and 30% are achieved at 77K and 150K
[(star, solid) and (V, solid) curves in Fig. 2(d)], respectively.
Moreover, our study also shows that the period of such oscilla-
tions is proportional to 1/L. This implies an unusual quantiza-
tion of charge states in graphene-based structures.?>>*2%
Other means of controlling the spin polarized current can
be achieved by taking advantage of the electric-field-induced
energy bandgap, e.g., as mentioned in Refs. 29 and 35. Due
to such a feature, various band alignments, which lead to
different types of heterostructures, can be realized in bilayer
graphene.*® Here, we propose to use a simple structure (dou-
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ble gate structure) as shown in Fig. 1(b) to efficiently control
the spin current. As is discussed in Ref. 27, a finite energy
bandgap in the gated region results in a conduction gap around
its potential energy. Therefore, one can expect that when
inducing a spin splitting in the structure, the current for one
spin channel is switched off and a perfect spin polarization
can be achieved. Indeed, this idea is confirmed and illustrated
very clearly in Fig. 3, where we plot the spin polarization as
a function of the potential energy U, around the Fermi level
for different values of A. Note that in this situation,
Us=U;+A/2—0ch and Uy, =U,—A/2—0ch are
assumed to be the potential energy (for the spin channel o) in
layers 1 and 2, respectively. It is shown that a peak in the
region U, < Er and a valley in the region U, > EF, where
the spin polarization can tend toward 100%, are observed, and
the energy spacing between them increases with an increase
in the potential difference A. This result suggests an efficient
way of switching the spin polarization with perfect values by
tuning the potential energy U, around the Fermi level.

Now, we consider the spin transport in dual gate struc-
tures with two gates in series [see Fig. 1(c)]. As is discussed
in Ref. 37, the charge transport in the double barrier mono-
layer structures depends very strongly on the hole bound
states in both barriers. Therefore, the oscillation of the con-
ductance with respect to the height of one barrier is modu-
lated periodically when changing the height of the other one.
Based on this, we first present in Fig. 4 the total conductance
and the spin polarization as a function of the barrier height
U, (ferromagnetic gate) for different values of Uy, (normal
gate). It is confirmed that the oscillation of both the conduct-
ance and the spin polarization is modulated periodically
when tuning U,,. However, its phase is still unchanged. The
oscillation is strong when there are a lot of hole bound states
around the Fermi level in gated region 2; otherwise, it is
weak. But even in the case of Uy, = 327 meV, i.e., when the
total conductance is small [see Fig. 4(a)], the oscillation of
the spin polarization is still significant and can reach a value
of about 50%, as shown in Fig. 4(b). This suggests that by
tuning U,,, one can achieve high spin polarized states with
either a high or a low electrical current.
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FIG. 3. (Color online) Spin polarization vs the potential energy U, around the
Fermi level for different values of A (= Uy — U,). The Fermi energy Er = 75
meV, the spin splitting 7 = 22.5 meV, and the gate length L = 20 nm.
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FIG. 4. (Color online) (a) Total conductance and (b) spin polarization vs the
barrier height Uy in dual gate structures for different values of Ug: 284.5
meV (solid lines), 327 meV (dashed lines), and 370 meV (dotted-dashed
lines). The device parameters are Ep =75 meV, h; = 22.5 meV, h, =0,
Ly =L, =20 nm, and d = 50 nm.

Next, we investigate the spin transport when both gates
are ferromagnetic. In this case, the magnetic moment in the
first gated region 1 is fixed, while that in the second can be
reversed to generate different (parallel or antiparallel) align-
ment configurations. We therefore can consider the behavior
of both the spin polarization of each alignment (for example,
parallel) and the TMR as displayed in Fig. 5 for different val-
ues of Uy,. In contrast to the previous cases, Fig. 5(a) shows
that when tuning U,,, the P-U, curve oscillates between

Spin polarization

b 02 03 04 05
Barrier height Ug1 (eV)

FIG. 5. (Color online) (a) Spin polarization in the case of the parallel align-
ment and (b) TMR vs the barrier height U, in dual gate structures for differ-
ent values of Ug: 305.8 meV (solid lines), 327 meV (dashed lines), and
348.5 meV (dotted-dashed lines). The device parameters are Er = 75 meV,
hy =h, =22.5meV,L; =L, =20 nm, and d = 50 nm.
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positive and negative values. Though not shown here, the
study shows that the similar results are also obtained for the
antiparallel alignment; however, the phase difference
between two configurations is always =n. Regarding the
behavior of TMR, Fig. 5(b) shows that, similar to the spin
polarization, the TMR in this structure also has an oscillatory
behavior with respect to the barrier height Uy, and its ampli-
tude can reach very high values (about 80% to 90% here) in
comparison with that in monolayer structures,>’ where the
maximum value is only about 10%. However, when tuning
Uy, both its phase and its amplitude are modulated periodi-
cally. The oscillation of the TMR is strongest when the dif-
ference between the local densities of states for two spin
channels around the Fermi level in gated region 2 is largest,
and it is almost fully suppressed when they are equal, as seen
in the case of Uy, = 327 meV in Fig. 5(b).

Another important point, which should be examined, is
the possible role of the confined states in the quantum well
region (separating the two gate electrodes). Our study shows
that, although the confined states exist in the well region [see
Fig. 6(a)], the oscillation of the transport quantities (conduct-
ance, spin polarization, and TMR) seems to depend weakly on
the well’s width d in the conduction region (U, > Ep > 0);
for instance, see the total conductance plotted in Fig. 6(b) as a
function of U,;. In contrast, the alignment of hole bound
states inside the barrier regions plays an important role that
determines the pictures of the gate control spin current studied
in this work. Similar features in double barrier monolayer gra-
phene structures are discussed in Refs. 37 and 38.
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FIG. 6. (Color online) (a) Local density of states plotted for £, = 50 meV
clearly showing the picture of charge states in a double barrier structure. (b)
Oscillation of total conductance with respect to the barrier height U, for
different well widths. The device parameters are Ep =75 meV,
]’l] = h2 = 0, L] = L2 =20 nm, and ng = 284.5 meV.
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IV. CONCLUSION

In conclusion, using the NEGF technique, we have
investigated the spin dependent transport in ferromagnetic
gate bilayer graphene structures. It is shown that (a) due to
the exchange field in the ferromagnetic graphene and to the
chiral tunneling through hole bound states in the barrier
region, the spin polarization and the TMR have an oscilla-
tory behavior with respect to the barrier height, which can be
tuned by the gate voltage; and (b) due to the strong resonant
tunneling effects, quantities with very high values in compar-
ison with those in monolayer structures are observed. Some
possibilities for controlling the spin current have been dis-
cussed, such as the effects of the electric-field-induced
energy bandgap and the use of single gate or dual gate struc-
tures. We hope that these results will stimulate further devel-
opments in graphene-based spintronics.
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