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We theoretically investigate the spin-dependent transport and spin transfer torque (STT) in a system
composed of a silagraphene nanoribbon (SLN R) connected to two ferromagnetic (FM) leads with arbitrary
relative magnetization direction, using the tight-binding model in the nearest neighbor approximation within
the framework of the Green function’s technique and Landauer-Butticer formalism. We report numerical
calculation results for conductance (G), magnetoresistance (M R), and spin transfer torque (S77T) in the
FM/SLNR/FM junction for different strengths of ferromagnetic magnetization. It is found that the G and
M R show oscillatory behavior around E, = 0 and more interestingly, the magnitude of the M R reaches up to
%100, which can be effectively used for sensitive switchings. In addition, it is demonstrated that STT versus
Fermi energy shows noticeable peaks with moving away from Dirac point energy. The results show that the
torques as a function of the angle between two magnetic electrodes () show a sin-like behavior and the G -6
curve demonstrates approximately a cosine-like behavior, which is a function of M. Our results can provide

valuable theoretical guidance to design future novel spintronic devices.

1. Introduction

The spin-transfer torque (STT) has gained a lot of interest due
to the application the spin of electron in storage and sensor technol-
ogy [1]. Theoretically, Ralph and Stiles introduced the physics of STT
in magnetic devices [2] and others investigated the STT utilizing a
spin diffusion model [3] and a mechanism of magnetization switching
by including exchange interaction [4].

To put it simply, this phenomenon can be explained in a spin valve;
spin-polarized electrons passing from the left ferromagnetic (F M) elec-
trode (fixed layer) into another one (free layer) in which the mag-
netization deviates the left by an angle, may exert a torque which is
called STT [5,6]. This torque can be strong enough to reverse the
magnetization of the nanomagnet to switching procedure [7] or excite
persistent magnetic precession [8,9] for microwave generation [10].
So STT has promising potential for direct application in the non-
volatile random-access memory (STT — RAM), high-frequency spin
torque oscillator (STO) [11-13], and designing microwave detectors
[14-16].

On the other hand, the discovery and successful fabrication of
graphene [17] has opened the door to investigate different two-dimen-
sional structures especially from the carbon family [18-24]. We know
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silicon is one of the most famous elements that traditional electron-
ics is based on it. Two-dimensional sheet of graphene-like silicon,
namely planar silicene, has attracted intensive research interest due
to its expected integration with silicon-based technology. The physical
and chemical properties of silicene are studied based on theoretical
and experimental works in recent years [25,26] and the first exper-
imental evidence of epitaxial planar silicene is reported [27]. Also,
the structural stability of various edge forms of silicene nanoribbons
(SiNRs) has been theoretically investigated employing first-principles
calculations [28].

Moreover, it is worth expecting that other two-dimensional graph-
ene-like composites with different Si : C ratios (named siligraphene)
indicate interesting properties. Compared to the pure two-dimensional
graphene and silicene, silagraphenes provide more various arrange-
ment patterns consisting of both C and Si atoms which have dif-
ferent electronic structures. By combining the density functional and
tight-binding calculations, the formation of Dirac Cone (DC) band
structures in SiCs, Si;C, and their analogous binary monolayers is con-
sidered [29]. X. Qin et al. demonstrated the formation of Dirac cones
in two-dimensional planar SiC sheets [30]. The edge effects are taken
into account by modifying the on-site energies and hopping integrals
of the atoms on the two edges, as well [31]. Similar to graphene and
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Fig. 1. Schematic view of atomic structures for SiC with right and left leads (FM /SLNR/FM junction). The yellow balls represent Si and the gray balls represent C.

silicene nanoribbon, we expect the silagraphene edge configurations
affect the properties of nanoribbon. For example it is shown that the sil-
icon carbide nanoribbons with an armchair configuration exhibit three
family behaviors, i.e. Na =3p, Na=3p+1, Na=3p+2 where Na is the
width of the ribbon and p is a positive integer, while a silicon carbide
nanoribbons with zigzag edge show half metallic behavior [32-34].

Previous works have mainly studied spin dependent transfer such
as STT in two-dimensional structures like graphene [35,36] and sil-
icene [37]. Here, we focused on SiC silagraphene which is considered
in Ref. [30]. They studied different possible types of SiC silagraphene
with various Si/C arrangement patterns and found that some of them
have planar structures that are energetically most stable and possess
Dirac cones. Our favorite structure contains C-C and Si-Si atom pairs
connected by C-Si bonds that all C-C and Si-Si pairs align parallel to
each other. The system has planar structure and shows Dirac cones. The
thermal conductivities of the system are calculated by L. Wang and H.
Sun as well [38].

