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A B S T R A C T

In this paper we investigate the influence of spin–orbit interaction and two types of Rashba interaction
(intrinsic and extrinsic) on magnetic and thermoelectric properties of graphene-like zigzag nanoribbons based
on the honeycomb lattice. We utilize the Kane-Mele model with additional Rashba interaction terms. Magnetic
structure is described by the electron-electron Coulomb repulsion reduced to the on-site interaction (Hubbard
term) in the mean field approximation. We consider four types of magnetic configurations: ferromagnetic and
antiferromagnetic with in-plane and out-of plane direction of magnetization. Firstly, we analyze the influence of
extrinsic Rashba coupling on systems with negligible spin–orbit interaction, e.g. graphene of an appropriate
substrate. Secondly, we discuss the interplay between spin–orbit and intrinsic Rashba interactions. This part is
relevant to materials with significant spin–orbit coupling such as silicene and stanene.

1. Introduction

In strictly two-dimensional materials such as graphene [1], silicene
[2], and germanene [3], atoms of respective elements are organized
into the 2D hexagonal lattice. The structure of silicene and germanene
materials is buckled, and consists of two Bravais sublattices displaced
in the direction normal to the atomic plane. Some newly discovered
properties of silicene and germanene [4] differ them from that of
graphene, where all carbon atoms lie in the common plane.

The exact electronic structure of these materials is more complex
than the picture offered by the simple relativistic Dirac model [5]. To
determine the band structure, which permits the description of a
variety of physical phenomena, either ab-initio calculations or effective
Hamiltonians (tight-binding models) [6,7] are utilized, especially for
nanoribbons [8,9].

One of the important quantities strongly related to the band
structure is the Seebeck coefficient S (thermopower) which determines
the thermoelectric ability of the system and describes the electric
voltage VΔ generated due to temperature gradient, S V T= − Δ /Δ . In
specifically designed nanostructures a strong enhancement of the
Seebeck coefficient can be achieved due to band structure engineering
which is very important for conversion of thermal energy into electric
one in nanodevices. Good thermoelectric performance was predicted
for modulated or functionalized graphene nanoribbons [10–13] as well
as SiC and BN nanoribbons with edges asymmetrically terminated with
hydrogen [14,15].

In nanoribbons with zigzag edges electron-electron Coulomb repul-

sion leads to the phenomenon of edge magnetism [16]. In the ground
antiferromagnetic state, magnetic moments of atoms at one edge are in
opposite direction to those at the other one. The direction of magne-
tization is perpendicular to the nanoribbon plane. The emergence of a
ferromagnetic state with all edge moments in parallel is also possible in
some systems [17,18]. Recently, there appeared novel two-dimensional
materials with highly enhanced spin–orbit coupling (SOC) such as
stanene [19–22] or Au-intercalated graphene on SiC [23]. In the
presence of strong spin–orbit coupling, the emergence of an in-plane
antiferromagnetic magnetic configuration is theoretically predicted
[24].

Apart from spin–orbit coupling, first considered by Kane and Mele
[6], and leading to a quantum spin Hall phase in graphene, the Rashba
type of the coupling can play an important role [25]. It should be
underlined that SOC describes the coupling between the next nearest
neighbor sites and respects all lattice symmetries, whereas the Rashba
coupling appears only in systems with broken mirror symmetry. In flat
two-dimensional systems, like graphene, extrinsic Rashba term, de-
scribing coupling between nearest neighbors with opposite spins can be
observed [26]. Extrinsic Rashba coupling (ERC) may be induced by
external electrical field or by interaction with substrate leading to
breaking of mirror symmetry and can be tuned to quite high values
[27,28]. It was reported that ERC can reach values up to 0.2 eV for
epitaxial graphene grown on a Ni(111) substrate [29]. On the other
hand, in systems like silicene, germanene or stanene intrinsic Rashba
coupling (IRC) can play an important role [7,30]. IRC originates from
buckling of the lattice structure and describes the coupling between
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next neatest neighbor sites. Due to nonzero Rashba term spin is not a
good quantum number.

