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It is well known that the unavoidable variation of the heights and widths of the barriers (structural disorder) in
semiconductor superlattices and superlattices based on two-dimensional materials degrades important physical
properties such as the electronic transport and the thermoelectric response. Here, we show that the structural
disorder contrary to what is expected improves the magnetoresistive and spin-valleytronic properties of magnetic
silicene superlattices. We reach this conclusion by studying the impact of the random variations of the width and
strength of the magnetic barriers on the tunneling magnetoresistance and spin-valley polarization. The theoretical
treatment is based on a Dirac-like Hamiltonian, the transfer matrix method, and the Landauer-Biittiker formalism
to describe silicene electrons, to obtain the transmittance, and to obtain the conductance, respectively. Our results
indicate that structural disorder effects improve the magnetoresistance response and the spin-valley polarization
by eliminating the conductance oscillations caused by the periodic magnetic modulation as well as by differ-
entiating the response of the conductance for the parallel and antiparallel magnetization configuration. These
results could be useful in designing versatile devices with magnetoresistive and spin-valleytronic capabilities.
Particularly, magnetic silicene superlattices with moderate structural disorder are more convenient than perfect

or nearly perfect ones.

DOLI: 10.1103/PhysRevB.105.115408

I. INTRODUCTION

Superlattices based on two-dimensional (2D) materials are
quite attractive from both the fundamental and technologi-
cal standpoint. In the case of graphene, a periodic potential
gives rise to peculiar characteristics such as extra Dirac
points in the band structure and highly anisotropic group
velocities of the charge carriers [1-4]. In addition, graphene
superlattices have been instrumental to corroborate/uncover
exotic phenomena such as the Hofstadter butterfly [4-6],
Brown-Zak fermions [7], unconventional superconductivity
[8,9], and correlated electron-hole states [10]. There are also
important breakthroughs in the fabrication of gated graphene
superlattices [11,12]. These superlattices are quite relevant for
applications due to the possible modulation of the physical
properties through applied gate voltage. In the case of sil-
icene, the implementation of periodic potentials to modulate
its physical properties is not the exception. Silicene [13-15],
a low-buckled 2D material with a large spin-orbit coupling
[16], a local band gap [16,17] modulable with an external
electric field [18,19], and differentiable spin-valley degrees of
freedom, is ideal for spin-valleytronic applications. In fact, sil-
icene superlattices have been used to optimize the spin-valley
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polarization [20-32] and/or magnetoresistance [32—34]. The
periodic potential gives rise to oscillating transport proper-
ties with significant differences in the spin-valley compo-
nents and/or the magnetization configurations. For instance,
Zhang et al. [20] studied the spin-valley dependent trans-
port in silicene superlattices under the combined effect of
an exchange field, a perpendicular electric field, and a gate
voltage, finding that the spin-valley polarization is a sensitive
oscillatory function of the gate voltage, switching from 100%
to —100% by a slight change of the applied voltage. Similarly,
Lu et al. [22] studied the spin-valley dependent energy band
and transport properties of silicene under a periodic poten-
tial. They found that the Dirac points, minibands, band gap,
group velocity, and conductance are highly dependent on the
spin-valley indices. Moreover, the spin-valley dependent band
structure can be used to modulate the electronic transport, re-
sulting in remarkable spin-valley polarizations switchable by
the structural parameters and greatly enhanced by the disorder
of the periodic potential. Here, it is important to mention that
in most works the optimization of the spin-valley polarization
is achieved through a periodic gate voltage in combination
with an exchange field, electric field, strain, Fermi velocity
barriers, or polarized light. It is also worth mentioning that the
magnetoresistive response is not addressed in these reports.
A significant magnetoresistance can be obtained in silicene
by modulating it in magnetic periodic fashion [32-34]. More
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FIG. 1. (a) Schematic representation of disordered magnetic silicene superlattices. Magnetic superlattice profile for the parallel (PM) and
antiparallel (AM) magnetization configuration with structural disorder associated to the (b, c¢) width and (d, e) strength of the magnetic barriers.
The dashed cyan lines correspond to disordered superlattices, while the solid black lines correspond to ordered ones.