With this motivation, in the present work, we focus on a system
based on the SiC silagraphene nanoribbons (FM /SLN R/FM). We re-
port numerical calculations using the tight-binding model in the nearest
neighbor approximation within the framework of the Green function’s
technique and Landauer-Butticer formalism [39]. At first, conductance
(G) in parallel and antiparallel configurations versus Ej is calculated
and it is demonstrated that G oscillates around zero energy but does not
show a symmetric behavior around the axis of E, = 0. Next, we study
STT versus Ep and the angle (6) between two electrodes for different
strengths of ferromagnetic magnetization. It is demonstrated that STT
per unit of bias voltage (in unit of e¢/4x) as a function of the Fermi
energy, reduces around the Dirac point energy, noticeably. Also, we see
that the STT per unit of the bias voltage z/V (in units of e/4x) versus
the angle between two magnetic electrodes shows a sin-like behavior
which is enhanced by increasing M.

Finally, we study G as a function of the angle (9) between two
magnetic electrodes and also around Dirac point energy to consider
the system in details. We conclude that the n-type impurity is better
selection to dope the system. Our results have the potential to apply to
the development of the nanoelectronic field.

2. Method

The system under study consists of a silagraphene nanoribbon
(SLNR) connected to two FM silagraphene leads (Fig. 1), where the
hard wall condition is imposed on two armchair edges of the SLNR.
We notice that the nanoribbon width (NV,) is defined as the number of
dimer lines along the ribbon direction and so the system under study
has N, = 17. In this junction, the magnetization of the left FM lead
(M) is assumed to be parallel to the Z-axis, while the moment of
the right FM lead (My) deviates from the Z-direction by a relative

angle 6 in the X Z plane relative to M ; that is, E = M,;(0,0,1) and
FR = My(sin 6,0, cos 0).

It is worthwhile to note that the FM silagraphene leads can be
realized by growing on a FM insulator or by applying an in-plane
magnetic field parallel to the silagraphene layer like Ref. [37,40]. For
simplicity, the influence of magnetic ordering in the leads on the central
channel is neglected. Therefore the total Hamiltonian of the system
is
H=H +Hpg/ +Hrpjrr (€D)]
where H describes the central SLN R channel, H g/, is the Hamilto-
nian of the left/right FM lead and H g7, is the Hamiltonian for the

coupling between S LN R and leads. In the tight binding approximation,
these partial Hamiltonians can be written as

He = 2 EcC*46,Cip — z 1cC*160,Cq ®))

ieC i,jeC

_ + +
Hg/p = Z Egp/ra"i5010i6 = Z 1R/LY 50196

i€R/L ijER/L
- 2 a* i, (6. Mg/ )a, 3
i€R/L
Hrprp = Z ER/L’CR/CLc+iaUI“ja (4)
i€C.jER/L

where ¢ =1 () respects the spin up (down) state of electrons, C*, (C;,)
and a*,;(a;,) are the creation (annihilation) operators associated with
the electron in the SLN R region and leads, respectively. ¢ = (o, 0,,0,)
shows the Pauli matrices and ¢, is a 2 X 2 unitary matrix. Ec and Eg/
are the on-site energies in the SLN R channel and the left/right lead,
respectively. We work in the nearest neighbor approximation and ¢,
is the hopping energy in the SLN R channel between C-C and C-Si.
tg/r) and tcg/cr) are the hopping energy in left/right leads and the
coupling strength between the .SLN R channel and leads, respectively.
The Fermi energy was also set to zero, i.e. Ep =0.

To proceed, we apply the unitary transformation with 4;, = Ra,, for
all sites i in the right F M lead, where the unitary matrix R consists of
the relative angle of the magnetizations 6;

_ (COS(Q/Z) sin(0/2) ) )
sin(0/2) —cos(6/2)
Under this unitary transformation, the Hamiltonians H., H; and Hy
remain unchanged, while H; and Hyp become diagonal in the spin
space; i.e the magnetization direction of the right FM lead is along
the direction of Z-axis [37,40] as

Hy = Z a*,(Egoy +0.Mp)a;, — 2 1ra* 005, (6)
ieR ijeR
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Fig. 3. The total density of states (T'DO.S) per site, for (a) central part of the system and (b) magnetic electrodes at M = 0.1.