Rashba form of spin–orbit interaction [25], and especially its
influence on transport properties of low-dimensional materials [31]
is currently of great interest. It has been shown that Rashba coupling
can influence conductivity and thermopower of graphene [32], charge
and spin currents of graphene ribbons [33], and enhance the thermo-
electric figure of merit of a two-dimensional electron system [34]. Here,
we analyze separately the influence of intrinsic Rashba coupling (IRC)
[35] and extrinsic Rashba coupling (ERC) [26] on the band-structure
and electron transport properties on nanoribbons.

2. Theoretical model

We describe the nanoribbon by a model Hamiltonian containing the
following terms

H H H H H H= + + + +e SO R1 R2 U (1)

where He describes electron hopping summed for nearest-neighbor
sites i and j, without the change of electron spin component

∑H t c c c c= − ( + )
i j

i j i je
〈 , 〉

↑
†

↑ ↓
†

↓

HSO describes spin–orbit interaction summed for second-neighbor sites
i and j, and spin components ↑, ↓:

∑H iλ ν c c c c= ( − )
i j

ij i j i jSO SO
〈〈 , 〉〉

↑
†

↑ ↓
†

↓
(2)

where λSO is the spin–orbit coupling strength. Parameter

ν d= sign[(
→

) ] = ± 1ij ij z , where d r r r r
→

= (→ − →) × (→ − →)ij k i j k , determines the
orientation (clockwise or anticlockwise) of second neighbor hopping
trajectory through intermediate site k. The term HR1 describes extrinsic
Rashba interaction summed for nearest-neighbor sites i and j, and spin
components ↑, ↓:

∑H iλ ζ c c ζ c c= ( − * )
i j

ij i j ij i jR1 R1
〈 , 〉

↑
†

↓ ↓
†

↑
(3)

where ζ e ie= +ij y x, and the unit vector e r r r r→ = (→ − →)/|→ − →|j i j i repre-

sents the direction of hopping from site i to j. The term HR2 represents
intrinsic Rashba interaction summed for second-neighbor sites i and j,
and spin components ↑, ↓

∑H iλ μ ζ c c ζ c c= ( − * )
i j

ij i j ij i jR2 R2
〈〈 , 〉〉

↑
†

↓ ↓
†

↑
(4)

where parameter μ = ± 1 differentiates between two sublattices of
hexagonal lattice of silicene type, and second neighbors belong to the
same sublattice. Spin–orbit and Rashba interaction terms are ex-
pressed with respect to fixed quantization axis z perpendicular to the
nanoribbon plane as shown in Fig. 1. The last term HU in Eq. (1)
describes electron-electron Coulomb interaction (Hubbard model) in
the mean field approximation

∑H U n n n n n n= ( + − ),
i

i i i i i iU ↑ ↓ ↓ ↑ ↑ ↓
(5)

where n c c=iσ iσ iσ
† is the particle number operator for electrons at site i

with spin component σ = ↑ , ↓ along the quantization axis rotated [24]
by an angle α as shown in Fig. 1. U is the on-site Coulomb repulsion
parameter. We omit the Coulomb interaction of electrons at different
lattice sites. In order to bring the Hubbard HU term to the common
quantization axis z perpendicular to the nanoribbon plane, one has to
apply the appropriate rotation transformation in the spin space to the
creation cσ

† and annihilation cσ operators [37]. In the following we will
consider the out-of-plane magnetic configurations denoted by ⊥ sign,
when the quantization axis for HU term is perpendicular to the
nanoribbon plane (rotation angle α = 0°). The in-plane magnetic
configurations denoted by ∥ correspond to the case, when quantization
axis for the HU term lies in the nanoribbon plan (rotation angle α = 90°,
axis z′ in Fig. 1). The spin-dependent mean number of electrons, niσ ,
at the site i, required to evaluate the Hubbard interaction term (5), is
determined self-consistently from the band-structure of nanoribbon as
follows

∫∑n a
π

n k f E k dk=
2

( ) [ ( )] ,iσ

π a

iσ
bands 0

2 /

(6)

where f E e( ) = 1/(1 + )
E E

kT
− F

is the Fermi-Dirac distribution function,
with EF denoting the Fermi level, while n k( )iσ is the spin-dependent
electron density at site i for a Bloch-wave of energy E(k), and a denotes
nanoribbon width. The edge states are identified by calculating the
mean value of the operator ξ y w= 2 / , (see Fig. 1), where w is the width
of the nanoribbon. For ξ = ± 1 the particular state is exactly localized at
the corresponding edge.

