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Spin polarized current in graphene pumped by a THz-signal
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Abstract

Spin polarized transport properties of the Dirac electrons through ballistic mesoscopic
device is investigated. This mesoscopic device is modeled as ferromagnetic graphene/
superconducting graphene junction. The transport of electrons through such junction is studied
under the effect of both magnetic field and the energy of the induced photons of an AC-field.
Both the Andreev and normal reflections probabilities are deduced by solving Dirac-Bogoliubov-
deGennes equation analytically. The present results show an oscillatory behavior of the
conductance for parallel and anti-parallel spin alignment. These oscillations are due to Fano
resonance. Results for spin polarization and giant magneto-resistance show the coherency
manipulation of the spin precession in such mesoscopic device. The present results are very
important for quantum information processing and quantum computing and for the realization of
graphene based nanoelectronics for high frequency applications.
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Introduction

It is an important issue in spintronics that how to effectively control and manipulates the spin
degree of freedom in solid state systems. Since graphene exhibits high mobility, very long spin
scattering time, and small spin-orbit interaction, graphene is considered as an ideal material for
spin conduction [1,2]. Graphene is a single two-dimensional array of carbon atoms packed into a
honeycomb lattice [3, 4]. Shubnikov-deHass oscillation measurements done on graphene show
that the electrons in graphene behave like massless relativistic particles. The band structures of
graphene or electronic dispersion for these particles exhibit two bands which intersect at the
equivalent points K and K’ [3-5]. 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 [5,6]. The two points, K and K’, are the so-called Dirac points. The cone-
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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 [5-8].

Recently, graphene-superconductor hybrid systems have been investigated [9-11]. An
interesting phenomenon, specular Andreev reflection (different from usual Andreev reflection)
was predicted to occur the graphene-superconductor interface [9-11].

The present paper is devoted to investigate the effect of the spin-dependent specular
Andreev reflections on the spin polarization of the graphene ferromagnet/ graphene
superconductor junction. The spin polarization of the tunneled electrons through such junction is
pumped by the influence of THz-signal.

The Model

In this section, we shall derive an expression for the conductance for the proposed spintronic
device. This device is modeled as follows: ferromagnetic graphene/superconducting graphene
junction which is biased by a potential, Vy (See Fig.1). It is well known that the ferromagnetic
graphene is a gapless graphene, while the superconducting graphene is a gapped graphene [12].
The spin polarization transport is conducted under the effect of photons of THz-field of
frequency, o, and magnetic field, B,.

Induced photons

N
Superconducting
Magnetic insulator EuO Layer
VSC
— | 1
x=0

Figure 1 Region 1 is the ferromagnetic graphene, and region 11 is the superconducting
graphene.

The spin transport through such junction is described by the following Dirac-Bogoliubov-
deGennes equation in one dimension [12, 13].
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Where vr is the Fermi-velocity, h is the reduced Planck’s constant, o- Pauli matrix, h is the
exchange field energy of the ferromagnetic graphene and A is the superconducting order
parameter which is expressed in terms of its phase ¢ as:

A=Ae"7, @)
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In Eq.(1) the parameter ¢ is expressed in terms of the following parameters as follows:
1
e=Ep +eVy +eVy +eVy cos(at) + 5 gugBo 3)

where Er is the Fermi-energy, Vg 1s the bias voltage, V, is the gate voltage, V. 1s the amplitude
of the THz-field with frequency, ®, ug is Bohr magneton, B is the magnetic field, and g is the
Lande g-factor of the ferromagnetic graphene.

The solutions of Eq.(1) are:

1 1 0
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where W (x< 0) is the eigenfunction in the ferromagnetic graphene (region I). The eigenfunction,
W1 in the superconducting graphene (region II) is given by:
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where ki is the wave vector of quasiparticles in the ferromagnetic graphene (Eq.4) and is
expressed as:

k. = (E—&+Eg )cosd
- NVE

(6)

where Epj is the Fermi-energy in the ferromagnetic graphene and 0 is the Klein angle in this
region I, J, is the Bessel function of first kind, and the solutions of Eqs.(4,5) must be generated
by the presence of the different side-bands “n” which come with the phase factor exp(-inwt) [15,
16]. In Eq.(4), the parameters a and b represent the spin dependent Andreev reflection and
normal reflection coefficients respectively. These parameters are calculated by applying the

boundary conditions at the interface of regions I & II. The wave vector K} of quasiparticles in
the superconducting graphene (Eq.5) and is expressed as:
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where Epy is the Fermi energy in the superconducting graphene (region II). For the coherence
factors of electrons and holes u & v (Eq.5) are related as [14]:
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The parameter A in Eq.(5) is expressed as:

Er J—r\/((E—S)Z)—AZ —mv% 610
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The parameter A’ (Eq.5) is the complex conjugate of A (Eq.9).