importantly, versatile silicene structures with magnetore-
sistive and spin-valley polarization capabilities could be
possible by modulating the exchange field periodically [32].
By inducing structural asymmetry in the so-called mag-
netic silicene superlattices (MSSLs) an enhancement of more
than an order of magnitude is achieved for the tunneling
magnetoresistance (TMR) with respect to single magnetic
junctions as well as two well-defined spin-valley polar-
ization states switchable by reversing the magnetization
direction.

The performance of superlattices can be degraded by the
unavoidable variation of its structural parameters. In fact, it is
well documented that the structural disorder associated to the
width of barriers and wells and the strength of the barriers can
greatly modify the transport properties of graphene and sil-
icene superlattices [22,35-39]. For instance, the conductance

of disordered graphene superlattices of various thicknesses
which fluctuate randomly around a mean value was studied
[35]. It was found that the charge carriers that approach to the
barriers at nearly normal incidence transmit throughout the su-
perlattice structure regardless of the intensity of the disorder.
Furthermore, for some specific conditions the conductance
tends to a finite value when the superlattice size becomes very
large, in contrast to semiconductor superlattices. The effect of
strain fluctuations on the transport properties of strain-induced
graphene superlattices was studied [37]. It was found that
the number of peaks in the transmission disappears with the
strain white noise disorder. Moreover, negative strains are
more relevant on the conductance than positive ones, and the
conductance decreases as the strength of strain fluctuations
increases. Regarding gated silicene superlattices, there are
also studies addressing the impact of structural disorder on
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FIG. 2. Spin-valley conductance components G?% of D-MSSLs as a function of A, at different intensities of the disorder (§) associated to
the widths of the magnetic barriers dp, = dp (1 + (Sfé,-‘) and dp, = dp,(1 4 §¢;). The first and second column correspond to the spin-down and
-up conductance components of the K valley, while the third and fourth column correspond to the spin-down and -up ones of the K’ valley. The
first and second row correspond to the parallel (PM) and antiparallel (AM) magnetic configuration of the spin-valley conductance components.
The energy of the charge carriers, the strength of the magnetic barriers, the width of barrier wells, and the number of superlattice periods are
E = 3.0Aso, h = O.6Aso, dBl = 2.0130, dW] = 1.0[50, dgz = 3.0130, dwz = 2.0[50, and N = 10, respectively.

the transport and thermoelectric properties [38,39]. In the case
of the transport properties [38], it is reported that the con-
ductance oscillates as a function of the height of the barriers
and decreases as the size of the system increases. In addition,
the conductance diminishes as the intensity of the disorder
associated to the width of the barriers increases. In the case
of the thermoelectric properties [39], it was found that the
structural disorder associated to the strength of the barriers is
more relevant than the corresponding one to the width of the
barriers and the on-site potential. In particular, the fluctuations
of the strength of the electrostatic barriers induce a strong sup-
pression on the conductance, Seebeck coefficient, and power
factor. So, to preserve the thermoelectric performance of gated
silicene superlattices is fundamental to have a precise control
of the strength of the barriers. Here, it is worth mentioning
that, according to our knowledge, there are no studies address-
ing the impact of structural disorder on the transport properties
of MSSLs. Taking into account the relevance of MSSLs
for tunneling magnetoresistance and spin-valley polarization
[32], we consider that a thorough assessment of the impact
of structural disorder on the transport properties of MSSLs
is needed.

