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Magneto transport of carriers with a spin-dependent gap in a ferromagnetic-gated bilayer of graphene is investigated.
We focus on the effect of an energy gap induced by the mismatch of the exchange fields in the top and bottom layers of
an AB-stacked graphene bilayer. The interplay of the electric and exchange fields causes the electron to acquire a spin-
dependent energy gap. We find that, only in the case of the anti-parallel configuration, the effect of a magnetic-induced
gap will give rise to perfect spin filtering controlled by the electric field. The resolution of the spin filter may be enhanced
by varying the bias voltage. Perfect switching of the spin polarization from +100% to —100% by reversing the direction
of electric field is predicted. Giant magnetoresistance is predicted to be easily realized when the applied electric field is
smaller than the magnetic energy gap. It should be pointed out that the perfect spin filter is due to the layer-dependent
exchange energy. This work points to the potential application of bilayer graphene in spintronics.
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1. Introduction

Monolayer graphene!!! has become a promising mate-
rial for applications in nanoelectronics such as in high speed
transistors'>3! and spintronics.!* This is due to its intrigu-
ing electronic properties.>! Monolayer graphene can be con-
sidered as a gapless semiconductor; its carriers mimic two-
dimensional massless Dirac fermions with the speed of light
replaced by the Fermi velocity vg ~ 10° m/s. The mass of the
Dirac fermion in graphene acts as the energy gap. The wave
functions of electrons in A- and B-sublattices play the role
of pseudo-spin 1" and pseudo-spin |, states, respectively. Elec-
trons in graphene also have a valley degree of freedom k and &’
different from those of 3-dimensional Dirac fermions in a vac-
uum. Because of its carrier behaving like a relativistic particle,
graphene could be considered as a high energy system in con-
densed matter. [®! Massless Dirac fermion in graphene can tun-
nel through the electric-gated barrier without back reflection at
the normal incident, which is called “Klein tunneling”.m This
effect arises from the conservation of the chirality. It is there-
fore difficult for a gapless graphene-based field effect tran-
sistor to suppress the current for off-state by an electric gate
control. In general, graphene is non-magnetic but it can be
induced into a ferromagnetic state by means of the proximity
effect.-12! This property is very important for application of
graphene in spintronic technology.!*! A lot of attention!!3-17]
has been given to magnetotransport in monolayer graphene-
ferromagnetic junctions. Spin polarization and magnetoresis-
tance in monolayer graphene nanoribbon!!” was investigated.
It has also been found that the interplay of ferromagnetism and
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strain leads to controllable spin-valley currents.!'8-20]

Bilayer graphene has some properties that are different
from those of monolayer graphene. One of them is the opening
of the gap by an applied electric field.[*!>?l When the poten-
tial energies Vy(,) of the electrons in layer 1 (2) are different,
the gap opening in AB-stacked bilayer graphene is given by
Egap = (Vo — V1) /2.1211 Monolayer graphene lacks this prop-
erty since its atomic structure is planar. Due to the differences,
transport in bilayer graphene leads to different behavior from
those of the monolayer graphene such as anti-Klein tunneling
(or perfect back reflection) at the normal incidence.?3! The
current in the bilayer graphene junction can be suppressed eas-
ily by an electric gate. Similar to monolayer graphene, bilayer
graphene can be induced into the ferromagnetic state by means
of the proximity effect.?*-!] Magnetoresistance and spin po-
larization in bilayer graphene have been investigated. [>4-26-31]
The magnetism in bilayer under the influence of pressure has
also been studied.*”] Experimental study of quantum Hall fer-
romagnetism in bilayer graphene was recently completed. *!

In this paper, we will investigate the effect of layer-
dependent ferromagnetism on the magnetotransport property
in an AB-stacked bilayer graphene-based N/F/N junction,
where N and F are normal and ferromagnetic regions, respec-
tively. We would take the exchange energy in the top layer to
be different from that in the bottom layer in the barrier region
in the junction. Through this means, the energy gap of the
electron in the barrier junction will become spin-dependent
when an electric field is applied. This property will be de-
scribed in the theoretical model. The effect of the interplay
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of electric and exchange fields on the spin transport property
is the main focus of our work, which had not been clarified
in previous studies.[?>260-2%311 This effect does not appear in
a monolayer graphene ferromagnetic junction.!®3%) Our work
aims to show the potential of layer-dependent ferromagnetism
in bilayer graphene, which can generate the carriers with spin-
dependent gap controlled by electric field for application in
spintronics.

