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Defect-enhanced Rashba spin-polarized currents in carbon nanotubes
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The production of spin-polarized currents in pristine carbon nanotubes with Rashba spin-orbit interactions has
been shown to be very sensitive to the symmetry of the tubes and the geometry of the setup. Here we analyze
the role of defects on the spin quantum conductances of metallic carbon nanotubes due to an external electric
field. We show that localized defects, such as adsorbed hydrogen atoms or pentagon-heptagon pairs, increase the
Rashba spin-polarized current. Moreover, this enhancement takes place for energies closer to the Fermi energy
as compared to the response of pristine tubes. Such increments can be even larger when several equally spaced
defects are introduced into the system. We explore different arrangements of defects, showing that for certain
geometries there are flips of the spin-polarized current and even transport suppression. Our results indicate that
spin valve devices at the nanoscale may be achieved via defect engineering in carbon nanotubes.
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I. INTRODUCTION

The departure from ideal crystalline order in carbon mate-
rials with sp? hybridization, due to the presence of topological
defects, lattice distortions and atomic adsorption have strong
consequences in the physical properties of such nanosystems
[1]. In particular, these defects can create magnetic moments,
as has been observed in graphene by means of spin currents
[2] or scanning tunneling microscopes (STMs) [3]. Novel
control and manipulation features of these microscopes [3,4]
and advances in material growth techniques [5,6] are the basis
of outstanding experimental results. For instance, in a recent
experiment the position of hydrogen adatoms in graphene
has been modified with an STM, obtaining configurations in
which all atoms were in a specific sublattice [4]. Topological
defects in graphene have been also created by electron beam
focusing, achieving different structural defects by tuning
the exposure time [7]. Another experimental goal that is
being recently attained is the ability to choose the particular
geometry of nanoscale carbon materials. Typical examples
are the chirality and radius of carbon nanotubes (CNTs) [5],
or the width and edge shape of graphene nanoribbons [6].

Spin-polarized currents created by the applied electric field
that induce a Rashba spin-orbit (RSO) interaction in carbon
materials have been recently predicted [8,9], even in the
absence of external magnetic fields or magnetic impurities.
These results indicate the possibility of producing stable
spin-polarized electrical currents from unpolarized charge
currents, paving the way toward the creation of carbon-based
spin valve devices at the nanoscale. Such studies focused on
ideal pristine carbon nanotubes and nanoribbons, for which
the spin-polarized currents appear far from the Fermi energy
(Er). However, the role of defects in carbon materials under a
RSO interaction has not yet been addressed; defects might
produce spin polarization of the conductance at energies
around Ep. Vacancies, adsorption of hydrogen atoms, and
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defects in general act as localized perturbations in graphene
systems and can induce localized states close to the Dirac point.
The effects of such perturbations on the electronic properties
of the system are greatly dependent on their position in the
two sublattices of graphene and carbon nanotubes [10-13].
When a p, orbital is removed from one sublattice of pristine
graphene, due for instance to the creation of a vacancy, a
new state appears on the other sublattice, localized around
the perturbation [14]. Hydrogen adatoms also produce such
localization effects; indeed, if we are not interested in the
analysis of the resulting magnetic moments, we may consider
both situations as equivalent.

The aim of the present work is to investigate how CNTs
with defects may produce spin-polarized currents due to
RSO coupling, thus possibly opening up novel routes for
engineering the spin-dependent transport response on CNTs.
We explore the possibility of enhancing such spin-polarized
currents in CNTs closer to Er by introducing topological
defects or hydrogen adatoms (H-adatoms) in the region with
Rashba coupling. We focus on the effects of the particular
positions of such defects, i.e., their spatial distribution and
their relative orientation with respect to the electric field.

In principle, spin scattering is an important issue that may
hinder the polarization of the current. Fortunately, the spin
relaxation length in carbon systems is rather large; for example,
the experimental value reported for carbon nanotubes is around
50 um [15]. Therefore, as long as the size of the device or
system studied is much smaller than this length, spin coherence
should be maintained and spin polarization could be achieved.
This is certainly plausible in nanoscale devices.