In this paper, we show that structural disorder, contrary
to what is typically expected, improves the tunneling magne-

toresistance and spin-valley polarization of MSSLs. We reach
this conclusion by studying the effects of structural disorder
on spin-valley components of the conductance for the par-
allel and antiparallel magnetization configuration of MSSLs.
Our theoretical treatment based on a relativistic description
of the charge carriers, the transfer matrix method, and the
Landauer-Biittiker formalism tells us that the tunneling mag-
netoresistance and spin-valley polarization improvement is
related to the suppression of the oscillations in the conduc-
tance as well as the differentiated response of the conductance
for the parallel and antiparallel magnetization configuration
caused by the structural disorder of the width and strength of
the magnetic barriers. So, in designing versatile magnetore-
sistive and spin-valleytronic superlattice devices it is better to
allow moderate structural disorder instead of trying to elimi-
nate it.

The rest of the paper is organized as follows: In Sec. II the
details of disordered MSSLs (D-MSSLs) are presented along
with the theoretical model used to obtain the transmission and
transport properties. In Sec. III we analyze the main results
of the tunneling magnetoresistance and the spin-valley po-
larization under the effects of structural disorder. Finally, we
summarize our paper by highlighting the most relevant points
in Sec. IV.
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FIG. 3. The same as Fig. 2, but here the strength of the magnetic barriers is h = 1.2Ag0.

II. THEORETICAL MODEL

The unavoidable variation (disorder) of the magnetic bar-
riers generated by the ferromagnetic electrodes (FMEs) in
a superlattice structure like the one depicted in Fig. 1 cre-
ates what we called D-MSSLs. The superlattice structure
consists of a silicene sheet placed on a noninteracting sub-
strate, atop FMEs arranged in periodic fashion and left-right
metallic electrodes. The magnetic superlattice profiles shown
in Figs. 1(b)-1(e) are generated through magnetic proxim-
ity effect between the silicene sheet and the FMEs. As the
width and the strength of the magnetic barriers are not perfect
there is a natural structural disorder. The random variation
of the width of the magnetic barriers at a specific disorder
intensity gives rise to a disordered magnetic profile for the
parallel and antiparallel magnetization configuration as shown
in Figs. 1(b) and 1(c), respectively. The same happens for
the random variation of the strength of the barriers as rep-
resented in Figs. 1(d) and 1(e). MSSLs are composed of unit
cells with two barriers and two wells, with the second barrier
being the soft region allowing us to change the magnetization
configuration from parallel to antiparallel by simply reversing
its magnetization direction. The structural disorder associated
to the width of the barriers is accounted for by considering
variations of the width of the unit-cell barriers according to
le = dBl(l + (36,‘) and dD2 = d32(1 + 56,‘), d31 and d32 being
the nominal widths of the barriers, § the disorder intensity,
and ¢; a random number that lies between 1 and —1. Like-

wise, the disorder associated to the strength of the barriers
is considered through hp = h(1 + d¢;), h being the nominal
strength of the magnetic barriers, and § and ¢; with the same
meaning as in the case of the disorder related to the width
of the barriers. It is important to mention that all barriers are
subjected to the same disorder intensity, however its variation
is totally random through ¢;; in other words, D-MSSLs cannot
be obtained by simply replicating a unit cell as in the case of
perfect MSSLs [32].

The model to describe the charge carriers and obtain the
transport properties of D-MSSLs is essentially the same used
in perfect MSSLs [32]. So, we will outline it, highlighting the
most relevant points as well as the modifications demanded by
structural disorder.

The charge carriers are described by the low-energy effec-
tive Hamiltonian [16-18,40,41]

H= VF(Px0x — T;py0y) — (5;T;Aso — A (X))o, — s:h(x),
(D

where

__|6hp  for barriers
hx) = {O for wells.

The other parameters are the Fermi velocity vp, the two-
dimensional momentum j = (p, py), the Pauli matrices & =
(o4, 0y, 0;), the spin-orbit interaction energy Ago, the on-site
potential (local band gap) A, (x), the valley index t,, the spin
index s,, and the magnetization configuration parameter 6.

