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Abstract: Spin dependent transport characteristics through normal graphene/ ferromagnetic graphene/ normal 
graphene junction is investigated. The conduction of this junction is derived by solving Dirac equation for both 
parallel and anti-parallel spin alignments of electrons. Numerical calculations are performed for the conductance for 
both spin alignments. Oscillatory behavior of the conductance for the two cases is due to the interplay between the 
photons of the induced AC-signal with both spin-up and spin-down subbands. These oscillations are due to the 
modulation of the Fermi energy by the potential of the magnetic insulator and photon-energy. Also, the calculations 
of spin polarization and giant magneto-resistance show that these parameters could be modified by the barrier height 
and the angle of incidence of electrons on the corresponding region of the present device. Quantum pumping by 
induction of external photons could enhance spin transport mechanism through such investigated device. The 
present results show that the cut-off frequency for both parallel and anti-parallel spin alignments varies strongly in 
the range of THz to 1019 Hz. The present investigation could be found for designing very high speed nano-electronic 
devices and applications in the field of nano-biotechnology, for example, imaging processing. 
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1. Introduction 

Spin polarized transport has attracted lots of 
attention because of its potential applications to 
spintronic devices (Zutic et al., 2004). It is an important 
issue in spintronics that how to effectively control and 
manipulate the spin degree of freedom in solid state 
systems. In 2004, a single atomic layer of graphitic 
carbon, known as graphene, was isolated by the Geim 
group (Novoselov et al., 2004). Graphene is a single 
two-dimensional array of carbon atoms packed into a 
honeycomb lattice (Novoselov et al., 2004 and 
Novoselov et al.,2005). Shubnikov-deHaas oscillation 
measurements done on graphene show that the 
electrons in graphene behave like massless relativistic 
particles. The band structures or electronic dispersion 
for these particles exhibit two bands which intersect at 
the equivalent points � and ��  (Novoselov et al., 2004, 
Novoselov et al., 2005 and Castro Neto et al., 2009). In 
a 2-dimensional momentum versus E (3D) plot, the 
band structure appears as two cones, a right side-up 
cone (bottom) for the holes and an inverted cone (top) 
for the electrons (Castro Neto et al., 2009 and Mina et 
al., 2012). The two points �  and ��  are the so-called 
Dirac points. The cone-like dispersion relations are 
similar to the energy-momentum relation for the 2D-
massless relativistic particles that are governed by the 
2D-Dirac-Weyl equation (Beenakker et al., 2008, 
Castro Neto et al., 2009, Mina et al., 2011 and Mina et 
al., 2012). One of the most unexpected uses of 
graphene is in biological applications. The recent 

findings of graphene’s ability to facilitate the 
differentiation of stem cells without interference of 
growth or alteration of the growth environment of the 
cells (Nayak et al., 2011) have instigated more interest 
in graphene in the biomedical community. Not only 
that, the sensitive charge-carrier modulation of 
chemically modified graphene has allowed the 
development of bio-devices that can detect a single 
bacterium or that can sense DNA (Mohanty et al., 
2008). Also, graphene shows an interesting variety of 
applications in the field of sensors and actuators (Zhu 
et al., 2011). 

Graphene has high potential for spintronics 
applications due to its expected long spin relaxation 
length and long spin relaxation time (Hill et al., 2006, 
Ertler et al., 2009 and Jozsa et al., 2009). The reasons 
for graphene’s long spin relaxation time would be the 
weak hyperfine interaction and weak intrinsic spin-
orbit coupling (Tombros et al.,2007). It is known that 
the graphene’s ferromagnetism can be induced 
intrinsically (Kan et al., 2007) or extrinsically (Han et 
al., 2010), among which the former may come from the 
electron-electron interaction and the latter could be 
induced by the ferromagnetic proximity effect. For 
example, the exchange splitting in the graphene, caused 
by the ferromagnetic proximity effect of the 
ferromagnet insulator EuO, has been estimated to be 
about 5 meV (Haugen et al., 2008). Spin polarized 
current through ferromagnetic graphene has been 
investigated by many authors (Kan et al., 2007, 
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Semenov et al., 2007, Bai et al., 2008, Haugen et al., 
2008, Han et al., 2010 and Michetti et al., 2010). 