The article is organized as follows: In Sec. II we describe
the systems, model, and methods employed to obtain the spin
transport properties under a RSO interaction. Section III deals
with the effects of isolated adatoms and topological defects on
the transport properties, the enhancement of spin-polarized
currents due to multiple defects, and the polarized-current
dependence on their relative orientation; finally, the interplay
of RSO interaction and the effects of random H-adatoms are
explored. Finally, in Sec. IV we summarize our main results.
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FIG. 1. (a) Schematic view of the device geometry. Left (L) and
right (R) contacts are pristine CNTs without RSO interaction. The
central part of the device is a conducting CNT of length L, with RSO
interaction induced by the presence of a uniform electric field £ in
the z direction (red arrow). The directions x, y, and z are shown in the
right part of the figure; the electric field points into the +z direction.
The top and bottom locations of the CNT are defined with respect
to the electric field, as indicated. Examples of the defects considered
(highlighted in red): (b) a H-adatom, shown in green on top of a
carbon atom, and (c) a Stone-Wales topological defect.

II. SYSTEM AND MODEL

A. Description of the system

To analyze the effects of localized defects on the spin-
polarized currents generated by the Rashba spin-orbit inter-
action (SOI), we propose a device made of a CNT that has
a region of length L placed between two metallic plates with
a uniform electric field £ between them [see Fig. 1(a)]. As
we are interested in transport properties, we concentrate on
metallic nanotubes and restrict the study to armchair (n,n)
tubes. The central part under the applied electric field has an
induced Rashba spin-orbit (RSO) interaction; we name it the
Rashba region. Notice that the system may be described as
an infinite carbon nanotube with three parts: a central finite
Rashba region connected to two semi-infinite nanotube leads
of the same chirality and radius [9]. The length L of the Rashba
region can be given in terms of the length T of the translational
vector by L = NT (with N € N) [16]. Recall that T = +/3a,
for armchair tubes, where a. is the carbon bond length in
graphene.

We introduce defects in this Rashba region. Specifically,
as depicted in Fig. 1, we have chosen H-adatoms, shown in
Fig. 1(b), and 5-7-7-5 Stone-Wales (SW) defects (i.e., two
carbon pentagon-heptagon pairs placed antiparallel to each
other), rendered in Fig. 1(c). The carbon atoms in which the
defects produce important changes in the density of states are
highlighted in red, being 12 atoms for the H-adatom and 16
for the SW defect.

The presence of H-adatoms does not mix the two CNT sub-
lattices, although depending on their number and position, they
may break the sublattice symmetry, allowing the appearance of
localized magnetic moments on the atoms close to them [12].
On the contrary, the introduction of topological defects in the
hexagonal lattice of graphene or CNTs with an odd number
of carbon atom rings mixes the two sublattices. Additionally,
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the combination of the two most probable topological defects
in a carbon nanotube, a single 5-7 (pentagon-heptagon) pair,
changes its chirality [17,18]. However, two adjacent 5-7 pairs
in opposite direction, the 5-7-7-5 SW defect, preserves the
chirality of the CNT, but there is still a local sublattice mixing.
With the aim to simplify the analysis, we focus only on defects
that preserve the chirality, and so we study the effects of the
RSO interaction on CNTs with H-adatoms and SW defects.