3. Thermoelectric coefficients

Spin-dependent transmission functions T T T, ,x y zs s s are defined as
mean values of corresponding Pauli spin operators σ σ σ, ,x y z over all
occupied bands for a given energy E

∑T E ψ k σ ψ k i x y z( ) = 〈 ( )| | ( )〉 = , ,i is
bands (7)

where ψ k| ( )〉 is the eigenvector of Hamiltonian (1) for a given wave-
vector k, and summation in Eq. (7) is carried over all wavevectors k
satisfying the condition E k( ) = const. Spin-independent total transmis-
sion T(E) is equal to the number of bands for a given energy E, and can
be formally defined similarly to Eq. (7) as a sum over occupied bands of

mean values of identity operator 1̂. Transmission coefficients for a
particular spin direction along the quantization axis are equal to:

T T T T T T= 1
2

( + ) = 1
2

( − )z z↑ ↓ (8)

In the ballistic transport approximation, one determines moments
Lmσ of the electronic current expansion around the Fermi level

∫∑ ∑L L
h

T E E μ f E μ
E

dE m= = 1 ( )( − ) ∂ ( − )
∂

= 0, 1, 2m
σ

mσ
σ

σ
m

−∞

∞

(9)

where μ denotes the chemical potential. The spin-dependent electronic
conductance Gσ then equals e L− σ

2
0 , where e is the elementary charge.

The total conductance G is equal to G G+↑ ↓. Heat conductance due to
electronic current can be obtain from the following formula

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟κ

T
L

L
L

= 1 −e 2
1
2

0 (10)

Conventional thermoelectric coefficients Sc (Seebeck coefficient) can
be determined from

S
eT

L
L

= 1
c

1

0 (11)

Components of total spin current J
→

s at temperature T can beFig. 1. Coordinate system and quantization axis.
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obtained by integrating the corresponding transmission functions T E( )is
over all occupied bands

∫J T E f E μ dE i x y z= ( ) ( − ) = , ,i is
−∞

∞

s (12)

4. Results

We discuss in detail the impact of Rashba coupling on the electronic
structure, charge and spin transport as well as on thermoelectric
phenomena of graphene-like nanoribbons. Calculations were per-
formed within the framework of tight-binding model described by the
Hamiltonian (1) with tight-binding hopping parameter t = 1.6 eV,
which corresponds to the case of silicene [4]. Investigations were
performed for nanoribbons of zigzag type with N=16 carbon atoms in
the y direction, whereas periodic symmetry was assumed in the x
direction. Strong Coulomb interaction, described here by the Hubbard
parameter U = 1.5 eV approximately equal to the hopping parameter t
[24], leads to the magnetic ordering of the edge moments, and
antiferromagnetic (AFM) as well as ferromagnetic (FM) configurations
could be observed, though as a rule, energy of AFM state is lower [38–
40]. However, FM ordering can be induced due to proximity effect [41].
Usually, it is assumed that the magnetic moments are perpendicular to
the nanoribbon plane [42]. In systems with strong intrinsic spin–orbit
coupling (SOC) magnetic anisotropy is important and under certain
conditions the moment can be parallel to the nanoribbon's plane
[24,37]. In the following we present results obtained in two different
cases. First, the spin–orbit coupling is neglected and the impact of
extrinsic Rashba interaction, described by the parameter λR1 is
discussed. In the second approach presented in the paper calculations
were performed with spin–orbit and intrinsic Rashba couplings taken
into account.

4.1. Systems with negligible spin–orbit coupling

The spin–orbit coupling is neglected in the presented approach,
accordingly, we investigate here only influence of the extrinsic Rashba
interaction described by the third term in the Hamiltonian (1) and
dependent on parameter λR1. One can expect that the results can be
relevant for systems like graphene with practically negligible effect of
spin–orbit coupling. Parameter λR1 of extrinsic Rashba coupling was
varied in a wide range of values, up to 0.15 eV, and we believe that such
strong extrinsic Rashba coupling can be induced in a specially designed
systems [23]. In the present approach with negligible SOC parameter
and λ = 0R1 perpendicular and parallel configurations correspond to
the same energy. Accordingly, we consider four possible configurations,
namely two configurations with moments perpendicular to nanorib-
bons's plane, FM⊥, AFM⊥ and two with moments parallel FM∥, AFM∥.
Calculations show that in the absence of Rashba interaction λ( = 0)R1

AFM configuration should be stable in both cases parallel and
perpendicular ones.