The aim of the present paper is to investigate the 
spin-dependent transport characteristics through 
ferromagnetic graphene junction. The spin polarization 
of the Dirac fermions tunneled through such junction is 
pumped by the influence of an AC-field of wide range 
of frequencies. 

 
2. Theoretical Model 

In this section, we shall derive an expression for 
the conductance for the proposed spintronic device. 
The graphene-based such device is modeled as follows: 

Spin transport in normal graphene/ 
ferromagnetic graphene/ normal graphene mesoscopic 
junction is shown in fig. (1). Graphene can be 
converted into ferromagnetic state by depositing the 
magnetic insulator EuO on top of it (Haugen et al., 
2008) (see region IV) and a metallic gate. While 
regions I, II III and V are normal graphene. On the top 
of region II, together with the metallic gate, there is a 
ferromagnetic vector potential barrier. With such 
construction of spintronic device, we can inject and 
manipulate spins of Dirac fermions as we shall see 
below. 

 

 
Figure 1 The proposed device model 

 
The spin transport through the present 

investigated device is described by the following Dirac 
equation (Nomura et al., 2007): 

 

�ℏ�� ����� + �� ��� −
���(�)

ℏ
�� − [�ℎ(�) +

�(�)]�� + ���� ��� ��� � = ��,     (1) 

 
where  �� is the Fermi-velocity, �� & �� are the Pauli 

spin matrices, ��  & ��  are the wave vectors of the 

Dirac electrons in the x-y plane, ��(�) is the vector 

magnetic potential, �(�) is the potential in the 
corresponding region, ℏ  is the reduced Planck’s 
constant. The induced AC-field is described by the 
term {���� ��� ��}, where ���  is the amplitude of the 
AC-field, and � is its frequency. In eq. (1), ℎ(�) is the 
position dependent of the exchange energy of the 
ferromagnetic graphene.  

The solution of eq.(1) in one-dimension gives 
the following eign-functions in the corresponding 
regions are (Platero et al., 2004 and Mina et al., 2011): 

�� = ∑ ��
1

���� ���� ��� � + � �
1

−����� ����� ��� �� ×�
���

�� �
����

ℏ�
� ������         (2) 

 
The eigen-function ��� in region II is: 
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The eigen-function ���� in region III is: 
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Also, the eigen-function ���  in region IV is: 

 
ψ �� =
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And finally, the eigen-function ��  in region V is: 
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where �  & �  are the reflection and transmission 

coefficients, and J� �
����

ℏ�
�  is the nth order of Bessel 

function of first kind and the solutions of eqs.(2, 3, 4, 5 
& 6) must be generated by the presence of the different 
side-bands, “�”, which comes with the phase factor 
������   (Amin et al., 2009, Mina et al., 2011 and Zein 
et al., 2011). In eqs. (2, 3, 4, 5 & 6), the following 
parameters are: the parameter �  is the angle of 
incidence on the normal graphene (regions I, III & V), 
the angle �� is the angle of incidence on the graphene 
(region II) and the angle θ� is the angle of incidence on 
graphene (region IV). The parameters �, � & k are the 
wave vectors in the corresponding regions of graphene 
which are expressed as: 

 
� = (� + ���� + �� + �ℏ�) ℏ��⁄ ,      (7) 

 

� = �
� + ���� + �� + �� +

�

�
������ + ��� + �ℏ�

� ℏ��� ,      (8) 

 
and 

 

� = �
� + ���� + �� + ��

� +
��� + �ℏ� + ��ℎ�

� ℏ��� ,      (9) 

 
where ��� is the bias voltage, ��  is the Fermi-energy, 
�� is the gate voltage, ℎ� is the exchange energy of the 

ferromagnetic graphene, � is the Lande g-factor, �� is 
the Bohr magneton, � is the magnetic field. �� and ��

�  
are the magnetic barriers in regions (II, III) 
respectively. The angles ��  and θ�  are expressed in 
terms of the wave vectors �, � & k (eqs. 7, 8 & 9) as: 

 
sin �� = (|�| |�|⁄ ) sin � − 1 (|�|��)⁄ ,                (10) 

 
and 

 
sin �� = (|�| |�|⁄ ) sin � − 1 (|�|��)⁄  ,               (11) 

 
where �� is the magnetic length which is equal to 

 