2. Hamiltonian model

The model of our proposed NFN junction, where N rep-
resents a normal bilayer graphene region and F represents a
ferromagnetic bilayer graphene region, is depicted in Fig. 1(a).
To achieve the latter region, two magnetic insulators are placed
above and below a narrow strip of bilayer graphene so that
each insulator is in contact with either the top or bottom layer
of the bilayer graphene. The proximity effect will induce an
exchange field in the graphene sandwiched between the two
insulators and will induce the graphene into a ferromagnetic
state. This would be the ferromagnetic barrier region (of thick-
ness L) in our NEN bilayer graphene junction. Depending on
the direction of the magnetism in the two insulators, two con-
figurations are possible leading to parallel (P) and antiparallel
(AP) junctions. The P-(AP-) junction corresponds to the top
and bottom exchange fields being parallel (anti-parallel). The
gate potential —U /e and perpendicular electric field E, can
also be imposed on the junction. The magnitude of exchange
energy “h” induced by the two magnetic insulators in both lay-
ers is assumed to have the same value. The wave function of
the electron in bilayer graphene will be in the form of a four-
state component wave function y = ((pA1 PB1 Qa2 PB2 )T,
where 1(2) and A (B) denote the top (bottom) layer and the

sublattice A (B), respectively.
|

magnetic insulators
(a) g \ E.
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Fig. 1. (color online) Schematic illustration of bilayer graphene-based
normal/ferromagnetic/normal junction (a) where i and h; are the ex-
change energies in the top and bottom layers, respectively. The spin-
dependent energy levels in each region of the P-junction and spin-
dependent energy levels in each region of the AP-junction are illustrated
in panels (b) and (c), respectively. In the case of || = |ha| = h = Am,
the spin-dependent gap is generated only when the junction is an AP-
junction and there is no spin splitting.

The Hamiltonian for electrons in the barrier region of the

AB-stacked bilayer graphene ferromagnetic junction'-331 in

the P-(AP-) configuration is

eE.d—oh * 0 0
A _ 7 eE.d—oh t 0 A
HO',P(AP) - 0 t *eEzd*(+)O'h #* +UI4><43 (1)
0 0 7 —eE.d— (+)oh
o \
where n* = hvp(k, — iky), t is the interlayer hopping energy, + (U—=0h) by, 2)
and 1 is the unit matrix. In the above, ¢ = 1(—1) for n o, A
e o =1 (Bp+oh) = (ke—iky)
spin 1 (}), and d is the distance between the top and bottom Heap = 2m
: 5 . . g h2 R A2

layers. At léw energy, the P- and Al') Ha'mlltomz?n reduces _ (kx 1 ky) (A + oh)
to the following two component Hamiltonians acting on the A2m
pseudo spinor Y5 = ( Pa1.c PB2,0 )T as +Ubx2, )

X 2
Aep = , Ag “om (kx*1 y)
N A N2

_% (kx‘i‘lk‘) —AE

A~

where Ag = eE.d is the electric field-induced gap, k) =
—i&x(y> is the wave vector operator, b7 is the unit matrix, and
m = t/2v% =2 0.054m, P! is the effective mass with m, being
electron bare mass. The effective Hamiltonian for the elec-
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trons in the normal region (N) is obtained by setting & = 0,
U =0, and Ag = 0 in Eq. (2) or (3),!%?! and is

I:IN,P(AP) =

In the barrier, the spin-dependent Eigen energies for the
Hamiltonian for P- and AP-junctions in Egs. (2) and (3) are,

respectively,
2\ 2
E—+ (”") +AZ+U —oh, (5)
2m
2 2
E—+ (”AP> 1 (Ap+oh)? +U. (6)
2m
For the N-regions,
2
E=+1 )
2m

Here, p and g represent momentums in F and N regions, re-
spectively and E is the energy of the electron.