Hrp=- Z a* s Raj, @)
ieCjeRr

where W = Mx(0,0,1). Then, the spin-dependent electronic trans-
mission coefficient through the channel region is calculated from the
Landauer-Butticer formalism:

T(E), = Tr[[(E)-G(E), I'(E)*G(E)!] ®)

where G(E), = [G(E).]* = [E] = Hp — 2", — " ,17! is the retarded
Green function with unit matrix I and spin index o, where X"z, is
the left (right) lead retarded self-energy function in spin space [37].
Note that the effect of semi-infinite electrodes on the Hamiltonian
of system is described using the self-energy terms. The self-energies
are calculated iteratively [41]. Tiyr is the linewidth function which

can be expressed as Lyrye = i[Z(’L/R)U — (Z(’L/R)G)Jf] [40]. Now total

conductance for the junction can be obtained as T'(E) = % >, T(E),.
Also we calculate M R by using MR = (Gp—G,p)/Gp, where Gp(G4p)
is conductance for parallel (antiparallel) spin configuration of magne-
tization in two electrodes. On the other hand, the STT is the time
evolution rate of the total spin of the left or right FM lead which is
composed of two parts; in-plane and out-of-plane STT [41]. We neglect
out-of-plane coefficient which is too small in comparison with in-plane

one. So the STT through the junction can be expressed as

T= ﬁTr/dE[G(E)’F(E)LG(E)aF(E)R]

X X(0, cos 0 — o, sinO)f(E); — f(E)gl 9

where o, and o, are the Pauli matrices. Although the relationship
between STT and bias Voltage (V) is nonlinear, but in very small
voltage and zero Temperature, we can take a linear response for in
plane STT as [37]

T/V = %Tr[[G(E)’F(E) LG(E)*T(E)g] % (6, cos 6 — o, sin6)] (10)
T

To understand the behavior of the system, we make the following
step-by-step analyses and hope that these achievements can be used in
designing future spintronic devices.

3. Results and discussions

Following the above procedure, the results of some numerical exam-
ples of the calculated G, M R, and STT are reported in this section. In
the calculations, the two ferromagnetic leads are assumed to be made
of the same materials, i.e. M; = My = M, and we assume the tunneling
current flows along the y-axis. The system (FM /SLN R/F M junction)
is depicted in Fig. 1 symbolically.
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Fig. 4. The STT per unit of bias voltage V versus the Fermi energy (E;) at 6 = /3 for different magnetization strengths (M).
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Fig. 6. The conductance G versus the relative orientation angle 6 at E. = —0.1 eV for different magnetization strengths (M).

In addition, the physical quantities in Hamiltonians are adapted
from Ref. [30], where E. and Eg; are the on-site energies of C and
Si and 1, tg; and t are the hopping energies of C-C, Si-Si, and C-Si,
respectively. These TB parameters are obtained fitting to reproduce the
DFT band structures, E- = —1.164 eV, Eg; = 0.649 eV, 1o = 2.225 eV,
tg; =1241 ¢V, and t = 1.433 eV.

In Fig. 2(a)-2(c), we present the conductance G (in units of ¢?/h)
in parallel configuration (6 = 0) and antiparallel configuration (6 = x),
and also the magnetic resistance (M R) versus the Fermi energy E (in
units of eV) for different magnetization strengths M (in units of eV),
respectively.

Firstly, it is clearly seen that the conductance shows an oscillatory
behavior with sharp peaks around zero energy which is consistent with
the previous studies on graphene-based junctions [36,42]. However,
in the previous works, it was shown that the G and MR curves are
quite symmetric for graphene [36,42,43] and silicene [37] systems,
while our results are asymmetric (Fig. 2(a), 2(b)). The origin of this
different behavior can be understood according to the total density of
states (T DO.S) per site for the central region and magnetic electrodes
(Fig. 3(a), 3(b)), separately. We can explicitly see that the TDO.S
curves exhibit an asymmetric shape with sharp peaks around Ep =
0. So generally, one can clearly expect that the conductance follows

an asymmetric and oscillatory behavior as well. Furthermore, we can
observe that G is enhanced by increasing E, due to the presence of
the more and longer peaks in the TDOS curves. What is more, one
notices that the conductance in Fig. 2, can reach up to ~ 0.5 which is
similar to the measured value for armchair-edge graphene nanoribbons
between ferromagnetic leads [36], while higher G values appear at
zigzag edge systems [37,42]. It seems a reasonable assumption to say
that this difference originates from the role of the edge boundaries in
the physical properties of the nanoribbons [44].

Next, we numerically present STT per unit of bias voltage (in unit
of e/4x) as a function of the Fermi energy with different magnetization
strengths at & = x/3. As illustrated in Fig. 4, we see an apparent
visible reduction in the torque around the Dirac point energy while
with moving away from Ep = 0, the peaks of 7/V become sharper
and more noticeable. A similar result is obtained in the graphene [45]
and silicene [37] systems. The torque is proportional to the polarization
strength of FMs [46], and therefore we see that the peaks of z/V
become more remarkable with the increase of M.