B. Model and method

Our calculation employs a single-orbital tight-binding
model in the nearest-neighbor approximation with a RSO
coupling limited to the central part of the carbon system
[8,9,19,20]. The Hamiltonian can be writtenas H = Hy + Hpg,
with the kinetic energy term being Hy = —yp Y c;(a Cjo, Where

cja (cjo) is the creation (destruction) operator for electrons

with spin projection « in site i (j), and y; is the nearest-

neighbor hopping energy, which is constant throughout the

system. This amounts to neglecting the lattice relaxation

produced by the defects, but this is a quantitative change with

respect to lattice imbalance and mixing or orbital removal.
The RSO contribution to the Hamiltonian is

AR
=5 ) cll(o % dij) - el c5p. ¢))
C i)

a.p

i

R =

where o are the Pauli spin matrices, d;; is the position
vector between sites i and j, and «, 8 are the spin projection
indices. The unit vector e, is along the electric field £
direction. The Rashba spin-orbit strength Ap is given by
the electric field intensity, and its sign defined by the field
orientation. A value of Agx = 0.1y, is used [8,9]. Although
this value is very large with respect to the intrinsic spin-orbit
interaction of a pristine carbon nanotube, the enhancements
reported for functionalized and decorated graphene systems
[21,22] suggest that similar values may be achieved in carbon
nanotubes with defects.

As previously discussed [9], the direction for which the
spin-polarized current is largest is that perpendicular to both
the current and the external electric field; in our case it
corresponds to the y direction. This fact can be best understood
by resorting to the expression of the Rashba term in the
continuum approximation [23], i.e, Hg &« (0 x k) - £, with k
being the wave vector which is in the direction of the current.

The conductance along the nanotube axis (x direction) is
calculated following the Landauer approach in the zero bias
approximation [9,17]. Assuming unpolarized charge currents
flowing from left to right, the spin-dependent conductance
GLR(E) is proportional to the probability that an electron
with spin o and energy E in the left contact reaches right
contact with spin ¢’. This probability can be calculated using
the Green’s function formalism [24,25]. The spin polarization
of the conductance in the y direction is defined as

P(E)=Gif - G{f + G - G )

As already mentioned, we restrict ourselves to the y direction
for the spin projections. In the small-bias limit, this magnitude
is proportional to the y component of the spin current.
Although other authors employ a normalized adimensional
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spin polarization [25,26], we have chosen this definition
which is directly related to the spin-dependent conductances
GER(E).

The calculations are performed at zero temperature. We
have checked that the effect of the temperature reduces P,
and gives rise to a smoother dependence with the energy,
as expected, but the differences between the spin-polarized
currents are still significant at room temperature. As an
indicative value, we have found a maximum decrease of the
polarization peaks of 60%. Such reduction does not preclude
the possible measurement of the spin-polarized current and
therefore, our results hold at room temperature.

III. RESULTS

We consider an infinite metallic (6,6) armchair CNT with
a central finite Rashba region of varying length L, which is
given in terms of the length 7 of the translational vector, NT.
We consider Rashba regions with a varying density of defects,
and we also investigate the optimal condition for the relative
orientation between the defects and the direction of the electric
field. The Rashba interaction is switched on abruptly; we
have verified that differences caused by considering a smooth
profile for the electric field are irrelevant in the energy range
of interest. Likewise, we have checked that the position of
the defects within the Rashba region, i.e., with respect to its
boundaries, is also unimportant in the energy range for which
the bands are linear, around E .

We assume that an unpolarized current flows from the left
semi-infinite nanotube through the Rashba region toward the
right lead. In Ref. [9] we have shown that for a pristine CNT,
spin scattering in the Rashba region generates spin-polarized
currents for certain spin directions and system symmetries.
Here we analyze the effect of localized defects on the spin-
polarized currents traversing the Rashba region.

As mentioned, we have focused on the analysis of the spin-
projected conductance along the direction (y) perpendicular to
both the current (x) and the external electric field (z) directions,
since it exhibits the largest spin-polarized current. In particular,
we get zero spin polarizations P, and P, for all the armchair
nanotubes (n,n) with an even n index for symmetry reasons
[9]. In contrast, the spin polarization of the conductance is
maximized in the y direction, for which there are no symmetry
restrictions for its occurrence.