As presented in Fig. 2 the energy difference between AFM and FM
states is reduced due to ERC, and moreover, for higher values of the
coupling FM⊥ ordering can exhibit lower energy than AFM⊥ one. In the
absence of ERC configurations FM⊥ and FM∥ are equivalent and exhibit
well-defined spin-polarized edge states crossing the Fermi level and
practically spin-degenerated bulk bands. When the Rashba interaction
is induced these two configurations behave in a different way, namely,
in FM∥ one the edge states transform into bulk states and only local
gaps are open near the Fermi level, whereas in FM⊥ configuration the
energy gap starts to open, initially it is increasing with λR1, and then
slowly closes for high values of Rashba parameter (Fig. 2b).

Interestingly, the spin-polarized edge states are well protected
against ERC and can be well observed even for system in the insulating
state (Fig. 3). Moreover, magnetic moment of edge states practically
does not change in a wide region of λR1. In turn, AFM⊥, AFM∥
configurations in the absence of ERC are band insulators with a
relatively wide energy gap. The global gap strongly narrows and quickly
disappears with increase of λR1 for AFM⊥ case, while the changes of the
gap width are rather slow in AFM∥ state and a narrow gap can be
observed even for very strong ERC (Fig. 3). Edge states lying below and
above the Fermi level, which in the absence of ERC can be well
observed in a region of k-vectors between K and K′ points are well
protected only in AFM∥ case. When the moments are perpendicular
these states transform with increase of λR1 into bulk states and the edge
character is preserved only in a close vicinity of π point in the
Brillouine zone. However, the magnetic moment is still localized near
the edges and its value becomes suppressed for higher values of λR1. It
should be noted that Rashba coupling breaks the symmetry of the band
structure with respect to π point and local gaps appear in a vicinity of K
and K′ points in FM∥ and AFM⊥ configurations, though no global gap
can be observed [43].

In initial configurations of FM⊥ and AFM⊥ types the spins are lying
along the z-axis perpendicular to the ribbon. As the z-component of the
net magnetic moment in AFM⊥ state is equal to zero, the bands are
spin-degenerated. It is interesting that the splitting of the states with
opposite z spin component appears in FM⊥ ordering only around the
Fermi level and this splitting quickly vanishes with λR1 increasing, so
the bands corresponding to opposite z-components of the spin are
degenerated for higher values of λR1. However, a presence of ERC
induces in both configurations FM⊥ and AFM⊥, transversal component
of the spin vector lying along the y-axis in the ribbon plane. Though the
net transverse moment in FM⊥ state is equal to zero, the considerable
spin splitting of the states with opposite transversal components
appears and for higher values of λR1 the very interesting spin structure
can be observed (Fig. 4).

Namely, the bands corresponding to transverse component along y-
direction and lying below/above the Fermi level start to group on the
left side of π point, whereas those with opposite transverse spin

Fig. 2. (a) Energy difference and b) band gap for magnetic configurations.
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component on the right side of π point and a kind of spin nodes
appears in the band structure. Accordingly, the Rashba coupling
introduces considerable asymmetry in the spin-dependent band struc-
ture, which can be well seen in Fig. 4. Such spin nodes in the band
structure corresponding to transverse spin component can be also seen
in the initial AFM⊥ state. Moreover, the Rashba coupling induces small
net transverse magnetic moment and in fact the ordering is not strictly
antiferromagnetic one. For convenience the configuration will be still
called AFM⊥.

