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Abstract:

Quantum transport properties of normal/ferromagnetic/normal graphene (NG/FG/NG) superlattices
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l;; 3?111\1,2(;02 4 exposed to ferromagnetic graphene connected to a gate electrode are investigated via the transfer
Revised: matrix method. Here, we calculate the role of parameters including well, and barrier width in
11 August 2024 the spin current. In addition, the Fermi energy and gate voltage effects on raising and tunable
Accepted: spin splitting have been investigated. Calculations demonstrate that the exchange field applied
23 August 2024 to the region of the ferromagnetic graphene device, by changing the chemical potential, results
Published online: in an oscillatory behavior. We found that it opens a gap and indicates a metal-insulator phase
30 October 2024 transition by enhancing unit cells (N = 100). Meanwhile, results reveal that by tuning the gate

voltage, we can control the spin currents, as a result, it may allow for the filtering of up or down
© The Author(s) 2024 spins. Further, increasing the barrier width and Fermi energy reveals that the spin current is

reversible. Furthermore, this computational research found that quantum modulating behavior
by controlling wells, barrier widths, and chemical energy in the device. The results might have

potential applications in designing nano-devices and developing spintronic systems.
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1. Introduction

Spintronics in ultrathin two-dimensional (2D) materials,
e.g., graphene and graphene-like, recently attracted a lot of
attention [1-3]. The spin degree of freedom of electrons in
these materials could be useful in designing high-efficiency
spin logic devices [4-6]. Besides, the electronic proper-
ties of graphene monolayers [7—10] and bilayers [11] in
low-energy concepts have been a subject of great interest
for decades. Graphene has an electron mobility of at least
10000 cm?/V's which ten times higher than the electron mo-
bility of silicon wafers used in microprocessors [12]. The
energy bands in the honeycomb lattice, i.e., graphene, and
silicene, are described by the two-dimensional Dirac’s equa-
tion, and in this regard, the hexagonal corners are known as
Dirac’s points for the Brillouin zone.

It is known that the electron conductance of a graphene-
based superlattice significantly relates to the structural pa-
rameters of the superlattice [13, 14]. In recent years, the

graphene-based junctions, i.e., superconductor, ferromag-
netic (FM), and insulator, have been the focus of intense re-
search due to their application in spintronic devices [15-18].
Spin-polarized current via injunction into metallic systems
[19], semiconductors [20], and graphene [21] was inves-
tigated by several research groups. Due to the proximity
effect in the graphene-based FM, the spin-down and spin-up
electrons are separated from each other, so, the spin current
is polarized. As a result, the spin-polarized carriers are the
key for spintronic applications. By adding a magnetic layer
in the graphene-based junction, we can intensify the effect
of magnetic tunnel junction (MTJ) [22]. Yuasa et al. [23]
revealed that in the ferromagnetic/insulator/nonmagnetic/-
ferromagnetic (FM/I/NM/FM) junction, the tunnel magne-
toresistance (TMR) has an oscillatory behavior, which is
linked with the thickness of the non-magnetic (NM) layer.
Also, Mu et al. [24] and Yang et al. [25] showed that this
oscillatory behavior was an intrinsic feature of the junctions.
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Lu [26] observed that the spin-polarization is enhanced by
increasing the gate voltage with a double magnetic bar-
rier. Increasing the bias field causes the spin-dependence
of the quantum modulation on the separation between the
two magnetic fields to become more regular in the junction
[27, 28].

