Vol. 127 (2015)

ACTA PHYSICA POLONICA A

No. 2

Proceedings of the European Conference Physics of Magnetism, Poznan 2014
Spin-Dependent Effects in Helical Molecular Systems
with Rashba-Like Spin—Orbit Interaction

R. GUTIERREZ® AND G. CUNIBERTI®®
¢Institute for Materials Science, Dresden University of Technology, 01062 Dresden, Germany
®Dresden Center for Computational Materials Science and Center for Advancing Electronics Dresden;
Dresden University of Technology, 01062 Dresden, Germany

Strong spin-selective effects have been recently observed in both photoemission and electrical transport exper-
iments in biomolecular systems, opening fascinating possibilities for interfacing semiconductor and biomolecular
systems to create highly efficient spintronics devices. From the theoretical and experimental point of view there are
strong suggestions that molecular chirality is playing a crucial role. In this study we extend a previously formulated
model (R. Gutierrez, E. Diaz, R. Naaman, G. Cuniberti, Phys. Rev. B 85, 081404 (2012)) describing the linear
propagation of a charge with spin along the axis of a helical charge distribution. We explore different parameter
regions and show that a strong negative spin polarization as observed in the previously mentioned experiments
can be obtained with reasonable values of both the electronic coupling elements and the helical field induced

spin—orbit interaction.
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1. Introduction

Exploiting the spin degree of freedom to transfer in-
formation or perform logic operations builds the basis
of spintronics. Currently, the majority of existing spin-
tronic devices are based on inorganic materials. How-
ever, using organic molecules in spintronics, although
very challenging, would offer many advantages such as
the possibility for chemically tuning the spin-dependent
response as well as their inexpensive synthesis in large
amounts. Organic molecules have been already proposed
for being used e.g. as spin-valves [1-5], and spin de-
pendent tunneling through organic molecules adsorbed
on magnetic substrates has been theoretically demon-
strated [6]. In general terms, the spin selectivity in
organic-based spintronics devices is rather related to the
intrinsic magnetic properties of the electrodes or of that
of the molecules. For molecules lacking magnetic prop-
erties, no strong spin-dependent properties might be ex-
pected. Surprinsingly, it has been recently shown ex-
perimentally [7, 8] that monolayers of double-stranded
DNA (dsDNA) oligomers display strong spin selectivity.
These results can have deep implications not only for the
design of novel, bio-inspired spintronic devices, but also
shed a new light on electron transfer in biologically rel-
evant molecules. Meanwhile, first devices based on this
high spin selectivity have been demonstrated: a chiral-
based magnetic-based silicon-compatible memory device
without a permanent magnet [9]. Spin-selective charge
transfer through a self-assembled monolayer (SAM) of
polyalanine was hereby used to magnetize a Ni layer with
a magnetization that corresponds to applying an external
magnetic field of the order of 0.4 T to the Ni layer [9].

The problem of spin sensitivity in SAMs started to
draw attention already in the late 90s. Thus, Ray
et al. found in 1999 that organized organic films of
the chiral molecule L- or D-stearoyl lysine showed a
large asymmetry in the scattering probability of spin up

and spin down polarized electrons [10]. The found asym-
metries were considerably higher than in gas-phase ex-
periments. Later on, Carmeli et al. reported simi-
lar results for self-assembled monolayers of polyalanine
polypeptides [11]. Several other experiments have mean-
while showed the same spin-filter-effect for different sys-
tems [12-16]. However, a breakthrough took place in
2011, when the two previously mentioned new experi-
ments [7, 8] were published. In the first set of experi-
ments [7], spin-selective transmission of unbounded elec-
trons through a SAM of dsDNA on gold was demon-
strated. Hereby, polarized light was used to eject pho-
toelectrons with a definite spin polarization state from
the metal surface. By directly measuring the spin of the
transmitted electrons with a Mott polarimeter, values of
the spin polarization as high as 60% at room temperature
were found. More interestingly, the spin-polarized pho-
toelectrons were detected even when the photoelectrons
were generated with unpolarized light. Furthermore, a
linear increase of the spin polarization with increasing
thickness (i.e. length of the dsDNA molecules) of the
SAM was observed. In a second type of experiments [§],
a SAM of single-strand (ss) DNA was deposited on a
nickel film on top of a Si substrate. An AFM tip func-
tionalized with a gold nanoparticle to which a ssDNA
was attached with a sequence complementary to that of
the SAM, was approached to the SAM until a molecu-
lar junction was created by the hybridization of the two
complementary strands. Ideally, the junction consists of
a single dsDNA molecule, so that the probed electrical
response is not that of the whole monolayer. A perma-
nent magnet underneath the nickel substrate controlled
the electronic spin alignment in the nickel. The mea-
sured I—V characteristics of the molecular junction re-
vealed spin selectivity, the effect being very pronounced
for the 40 and 50 base pairs oligomers and much less
pronounced in the case of shorter, 26 base pairs long,
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molecules. Recent photoemission experiments on bac-
teriorhodopsine [17] along the lines of Ref. [7], seem to
demonstrate that (i) the phenomenon of spin selectivity
is rather universal and (ii) a double-strand structure of
the molecular system is not required to have the effect.