Consider now FM∥ and AFM∥ states. Then, in the absence of Rashba
coupling, the spin vector is lying along the quantization axis z′ in the
ribbon plane. The bands are fully degenerated in AFM∥ configuration,
whereas in FM∥ one a small splitting of the bands appears near the
Fermi level. A presence of ERC induces the strong longitudinal (along
quantization axis z′) spin polarization of bulk states in both configura-
tions, though the net moment along z′ remains zero in AFM∥ state. The
spin nodes corresponding to the opposite longitudinal spin component
appear near the π point for states below/above the Fermi level and in
general the structure is very similar to the one presented in Fig. 4. The
main difference appears only in a close vicinity of the Fermi level,
namely, in AFM∥ case the gap is very narrow, whereas FM∥ configura-
tion exhibits no global gap. Interestingly, if initial moments are lying in
the ribbon plane along z′ axis, the Rashba coupling induces practically
no splitting of the bands corresponding to the transverse spin
component and bands remain degenerated, though a very small net

transverse moment is generated in AFM∥ configuration. Accordingly,
the conclusion can be drawn, that the presence of Rashba coupling
always induces spin polarization of the bands in the ribbon plane and
the polarization is practically independent of the initial magnetic

Fig. 3. Band structures with color-coded edge states for different magnetic configurations, λ = 0.1 eVR1 . K and K′ points for nanoribbons are obtained from the corresponding two-

dimensional Brillouin zone by projection [36].

Fig. 4. Spin-y splitted band structure for FM⊥ configuration, λ = 0.1 eVR1 .
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configuration.

4.2. Transport and thermoelectric properties

Now, we discuss the impact of Rashba interaction on transport
properties. Modifications of band structure with λR1 directly influence
transmission function and influence electrical conductance G as well as
electron heat conductance κe and the changes are depicted in Figs. 5
and 6, respectively. We present only certain results obtained for chosen
configurations. Total electron conductance G calculated in FM⊥ state for
several values of λR1 is given in Fig. 5a as a function of chemical
potential, whereas the inset presents spin-dependent conductance Gσ
related to z-component of the spin vector leading to the net magnetic
moment.

It can be well seen that apart from the close vicinity of the Fermi
level, where the spin-dependent edge states appear, the conductance
practically does not depend on spin direction. Moreover, for small
values of Rashba parameter the steps in the conductance can be clearly
visible, which correspond to rapid increase in G when new conducting
channels become open for the transport. The steps are much narrower
and less visible when Rashba interaction is stronger. Moreover, the
conductance is reduced. Essential changes appear in a vicinity of the
Fermi level as the energy gap starts to open which results in a
considerable reduction of the conductance in the gap. In general,
similar changes can be observed for AFM∥ state, but in this case the gap
present for λ = 0R1 starts to close with Rashba interaction increasing. In
Fig. 5b we present spin dependent electrical conductance calculated for
AFM∥ state. In the previous subsection it was stated that Rashba
interaction induces longitudinal spin polarization of the bands in AFM∥
configuration. A direct consequence of this splitting is spin dependent
conductance depicted for two values of Rashba parameter, the weak
one λ = 0.005 eVR1 (Fig. 5b, inset) and much stronger λ = 0.15 eVR1
(Fig. 5b). It can be observed that the dependence of G on spin
essentially changes with λR1 and strong spin polarization is found for
large ERC. Interestingly, considerable polarization exhibit bulk states,
which contribute to Gσ at higher values of chemical potential though
there is no net magnetic moment along quantization axis z′. Note, also
that Gσ for higher values of λR1 is strongly asymmetric with respect to
Fermi level. Similarly, the spin polarization in FM∥ state, which is
rather weak in the absence of Rashba coupling, considerably increases
with increase of λR1 parameter.

Consider now, the heat conductance κe presented in Fig. 6 for two
configurations FM⊥ and AFM∥, respectively. It can be well seen that for
higher values of μ| | the heat conductance decreases with λR1, but in the
vicinity of the Fermi level the conductance strongly depends on the
configuration type. A presence of Rashba interaction transforms
configuration FM⊥ into band insulator, accordingly, the heat conduc-
tance is reduced as the energy gap is opened, In turn, in AFM∥ state,
which is insulating for λ = 0R1 , the gap gradually narrows with ERC

increasing, so the heat conductance is enhanced in a vicinity of the
Fermi level.