In the normal region, the bilayer graphene becomes a
gapless semiconductor. The energy levels for spin up and
down electrons in each region are described in Fig. 1(b). The
exchange fields in the P-junction generate the spin-splitting.
The energy gap €p s = 2|Ag| of electron in the P-junction is
generated solely by the electric field. The junction leads to
magnetic-induced gap Ay = & only in the case of the AP-
junction. This is due to the mismatch of exchange fields in
the top and bottom layers in the barrier region. The spin-
dependent energy gap in the AP-junction has the form

EAPG = 2|AE+GAM| . (8)

As we have seen in Eq. (8), for Ag = Ay, the electron with
spin T acquires an energy gap of 24y, while the electron with
spin | will be gapless. The strong differences in energy gaps
of spin-up and spin-down electrons in the AP-junction would
give rise to an intriguing magnetotransport property.

3. Scattering process

In this section, we study the scattering process in an AB-
stacked bilayer graphene-based N/F/N junction. The current
is taken to flow in the x direction. The wave functions of the
carriers in the system are combinations of the eigen solutions
of the two-component Hamiltonian defined by Eqgs. (2)—(4). If
the electrons are being injected at an angle 0 to the plane of
the interface between the different regions of the junction, the
momentum in the y direction will be conserved and is given by
k= /2m|E|sin 8 /i with E being the excitation energy. The
wave functions of the electrons in the left-N, and right-N for
the P and AP cases are

1 iknx 1 —iknx
UNL) = [(_ezie>ekN +r<_ezie>e kN

1 "
+r’< eIN*| eI
)]
1 iknx | 4/ 1 —gNx | L ikgy
UNR) = I _g2ie Je (g )€ e I, 9

where

12 (gumky))
B = M’ kn = \/2m|E|cos 6 /h,

2mE

with gn = +/2m|E| /1? —I—kﬁ. The reflected and transmitted

coefficients are r and ¢, respectively while the amplitudes of
decaying states in the left-N region and the right-N region are
¥ and ¢', respectively.

The wave function in the ferromagnetic barrier of a P-
junction is given by

Z2igp\ . 2igp .
YVeEp = {LZZ,P (YPel > e L qp (Ypel > e~ ikpx

+b27P (%P) eqP"+b1,p (ni,P) e—qpx:| eikH)y7 (10)

where
wkp
= M (AstU—oh—E)
2
R C et
M= A+ U—oh—E)
2
1 (qp +ky)
Mmp=—

2m(Ag+U —ch—E)’
2m
kp = \/hz\/(EU+Gh)2(AE)2k2|,

2m
qp = \/hz\/(E—U-FGh)Z—(AE)Z-l—kz,

and @p = sin~' (k| /kgp) with

2m
kep = \/hz\/(E—U+Gh)2— (Ap)>. (11)
The wave function in the ferromagnetic barrier of an AP-
junction is obtained by changing the subscripted notation
P — AP, where the coefficients are now

hzk}%,AP
= i (As —0AM + U —E)
2
_ P (aar—ky)
AP = (A — 0AM + U —E)
2
7 (qap+ k)
M.AP = —
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and Qap = sin~! (kH/kFA,AP) with

2
kg.Ap = \/h’?\/(E_U)Z_(GAM_AE)Z‘ (12)

All amplitudes of the wave function or coefficients r, ¥, t, ¢/,
ai, and by 5 in Egs. (9) and (10) can be determined by match-
ing the wave functions at the interfaces located at x = 0 and
x =L, i.e., by requiring that at the two interfaces

W) (x = 07) = yr(x = 07),

W) (x = 07) = A yr(x — 07),

Ve(x — L) = ynw)(x = L),

OcWi(x — L7) = o) (x = L). (13)

The transmitted coefficient in the case of the P (AP) junction
is given by t — fp(ap) in Eq. (9) corresponding to the P (AP)
type.

