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Spin- and valley-dependent miniband structure and transport in silicene superlattices
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We investigate silicene superlattices in the presence of a tunable barrier potential U, an exchange field M, and
a perpendicular electric field E,. The resulting miniband structure depends on the spin and valley indices and on
the fields M and E.. These fields determine the minigaps and also affect the additional Dirac points brought about
by the periodic potential U. In addition, we consider diffusive transport and assess its dependence on the spin
and valley indices as well as on temperature. The corresponding spin and valley polarizations strongly depend on
the potential U and can be made almost 100% at very low temperatures at particular values of the Fermi energy.
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I. INTRODUCTION

Silicene is a two-dimensional (2D) hexagonal lattice of
silicon atoms, similar in structure to graphene, except for
the fact that its two sublattices have a height difference of
2¢ with the buckling height £ a2 0.23 A. This material has
attracted considerable attention in recent years [1]. It has
been predicted to be stable [2] and there have been several
attempts to synthesize it [3—6]. The energy spectrum of silicene
has a small gap due to its strong spin-orbit interaction [7],
determined by the coupling strength Ag,. Due to the buckled
structure of silicene, this gap can be tuned by applying a
perpendicular electric field [8,9], leading to a gap of size
2(s;nE.€ £ Ay), where s, = &1 and n = %1 are the spin
and valley indices, respectively. This tuning of the gap, a
property which is absent in graphene, and its compatibility
with silicon-based technology, makes silicene an excellent
candidate for applications in nanoelectronics. Very recently,
a silicene based field-effect transistor was reported [10].

One can also induce an exchange field M in silicene by
putting a ferromagnet near its surface and further influence its
spin properties. Combined with the spin and valley dependence
of the gap and the fact that silicon has a longer spin-
diffusion time [11,12] and spin-coherence length [13] than
graphene [14], this makes silicene an excellent candidate for
applications in spintronics and valleytronics. Such considera-
tions led to many studies of important effects such as the spin-
and valley-Hall effects [15—-18], the quantum anomalous Hall
effect [9,19], the spin-valley coupling [20], etc., see Ref. [21]
for a review.

Recent studies on the influence of electric and exchange
fields on ballistic transport through potential barriers led
to the prediction of near-perfect spin p; and valley p,
polarizations [22-24] for energies near the barrier height U.
Also, ps and p, increase with the number of barriers [24].
Such findings strongly motivate studying silicene superlattices
(SSLs) and the influence of scattering on the corresponding,
nonballistic transport. It is also of interest to investigate how
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the additional Dirac points, caused by the SL potential as
shown for graphene [25,26] with E, = M = 0, are affected
by finite E,; and M. The condition for these extra Dirac points
is sin(g,b) = 0, where ¢, is the x component (we take x
perpendicular to the barriers as depicted in Fig. 1) of the wave
vector inside the barriers of width b; it means that half of the
particle’s wavelength fits an integer number of times inside the
barrier.

The aim of the present research is to build on recent
studies [23,24] and study SSLs. In particular, the aim is
to assess the dependence of the miniband structure on the
spin and valley degrees of freedom and on the fields M and
E.. A second aim is to go beyond the ballistic transport
of Refs. [23,24] and investigate the more realistic diffusive
transport, its dependence on these factors, and evaluate p;
and p, at finite temperature. The main findings of this work
are as follows: (i) the positions of the additional Dirac points
found near the K (K’) valley in the energy spectrum depend
on the fields E, ad M since so does the x component of
the wave vector in the barriers and wells; (ii) the minigaps
initially increase with E, and M but with further increase they
close. This behavior of the energy spectrum is reflected in
the density of states and the conductivity, which are spin and
valley dependent, and the spin p; and valley p, polarizations.
(iii) At very low temperatures p; and p, are nearly perfect,
within a realistic range of the fields E, and M, but decrease
as the temperature is raised. iv) Contrary to results for a
finite number of barriers [22—24], in the ballistic regime these
polarizations are no longer restricted to energies near the top
of the barriers but do depend on U.