@
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FIG. 4. Alternate crossover between the spin-valley conductance components of the antiparallel magnetization configuration of ordered
(8§ = 0.0) MSSLs for (a) h = 0.6Ago and (c) h = 1.2Ag0. Suppression of the alternate crossover by the structural disorder (§ = 0.5) of the
width of the barriers for (b) 7 = 0.6 Ao and (d) & = 1.2Ag0. The other superlattice parameters are the same as in Fig. 2.

The eigenvalue problem in the barrier, well, and semi-
infinite regions can be solved straightforwardly due to the
constant exchange field in these regions. In particular, the
wave function in the barrier regions is given by [32]

Yh(x,y) = Al ( ) )e""f“"qﬁy +AY ( b )e‘f"?“qu-", 3)
vl vZ
where
o hvp (:l:qu — irzqif) @
=T E+5.0hp — (5,050 — A,)
and
1
¢ = —\J(E +5.0mp) — (t.5.550 — A — (fvrg))”
FlUF

&)

Here, it is important to highlight that the structural dis-
order associated to the strength of the barriers is involved
directly in the bispinor coefficients v4 and wave vector ¢°.
In addition, the wave functions and wave vectors of the well
(semi-infinite) regions can be readily obtained by setting hp =
0 (and A, = 0).

The calculation of the transmission coefficient is based
on the well-known transfer matrix method. By requiring the
continuity of the wave function along the superlattice structure

as well as the conservation of the transverse momentum it is
possible to obtain a relationship between the coefficients of
the wave function in the left semi-infinite region A% and A-
and the corresponding ones in the right semi-infinite region
Afr and A® in terms of the transfer matrix of the disordered
superlattice structure MPSt, namely,

L R
(32) =2 ()
AL AR
where
Mt = MRSME - MBS ™
and
MBSI; = MAM,, MM, (8)

Here, Mg% is the transfer matrix of the jth unit-cell of
the disordered superlattice structure, and M}) (M})) and M,
(M) are the transfer matrices of the first (second) barrier and
well within the unit cell. The transfer matrices of the barrier
regions are given by

M}, = Dy (DR PR (DR) ™) Do, ©)

M}, = Dy (DRPR(DR) ) Do, (10)
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FIG. 5. Total conductance G%% of D-MSSLs as a function of A, at different disorder intensities associated to the widths of the barriers.
The first, second, and third row correspond to the total conductance of the PM and the AM and the difference between them G — G,
respectively. The exchange field strengths considered are (first column) 2 = 0.6Ago and (second column) & = 1.2Ago. The other superlattice
parameters are the same as in Fig. 2.
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h = 0.6Aso. The other superlattice parameters are the same as in the preceding figures.
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FIG. 7. The same as Fig. 6, but here the strength of the exchange
fieldis h = l.zAso.

with Dy the dynamic matrix of the semi-infinite regions, and
Dy (DP)) and Pf} (PB) the dynamic and propagation matri-
ces of the first (second) barrier. The dynamic matrices are
given by

1 1 1 1
D _ D _
Dy, = <Uil vbl)’ Dy, = (”32 sz), (11)

and the propagation matrices are given by

b e~ dn1 0 b e~ d 0
Pbl - 0 eiq[i]dm ’ sz - 0 eiqud,)z :

12)

As we can notice the structural disorder associated to the
width of the magnetic barriers is incorporated in the calcula-
tions through the propagation matrices P,ﬂ and Plg. The details
of the dynamic and propagation matrices of the semi-infinite
and well regions can be found in [32].
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FIG. 8. TMR of D-MSSLs as a function of A, at different in-
tensities of the disorder associated to the widths of the magnetic
barriers. The exchange field strengths considered are (a) h = 0.6Ago
and (b) & = 1.2Ag0. The other superlattice parameters are the same
as in the preceding figures.