Next, we discuss the influence of Rashba parameter on the Seebeck
coefficient. As spin effects appear to be minor we present only results
obtained for conventional thermopower Sc. Then, the presence of
Rashba interaction can lead to a strong enhancement or strong
suppression of Sc in dependence on the initial magnetic configuration.
If magnetic moments are perpendicular to the nanoribbon plane and
ordered ferromagnetically (FM⊥ configuration) the Rashba interaction
opens energy gap and the system is transformed into band insulator.
Thereby, the Seebeck coefficient strongly increases in a vicinity of the
Fermi level (Fig. 7a).

The different behavior of Sc can be observed for AFM⊥ state, which
exhibits insulating character in the absence of ERC. Then, the global
gap disappears under the influence of Rashba coupling. Accordingly,
the Seebeck coefficient, which initially assumes quite considerable
values, is strongly suppressed with increase of λR1 as presented in
Fig. 7b. Configurations with moments parallel to the ribbon plane are
much less sensitive to the influence of Rashba coupling. Though, AFM∥
state is initially insulating and exhibits relatively wide energy gap, the
changes of the gap width with λR1 are very gradual, accordingly a
decrease of Sc is not very pronounced for moderate values of ERC. On
the other hand, in FM∥ configuration the bands do not exhibit global
energy gap even at strong Rashba parameter, so Sc practically does not
vary with λR1 and remains small for high values of this parameter.
Therefore, we do not present those results which are less interesting.

4.3. Spin current

Spin current J J J J
→

= ( , , )x y zs s s s transmitted along the ribbon axis
corresponds to the expectation values of the appropriate Pauli matrices
averaged over all occupied states in the band (see Eq. (12)). In

Fig. 5. Electron conductance G for (a) FM⊥ and (b) AFM∥ configurations. Spin-polarized conductance Gσ is presented in insets. T = 100 K .

Fig. 6. Heat conductance κe at T = 100 K .
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nanoribbons of the assumed geometry with x-axis along the ribbon axis
and periodical boundary conditions the x-component of the spin
current is equal to zero in all cases under investigation and only spin
current components in the yz plane can be different from zero. Here,
we discuss configurations of two types, with moments parallel and
perpendicular to the ribbon plane, and determined with respect to two
different directions of spin quantization axis, z′ and z. Accordingly, it is
convenient to consider two components of spin current, namely, the
parallel component of spin current lying in the ribbon plane Js∥, and the
second one — perpendicular to the ribbon Js⊥. The parallel component
of spin current Js∥ is induced due to Rashba interaction and its general
course is very similar in all configurations. Some differences can be
observed only for very small values of Rashba parameter, where for
λ = 0.005 eVR1 the spin current is considerably lower in AFM⊥ state as
compared to FM⊥ one. However, for higher values of Rashba parameter
the currents are comparable in all configurations.

Therefore, in Fig. 8a only the spin current obtained for AFM∥
ordering and several values of λR1 is depicted. Interestingly, the parallel

component of spin current as a function of chemical potential that can
be varied by gate voltage applied to a section of the nanoribbon,
exhibits two well pronounced maxima directly related to the spin-
polarized band structure. This relation is well demonstrated by the spin
transmission function T E( )s∥ presented in Fig. 8b which is very similar
in all configurations. The transmission changes the sign near energies
± 2 eV, where according to Fig. 4 spin polarized states are crossing in
the valence and conductance bands and the spin nodes correspond to
the maxima present in the spin current. Additionally, T E( )s∥ changes the
sign near the Fermi level which results in the minimum in Js∥. The spin
current component perpendicular to the ribbon plane Js⊥ is consider-
ably different from zero in FM⊥ and AFM∥ configurations (Fig. 8c), as
only in these two states a non-vanishing net magnetic moment
perpendicular to the ribbon plane can appear, though it is very small
in AFM∥ ordering. The perpendicular spin transmission T E( )s⊥ is lower
than the parallel one T E( )s∥ and a number of narrow peaks can be well
seen (Fig. 8d). The spin current Js⊥ changes in a non-monotonic way
with Rashba parameter and for small values of λR1 exhibits maxima in a

Fig. 7. Seebeck coefficient Sc at T = 100 K .