The paper is organized as follows. In Sec. II we present the
basics of the formalism and obtain the SL dispersion relation.
In Sec. III we present results for the miniband structure, the
density of states, and the diffusive conductivity. In addition,
we evaluate p; and p, and assess their dependence on the
fields M and E, and the temperature. We summarize our main
results in Sec. I'V.

II. DISPERSION RELATION

We consider silicene in the presence of a SL potential U,
an exchange field M, and a perpendicular electric field E,.
The field M can be induced by placing a ferromagnetic layer
near the surface of silicene. We assume that the different spin
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FIG. 1. Sketch of the superlattice potential.

states are completely decoupled, which means we neglect
very small intrinsic and extrinsic Rashba effects referred to
as Ag; and Ag, in Refs. [9,27]. Then for low energies the
one-electron Hamiltonian is given by

_ A, +Ux) hvp(k, + inky)
Hys. = <th(kx —inky)  —A.+ UG ) M

Here vy is the Fermi velocity, U(x) = Up(x) + s, M is
the potential energy function, which includes the periodic
superlattice potential Uy(x) and the exchange field M, and
A, = s;neE.l + X, contains the electric field strength E, the
buckling height /, and the spin-orbit interaction (SOI) strength
Aso- The indices 1 and s, distinguish, respectively, between the
K and K’ valleys and the spin-up (1) and spin-down states ({).
For U(x) = 0 the energy spectrum is given by

E, , = +([A? + ’?0ik*] + 5. M), )

which has a spin and valley dependent energy gap of size
2(A; + s, M) and the spectrum is linear for larger k. With
translational invariance in the y direction the eigenstates
outside the barriers are W(x,y) = ¥ (x)e!®Y where

Y(x) = A(r]i)e”‘*" + B(_rlk+)e_ik"‘, (3)

with r = hvg /(E — s;M + A,), ks = k, =+ ink,, and

ke = [(E = s.M)/hwp)? — (A hwp)? — K2 (4

the x component of the wave vector outside the barriers. Inside
the barriers the wave functions are found by changing E to
E — Uy; for instance, the x component of the wave vector is

dx = [(E = Uy = s:M)/hwop)’ — (Ao fhwr) =577 (5)

The SL structure has a unit cell of width L which contains a
barrier of width b, and a quantum well of width w = L — b, as
depicted in Fig. 1. The wave functions obey Bloch’s theorem
and are continuous at the potential steps. This leads to

¥(0-) = ¥(0,)
Y(b) = Y(—w)e™ L. ©6)

After matching the wave functions and applying the conditions
(6) we obtain the SL dispersion relation

cos(ky L) = cos(wk,) cos(bq,) — F sin(wk,) sin(bg,) (7)
with
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Apart from the explicit dependence on the spin and valley
indices as well as the fields M and E,, Eq. (7) is of the standard
form and has to be solved numerically.

III. RESULTS AND DISCUSSION

A. Spectrum, density of states, and conductivity

It is convenient to introduce new units which results in
the following dimensionless quantities: E — € = (E /hvg)L,
U—u=U/hwp)L, A; - (A;/lwp)L, Ky — kL, ky —
kyL, w— w/L, b — b/L. Additionally, we will substitute
the energy between the barriers by € — ¢ + bu and within
the barriers by € —u — € — wu, in order to avoid shifting
the Fermi energy by u/2 as a result of adding the superlattice
potential to the system. By solving Eq. (7) numerically we find
the energy spectrum shown in Figs. 2 and 3. It is periodic in
k, and exhibits a miniband structure. For low values of u, it
is mostly hyperbolic as a function of k,. However, as we see
in Fig. 3, the structure changes significantly for higher values
of u. For u > 4, there are two extra Dirac points for «, = 0,
and even more for higher values of u. The condition for them
is easily found by solving Eq. (7) fore =0, w = b = 0.5, and
ky = 0. For w # b these extra Dirac points do not occur at
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FIG. 2. Upper panel: Superlattice miniband structure with A, =
2Xs,. Lower panels: Miniband structure for spin-down electrons (left)
and for spin-up electrons (right) near the K valley. Near the K’ valley
the results for spins down and spins up are reversed. The parameters
usedareu =27, b =w =0.5,¢eEz{ = Ay, and M = 0.