A. Single defects

The spin polarization of the conductances are evaluated for
different sizes of the Rashba region, considering first the case
of a single defect on the top position. Recall that we took the
electric field direction to be 4z, and the x direction along the
nanotube axis. We orient the nanotube so that the H-adatom is
situated on the +z axis and the flux of the electric field through
the area enclosed by the red highlighted bonds in Fig. 1(b) is
maximum. For the SW defect, we proceed likewise, taking the
+z axis passing through the middle point of the bond between
the two adjacent heptagons in Fig. 1(c). Note that both the top
and bottom positions give the maximal flux of the electric field
& (in absolute value) through these defects.
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FIG. 2. Armchair (6,6) CNTs with a Rashba region with different
lengths and number of defects. Panels (a) and (b): spin polarization
of the conductance P,. Each case M corresponds to Rashba regions
composed of M finite CNT portions, each with a length Ly = 9T
and with a H-adatom or a SW defect. Panel (c): Spin-dependent
conductances for a Rashba region L = 2Ly = 187 & 4.43 nm. Low,
middle, and upper graphs present curves for a pristine tube, two
H-adatoms, and two SW defects equally spaced in the Rashba region,
respectively.

Figures 2(a) and 2(b) present P, for the pristine case and
for the single defect case (case 1), using a Rashba region
length Lo = 9T ~ 2.21 nm, both for the H-adatom and the
SW defect. Notice that for the pristine nanotube, the spin
polarization of the conductance is zero for energies close to
the Fermi level, even though there are two channels available
for the conductance related to the two different valleys [26].
This is due to the lack of scattering processes in the Rashba
region between states in different K valleys when the sole
perturbation is the electric field [9,27]. But for energies close to
E = £0.52yy, P, presents two peaks, allowed by the opening
of other conductance channels in the nanotube contacts [9].
However, when a single defect (H-adatom or SW defect) is
added to the Rashba region, intervalley scattering is allowed.
But the effect, as shown in Figs. 2(a) and 2(b), is too small
to be noticeable for energies close to the Fermi level. These
results for single defects are almost indistinguishable for the
case of the H-adatom, whereas for the SW defect we observe
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small differences around peaks at E = £0.52y; [see case 1 in
Figs. 2(a) and 2(b)]. Thus, when only one scattering center is
considered in the Rashba region, the RSO effect close to the
Fermi level is not easily distinguishable from the pristine case.

B. Multiple defects

In contrast to the single-defect case, when we consider
several M equidistant defects at the top position of the Rashba
region, the spin polarization of the conductance becomes
significant close to the Fermi level. Previous works have
analyzed the role of multiple defects in CNTs and graphene
without taking RSO into account. Due to the symmetry of
the honeycomb lattice, there are certain distances between
scattering centers that produce an unusual scattering behavior
at zero energy [13,28,29]: This happens if the defects in
graphene or the unrolled nanotube sheet are placed at a distance
R = na; + ma, such that m —n = 3¢, with g € Z, where
a|,a, are the graphene lattice vectors forming an angle of 60°.
Such distances are associated with wave vectors that couple
the two Dirac points K and K’ at zero energy. But due to the
linearity of the bands, intervalley coupling can be expected
at other energies, provided that the bands are still linear. We
choose different Rashba regions composed of M (6,6) finite
CNT portions, each of them with a length Ly and with a H-
adatom or a SW defect in it. The defect density is kept constant,
i.e., one defect per length Ly. The top panels of Figs. 2(a) and
2(b) show the spin polarization of the conductance P, for the
cases M = 1,2,3,4. The heights of the maxima with energies
within the first conductance plateau range of the pristine CNT
increase with the number of defects. As for Ly = 9T the
defects are located at a distance verifying the condition of
the coupling of the two Dirac cones, the enhancement of the
spin-conserved conductances is very strong.