Fig. 8. Spin currents: (a) Js∥ and (c) Js⊥ and corresponding transmissions: (b) Ts∥ and (d) Ts⊥ for λ = 0.1 eVR1 in AFM ∥ configuration.
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vicinity of μ = ± 2 eV.

4.4. Systems with finite spin–orbit coupling

Now, the interplay between spin–orbit and Rashba couplings is
discussed. To demonstrate the influence of SOC on the results obtained
in the previous section we assume considerably strong spin–orbit
parameter λ = 0.032 eVSO , therefore the presented approach could be
related to the systems like stanene, in which very strong SOC is
expected [7,21,22]. In systems with strong intrinsic spin–orbit cou-
pling magnetic anisotropy is important and magnetic structures with
moments lying in the nanoribbon's plane can be stable [24,37].
Accordingly, in the following only one configuration will be investigated
in detail, namely AFM∥ state with edge moments lying, in the absence
of Rashba interaction, in the ribbon plane and ordered in antiferro-
magnetic way. Then, the system is the band insulator with a consider-
ably wide energy gap [37]. Now, we change the parameter λR2 (see Eq.
(1)), describing the intrinsic Rashba coupling, as we want to investigate
behavior of the system under quite different conditions. However, the
results clearly show that the main conclusions concerning the impact of
Rashba interaction on the band structure and transport properties can
be also valid for systems with strong SOC. First of all, in AFM∥
configuration IRC induces a considerable spin polarization of electron
states along the quantization axis lying in the ribbon plane, though
there is no net magnetic moment in this direction (Fig. 9a).

Moreover, similarly as in the previous case, the very special spin
structure of the splitting bands can be observed for high values of
Rashba parameter. The main difference is that the spin nodes appear-
ing for states below and above the Fermi level with values of k-vector
lower (higher) than π correspond now to opposite spin directions,
whereas in the previous case with vanishing SOC such states were
related to the same spin direction. Accordingly, the spin–orbit coupling
changes the symmetry of the spin split bands. The band structure
strongly influences the spin transmission T E( )s∥ and finally the shape of
the parallel component of the spin current is drastically changed
(Figs. 9b). First, the current increases with increase of chemical
potential in the valence band, achieves the maximum near the energy
close to −2 eV, for which spin nodes appear in the valence band and
spin transmission T E( )s∥ changes sign. Then, the current is suppressed
and achieves the plateau in a vicinity of the Fermi level and next the
current exhibits minimum for μ close to 2 eV corresponding to spin
nodes in the conductance band and leading to the change of sign in the
spin transmission. Therefore a different symmetry of spin split bands
results in a different behavior of the spin current parallel to the ribbon.

5. Conclusions

The presence of Rashba interaction in two-dimensional graphene-
like systems with magnetic structure leads to many physical effects,
affecting band-structure, magnetic configuration and transport proper-
ties of nanoribbons. In this paper we have shown, that large value of
extrinsic Rashba coupling λR1 stabilizes the out-of-plane ferromag-
netic configuration FM⊥, and differentiates the properties of in-plane
and out-of-plane FM structures. Band structures corresponding to out-
of plane configurations exhibit spin splitting, with respect to the in-
plane spin y-component. The electric conductivity G near the Fermi
level depends on the value of λR1, e.g. for large λ GR1 is reduced for FM⊥
configuration due to band opening. Large values of Rashba coupling
lead to spin-polarization of electronic conductance. Similar effects can
be observed for electronic thermal conductance κe, due to Rashba
interaction-induced band opening for FM⊥ configuration, and the
respective band closing for AFM∥ configuration.

In the framework of the tight-binding model presented in Eq. (1),
inclusion of Rashba-type interaction in nanoribbons based on gra-
phene-like systems does not lead to significant spin thermoelectric
effects. However, the value of Rashba coupling affects considerably the
conventional Seeback coefficient Sc, and this influence depends on the
kind of magnetic configuration. The presence of Rashba interaction
induces spin current Js∥ for all magnetic configurations considered,
where in-plane component of spin is transported along the nanoribbon.
For specific magnetic configurations with the direction of magnetiza-
tion perpendicular to the nanoribbon plane, one obtains non-zero value
of Js⊥, describing the transport of the out-of-plane component of spin.
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