4. Transport formulae
The current density in the x direction is given by
ih

" 2m

J [(y*0:0y) — (oY o y) +2 (Y 039y )],

where 0y(y) is the Pauli spin matrix in the x(y) direction and
v are the wave functions for the electrons in the different re-
gions of the junction. For the AB-stacked bilayer graphene

ferromagnetic junction!?!-33]

in either the P or AP configura-
tion, the wave equations are given by Eqgs. (9)—(12). Using the
above expression and wave functions, and neglecting the de-
caying amplitude, we will obtain the following transmission

through the junction:

TT.i(e) = (Jtran/Jinject)T7J( = (I*I)T,‘[g (14)

where Jiran and Jipject are calculated from the transmitted and
injected wave functions, respectively. To simplify, we will
next let § = P (AP) for the case of the P (AP) junction. Based
on the standard Landauer’s formalism,** the dimensionless
spin-conductance formula is given as

1 /2
The total conductance is defined as
Ge =Gg 1+ Gg ). (16)

The spin polarization in the junction is defined by the ratio of
the difference between the conductance of spin-up and spin-
down currents, as given by

Sg =100% x (Ge1 = Ge ) / (Geq+Cey) . (A7)

The tunneling magnetoresistance (TMR) of the junction is de-
fined as

TMR = 100% x (GP — GAP) /GP. (18)

5. Result and discussion

In the numerical calculation, the ferromagnetism in bi-
layer graphene is assumed to be proximity-induced by mag-
netic insulators of exchange energy & =5 meV.[®! The thick-
ness of the barrier L is taken to be 100 nm. We first study
the spin-dependent transmissions for P and AP configurations,
which are plotted in Fig. 2. In the case of no electric field-
induced gap Ag = 0, the transmissions for two configurations
are seen in Figs. 2(a) and 2(b). In this case, the carriers
are gapless particles. The transmission of the AP-junction
is not spin-dependent because there is no spin-dependent
gap and exchange-induced-spin-splitting (see Fig. 2(b)). The
spin-dependent transmission in the P-junction arisen explic-
itly from the exchange-induced-spin-splitting (see Fig. 2(a)).
When an electric field is applied Ag = h, a strong spin-
dependent gap Eg,pt = 2h and Eg,,) = 0 occurs in the case
of the AP-junction. This gives rise to a strong insulating bar-
rier for the spin-1 electron but to a good conducting barrier
for the spin-| electron (see Fig. 2(d)). Electrons in the P-
junction acquire the same energy gap Egupr,| = 2A4E, but at
a different Fermi level. This would cause a different trans-
mission of the electrons (see Fig. 2(c)). It can be concluded
that the spin-dependent transmission in P- and AP-junctions
is generated in different ways. In the P-junction, the spin-
dependent transmission is generated by an exchange-field in-
duced shift of the Fermi level py # p) with fle = ch—U, just
like a Zeeman splitting. In the case of the AP-junction, the
spin-dependent transmission is due to the exchange-field ef-
fect on the spin-dependent-gap, which causes Egapt # Egap) s
since Egp 6 = Ag + Oh.

We next study the dependence of the spin-conductance
Gy, on the electric field Ag = eE.d for both the P and AP
configurations with E = U in Fig. 3. As seen in Figs. 3(b)
and 3(d), the perfect spin filter, (i.e. the spin conductance
splits into two peaks perfectly) occurs when the junction is
anti-parallel. This behavior is stable under a varying E >> h.
The P-junction does not exhibit such behavior. The junction
exhibits a strong conducting junction when E is inside the
interval —h < Ag < +h, as plotted in Figs. 3(a) and 3(c).
In Fig. 4, we show that there is no spin-conductance split-
ting in the P-junction, even when varying U # E. For Ag
is in the interval —|[E4+h—U| < Ag < |E+h—-U
up electron will flow through the junction, while a spin-down

, a spin-

electron will flow in the junction when Ag is in the interval
—|E—h—-U| < Ag < |E—h—U]|. In Fig. 5, we see that an
AP- junction with a perfect spin filter having a smaller spin-
current band width is possible when £ = U (see Fig. 5(c)).
This result points to the condition needed for an AP junction
to exhibit the perfect spin filtering effect, which can be con-
trolled by an electric field.
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Fig. 2. (color online) Comparison of transmissions in the P and AP configurations at zero gate potential. P-and AP-junctions. Panels (a) and (b) show
the transmissions for the two configurations when the electric field is absent (i.e., when Ag = 0). Panels (c) and (d) show the transmission for the P and
AP configurations in the presence of an electric field (i.e., Ag = h # 0) respectively. Spin-dependent transmissions occur when the electric field and
exchange field are applied in the magnetic AP-junction, Ag # 0 and A # 0.
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Fig. 3. (color online) Plot of spin conductance versus electric field-induced gap Ag in the case of (a) a P-junction with E = U = 5 meV, (b) an
AP-junction with E =U =5 meV, (c) a P-junction with E = U = 30 meV, and (d) an AP-junction with E = U = 30 meV, respectively. As is
seen, the perfect (or complete) spin filter by varying electric field occurs only for the AP configuration.