Such resonant behavior can be understood with a simple
model for coherent scattering [30]. Let 7; be the transmis-
sion probability through a single impurity. The transmission
through two identical scatterers is given by 7, = 772/(1 —
2R cosé + R%), where Ry = 1 — 7; is the reflection prob-
ability by the single defect and § is the phase shift acquired
in one round trip between the scatterers. At the resonance
(cos § = 1) the total transmission 75 is always 1, independent
of the value of 7;. In general, close to the resonance the
transmission through the two defects 75 is larger than 77, so the
presence of a second impurity at a distance fulfilling a resonant
condition always yields an enhancement of the conductance.

The bottom panel, Fig. 2(c), represents the spin-dependent
conductances as a function of the energy for the original
pristine tube and the case M = 2. The presence of the two
defects, either H-adatoms or SW defects, is evident for the
spin-dependent conductances G4 and G| near Er, being
negligible for the spin-flip conductances G4, and G 4.

For the nanotube with two H-adatoms at a distance
9T, P, exhibits small peaks at energies £ = £0.21y. The
peaks coincide with the enhancement of the spin-dependent
conductances G, from e?/h to 2¢?/h due to the electronic
states localized around the adatoms [9]. This effect is more
remarkable as the number of equispaced adatoms in the Rashba
region increases, as shown in Fig. 2(a) (cases 3 and 4). We have
explained this increase as a consequence of resonant scattering.
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Small differences in the wave vectors for spin up and down
transmission yield a nonzero P,.

More relevant changes in the spin-polarized currents appear
for the SW defects, as also shown in Fig. 2(b). For case 2, two
defects separated by 9T, P, exhibits peaks at energies E =
0.09yp and 0.25yy; these peaks are higher for larger number
of defects (cases 3 and 4). On the other hand, for energies
around E = 0.5y, (i.e., close to the transition from the first
to the second conductance plateau of the pristine CNT leads)
the P, for the SW defects exhibits many more features than
for the H-adatoms. Due to sublattice mixing, the electron-hole
symmetry is broken for the tubes with SW defects, yielding
a strong asymmetry in the results. On the contrary, P, for
the nanotube with H-adatoms shows electron-hole symmetry,
Py,(E) = —Py,(—E).

Band structure and spin analysis

To understand the effect of H-adatoms and SW defects
in the spin-polarized currents induced by the Rashba SOI, we
resort to the analysis of the spin-resolved band structure and the
spin polarization of the conductance Py of an infinite periodic
system. We choose a CNT unit cell of length L, with a single
H-adatom or one SW defect in it, with the RSO interaction
present in the whole system.

Figure 3(a) depicts the band structures for the (6,6) CNT
with Rashba SOI, with either H-adatoms (upper panel) or
SW defects (bottom panel). The expectation values for the y
component of the spin, (S ), projected in all the atoms around
the defect or belonging to it (highlighted in red in Fig. 1),
are shown with a color scale in the bands. The expectation
value of the spin in the y direction at a specific atom n is
given by (Sy), = %(O'y)n, with (oy), = (Pnloy|@s), where ¢,
is the tight-binding atomic eigenfunction in the single-orbital
model. We have also plotted in Fig. 3 a zoom of the band
structure in the relevant energy range [in Fig. 3(b)] as well as
the corresponding spin polarizations of the conductances P,
[in Fig. 3(c)].

The bands of the periodic (6,6) CNT of length 97 with one
H-adatom present large absolute values of (S,) in the energy
ranges from +0.16yy to £0.22yy, coinciding with the bumps of
P, inFig. 2(a) (with L upto 4Lg, where Lo = 9T ~ 2.21 nm).
These peaks in P, are much clearer in Fig. 3(c), obtained
for a system with L = 20L. Recall that for current flowing
from left to right, the states that contribute to the current
scattering process are those with positive velocity [30,31].
The zoom in the top panel of Fig. 3(b) shows a band with a
strong positive (S,) from 0.16 y; to 0.19 y; in the wave vector
interval k = 0.25TX to k = 0.40 TX. However, there is no
band with negative (S,) in the same energy range, due to the
opening of the gap around I' by the strong hybridization. At the
same energy range, P, shows a positive peak [Fig. 3(c), top].
Besides, P, shows a negative peak from 0.195 y, to 0.21 yy,
because the band with a positive slope in that energy interval
has negative (S,).