Concerning now the theoretical approaches, there have
been only few investigations directly related to the spin
selectivity. Common to all theoretical attempts is to pos-
tulate that there is a sensitive interplay between chirality
and spin-selectivity. More specifically, most of the pro-
posed models assume that an electrostatic potential with
helical symmetry induces a spin—orbit coupling (SOC)
term, which can then affect the propagation of the elec-
tron through the system. To our knowledge there have
been two main theoretical lines to approach the prob-
lem, which correlate with the two main types of exper-
imental approaches mentioned above: (i) Studies based
on scattering theory at the level of the Born approxi-
mation [18, 19] including spin—orbit interactions and a
helical potential. This approach can be closely related
to the experiments in Ref. [7], where the energies of the
emitted electrons lie well above the energy of molecu-
lar orbitals of the DNA molecules and thus, the problem
can be viewed as a scattering process in an external he-
lical potential; (ii) Approaches based on quantum trans-
port [20, 25] have been also proposed, being closer related
to the second class of experiments [8], which probe the
electrical response of dsDNA molecular junctions in a
two terminal setup. Reference [20] addressed for the first
time in the context of a quantum transport model the
possibility that an electrostatic field with helical symme-
try could induce a spin—orbit interaction and the con-
sequences for charge transport. In Ref. [22], the mo-
tion of a charge along a helical path including spin—orbit
interactions was treated within a tight-binding model.
A sizeable spin polarization was found. In Ref. [21] a
consistent model Hamiltonian was then derived, describ-
ing the propagation of a spin along a helical path and
with full inclusion of an external helical potential gener-
ated by an array of point charges. It was demonstrated
that in this model a strong spin selectivity was possible,
if an orbital-dependent spin—orbit coupling was assumed.
In Ref. [23] a different mechanism to explain the observed
polarization has been proposed. The authors introduced
the concept of induced spin filtering, where selectivity
in the transmission of the electron orbital angular mo-
mentum would induce spin selectivity in the transmission
process in case that the metal substrate displayed strong
spin—orbit coupling. In this sense, the observed polariza-
tion turns out to be conditioned by the strong spin—orbit
coupling in the substrate rather than by a strong SOC
inside the molecular system. This effect seems however
only to be important for e.g. gold substrates with strong
SOC, but not for surfaces with a much weaker SOC in-
teraction.

In the current study, we extend the model of
Ref. [20] to include more than one orbital per lattice
site in the tight-binding representation of the model

(see next section). We keep however the main assump-
tion of Ref. [20], where a charge was considered to move
with only z-component of its momentum (along the he-
lical axis). This allows to contrast the results with the
investigations in Ref. [21], where a helical path with a
finite curvature radius and torsion was assumed.