125425-2



SPIN- AND VALLEY-DEPENDENT MINIBAND STRUCTURE ...

FIG. 3. Miniband structure for b = w = 0.5 and A, = 2A,,. The
top left (right) panel is for x, = 0 (x, = ), and the bottom left (right)
one for k, = 0 (ky, = 7).

€ = 0 but at € # 0, see Ref. [26] for more details. For ¢ =0
we find

(u2 +4(A2+K3)

w2 —4(Aa2+ k)

For k, #0 or A; # 0, Eq. (10) leads to sin(k,/2) = 0. Its

solution corresponds to the original Dirac point when a critical

field value E, = %A, /el closes the gap. In turn sin(k, /2) = 0
leads to

— 1) sin(ky /2). (10)
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where j is an integer larger than 0. For A, = 0Eq. (11) reduces
to the result for graphene [26]. The condition sin(k,/2) = 0
expresses the fact that half the wavelength A = 27/k,(27/qy)
fits an integer number of times inside the barriers (wells). Note
however that this is not the case for the Bloch wave vector
k. The behavior of the energy spectrum at k, =k, =0 as a
function of k, is shown in Fig. 4. The upper panels are for
different £, with M fixed and the lower ones for different M
with E, fixed. The exchange field M simply raises (lowers) the
energy of spin-down (spin-up) electrons. As seen the minigaps
increase with E_. After reaching a maximum size though, they
do decrease as shown for the first two of them in Fig. 5. The
decrease occurs when two of the extra Dirac points are shifted
to the K valley. The minigaps behave in a similar way when
the exchange field M is varied.

Using the SL miniband structure, we can find the density
of states (DOS) given by

D(e) =) 8(e — e(k)) (12)

n,k

where the integer 1 labels the minibands and k = k¢, + k,é,.
The results are shown in Fig. 6 for several values of u. Similar
to the case of graphene [26], the DOS peaks at the edges of
the Brillouin zones. These values correspond to local minima,
maxima, or saddle points in the energy spectrum, which have
different positions in the k£ plane for different values of u.
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FIG. 4. Miniband structure for spin-up (left) and spin-down
(right) electrons near the K valley at k, = 0 for three values of the
field E, (top row) and of the field M (bottom row).

Near these points the energy states accumulate. It is also clear
that for higher potential barriers the peaks get larger as this
corresponds to more pronounced minima of the energy as a
function of k, as seen in Fig. 3.

The energy spectrum also allows us to calculate the
diffusive conductivity o,,,, with 4 = x,y and v = x,y, which
measures the system’s capacity to carry a current in the p
direction in response to an electric field in the v direction. If
we assume a nearly constant relaxation time 7(Er) &~ 15 the
expression for g, is [28]

(€r) = B0 Y Vupny (1 — fo) (13)
nk
with
vn;/.(k) = VUf [aen(k)/aku] (14)

the group velocity in the u direction, oy = tre?/A, A is the
area of the system, B = 1/kpT, f,(K) = 1/(ePEr—Ew) 4 1)
the Fermi-Dirac distribution, and t a relaxation time for elastic
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FIG. 5. Behaviour of the first (left) and second (right) gaps at the
K point as a function of A,.
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FIG. 6. Density of states for w = b = 0.5 and A, = 2A,. The §
function was approximated by a Gaussian with variance o2 = 0.01.

scattering. In the absence of a magnetic field we only consider
© = v. However, there is a spin- and a valley-Hall effect, as
discussed in Ref. [29]. The analytical expression for the group
velocity in the x direction is