Graphene junction structures such as ferromagnetic/insula-
tor/ferromagnetic (FM/I/FM) [29], ferromagnetic/normal/-
ferromagnetic (FM/N/FM) [30], and ferromagnetic/insula-
tor/ d(p)-wave superconducting (FM/I/ d(p)-wave S) [31]
were evaluated broadly in recent studies. The spin transport
is observed in a graphene-based MTJ. Besides, by applying
a magnetic field, the spin conductance reveals an oscillatory
behavior in the ferromagnetic graphene (FMG) superlattice
which, this behavior indicates as spin filtering [32]. In sus-
pended graphene-based spin-valve devices [33], graphene
sits a few hundred nm above the substrate, and therefore
spin transport will not be affected by impurity scattering
from the substrate. For sure, these devices will answer the
question, of how is spin information lost in graphene apart
from the Elliot-Yafet mechanism. Pi et al. experimentally
focused on the spin injection process in graphene using a Co
element with TiO, seeded MgO barriers. Their experiments,
conducted at room temperature, demonstrated that tunnel
barriers reduce spin relaxation caused by contact and are
crucial for studying spin relaxation in graphene [34]. In a
different experimental approach, researchers in China found
that the generation of highly spin-polarized current could be
controlled by adjusting the transverse electric field, source
temperature, and the width of a graphene nanoribbon (GNR)
device [35]. Zigzag graphene nanoribbons (ZGNRs) are
emerging as a new type of magnetic nanomaterial, poten-
tially serving as building blocks for thermally driven spin
circuits. However, from a device preparation point of view,
it is challenging to make FM contacts on the suspended
graphene and perform spin transport measurements. We
have previously reported the structures of disordered, i.e.,
strain-induced [36], graphene [37, 38], and graphene-like
[39] superlattices for the design of electronic nano-devices.
Niu et al. [40] explored the magnetic proximity effect and
local exchange splittings in normal/ferromagnetic/normal/-
ferromagnetic.../normal graphene superlattices, finding that
gate voltage can enhance spin polarization and the magne-
toresistance (MR) ratio. Bezerra and Lima [41] focused
on how transport sensing relates to the modulation of the
Fermi velocity, revealing an angle-dependent miniband and
mini-gap structure in transmission magnetic graphene su-
perlattice. Lima et al. [42] studied the effect of Fermi
velocity on electronic transmission, noting that tuning the
Fermi velocity affects total conductance and the Fano factor.
Despite these advancements, challenges remain in fabricat-
ing these devices. The tuning of well and barrier widths
is crucial for developing efficient nano-devices. Based on
the findings, we believe that adjusting parameters such as
well width, barrier width, Fermi energy, and exchange field
in the FG superlattice could lead to significant applications
in the nano-electronics industry. Meanwhile, the behaviors
mentioned about FMG may be intensified in the superlat-
tice structure of FMG. Although, there are some reports of
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graphene junction structures, the normal/ferromagnetic/nor-
mal graphene (NG/FMG/NG) superlattices as a spin filter
deserve more attention. This behavior, modulated by the
gate voltage, suggests potential applications in spintronics,
particularly for tunable spin current and spin filtering sys-
tems.

In the present paper, we investigated the spin transport of
NG/FMG/NG superlattices in which a gate electrode is
connected to the FMG. We revealed that the spin current
through the superlattice has an oscillatory behavior. This
oscillatory behavior is generated due to the exchange field
of the FMG. This behavior depends on the chemical po-
tential of the FMG, which is tunable by the gate voltage.
Therefore, our system can play as a tunable spin current and
spin-filtering. Also, it can be useful for the development of
spintronic systems.

2. Model and method

Details of the formulation and numerical calculation of the
method are as follows. In graphene, the fermions in the
Fermi level are described by a massless Dirac equation.
Figure 1 (a) represents a two-dimensional NG/FMG/NG/...
superlattice when a gate electrode is connected to the FMG.
Applying a transverse electric field on the graphene nanorib-
bon (GNR) causes the superlattice partially to be capable
of behaving as ferromagnetic. The schematic model of the
dispersion relations is shown in Figure 1 (b). The ith inter-
face labeles by L; where, L; = int[i/2] D+int[(i —1)/2] L.
Meanwhile, there is a valley degeneracy, we focused on the
Hamiltonian H, with

Hy =vp(oike £ 0yky) —V(x), (1)
where

EF : NG

V(x)_{ Ep+U+mnyh : FG )
where 0, and oy are Pauli’s matrices, vp ~ 10° (m/s) as
fermi velocity and 1 denotes for up and down spins. Also,
Er = vp kr is the fermi energy, U is the chemical potential
shift, and h is the exchange field.