The transmission coefficient is given by

1
Th = ——— (13)
T g

MPSL being the (1,1) element of MPSL.
The linear-regime conductance at zero temperature can be
computed by summing over all transmission channels:

/2
G} =Gy / T\% cos pdp, (14)
—m/2
where G( and ¢ are the fundamental conductance factor and
the angle of incidence of the impinging electrons on the su-
perlattice structure, respectively.
The magnetoresistive properties are defined in terms of the
total charge conductance G%% = Y~ G%%_In particular, the
TMR is given by [42,43] o

G — GV

TMR = it ,

s)

where G and GV are the total charge conductance of the
PM and AM configuration, respectively.

Finally, the conductance spin polarization can be calculated
by weighing the difference between the spin conductance
components in the valleys and the total charge conductance
as follows:

- T (16)

6.6 6,6
e er (GI}Tz _ Gr]f)
s

In a similar fashion, the conductance valley polarization is
determined by weighing the difference between the valley
conductance components for the spins and the total charge
conductance:

0,0: 0,6,
610, — Zs«” (GKlszz B GK’S;) 17
ny'"” = o ' an

III. RESULTS AND DISCUSSION

Now, it is time to analyze the main results of the impact
of the structural disorder on the tunneling magnetoresistance
and the spin-valley polarization. We will first discuss the
results of the structural disorder associated to the width of
the barriers, then we will proceed with the main outcomes
of the disorder related to the strength of the barriers. In
both cases we consider asymmetric MSSLs due to the ef-
fective spin-valley polarization presented for the antiparallel
magnetization configuration [32]. We will consider ordered
superlattices or superlattices without disorder § = 0.0, super-
lattices with low disorder § = 0.1 and 0.2, and superlattices
with moderate disorder § = 0.5. The energy of the charge
carriers and the superlattice structural parameters will be the
same throughout the paper. Specifically, E = 3.0As0, dp; =
2.0150, dW] = 1.0150, de = 3.0[30, dW2 = 2.0[30, and N =
10. It is also important to mention that the spin-valley con-
ductance components and the total conductance, which are the
base for the calculation of the spin-valley polarization and the
tunneling magnetoresistance, are obtained by averaging over
more than 200 disorder superlattice configurations. These
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FIG. 9. Spin-valley conductance components G%% of D-MSSLs as a function of A, at different disorder intensities associated to the
strength of the magnetic barriers ip = h(1 + S¢;). The first and second column correspond to the spin-down and -up conductance components
of the K valley, while the third and fourth column correspond to the spin-down and -up ones of the K’ valley. The first and second row
correspond to the PM and AM configuration of the spin-valley conductance components. The superlattice parameters are the same as

in Fig. 2.

configurations ensure the convergence of the spin-valley po-
larization and TMR calculations. To the best of our knowledge
this number of configurations is far above the one required for
the calculation of the thermoelectric properties in silicene su-
perlattices [39] and the transport properties in semiconductor
superlattices [44].

In Fig. 2 we show the effects of the disorder of the width of
the barriers on the different spin-valley conductance compo-
nents of D-MSSLs for (first row) the parallel and (second row)
the antiparallel magnetization configuration. The solid-black,
dashed-red, dot-dashed-blue, and dot-dashed-green curves
correspond to § = 0.0, 0.1, 0.2 and 0.5, respectively. In this
case the strength of the exchange field is & = 0.6Agp. As
we can see for ordered superlattices the periodic modulation
gives rise to oscillating transport properties [32]. In particular,
the spin-valley conductance components present oscillating-
descending envelopes as a function of A, for both parallel
and antiparallel magnetization configurations. However, once
the structural disorder of the width of the barriers is incorpo-
rated two main effects take place in practically all spin-valley
conductance components and magnetization configurations:
(1) a systematic diminishment of the conductance and (2) an
attenuation of the descending envelopes and the oscillations
within them. These effects are strengthened as the disorder