Uy . €+ ub € —uw
— = | sin(k,w) cos(g,b) w+F b
a kx qx
— b
+ cos(k,w) sin(qxb)<€ uwb + FE u w)
qx ky
—1
+ F' sin(k,w) sin(qxb)] sin(k,w), (15)
where
o (€ + ub)e; + (e —uw)e? + ke, + g€y
keqrewep
Fle4+ub €—uw 1 1
— —+—. 16
+2( @ + pe +€w+€b> (16)

The expression for v, is found in the same straightforward
manner as Eq. (15) but the result is quite large and therefore
will be omitted. The peaks in the conductivity oy, (see Fig. 7)
correspond to the peaks of the DOS at the Fermi energy and
broaden as the temperature increases. For T — 0 we can
replace Bfx(1 — fux) by é(eF — €,x) and obtain

B vy (ki)
Oun(€r) = 0ovr Z [v20ko) + v3(ko)]

a7

UXX

-0 -5 0 5 10
€F

FIG. 7. Diffusive conductivity, in units of oy, along the x (left) and
y (right) directions forw = b = 0.5, T = 10K, and E, = 2A,, /€.
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FIG. 8. Energy spectra for electrons with different valley degrees
of freedom, with M = 1 and E, = Ay, /el.

where i labels the solutions of €, (k;) = €r. The conductivities
oyx and o, are shown in Fig. 7 for several values of u. As seen,
for low energies oy, is larger than without the SL potential
(u = 0), while for higher energies the opposite is true. As for
0Oyy, it is mostly linear except for large u, similar to the case for
free silicene (# = 0), because of the translational invariance in
the y direction.

B. Spin and valley polarizations

Electrons with different spin and valley indices have a
different energy gap for the same electric field £, and when the
system is magnetized, the different spin states differ in energy,
as shown in Fig. 8. It is clear that these differences are also
present in the corresponding conductivities. Due to the lifted
spin and valley degeneracies, we can define a spin polarization

ps by

K1 Kt _ 5Kl _ 5K'1
O‘Ml’« + U,lei al’vl/v GHM (18)
K|

T
= "kt K1 Ky
Opp + Opp + Opp’ + Opp

and a valley polarization p/ by

Kt _ Kt K| _ K|

p” _ Oupn = up + O Oun
v K9 K'1 K K'} -
Opp + Opp + Opp’ + Opp

19)

The results for pi’ and p" are shown in Fig. 9. One sees that
they are optimal near € = nm with n an integer, i.e., at the
location of the energy gaps. Since above and below the gaps
they are opposite to each other, this allows for their quick
switching by varying the electron energy. Near which gaps
the polarizations are optimal depends on the potential strength
u. As u increases, the polarizations increase near the gaps

FIG. 9. Spin and valley polarization based on the conductivity in
the x direction for w = b = 0.5, eE.l = 5A;,, and M = 2 meV for
varying u.
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at higher energies, while near the primary gap they decrease.
This corresponds to the increased conductivity visible in Fig. 7,
which is due to the extra Dirac points and the smaller energy
gaps at high values of u. As the conductivity remains high
for all electrons, the polarization is less drastic, which is why
they are only optimal near the gaps in the first place. In the y
direction we only find a polarization near the zero-energy gap
cases. Since this is not different from the results for silicene
without the SL, we omit further details.

In Fig. 10 we show how the conductivity and the polar-
izations behave as a function of the fields £, and M. The
conductivity increases as a function of M, since the electron
energy moves away from the gap, and decreases as a function
of E,, because the field E, increases the gap to the point that
the electron energy lies in the gap. The spin polarization is
obviously an odd function of the magnetization but disappears
for higher values of M, because the overall higher conductivity
lowers the relative difference between the conductivity for
different spins. A high valley polarization is only possible for
a sufficiently strong electric field E,. We also see that near the
second energy gap the polarizations disappear for too strong
fields E. This can be explained by the fact that the miniband
gaps do not keep increasing for stronger fields, due to the
further opening of the first gap, which squeezes the minibands
closer together, see Fig. 5.