The spin polarizations for the P- and AP-configurations are shown in Fig. 6. Interestingly, the behavior of the spin polariza-
tions in the P-junction is quite different from that of the AP junction. It is seen that, the spin polarization in the P-junction, Sp,
oscillates strongly above the zero point for U < E. For U >> E, Sp oscillates below the zero point. At U = E, Sp oscillates about
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the zero point. In contrast to that in the P-junction, Sap in an AP junction exhibits perfect spin-polarization switching, instead of
oscillating. Switching of spin polarization from +100% to —100% occurs when the electric field is reversed (remembering that

AE = eEZd).

0.6
(b) ——spint
----spin]
0.4} U=2.5 meV
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i P
220 —10 0 10 20 ST o m 30
Ag/meV Ag/meV
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© U=5meV S U=7.5 meV
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P | P
0 0 T s vt |
—20 —10 10 20 —20 —10 0 10 20
Ag/meV Ag/meV

Fig. 4. (color online) Plot of spin conductance versus electric field-induced gap Ag in the case of E = h =5 meV, for the P-junction
with different values of U: (a) 0 meV, (b) 2.5 meV, (¢) 5 meV, and (d) 7.5 meV.
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Fig. 5. (color online) Plot of spin conductance versus electric field-induced gap Ag in the case of E = h =5 meV, for the AP-junction
with different values of U: (a) 0 meV, (b) 2.5 meV, (c) 5 meV, and (d) 7.5 meV.
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Fig. 6. (color online) Plot of spin polarization versus electric field-induced gap Ag in the case of E = h for different values of U: (a) 0 meV,
(b) 5 meV, and (c) 10 meV, respectively. The Sp(ap) represents spin polarization of the P-(AP-) junction. Perfect switching of spin polarization

from +100% to —100% controlled by electric field is predicted only in the AP-junction.
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Fig. 7. (color online) Tunneling magnetoresistance (TMR) as a function of electric field-induced gap Ag in the case of E = h =5 meV for (a)
U =5meV, -20 meV< Ag < +20 meV, (b) U =0, —54 meV< Ag < +5 meV, (c) U = 2.5 meV, —5 meV< Ag < +5 meV, and (d) U = 5 meV, —5
meV< Ag < +5 meV. The condition with the most stability for TMR=100% under a varying electric field is found at E =h=U.

Figure 7 shows that the TMR of the junction will oscillate
as a function of Ag when Ag is in the interval of —h > Ag > h
(with U = E = h), but a 100% TMR occurs when Ag is in
the range of —h < Ag < h (see Figs. 7(a) and 7(d)). The
TMR = 100% for arbitrary U < h is predicted to occur in the
range of —U < Ag < U (see Figs. 7(b)-7(d). The result will
be clarified by considering the approximated momentums of
electrons in P- and AP- barriers

2m
ki p &2 \/h2 \/(E— U+ oh)* — (Ag)?,

2m
ke Ap = \/;12 \/(E —U)*— (6Ay — Ag)*~.
For E = U = h (see Figs. 7(a) and 7(d)), we have kgp =

2my/h* — AZ/h. This causes the P-junction to become a

good conductor having Gp > 0 when—h < Ag < h. This con-

dition also gives rise to the AP-junction becoming a strong in-

sulator since kg ap = i\/ 2my/ (6 A — Ag)* /i will be imag-
inary for all values of Ag. This leads to Gap — 0 and to
TMR = 100% for —h < Ag < h. The predicted result indicates
that a junction with a 100% TMR could easily be realized by
setting E = h = U in the regime of |Ag| < h.