intensity rises. It is also important to mention that the reduc-
tion of the conductance for the spin-down component in both
valleys and both magnetization configurations is gradual as
the disorder intensity increases (see the first and third column
of Fig. 2). In the case of the spin-up component the conduc-
tance in both valleys and both magnetization configurations
falls significantly at low disorder intensities and gradually
reduces with the disorder intensity (see the second and fourth
column of Fig. 2). Similar results are obtained if we increase
the strength of the exchange field to 7 = 1.2Ag0 (see Fig. 3).
Howeyver, in this case the reduction of the conductance for the
spin-up component in both valleys and both magnetization
configurations is intensified, being practically the same for
all disorder intensities (see the second and third column of
Fig. 3). In the case of the spin-down component the reduction
of the conductance is still gradual with the disorder intensity
(see the first and third column of Fig. 3). In addition, the
alternate crossover between the spin-valley components of the
antiparallel magnetization configuration of ordered MSSLs
is eliminated by the structural disorder of the width of the
barriers as shown in Fig. 4. As we can notice the alternate
crossover is presented between G,@% and G}Fﬁ as well as be-

tween G,% and GlfyﬁT (see the results for § = 0.0, first column
of Fig. 4). The difference between the curves involved in the
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FIG. 10. The same as Fig. 9, but here the strength of the exchange field is 7 = 1.2A40.

alternate crossover is greater as the strength of the exchange
field gets larger [compare the results for & = 0.6Ago and
1.2Ag0 in Figs. 4(a) and 4(c), respectively]. The alternate
crossover is to a great extent suppressed by the structural
disorder of the width of the barriers for both 2z = 0.6Ago
and 1.2Ago [see Figs. 4(b) and 4(d)]. The suppression of
this alternate crossover between the spin-valley components
will have a great impact on the spin-valley polarization of
the antiparallel magnetization configuration. The results of
the total conductance for the (first row) parallel and (sec-
ond row) antiparallel magnetization configuration and its
(third column) difference are shown in Fig. 5. The first and
second column correspond to & = 0.6Ago and 1.2Agq, re-
spectively. The effects of the disorder of the width of the
barriers are similar as for the spin-valley conductance com-
ponents. In the case of & = 0.6Ago the total conductance
for both parallel and antiparallel magnetization configuration
as well as its difference reduces gradually as the disorder
intensity increases [see Figs. 5(a), 5(c) and 5(e), respec-
tively]. The oscillations of the total conductances and its
difference typical of ordered superlattices are also suppressed
with the disorder of the width of the barriers. In the case
of h = 1.2Ag0 the total conductance for both parallel and
antiparallel magnetization configuration and its difference re-
duces considerably at low disorder intensity, followed by a
slight reduction at higher disorder intensities as shown in
Figs. 5(b), 5(d) and 5(f). So, disorder effects have a greater
impact on the total conductances and its difference as the

strength of the exchange field increases. All these char-
acteristics are the result of the disruption of the resonant
tunneling conditions caused by the random variation of the
width of the barriers as well as the averaging of the spin-valley
conductance components over more than 200 disorder su-
perlattice configurations. Moreover, these characteristics will
have a significant impact on the spin-valley polarization and
the TMR.

In Fig. 6 the effects of the disorder of the width
of the barriers on the (first column) spin and (second
column) valley polarization are shown. The first and sec-
ond panel row correspond to the parallel and antiparallel
magnetization configuration, respectively. In this case the ex-
change field strength is 7 = 0.6Agp. As we can notice the
spin-valley polarization of ordered superlattices reflects the
oscillating characteristics of the transport properties [32].
More importantly, there are energy windows of nearly perfect
spin-valley polarization for A, > 3.3Ago [32]. Specifically,
the parallel magnetization configuration shows a positive
100% spin-valley polarization, while the antiparallel magneti-
zation configuration presents alternate regions of negative and
positive 100% spin-valley polarization. The main effect of the
barriers width disorder is a systematic reduction of spin-valley
polarization oscillations as the disorder intensity increases.
For low disorder there is a small reduction of the oscilla-
tions, while for moderate disorder the oscillations practically
disappeared. This effect is more dramatic in the antiparal-
lel magnetization configuration [see Figs. 6(c) and 6(d)]. In
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FIG. 11. Total conductance G%% of D-MSSLs as a function of A, at different intensities of the disorder associated to the strength of the
magnetic barriers. The first, second, and third row correspond to the total conductance of the PM and the AM and the difference between them
GM — GM™, respectively. The exchange field strengths considered are (first column) & = 0.6Ago and (second column) & = 1.2As0. The other

superlattice parameters are the same as in Fig. 9.