The same analysis can be performed for CNTs with
topological defects. The spin-resolved band structure for a
periodic (6,6) nanotube with a SW defect is presented in the
bottom panel of Fig. 3(a). Large absolute values of (S,) occur

from 0.08 yp to 0.12 yy and from 0.24 y, to 0.26 yp. As in the
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FIG. 3. Results for the (6,6) CNTs with H-adatoms or with SW defects under the RSO interaction. Panels (a): Spin-resolved band structures
of infinite (6,6) CNTs composed of finite nanotube stacks, each of a length Ly = 97 and with one defect. Zooms of the band structures in the
relevant energy range are shown in the panels (b). The expectation values of the spin component (S, ) at the adatoms and SW defects, as defined
in Fig. 1, are presented in a color scale (blue for up spin and red for down spin). Panels (c): The corresponding P, are shown for L = 20 Lo,
where Ly = 9T ~ 2.21 nm. Panels (d): Lateral schematic view of the nanotube with a H-adatom and with a SW defect. Blue arrows denote
(S) values at atoms in the defect for the k values highlighted with black squares in panels (b).

H-adatom case, the spin-polarized current appears when there
is an inequality between the number of channels with opposite
values of (S,) due to the gap opening. These energy ranges
coincide with the P, enhancements shown in Fig. 2(b).

From these results we can assume that the states producing
a spin polarization of the conductance are associated with
the defects. To verify this assumption, we plot in Figs. 3(d)
the expectation values of the spin (S) corresponding to the
states which give rise to the polarized current at the atoms
around (H-adatom) or composing (SW) the defect. Their wave
vectors k are marked with black squares in the zooms of the
band structures presented in Figs. 3(b). This expectation value
is projected on each atom n, (S), = (Si), € + (S)), €, +
(Sz>n €z, where (Sl>n = %(O—i>m i=ux, Vs 2 and (Gi)n =
(¢n|oi|dn). Their energies and wave vectors are £ = 0.173 y,
and k = 0.375 T'X for the H-adatom and E = 0.1065 y, and
k =0.41 TX for the SW defect. The large absolute values
of (S) in those bands are located at the defects; thus, they
are related to the high spin polarization of the conductances
presented in Fig. 3(c).

Taking into account the features of the bands shown for the
periodic CNT with defects (Fig. 3), we conclude that the peaks
of P, around E are actually associated with the existence of
equispaced defects in the Rashba region. It is important to note
that besides the spin polarization of the bands, gaps should
open at the same energies for other wave vectors. In this way,
an imbalance between the channels with opposite values of
the spin projection is produced, giving rise to spin-polarized
currents.

It is noteworthy that if the distance between nearest defects
does not fulfill the resonant condition (N # 3¢q), after four
or more repetitions an increase of the spin polarization
of the current is produced anyway. Obviously, for M = 4,
there are two impurities at a distance that verifies such
condition, so the effect is always reinforced for periodi-
cally located defects. To illustrate this point, we present
in Figs. 4 and 5 the cases of 20 equispaced H-adatoms
and SW defects, respectively, on the top positions (A) with
Ly = 4T, showing quite strong peaks at similar energy
ranges.
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FIG. 4. Spin polarization of the conductance, Py, fora (6,6) CNT
with a Rashba region composed of 20 H-adatoms equally spaced in a
length given by 20 Ly (Lo = 4T ~ 0.98 nm), for different positions
of the adatom relative to the electric field direction. Position A
corresponds to all the H-adatoms placed at the top of the tube, whereas
G when the adatoms are situated at the side of the tube. Intermediate
cases (B—F) are also investigated. All H-adatom configurations are
graphically detailed in the CNT scheme at the top inset.