Finally, we show that when the Fermi energy E is very
large, spin polarization and magnetoresistance of the junction
may go to zero (see Figs. 8(a) and 8(b)). This is due to the fact
that when the energy of the electron is very large, the differ-
ence in wave vector of electrons with spin-up and spin-down
is very small. The large difference in behavior of Sp in the
P-junction and AP-junction is found for E being small (see
Fig. 8(a)). In addition, large Sp and TMR occur when the mag-
nitude of E is comparable with A. The very large oscillation
of TMR is predicted in the case of Ag # 0. It may be said that
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strong Sp and TMR may be achieved by using the condition of
E being comparable with the net energy gap of the electron in

the barrier.
100
50
(a)
S
= 0 _
N _ - Ag=2.5 meV
1 L =100 nm
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" h =5 meV
—100 —
0 10 20 30
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E g o
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—5000
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Fig. 8. (color online) Plot of spin-magnetic effect as a function of Fermi
energy E. (a) Spin polarization Sp and (b) tunneling magnetoresistance
TMR. There is no magnetic effect for large Fermi energy E.

6. Summary and conclusion

We have investigated the spin and magnetotransport prop-
erties of an AB-stacked bilayer graphene junction, which has
a ferromagnetic-gated control barrier. The ferromagnetism in
bilayer graphene can be induced by the proximity effect. The
exchange fields in top and bottom layers can be either paral-
lel (P) or antiparallel (AP). In this work, we have focused on
the effect of an exchange-field-induced spin-dependent gap,
which occurs only in the AP-junctions. It was found that,
the AP-junction leads to several interesting results, which are
important for spintronic applications such as the perfect spin
filter where the perfect switching of spin polarization can be
achieved by reversing the electric field. The junction under
study also exhibits a giant tunneling magneto-resistance (a
TMR of 100%). It was shown that the interesting behaviors
occur because the energy dispersion relationship for the car-
riers in bilayer graphene acquires a spin-dependent gap. The
gap is induced by a mismatch of exchange energy in the top
and bottom layers. This work reveals the potential of bilayer
graphene to be useful for applications in the area of spintron-
ics.

Appendix A

The 4-component-Hamiltonian describing the motion of
electrons in bilayer graphene, in which the top and bottom lay-
ers have potentials of V| and V, respectively, may be given by

Qa1 i &2 0 0 Al
B1 A Vit O P81

E - 2 . (Al
a2 0 t+ W = (%) (AD
- 0 0 z V) \om

where 7* = g (ky — iky) with k() = —id,(,). The @a;(2) and
@B1(2) are wave states of electrons in the A-sublattice for the
top (bottom) layer and in the B-sublattice for the top (bottom)
layer, respectively,

(Vi —E)oa1 + 7 g1 =0, (A2)
a1 + (Vi —E)@B1 +10a2 =0, (A3)
11+ (V2 — E)@az + A g2 = 0, (A4)
Rpaz+ (V2 — E)gpp2 = 0. (AS)

By using Egs. (A3) and (A4), we obtain the components on the
dimer sites @p; and @A being respectively given of the forms

a* (V\h—E)R
¥B1 :—f(PBZ‘FT(PAl, (A6)
(V, —E)#* 7
NS T%z—gwh (A7)
where ( \ )
Vo, —E)(Vi—FE
o (1B

At the low energy limit, we may assume that |V, — E| < 1,
[Vi —E| <t, and |7| < ¢ to obtain § — 1 . To ingore smaller
terms related to 1/ 12, equations (A6) and (A7) may be reduced
into the forms

pe N

7t
PB1 = —— B2, (PAZ%*T<PA1-

; (A8)

Substituting Eq. (A8) into Egs. (Al) and (AS5), we thus
obtain the effective two-component-Hamiltonian for bilayer
graphene used in our work as obtained by

E(‘PA] )
®B2

h22

VE a2
, Vi _T(kx_lky) <(PA1>
5 .
_ h tVF (]f%x + i]}y)z V2 (sz
(A9)

In the P-junction, equation (2) can be described by setting
Vi =eE.d—och+U and V, = —eE,d —och+U. In ad-
dition, in the AP-junction, equation (3) is given by setting
Vi=eE.d—och+U and V, = —eE,d+ och+U. In the normal
region, equation (4) is described by setting V; =V, = 0.

078104-8
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