The incident of the massless electron in the superlattice
propagates at an angle ¢ along the x-axis. Therefore, the
wave functions, which are described by the Dirac Hamilto-
nian, the following equations:

1 ik, S @ x-+ike 1
¥ = <ei<pi> M- COSPFIY 4 g, —e 9

7ik(i—l)x cos @; x+iky y

3

e

¥y =b; ( il(pf‘) fier oty 4 ¢ ( 1i<pi>
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Here, W and W5 are the wave functions for regions left and
right, respectively. In this relations p = k and

kin=1F=ki1 NG

ki = (6)
ki =B FG

_) ¢
o {s

To calculate the transmission coefficients of superlattice, we
used the transfer-matrix method [13]. Therefore, we applied
the continuity of the wave function at the boundaries and
constructed the transfer matrices as follows:

for well
for barrier

)

1 1
( r > = WMS(X)NIZN (8)

here oy and r are the transmission and reflection coeffi-
cients, respectively, for N magnetic barriers in the system.

M P eie e i +e—i(-)
- P +ei9 P e—ie ’

®

el (710 — ¢19) [2eikerIN cos @
N = ( MIN (o0 4+ ¢i9) 26 ke IN cosf ) (10)

se=t= (0 1% )
S(X)Z S(L2)7S(L3)...S(LN_1),

an

(a) Graphene
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where
= &Ky x =iy Liv1 [ei(Pi +e 91 ]/2 cos(@i_1)
ty = Ky  —k—1)x) Lit [_e_i(Pi +e_i¢i—1]/2 cos(@i_1)
ty = & K(i) xR (i—1) ) Liv [—e'® +ei(l’i—1]/2 cos(pi_1)

tyy = e TKim) k-1 Lica [e7 9 4 ¢~ i0i ]/2 cos(@;_1)
12)

It is evident that T(Ep, @) = |ty|* and that it can be cal-
culated from the above equations by a given N. Now, by
using transmission coefficients are calculated, the electron
conductance is described by the Buttiker formula [43] is
given by

/2
G=Gy /
—7f2

T(E,p)cospdo, (13)

where G = e? mvw / h? with w is the width of the graphene
in the y direction. And finally, we computed the spin con-

/2
ductance for Gy, = § [ Tp (@) cos ¢ dg by means of
—r/2

Gs=G;—G,. (14)

3. Numerical results and discussion

Using Eq. (14), we calculated the conductance to study
the transport properties of the FMG superlattice. The con-
ductance of spin-up and down as a function of chemical

Electric Field

Electric Field

Figure 1. The model of a normal/ferromagnetic/normal graphene (NG/FMG/NG) superlattice junctions. (a) Schematic
illustration of NG/FMG/NG superlattice with ferromagnetic layer and gate voltage (b) model of NG/FMG/NG superlattice