C. Influence of the relative alignment of defects
and the electric field

Here we analyze the dependence of the spin-polarized
currents on the relative position of the defect in the original
tube with respect to the direction of the electric field. We
consider a (6,6) CNT with a Rashba region composed of
20 L with their corresponding adatoms equally spaced with
Lo = 4T, representing a sample with higher density of defects

‘ ;
SW defects

— D
— G

-+ pristine
| | | I

0 0.2 0.4
E(y,)

FIG. 5. Spin polarization of the conductance, Py, for a (6,6) CNT
with a Rashba region length equal to 20 Ly (Lo = 4T ~ 0.98 nm),
with 20 SW defects inside, for different positions of the defects with
respect to the electric field. Position A corresponds to all the defects
located at the top of the tube, G when they are situated at the nanotube
side, and D is an intermediate case. All three cases are detailed in the
CNT scheme at the top inset.
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within the Rashba area. With the electric field along the +z
axis, the relative orientation of the defects is varied from
the parallel direction with respect to the field (top position,
labeled A in Figs. 4 and 5) to the perpendicular direction
(lateral side, labeled G), through intermediate positions. In
Fig. 4 we present the results of the spin polarization of the
conductance P, for the H-adatom, considering the positions in
the tube shown in the inset of the figure. The peaks of P, close
to the Fermi energy decrease in intensity as the H-adatom
positions change from A to G, with a sharp reduction of
P, from F to G. This is highlighted in the inset of Fig. 4,
which shows the dependence of the maximum value of P,
on the angle between the electric field and the normal to the
defects. Such variation can be expected from the expression of
the Rashba Hamiltonian: at position A, the vectors spanning
the bonds in the defects are perpendicular to £, maximizing
their contribution to the Rashba term, whereas for position G
the electric field is contained in the plane formed by these
bonds, yielding a much smaller contribution. As mentioned,
the electric flux of £ through the defects is maximal when the
defects are at the top or the bottom positions on the nanotube.
Therefore, the effect of the RSO is maximized for a maximum
flux of the electric field through the defects.

Similar results are found for the SW defects. Figure 5 shows
P, for three relative orientation of the defects in the tube
with respect to the electric field direction, indicated in the
inset of the figure (positions A, D, and G). The same defect
density and length of the Rashba region employed for the
H-adatoms are used here for the SW defects. Going from A
to G, two noticeable effects can be observed. First, we see a
large decrease of the peak at E = —0.14 y. In fact, the height
of this peak when the defects are located at G (the lateral side
of the tube) is only about 30% of the value obtained for the top
position A. Second, we observe a pronounced narrowing of
the width of the peak that appears in the energy range between
E = 0.1y and 0.18 yy. As expected, the relative position of
the defects with respect to the electric field plays an important
role in the spin polarization of the conductance.

To investigate the effects of the relative positions of the
defects, we further consider the case of two H-adatoms in
the unit length Ly, taking a Rashba region length equal to
20 Ly, where Lg is Ly =9 T. In case 1, two H-adatoms are
both placed at the top of the tube. In case 2, one H-adatom
is at the top and the other at the bottom of the tube, but
not in diametrically opposite sites of the tube. In case 3, the
H-adatoms are also at the top and the bottom of the tube, but
exactly at opposite sites, in a symmetric configuration. The
corresponding P, are shown in Fig. 6(a). Again, for all cases
we obtain two maxima of P, close to energies £0.2 ;. It is
noteworthy that P, changes depending on the relative position
of the H-adatoms in the unit slab L. For case 2 the peaks
of P, are narrower than those of case 1, and their signs are
reversed. For the symmetric case 3, the polarization completely
disappears in the region corresponding to the first conductance
plateau, identical to the results obtained for the pristine
case.