Now, applying the boundary conditions at the interface of the two regions I & II, we get
the spin dependent Andreev reflection, a, and the normal reflection, b, coefficients respectively
as:

a=7y Jn(evac )e_ina’t(Zcos(ﬁ)(A+ AU ve'i¢) (10)
n=1 nT]C()

And

b= i Jn(evije_inwt [(UZA* + V2A)2005(49) — 1] (11)
n=1 nT]C()

The spin dependent conductance for the present investigated junction is given by [17]:

2 Ep+mo 77
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Where W is the width of the graphene sheet and (— J is the first derivative of the Fermi-

Dirac distribution function which is expressed as:

(— Mep j = (4kgT )_l.cosh_2 E~Ep + Mo (13)
OE 2kgT

in which kg is Boltzmann constant, T is the absolute temperature and Ep is the Fermi energy in
the corresponding regions of the device.

Now, the spin manipulation and detection could be achieved by determining both the spin
polarization, P, and giant magnet-resistance, GMR,. These parameters are related to the
conductance, G, (Eq.12), with parallel and antiparallel spin alignments through the following
equations [18-20].

p—Sp=Cu (14)
Gp +Gpp
And
GMR :% (15)
P

where Gp is the conductance in case of parallel spin alignments and G p is the conductance in

case of antiparallel spin alignments.

The cut-off frequency, vr, that is the frequency at which the current gain equals one. It is
expressed in terms of the transconductances, Gmpap) for both parallel and antiparallel spin
alignments and the total capacitances, C, of the present device as follows:

G
v = —m(P/AP) (16)
27C
where C is the total capacitance of the graphene-based present device, given by:
1 1 1
(17)

_— =4 —

C C. GCo
where C, is the electrostatic capacitance and Cq is the quantum capacitance which are given by
[21]:

C.=—% (18)
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where &,y is the dielectric constant of insulator oxide, t.x is the thickness of the insulator oxide, e
is the electron charge, kg is Boltzmann constant, T is the absolute temperature, h is the reduced
Planck’s constant, vg is the Fermi-velocity and Er is the Fermi energy.

Results and Discussion

This section is devoted to perform numerical calculations to the conductance, G, (Eq.12) for both
cases of spin alignments and also spin polarization, P, (Eq.14), giant magneto-resistance, GMR,
(Eq.15) as follows:

There is a good possibility for developing novel electronic devices with graphene since it
can be converted into a ferromagnetic graphene or a superconducting graphene. This can be
achieved by depositing the magnetic insulator EuO on the top of the graphene; magnetic
exchange energy of 5 meV can be induced into graphene sheet [18]. Also, superconducting
graphene can be induced (via the proximity effect) in the graphene by placing a A€/ Ti bilayer of
thickness equals approximately 10 nm, on top of graphene [22]. The critical temperature, T. of
this superconducting graphene was found to be = 1.3 K [22].

So, the mesoscopic device (See Fig.1) represents the detailed structure of it as mentioned
in the previous section. Numerical calculations are performed for the conductance, G, (Eq.12) for
both cases of parallel and antiparallel alignment of spins. The values of the following parameters
are: The width W=100 nm, temperature T=1.5K, the bias voltage Vi =-1V, the exchange field
energy h= 5meV, the Lande g-factor for graphene g= 4 [23] and magnetic field, B, was taken to
be 0.5T. The amplitude of the induced AC-signal is V,. = 0.25 V and its frequency o= 10'*Hz
(mid-infra red radiation). The Fermi energy, Ep, is calculated according to the following equation
[23]:

Er =nVeke
(20)

where the value of Fermi velocity, vr is taken to be 10° m/S and the Fermi wave vector, kg, 1S
calculated in terms of charge-carrier concentration, n , via the following equation [23]:

k|: — (ﬂ_n)O.S
21)

where n= 0.36x10"? cm™ [23].