We know that Fermi energy can be changed by doping impurity
or gating the system. However, we should notice that these changes
cannot be too much, because the stability of the system vanishes.
So, we try to focus around E, = 0. In what follows, in Fig. 5, we
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Fig. 7. Conductance, G, for (a) P(¢ =0) and (b) AP( = x) configurations, and (¢) MR as a function of the Fermi energy (Ej) for M = 0,0.05.

plot STT per unit of the bias voltage z/V (in units of e/4x) versus
the angle between two magnetic electrodes at E, = —0.01 eV and
Er = 0.03 eV. As expected, it is seen that the torque shows a sin-like
behavior which is similar to the previous numerical calculations for
graphene [43], silicene [34], and quantum dot [47]. This is because the
STT is proportional to Mz x(M; X M) which leads to generate a factor
sin . Therefore torque vanishes for collinear alignment (0 = 0, ) of the
two FMs and definitely no longer exists with M = 0 (not shown here).
Once again, it is clearly seen that the torque is enhanced by increasing
M due to its proportionality to the polarization strength of FMs [46].

What is more, the conductance, G, is also calculated as a function
of the angle 0 (in units of ») for different magnetization strengths,
M, where 6 is the relative angle of the magnetization in the two
FMs. In Fig. 6, it is demonstrated that the shape of the curves G — 6
is approximately a cosin-like function regardless of the parameters
M, which is similar to that of the graphene [42] and silicene [37]
junctions. We notice that the range of the conductance curves enhances
by increasing M, where angle 6 changes from 0 to 2. It is clear that
the G is independent on 0 for M = 0 (not shown here), as well.

Finally we go further to reach more practical results. Generally we
know the change of Fermi energy is too difficult. So, it is reasonable
that the calculations focus on around Fermi energy. Fig. 7 shows the
conductance for parallel (¢ = 0) and antiparallel (§ = =) and also MR
as a function of the Fermi energy close to E, = 0. Here the G and MR
have been calculated just for M = 0,0.05 to consider the behavior of
the system in the region of Fermi energy in detail.

As expected, we can see oscillatory behavior with notable peaks
for conductance in Fig. 7(a) and (b). There is one outstanding peak
in nonmagnetic system (M = 0) which divide into two peaks with
different height for M=0.05. We can explain this event by means of
Zeeman term which appears in the Hamiltonian of ferromagnetic leads
(Equ.3). Zeeman Effect can annihilate the degeneracy of the energy
levels and split the initial peak. The effect of Zeeman term enters in
the calculations by means of self-energies. Moreover by increasing M,
the distance between the mentioned peaks will become more and more,
because the Zeeman Effect will be more effective.

Now look at the MR curve (Fig. 7(c)). We can see some sharp peaks
which are definitely located above Fermi energy and one of them is
taller and has a smaller width relative to its length. Here, MR can

reaches up to %100 and consequently, we can use this structure for
sensitive switching.

Additionally, we should emphasize that the sharp peaks are located
above E; = 0 in this system. So we can conclude that the n-type
impurity is more suitable for doping the system, because the n-type
impurity can increase the number of electrons in the system and then
the Fermi energy rise to higher magnitudes. Thus for example, we
suggest that one can consider the effect of the presence of Nitrogen
atoms on the transport properties of the structure under study.

4. Summery

In summary, we have theoretically investigated the conductance
(G), magnetoresistance (M R) and spin transfer torque (STT) in a
silagraphene-based junction (FM /SLN R/F M) with arbitrary relative
magnetization direction. The study was performed using the Green
function’s technique and Landauer-Butticer formalism for different
magnetization strengths (M). It is demonstrated that the conductance
shows an oscillatory behavior with sharp peaks around zero energy,
but the curves are antisymmetrical to the axis of E; = 0 (the Dirac
point), which is opposite to the previous findings for graphene and
silicene systems. In order to understand the mentioned results, we
present the total density of states (T'DO.S) per site for the central region
and magnetic electrodes, separately. It is found that the asymmetry
originates from antisymmetrical behavior of the TDO.S curves due to
the presence of C and Si atoms in the unit cell.

In addition, we investigate STT per unit of bias voltage (in unit
of e/4r) versus Fermi energy and the results show a noticeable re-
duction in the torque around the Dirac point energy. Furthermore, we
study STT and G as a function of angle 6 for different magnetization
strengths M, where 0 is the relative angle of the magnetization in
the two FMs. Expectedly, the STT — 6 curves demonstrate a sin-like
behavior and the G — 6 curve shows a cosin-like function regardless of
the parameters M, which is similar as that for the graphene and silicene
junctions. Finally, we consider G around Dirac point energy and it is
demonstrated that the Zeeman Effect can split the initial peak in the
presence of the magnetic leads. Our study provides a theoretical guide
for designing the future nanoelectronic devices.
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