junctions with corresponding Dirac cones.
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potentials (U) in the superlattice is illustrated in Figure 2.
The spin-dependence of the charge carrier’s conductance
through the FMG superlattice with the different number
of barriers was evaluated in our study. All the initial val-
ues in Figure 2 are as follows: the Fermi energy of the
incident electron Er = 300 (meV), exchange field 2 = 10
(meV), barrier width D =42.5 (nm), and well width L =4.5
(nm). In this regard, Figure 2 (a) shows an FMG super-
lattice with the number of magnetic barriers as, N = 100.
Since, we would like to observe the m-periodicity, we have
focused on the range of |[U+h| > Ep. It can be seen
that the conductance has w—periodicity behavior depents
to UL/vF or UL/VF :tHL/vF [28]. Meanwhile, the maxi-
mum (minimum) value of conductance is equal to 0.7 (al-
most zero). The difference between up and down spin is
equal to 2hL / vr [28]. Therefore, we observe a spin current
that has an oscillatory behavior with U L / vr when this dif-
ference spins are equal to kg L / 4. It can be seen that the
conductance versus the incident chemical potentials in the
superlattice has an oscillatory behavior, which can tune the
spin current due to the exchange field of the FMG. Mean-
while, the up spin conductance (G4) is reaches zero, whereas
G has maximum value of 0.7 at U = 634 (meV) as shown
in Figure 2 (b). In the state, the conductance spectrum
oscillates between 0.7 and zero. In this case, the electron
conductance (Gt + G)) is positive. Therefore, spin current
in NG/FMG/NG superlattice junctions is irreversible. As
shown in this figure, the up/down spin conductance reaches
zero for some chemical potentials, which is controllable
by the gate voltage. Therefore, the FMG superlattice can
play as a spin filter that controls the spin current. We have
observed that increasing the number of magnetic barriers, as
N =100, is the most efficient spin filter value. Namely, our
scheme provides a spin filtering device through creating the
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superlattice of NG/FMG/NG. As a result, we can develop a
spin filter in electronic devices.

As shown in Figure 3, there is a finite spin current that
oscillates with respect to U without damping through the
superlattice (N = 100). Therefore, by changing the gate
voltage, we could reverse the spin-up and down current.
To assess the role of the well, barrier width, and Fermi
energy in the spin current, Figure 4 (a) displays spin con-
ductance Gy as a function of the chemical potential U for
N =100 and D = 42.5 (nm) for L =4.5 (nm) and L = 30
(nm). Figure 4 shows a minimum/maximum of the spin
current, describing the conductance’s spin dependence for
some chemical potentials. For spin conductance equal to
zero, Figure 4 (a) reveals that the minimum/maximum value
is the same minimum/maximum value of spin current shown
in Figure 3. As L increases, the period value of spin con-
ductance is reduced. Namely, the period of the conduc-
tance spectrum was broken. This behavior may be due to
U > Efr isn’t satisfied for small L. Meanwhile, by increas-
ing kp LU / EF for large L, we can again illustrate periodic
behavior in the conductance spectrum with respect to U.
Furthermore, the spin conductance versus incident the chem-
ical potential for Er = 300 (meV) and Er = 250 (meV) are
illustrated in Figure 4 (b). Clearly, the minimum/maximum
value of spin-up and down is shifted, which means the spin
current is reversed. It results from the spin-up and down
that can be reversed by changing Er. Figure 4 (c) shows
the spin-dependence of conductance as a function of U for
barrier width D = 42.5 (nm) and D = 60 (nm). Similar to
Figure 4 (b), spin-up and down are shifted, so, the spin cur-
rent is reversed. Overall, we found that we could reverse the
spin current by tuning the parameters such as Fermi energy,
well, and barrier width, presented in Figure 4.

To better understand the details of the well and barrier

0.8

0.6

®)

20 40 60 80 100
N

Figure 2. Spin-resolved as a function of the chemical potential U for magnetic barriers with N = 100 in FMG superlattice
(solid red is spin-up and dashed blue is spin-down). (b) The conductance of spin-up as a function of the N at U = 634

(meV).
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Figure 3. Spin conductance as a function of the chemical potential U for D = 42 (nm), L = 4.5 (nm), and N = 100.