It must be noted that the value of the Fermi energy, Er (Eq.20) must be modulated by the
exchange energy of the ferromagnetic graphene (region I). Also, the value of Fermi energy, Ep,
(Eq 20) must be modulated by the order parameter, A, of the superconducting graphene [7, 22].
The value of A¢ (Eq.2) might be calculated using the following equation [7, 22]:
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2A, =3.53KgT, (22)

The Klein angle, 0, was taken to be 57° [8]. This value was found to be optimum when
computing the conductance, G, (Eq.12).

Now, the features of the present results are:
(1) Fig.2 shows the variation of the conductance, G, with the gate voltage, V,, for both two
cases of parallel and antiparallel spin alignment. An oscillatory behavior of the conductance is
observed and the peak height of the resonance increases as the gate voltage increases. This
oscillatory behavior, for both cases of spin alignment, might be due to Fano resonance [24].
Also, these oscillations are due to the interplay between the photon energy of the induced AC-
signal and spin-up & spin down of the Cooper pairs in the superconducting graphene [22].

Figure 2 The variation of the conductance with the gate voltage for both cases
of spin alignment

(2) Fig. 3 shows the variation of the polarization, P, with the gate voltage. This dependence
is under the effect of photon energy (mid-infra red radiation). As shown from the figure, random
oscillations of spin polarization are observed with random peak heights. We notice that the
maximum value of the spin polarization is equal to 47.8% at V, equals 0.25 V. While the
minimum value of this spin polarization is equal to 45.5% at V,=0.45 V.
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Figure 3 The variation of spin polarization, P, with the gate voltage.
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3) Fig.4. shows the variation of the giant magneto-resistance, GMR, with the gate voltage.
This dependence is under the effect of photon energy (mid-infra red radiation). As shown from
the figure, random oscillations of giant magneto-resistance are observed with random peak
heights. We notice that the maximum value of the giant magneto-resistance is equal to 64.7% at
V, equals 0.25 V. While the minimum value of this giant magneto-resistance is equal to 62.5% at
V,=0.45V.
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Figure 4 The variation of the giant magneto-resistance, GMR, with the gate voltage.

These random oscillations for both spin polarization, P, and giant magnet-resistance, GMR,
might be due to spin flip of Dirac quasiparticles which are influenced strongly as the coupling
between the induced photon energy mid-infra red radiation) and spin up & spin down subbands
in the present investigated junction. Also, these oscillations might be due to the interplay
between the spin-dependent specular Andreev reflection processes and spin dependent Andreev
resonance process [7, 11]. The present results indicate that giant magneto-resistance might cause
to raise spintronic devices which are used in read head of hard disk drives and magnetic sensors
and other applications.

v, (THz)

Figure 5 The variation of the cut-off frequency, vr, with the gate voltage, Vg,
for both cases of spin alignment.
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(4) Fig.5. shows the variation of the cut-off frequency, vr, with the gate voltage, V,. This
dependence is under the effect of induced photon energy of the applied ac-field (mid-infrared
radiation). As shown from the figure, an oscillatory behavior of the cut-off frequency for both
cases of spin alignment. It must be noted that in the range of the gate voltage studied the
maximum values of the cut-frequency for both cases of spin alignment are, respectively,:
UT(P)max =5.93x10'? Hz at V= 0.7 V, and UT(AP)maX:2.132X1012 Hz at V,=0.7V. The present
result shows that the cut-off frequency reflects the intrinsic behavior of the present studied
transistor channel, where vTp/apymax also strongly might depend on device layout [25,26]. Also,
the results for the cut-off frequency 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, lg. 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 cut-off frequency.

Conclusion

We conclude that the present results, for the proposed spintronic device, show that the coherent
manipulation of the spin precession processes could be achieved by modulating: (a) the Fermi
energy by the exchange field energy in ferromagnetic graphene (region I) and (b) the Fermi
energy by the order parameter of the superconducting graphene (region II). This coherency in
spin transport in the present investigated junction is fundamental issues in view of developing
single spin-based quantum bits (qubits) [27] needed for quantum information processing and
quantum computer.
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