�� = �ℏ ��⁄                      (12) 
 

Now, applying the boundary conditions at the 
interface of each of two neighbored regions (see fig. 
(1)), we get the tunneling probability, Γ���� �������(�), 

of the tunneled Dirac electrons, which takes the 
following form: 

 

Γ���� �������(�) = ∑ ��
� �

����

�ℏ�
� ∙ Γ������� �������(�)�

���  

,   (13) 
 

where Γ������� �������(�)  is the tunneling probability 

without the induction of photons of the applied AC-
field, which is given by: 

 
�������� �������(�) = |�|� =

�
���� � ��� �� ��� ������(�����) ��� �

������ ��� ����������� ��� � �
�

,                   (14) 

 
where ��, �� & �� are respectively given as : 

 
�� =
(sin � − sin ��)�sin � −

sin ��) sin(�� cos ��) sin��� cos ���,       (15) 

 
�� = cos � cos �� cos(�� cos ��) − �(1 −
sin � sin ��)  sin(�� cos ��),                     (16)  
and 

�� = cos � cos �� cos��� cos ��� − ��1 −

sin � sin ��)  sin��� cos ���                     (17) 

 
where �, � and � represent, respectively, the thickness 
of the regions II, III and IV. 

The spin-dependent conductance, � , of the 
present studied spintronics devices could be determined 
for both parallel and anti-parallel spin alignments using 
the following equation (Haugen et al., 2008, 
Yokoyama, 2008 and Han et al., 2010): 

 
� =
���

�
∙

���

�
∫ ��

����ℏ�

��
∫ Γ���� �������(�) cos � �� ∙

�
��

�

�−
����

��
� ,                     (18) 

 
where � is the width of the graphene sheet, �� is the 

Fermi wave vectors and �−
����

��
� is the first derivative 

of the Fermi-Dirac distributuin function which is 
expressed as: 

 

�−
����

��
� = (4���)�� ∙ cosh�� �

������ℏ�

��� �
�,       (19)  

 
in which ��  is the Boltzmann constant and �  is the 
absolute temperature. 

 
Now, the spin manipulation and detection could 

be achieved by determining both the spin polarization, 
�� , and giant magneto-resistance, ��� . These 
Parameters are related to the conductance, � , with 
parallel and anti-parallel spin alignments through the 
following equations (Haugen et al., 2008, Yokoyama, 
2008 and Mojarabian et al., 2011): 

 

�� =
�↑↑��↑↓

�↑↑��↑↓
 ,                       (20) 
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and 

 

��� =
�↑↑��↑↓

�↑↑
 ,                              (21) 

 
where �↑↑  is the conductance in case of parallel spin 
alignments and �↑↓ is the conductance in case of anti-
parallel spin alignments. The subscripts ↑  & ↓ 
corresponds to spin-up and spin-down respectively. 
It is interesting to calculate the cutoff frequency, ��, of 
the present studied nano-electronic device which is 
expressed in terms of the maximum conductance, , for 
both parallel and anti-parallel spins via the following 
equation (Manasreh, 2005): 

 

�� =
���� (↑↑/↑↓)

���
,                            (22) 

 
where � is the total capacitance of the graphene-based 
present device, given by: 

 
�

�
=

�

��
+

�

��
 ,                    (23) 

 
where ��  is the electrostatic capacitance and ��  is the 

quantum capacitance which are given by (Fang et al., 
2007): 
 

�� =
���

���
 ,     (24) 

and 

�� =
����� �

�(ℏ��)� �� �2 �1 + ���ℎ �
�� �

�� �
���,   (25)  

 
where ��� is the dielectric constant of insulator oxide, 
���  is the thickness of the insulator oxide, �  is the 
electron charge, ��  is Boltzmann constant, �  is the 
absolute temperature, ℏ  is the reduced Planck’s 
constant, �� is the Fermi-velocity. ��� is the modulated 
Fermi energy by the potential of the magnetic insulator 
EuO (region IV) (Bai et al., 2008 , Haugen et al., 2008 
and Yokoyama, 2008) and the energy of the induced 
photons. 
 