this case the alternate regions of negative and positive 100%
spin-valley polarization are transformed in a region of exclu-
sively negative 100% spin-valley polarization. This is quite
relevant because with moderate disorder we can have two
well-defined (100%) spin-valley polarization states reachable
by simply changing the magnetization configuration. Similar
results are obtained for 7 = 1.2Ago (see Fig. 7). The increase
in & brings an enlargement of the region of perfect spin-valley
polarization. For the parallel magnetization configuration this
region starts at A, = 2.5Ag0, while for the antiparallel con-
figuration the region starts around A, = 3.0Ago. We can also
see an enhancement of the spin polarization for the parallel
magnetization configuration in the interval (0.0Ago, 2.0As0),
going from 25% for h = 0.6Ago to 50% for h = 1.2Ag0
[compare Figs. 6(a) and 7(a)]. The magnetoresistance prop-
erties are also affected by the barrier width disorder (see
Fig. 8). The periodic magnetic modulation results in an os-
cillating TMR with regions of 100% magnetoresistance. For
h = 0.6Ago [Fig. 8(a)] we can see an oscillating TMR that
rises as A, increases, reaching values of more than 90% after
A, = 3.3Ags0. The main effect of the barrier width disorder is
the systematic reduction of the magnetoresistance oscillations
as the disorder intensity increases, flattening the high TMR
region and transforming it in a region of 100% TMR. Similar
results are obtained for 7 = 1.2Ag0 [see Fig. 8(b)]. However,
the increase of / results in an overall enhancement of the
TMR as well as an enlargement of the high TMR region.

In particular, the region of 100% TMR now starts at about
A; =3.0As0.

Now, it is time to analyze the impact of the structural
disorder associated to the strength of the magnetic barriers. In
Figs. 9-11 we show the spin-valley conductance components
and the total conductance as a function of A, for different
disorder intensities of the strength of the barriers. The distri-
bution of rows and columns is the same as in the case of the
figures of the structural disorder of the width of the barriers.
As we can notice the effects of the disorder of the strength of
the barriers are similar to the ones caused by the disorder
of the width of the barriers; that is, the conductance os-
cillations are attenuated as the disorder intensity increases,
disappearing practically at moderate disorder. The disorder
of the strength of the barriers also suppresses the alternate
crossover between the spin-valley conductance components
of the antiparallel configuration as shown in Fig. 12. In the
case of h = 0.6Agp the alternate regions between G,@# and

G}Ili as well as between Glfyf and G,Ell have been reduced,
however not eliminated completely [see Fig. 12(b)]. By in-
creasing the strength of the exchange field up to 7 = 1.2Ago
the alternate crossover is practically eliminated as shown
in Fig. 12(d). These characteristics will be reflected in the
spin-valley polarization of the antiparallel magnetization con-
figuration. Despite the similarities, the origin of the disorder
effects of the strength of the barriers is different from the
corresponding one to the disorder effects of the width of the
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FIG. 12. Alternate crossover between the spin-valley conductance components of the antiparallel magnetization configuration of or-
dered (§ =0.0) MSSLs for (a) h =0.6Aso and (c) h = 1.2Ago. Suppression of the alternate crossover by the structural disorder
(6 =0.5) of the strength of the barriers for (b) 7 = 0.6Ago and (d) & = 1.2Ag0. The other superlattice parameters are the same as

in Fig. 9.