widths in the spin current, we calculated the spin conduc-
tance as a function of the well and barrier widths, which
are illustrated in Figure 5. Note that in Figure 5 (a), bar-
rier width is D = 60 (nm) and N = 100. As illustrated in
Figure 5 (a), the conductance spectrum has an oscillatory
behavior due to quantum interference of radiant and elec-
tron’s reflection through the normal graphene. Furthermore,
the spin conductance as a function of the barrier width
with parameters such as N = 100, 2 = 10 (meV), Er = 300
(meV), U = 800 (meV), and L = 4.5 (nm), are shown in
Figure 5 (b). We noticed that the conductance plot, similar
to Figure 5 (a), has an oscillatory behavior, and the spin
conductance strongly depends on the barrier width. Also,
we observed that by increasing D, the conductance is nei-
ther reduced nor destroyed. Accordingly, we know from

the Schrodinger wave equation’s definition that the conduc-
tance should be destroyed by increasing the barrier height.
In contrast, our results revealed that the conductance was
not changing by increasing barrier width D. This result is
in contrast with the prediction of Schrodinger’s equation of
wave functions in the different layers of MTJ [44].

Figure 6 exhibits the spin conductance in terms of the ex-
change field for different wells, barrier widths, and chemical
energy. As can be seen, the conductance shows a modulat-
ing behavior. This quantum modulating behavior is due to
the making of the two components of the spin conductance,
which are calculated based on a two-dimensional massless
Dirac equation for graphene [44]. The transport of spin-up
and down electrons can produce the conductance of the
junction. Also, modulating behavior exhibits that the gate

0.8
—L=4.5 (nm)

= L=30 (nm)
™

0.6

0.4

0.2F

-0.21

-0.41

-0.6[

-0.8

600 650 700 750 800

77600 650 700 750 800

7600 650
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U

Figure 4. Spin conductance on the incident chemical potential for different; (a) well width, (b) Fermi energy and (c) barrier
width. (a) The spin conductance for L = 4.5 (nm) (red line) and L = 30 (nm) (blue line). (b) Green and pink lines display
the spin conductance for Er = 300 (meV) and Er = 250 (meV) respectively. (c) The spin conductance is for D = 42.5

(nm) (purple line) and D = 60 (nm) (blue line).
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Figure 5. Spin conductance as a function of the (a) well width (L) and (b) barrier width (D).

voltage can control the exchange field. As L increases, the
conductance spectrum is slightly reduced to that presented
in Figure 6 (a). Also, in Figure 6 (b), the spin conductance
shifts due to an increase in U. In other words, the min-
imum/maximum value of spin-up and down is changing.
Namely, by tuning the chemical energy, we can reverse the
spin current. As a result, we can control the spin current.
By the result in Figure 6 (c), we can understand better and
assess the barrier width role. We saw that the sharpness of
peaks is reduced in the case of D = 60 (nm), but the conduc-
tance spectrum has maintained its periodic order. Mainly,
the conductance spectrum is still able to control spin current.
The oscillation reduction may be due to a decrease and/or
elimination of the random spin motions.

4. Conclusion

We calculated the spin transport of normal/ferromagnet-
ic/normal graphene superlattices where the ferromagnetic
graphene is connected with a gate electrode. The spin
current reveals an oscillatory behavior with the chemical
potential due to the exchange field in the ferromagnetic
graphene. Therefore, the spin current is controllable by the
tune gate electrode. By tuning the gate voltage, we can
control the spin-up/down currents. As a result, it is possible
to generate the up/down spins filtering. Furthermore, the
conductance spectrum is shifted. Particularly, the spin
current is reversed as we increase the barrier width (D) and
Fermi energy (Er). In the case of chemical energy, the
conductance observes modulating behavior, which indicates
that the exchange field can be tuned by the gate voltage,
too. Moreover, we found that the conductance is reduced

05 l!

-0.5

Figure 6. Spin conductance on the exchange field for different; (a) well width, (b) chemical energy, and (c) barrier width.
(a) The spin conductance for L = 4.5 (nm) (red line) and L = 30 (nm) (blue line). (b) Green and pink lines display the spin
conductance for U = 800 (meV) and U = 600 (meV), respectively. (c) The spin conductance for D = 42.5 (nm) (pink line)

and D = 60 (nm) (blue line).
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by increasing the barrier width. Understanding the spin
conductance of the ferromagnetic graphene superlattices
may have significant applications for making devices based
on graphene superlattices.
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