3. Results and Discussion 

Numerical calculations are performed for the 
conductance, G, (eq.18) for both cases of parallel and 
anti-parallel alignment of spins of the tunneled Dirac 
fermions. The values of the following parameters are: 
the values of dimension of the present device are (see 
fig. 1): W = 100 nm, D = 2 nm, L = 5 nm and d = 2 nm. 
The other parameters, for example, the temperature T = 
50 K, the bias voltage Vsd = -1 V, the magnetic barrier 

Vd in region III is 0.5 eV and the amplitude of the 
induced AC-signal is Vac = 0.25 V. While the values of 
the following parameters are taken according to the 
case of parallel or anti-parallel spin alignment (Haugen 
et al., 2008, Yokoyama, 2008 and Mojarabian et 
al.,2011). That is, for the parallel case, the exchange 
energy of the ferromagnetic graphene, ho = 10 meV, 
magnetic field B = 2 T and magnetic barrier Vd = 0.5 
eV (region II). For the anti-parallel case, ho = 5 meV, B 
= 20 T, and Vd = 0.1 eV. The Lande g-factor for 
graphene, g = 4 (Das Sarma et al., 2011), and the 
Fermi-energy, EF, is calculated according to the 
following equation (Das Sarma et al., 2011): 
�� = ℏ����,                    (26)  
where vF is the Fermi velocity, vF ≈ 106 m/s and the 
Fermi wave vector, kF, is related to the charge-carrier 
concentration, n, through the following equation (Das 
Sarma et al., 2011): 

�� = (��)
�

�� ,                    (27) 
where n ≈ 0.36 × 1012 cm-2 (Das Sarma et al., 2011).  
Now, the features of our results are: 
1. Figs. (2a, b & c) show the variation of the 
conductance G with the gate voltage, Vg, at different 
values of the frequency, ν, of the induced AC-signal. 
We notice that the value of the conductance for both 
cases of parallel and anti-parallel spin alignment 
increases as the value of frequency, ν, of the induced 
AC-signal increases (see figs. 2a, b & c). 
2. These results indicate that the spin transport through 
the present nano-device is enhanced by the energy of 
the induced photons (Platero et al., 2004, Amin et al., 
2009, Yan et al., 2010 and Awadallah et al., 2011). 
Also, the oscillatory behavior of the conductance for 
both cases of spin alignments (see Figs. 2a, b & c), 
might be explained as follows: 
3. When Dirac fermions pass through the ferromagnetic 
graphene, they split into sub-bands, one for spin-up and 
the other for spin-down. This splitting leads to the 
conductance of the present device to be spin-dependent. 
This oscillatory behavior of the spin-dependent 
conductance is due to the interplay between the 
frequency of the induced AC-signal with both spin-up 
and spin-down sub-bands (Platero et al., 2004, Amin et 
al., 2009, Awadallah et al., 2011 and Mina et al., 
2011). Also, as pointed out by many authors (Bai et al., 
2008, Haugen et al., 2008, and Yokoyama, 2008) that 
these oscillations of the conductance are due to the 
modulation of the Fermi energy by the potential of the 
magnetic insulator EuO (region IV) and the energy of 
the induced photons. 
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            (a)             (b) 

 
(c) 

Figure 2 The variation of conductance G with the gate voltage Vg at frequencies ν = (a) 3x109 Hz, (b) 3x1012 
Hz, (c) 3x1015 Hz, for both spin alignments, parallel and anti-parallel. 
 