barriers. In the present case, the disorder modifies the charac-
ter of the charge carriers as well as the bispinor coefficients
by changing the propagation wave vector ¢° = ¢”(hp). These
modifications greatly affect the propagation characteristics,
transforming propagating states to evanescent states and vice
versa depending on the specific spin-valley component. As in
the case of the disorder of the width of the barriers the reduc-
tion of the conductance oscillations with the disorder intensity
is beneficial for the spin-valley polarization and the tunnel-
ing magnetoresistance (see Figs. 13—15). For h = 0.6 Ago the
alternate regions of negative and positive 100% spin-valley
polarization in the antiparallel magnetization configuration
still persist at moderate disorder as shown in Figs. 13(c) and
13(d). By increasing the strength of the exchange field (h =
1.2Ag0) these regions transform in a region of negative 100%
spin-valley polarization as shown in Figs. 14(c) and 14(d),
opening the door for two well-defined spin-valley polarization
states reachable by switching the magnetization configuration.
In the case of the tunneling magnetoresistance the disorder of
the strength of the barriers flattens the regions of high TMR,
giving rise to a region of 100% TMR that can be enlarged by
increasing the strength of the exchange field [see Figs. 15(a)
and 15(b)].

Finally, it is important to remark that in the present paper
the Saxena definition of the TMR was used [43]. This alter-

native definition allows us to analyze diverging regions of the
traditional TMR definition. These regions correspond to 100%
TMR for the alternative definition. As the structural disorder
eliminates the TMR oscillations, flattening the high TMR
regions, it would be very difficult to analyze the structural dis-
order effects with the traditional TMR definition. The typical
TMR peaks assessed with the traditional TMR definition are
also accessible with the Saxena TMR definition. For instance,
we can analyze readily the impact of the structural disorder on
the TMR peak located around A, = 2.5Ag0 for h = 1.2A50.
In particular, the TMR value of this peak enhances with the
intensity of the structural disorder, approaching to 100% TMR
at moderate disorder [see Fig. 15(b)].

IV. CONCLUSIONS

In summary, we have studied the effects of structural dis-
order on the transport properties of MSSLs. In particular,
we have assessed the impact of the disorder associated to
the width and strength of the magnetic barriers on the mag-
netoresistance and spin-valley polarization. The theoretical
treatment was based on a quantum relativistic description of
the charge carriers through a low-energy effective Hamilto-
nian. The transfer matrix method and the Landauer-Biittiker
formalism were used to obtain the transmission and trans-
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FIG. 13. (First column) Spin and (second column) valley polarization of D-MSSLs as a function of A, at different intensities of the
disorder associated to the strength of the magnetic barriers. The first and second row correspond to PM and AM, respectively. The strength of
the exchange field is # = 0.6 Ago. The other superlattice parameters are the same as in the preceding figures.
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FIG. 14. The same as Fig. 13, but here the strength of the exchange field is 4 = 1.2Ag0.
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FIG. 15. TMR of D-MSSLs as a function of A, at different
intensities of the disorder associated to the strength of the magnetic
barriers. The exchange field strengths considered are (a) & = 0.6Ago
and (b) h = 1.2Ag0. The other superlattice parameters are the same
as in the preceding figures.

port properties, respectively. Our results indicate that the
structural disorder instead of deteriorating the magnetoresis-
tance and the spin-valley polarization helps to improve them.
The improvement relies on the elimination of the oscillations
in the transport properties caused by the periodic magnetic
modulation. In particular, the alternate regions of negative
and positive 100% spin-valley polarization in the antiparallel
magnetization configuration transform in a region of negative
100% spin-valley polarization, opening the door for two well-
defined spin-valley polarization states reachable by simply
switching the magnetization configuration. Regarding the tun-
neling magnetoresistance, the disorder flattens the regions of
high TMR, resulting in a region of 100% TMR that can be
enlarged by increasing the disorder intensity. These findings
indicate that in designing versatile silicene superlattice de-
vices with magnetoresistive and spin-valleytronic capabilities
it is more convenient to allow moderate structural disorder
instead of trying to eliminate it.
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