To gain some insight into the main different features related
to the relative position of the adatoms, we also resort to the
band structures of infinite (6,6) CNTs with the same defect
distributions showing the spin expectation value (S,) of the
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FIG. 6. (a) Spin polarization of the conductance, P,, for a (6,6)
CNT with aRashbaregion of length 20 Ly (Lo = 97 ~ 2.21 nm) with
two H-adatoms in L,. Three configurations with different relative
positions between the adatoms are presented, as detailed in the
scheme; the colored dots indicate the position of the H-adatoms.
(b) Spin-resolved electronic band structures for the three cases, with
(Sy) shown in a color scale.

states in the bands, depicted in Fig. 6(b). They present dramatic
differences. The bands of case 1 show large anticrossings
at I around the energies +0.2 yy, thus leaving unbalanced
conduction channels with positive (S,) near X and X'. Case
2 shows the opposite behavior: the anticrossings take place
near the X and X’ points, so the remaining channels close to
I have a negative spin projection (S,). As a result, in case
2 the peaks of P, have inverted signs compared to case 1. In
the symmetric case 3, polarizations and slopes of the bands are
completely compensated. Since there are not any anticrossings
or band openings at these energies, the spin polarization of the
conductances is zero, despite the fact that the bands show net
spin expectation values.

These results can be of practical interest. The fact that
adatoms situated on the same side of the tube give rise
to spin-polarized currents that present inverted polarization
signals when the H-adatoms are situated in opposite sides (top
and bottom sides of the tube) may be of great importance,
for instance, for transport and storage of spin information.
Actually, DNA molecules wrapped around single-walled
carbon nanotubes are shown to induce a helicoidal electric
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FIG. 7. Spin polarization of the conductance P, for a (6,6) CNT
with a Rashba region composed of 16 unit cells (Lo = 16 T) for the
distributions of H-adatoms given in the insets.

field due to the polar nature of the adsorbed DNA molecule
[25] and spin-polarized currents are produced depending on the
symmetry of the DNA molecule-nanotube hybrid system. Our
results show that it could be possible to engineer particular
defect configurations on the CNTs, opening new routes for
their use in spintronic devices [32].

D. Irregularly spaced H-adatoms

Finally, to extend our analysis beyond periodic configura-
tions of defects, we have also considered several unequally
spaced H-adatom distributions within the Rashba region (see
the insets in Fig. 7). In cases 1 and 2 we have three and four
H-adatoms in top and bottom positions with different spacings.
Seven adatoms at random positions have been used in case
3. Four equispaced H-adatoms have also been calculated for
comparison. In all cases, the length of the Rashba region is
taken as Lo = 16 T ~ 3.94 nm.

Figure 7 shows P, for these different adatom distributions.
For cases 1 to 3 the height of those peaks closer to the Fermi
energy is clearly smaller than for the equispaced defects.
Therefore, it appears that the best scenario to obtain spin-
polarized conductances in these CNTs is when the H-adatoms
are in a periodic arrangement within the Rashba region.

IV. SUMMARY

We have presented a detailed study of the effects of H-
adatom and Stone-Wales defects on the spin-polarized currents
induced by a RSO interaction in metallic carbon nanotubes.
Our main results show that (i) defects produce an increase
of the spin-polarized currents at energies close to the Fermi
energy, (ii) spin-polarized currents appear when an imbalance
between the number of spin-polarized conductance channels
with opposite spin direction takes place at the same energy,
and furthermore (iii) such currents are greatly enhanced when
the defects are periodically introduced in the system. Actually,
a single-defect scenario is insufficient to generate significant
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spin-dependent currents, but adding a few equispaced defects
yields significant results. In summary, introducing a regular
array of defects in the Rashba region is optimal for the
obtention of spin-polarized currents in carbon materials. This
can be explained as a consequence of resonant tunneling
through the multiple defects.

We have also found the importance of the orientation of the
defects with respect to the direction of the electric field that
causes the RSO interaction. Specifically, we have observed that
a change in the relative position of neighbor defects (from top-
top to top-bottom) produces a reversal of the spin polarization
Py, which can be exploited as a spin switch. Our results can

PHYSICAL REVIEW B 96, 165401 (2017)

be useful for exploring new routes in the design of spintronic
devices with CNTs.
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