2. Model Hamiltonian and transport approach
2.1. Model Hamiltonian

Our starting point is that in a helical molecular system
like DNA, the electrostatic potential distribution should
display helical symmetry. As a result, a charge mov-
ing along the helical system will experience in its rest
frame an effective, momentum-dependent magnetic field
which can couple to its spin, leading to a spin—orbit in-
teraction contribution. Thus, if the momentum of the
charge is p and we denote the helical field by Eyelix,
the SOC Hamiltonian becomes Hso = Ao (p X Epelix)-
The SOC strength is A = efi/4m?c? and o is a vector
whose components are the Pauli spin matrices o, oy,
0,. Although this term includes a full three-dimensional
motion of the charge, we will assume from now that
the motion takes place along the helical axis, so that
Pz = Dy = 0,p, # 0. We model the electrostatic field in
a simple way by assuming a distribution of point charges
along a helix [20, 26]. The general solution is quite in-
volved, but the assumption of linear motion near the he-
lical axis allows to use approximate expressions for the
x,y field components (the z-component does not play any
role by the assumption of linear motion along the z-axis):

Ehaix(2) = (Eﬂc(z)’Ey(Z)vo) =

—Ey Z 9ij(2)(cos(QjAz),sin(QjAz),0).

Here, the geometric factor g;;(z) = (1 + [(z — @b —
jAz)/a]?)~3/? and Q = 2 /b with b being the helix pitch
and a the helix radius, see Fig. 1. The index j runs
along one helical turn and labels the z-coordinate of point
charges placed along the helix. Az is a discretization step
along the z-axis and the index i runs over the turns of the
helix and connects charges placed at sites which differ in
their z-coordinate by a pitch length. We chose as refer-
ence b = 3.2 nm, a = 1 nm, and Az = 0.32 nm, values
which are close to those of B-DNA. The factor Ej is pro-
portional to the local charge density and it is considered
a free parameter renormalizing the bare SOC strength A.

When coming to the electronic structure of the
molecule, we will only include two molecular orbitals per
molecular building block of the system. In the case of
e.g. DNA, this can be the frontier molecular orbitals
of the individual bases along the helix like the highest-
occupied molecular orbital (HOMO) and the lowest-
occupied molecular orbital (LUMO). We stress that our
model is meant to be quite generic, so that we include
only the minimal basic features necessary to deal with
the problem in an efficient way. This is why we will not
consider e.g. disorder effects related to the different base
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Fig. 1. Right: A schematic representation of a charge
q with spin ¢ moving along the axis of a helical charge
distribution. The parameters a, b and Az are, respec-
tively, radius and pitch of the helix and the spacing of
the z-component of the position vector of the charges
distributed along the helix. Left: The scattering region
includes two levels A, B per site in the tight-binding rep-
resentation. The spin-orbit term only couples the spin-
up and -down channels for the same levels, i.e. there
is no SOC connecting spin states on the A-strand with
spin states on the B-strand. The model thus describes
transport through a 4-strands ladder corresponding to
the four spin-dependent channels. The imbalance be-
tween the output transmission functions tu, and tdown
determines the spin polarization.

sequences in a real DNA molecule. Moreover, we will de-
note the two levels per site included in this formulation
as A, B to avoid a too close connection with HOMO and
LUMO states.

A tight-binding model can thus be formulated and
leads to the following model Hamiltonian [20]:

H= Z Znnka—nkﬁ

k=A,B n,o
+Vas ) [dIL,B,admAJ + dIL,A,ad%B,U}
Apt 1,51
+ n ) n M?']:’I’L o
dy—
k 1,k
> D (@ dh o )M i - (1)
k=A,B n n—1k.|

In this expression, €& = € + Vielx(n) + Ar(—1)" are
site energies for the k = A, B levels. They include the
constant values ex g, which we set to zero for simplicity,
the local contribution of the helical potential Vielix(n) to
site n, and we have also introduced a staggered contri-
bution Ax(—1)", which opens aband gap. The term Vap
is the local coupling between the A and B states on each
site n. A gap opening can also be achieved with a large
Vap; however, in order to keep the orders of magnitude
of the electronic coupling parameters in a realistic range

of few tens of meV, we will keep the staggered field con-
tribution with Ay ~ 60 meV. The results concerning the
spin polarization are not influenced qualitatively by this
term. Finally, the coupling matrix MF ., has the fol-
lowing form: 7