>10

5 10
eE.l (Aso) -

€ EZI (ASO)

FIG. 10. (M, E) contour plots of the conductivity in units of 40y
(top), of the spin polarization (middle), and of the valley polarization
(bottom) at 7 = 10 K. The left panels are for ez = 0.3 and u = 27
and the right ones for € = 7 4+ 0.3 and u = 4.
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FIG. 11. Spin (left) and valley (right) polarization for u = 2,
w=>b=0.5,eE,] =5\, and M = 2 meV as a function of temper-
ature and Fermi energy.

C. Temperature dependence

Near perfect spin and valley polarizations have already been
found in ballistic transport through potential barriers, and the
results correspond well to what we found, with the exception
of polarizations in the higher conductivity range that we did
not find. These were the result of transmission resonances,
obtained by the transfer matrix method, but seem suppressed
in the SL case. Here we consider diffusive transport, which
is more realistic for SLs, and include temperature in our
conductivity calculation. We limit ourselves to a constant
relaxation time tr as due to only impurity scattering, which
holds for low temperatures. For high temperatures, not
considered here, phonon scattering comes into play and will
change the temperature dependence. As seen in Figs. 11
and 12, the polarizations remain relatively strong at very low

14 25
12 20 “““““
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% 8
© 6} ahso)
4 —3
.5 PP
2t 7,
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5 10 15 20 25 30
T
1.0 o
08 )
, 0.6 1 06
2 0.4l Belhso) < 0.4l M(mev)
—3 —2
02t --5 02 --4
-7 -6
0054675 20 25 30 0054675 20 25 30
T T
1.0 - 1.0p—=
08 0.8
_06 E o6f~.
0 af BalAso) g 4l M(mev) T R
_3 o2 §
02 --5 02 --4
7 --6
0053961520 25 30 00545152625 30

T

T

FIG. 12. Conductivity o,,, spin (p,) and valley (p,) polarizations
versus temperature for u = 2w, w = b = 0.5. The left panels are for
M = 2 and the right ones for e E.l = 3.
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temperatures. Their decrease with temperature can be offset
by using stronger fields. If the fields are too high, however, the
total electron energy, in which the polarizations are optimal,
will lie outside the narrow energy region, see Fig. 10. The
conductivity increases with temperature because the smearing
of the energy bands allows more energy states to contribute to
the conduction.

IV. SUMMARY AND CONCLUSIONS

We investigated the behavior of the energy gaps in silicene
SLs as a function of the applied electric E, and exchange M
fields. Initially, the field E, creates energy band gaps, but due
to the presence of extra Dirac points on both sides of the K and
K’ valleys, the gaps close again when the Dirac points move
towards the origin of the K (K') valleys. Before all extra Dirac
points annihilate in this way, there are zero-energy modes and
the system remains metallic, contrary to the case of silicene
without a SL. The gaps between the minibands behave in a
similar fashion, although for large E,, these gaps diminish in
size. This is a consequence of the widening of the first band
gap, which pushes the minibands closer together.

From the energy spectrum we obtained the DOS and the
longitudinal conductivity in the x and y directions. Since both
depend on the spin and valley degrees of freedom when the
fields E, and M are present, the different conductivities can

PHYSICAL REVIEW B 93, 125425 (2016)

be used to calculate the spin and valley polarizations. At very
low temperatures we find nearly perfect polarizations close to
the different gaps in the miniband structure. The polarizations
above and below the gaps are opposite to each other. Near
which gaps they are optimal depends on the potential strength
u. For higher u the polarizations near the gaps at higher
energies are improved, while at lower energies the extra
Dirac points keep the conductivity high for all electrons, thus
decreasing the polarization.

The polarizations decrease with increasing temperature but
this decrease can be partially offset by increasing the strength
of the fields £, and M. Compared to the results of the transfer-
matrix method for a finite number of barriers, the general
behavior of the polarizations versus the applied fields is similar,
with the exception of polarizations in the higher conductivity
range [24] which resulted from resonances in the transmission
probability but which are suppressed in the SL case. However,
due to the SL miniband structure highly efficient polarizations
are found for a wider range of electron energies.
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