4. Figs. (3 & 4) show the variation of the spin 
polarization, SP, and giant magneto-resistance, GMR, 
with the frequency of the induced photons at different 
values of the gate voltage. For Vg = 1.2 V, the spin 
polarization attains a maximum value ≈ 92.19 % and 
the corresponding giant magneto-resistance has a 
maximum value ≈ 95.94 % when ν = 3 × 1010 Hz. 
While when  the gate voltage, Vg, equals 0.85 V, the 
maximum values for SP and GMR are 41.21 % and 
58.36 % respectively at ν = 3×1011 Hz. For higher 
frequencies of the induced AC-signal, we notice that 
both spin polarization, SP, and giant magneto-
resistance, GMR, are approximately constant for both 
values of Vg. The observed results in the present paper 
indicate that both spin polarization, SP, and giant 
magneto-resistance, GMR, can be modified not only by 
the barriers heights but also by the incident angles of 
the electron on the corresponding region of the present 
investigated device (Haugen et al., 2008, Yokoyama, 
2008, Yan et al., 2010, Das Sarma et al., 2011, Mina et 
al., 2011 and Mojarabian et al., 2011). The effect of 
induced photons is to enhance spin transport 
mechanism through the device (Platero et al., 2004, 
Yan et al., 2010 and Awadallah et al., 2011). 

So, we can point out that by adjusting another 
values of the barriers height and the incident angles, we 
may get another trend for both spin polarization and 
giant magneto-resistance. This is due to that quantum 
tunneling in graphene, is highly anisotropic due  to the 
chiral nature of the Dirac fermion quasi-particles (Das 
Sarma et al., 2011). 

Figs. (5a, b & c) show the variation of the cutoff 
frequency, νT, with the gate voltage for both parallel 
and anti-parallel spin alignments. The calculations are 
performed for the three frequencies of the induced 
photons (ν = 3×109 Hz, 3×1012 Hz, 3×1015 Hz). From 
these figures, we notice the following: 
a. The cutoff frequency, νT, for both spin alignments 

attains a maximum value νTmax ≈ 1.078×1012 at Vg 
≈ -0.5 V, when the frequency of the induced 
photon is ν = 3×109 Hz. 

b. For ν = 3×1012 Hz, the maximum value of the 
cutoff, νT, for both spin alignments is equal to νTmax 
≈ 2.366×1018 at Vg ≈ -0.5 V. 

c. Also, for ν = 3×1015 Hz, νTmax ≈ 9.426×1019 Hz at 
Vg ≈ -0.5 V. 
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             (a)            (b) 

 
 (c) 

Figure 5 The variation of the cutoff frequency νT with the gate voltage Vg at frequencies ν = (a) 3x109 Hz, (b) 
3x1012 Hz, (c) 3x1015 Hz, for both spin alignments, parallel and anti-parallel. 
 

The authors (Liao et al., 2010,Xia et al., 2010, 
Chauhan et al., 2011 & Wu et al., 2011) examined the 
issue of ultimate channel length scaling for boosting the 

performance of graphene field effect transistor. They 
found that the cutoff frequency increases from the 
range GHz to THz as the channel length decreases. 
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Figure 3 The spin polarization (SP) as a 
function of frequency ν at two different 
values of the gate voltage Vg = 0.85 V and 
1.2 V. 

Figure 4 The giant magneto-resistance 
(GMR) as a function of frequency ν at 
two different values of the gate voltage 
Vg = 0.85 V and 1.2 V. 
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In the present paper, the results for the cutoff 
frequency increases strongly from 1012 Hz up to 1019 
Hz (see Figs.(5a, b & c)). These results might be 
explained as follows: 

According to the structure of the present 
investigated nano-device, the channel length is affected 
by the external magnetic field, that is, we must take 
into account the magnetic length, lB. The second 
parameter is the barrier heights and the modulation of 
the Fermi-energy by the potential of the magnetic 
insulator EuO. Also, the interplay between the 
frequency of the induced photons with both spin-up and 
spin-down sub-bands plays a role in computing the 
cutoff frequency. 
 
4. Conclusion 
          Spin transport characteristics through normal 
graphene/ ferromagnetic graphene/ normal graphene 
junction is investigated. The effect of photon energy of 
the induced AC-signal is taken into consideration. The 
conductance is derived by solving Dirac equation. The 
computation of conductance corresponding to parallel 
and anti-parallel spin alignment and the corresponding 
spin polarization and giant magneto-resistance are 
performed. Also, the cutoff frequency is computed. The 
present results are found concordant with those in the 
literatures. 

The present investigated junction could be 
applied in the field of nano-electronics, quantum 
information processing and in nano-biotechnology, for 
example, imaging processing. 
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