Mk = W/zc n:l:l Dﬁ,n:l:l
o [Dn n:l:l} [Wr]f,n:tl]*
_ erf,nil 0 + 0 Dﬁ,nil
0 [W’r]f,n:tl]* [Dn n:l:l] 0 ’

k,h k,SOC

= Mn,nipl + Mn ntl>
Mn,nil = (Mnil,n)T- (2)
In Eq. (2), the diagonal blocks W}, ., include the
(nearest-neighbor) couplings along the A and B path-
ways. We assume these quantities to be constant and

site independent, so that W, n:i:)l = Va(s) is the local cou-
pling between the two levels A and B at site n. The off-
diagonal blocks Df;nil of the M-matrix couple through
the SOC the up- and down-spin channels. Explicitly,
these contributions look like: DF ., = —afoc(®(n) +
&(n £1)). The renormalized SOC coupling is given by
ke = hEFasoc/2, where we have already included
the field strength pre-factor Ej in its definition. We have
made here the assumption that the field strength may
in general depend on the molecular orbital due to differ-
ences in the charge distribution associated with different
orbitals, which make them to react in different ways to
the helical field. As a result we get an orbital-dependent
SOC effective strength [21]. We will consider from now
on these new effective SOC strengths asoc’ as free pa-
rameters. The function ®(j) = (E.(j) — iE,(j))/E§,
where the x and y components of the helical field are
evaluated at discrete sites z = z; = jAz along the helical
axis (the z-axis).

This Hamiltonian in Eq. (2) preserves time reversal
symmetry generated by the operator 7 = —io, @ Inxn,
where N is the number of sites in the discretized tight-
binding model and Z is the unit matrix in the Hilbert
space generated by the IV localized orbitals.

First-principle electronic structure calculations for e.g.
DNA oligomers [27] yield values of the electronic cou-
plings of the order of few tens of meV. We will take
such orders of magnitude in our discussion below; it is
clear however that to deal with a specific molecular type
more careful first-principle investigations should be car-
ried out, also including the calculation of the molecule-
substrate interaction strength.

2.2. Charge transport

Spin-dependent transport in the tight-binding model in
Eq. (2) can be represented as a charge transport model in
a 4-strand ladder model, where each strand corresponds
to a molecular orbital (A or B) and to a given spinor
component (1 and |). The specific transport mechanism
will in general depend on the molecular system and also
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be influenced by the environmental conditions. Being
aware of its potential limitations, we consider transport
in the context of the Landauer approach, which provides
an efficient framework to analyze the influence of differ-
ent parameters on the spin polarization. The Hamilto-
nian (2) needs to be extended to include the coupling to
the electrodes. We use a standard tunnel Hamiltonian,
yielding the following additional contributions to Eq. (2):

PP DD B D

B=LR P k=A,Bo=1,]

+ Z Z Vﬁp,ko(czp,kgdm,g+H.c.)
K=ABo=1,l

+ Y VR,,,[,(c;Qp,kadN,M+H.c.). (3)
k=A,Bo=1,]

Hleads =

Along similar lines as in Ref. [21], we consider four in-
dependent L(left)- and four independent R(right)-leads,
each of them standing for a spin channel connected to a
specific molecular orbital (A, B) and being represented
by a semi-infinite tight-binding chain. Thus, the first
row describes semi-infinite tight-binding chains for each
of the four independent electrodes with dispersion rela-
tion given by eg’ka = efa + 4Vy cospa. The hopping
integral V; is determined by diagonalizing the Hamilto-
nian of Eq. (2), calculating the width of its eigenvalue
spectrum AFE and taking Vy = AE/4. This choice guar-
antees that we include all the relevant molecular elec-
tronic states in the calculation of the transmission func-
tion. Vj is also taken as the effective band width of the
electrodes. The last two rows give the coupling between
the left (right) electrode and the n = 1 (n = N) sites of
the scattering region.

The quantum mechanical transmission function
is given by the standard expression: T(E) =
Tr{G*(E)TRG"(E)I'"}. Here G"9(E) are retarded
(advanced) matrix Green’s functions for the scattering
region including the influence of the Hieaqs via retarded
self-energy matrices ©"%(E) and Y"R(E). The re-
tarded Green function matrix can be determined via
Dyson’s equation (G")"Y(E) = (E + in)l — H —
YrE(E) — SmR(E). The spectral functions I'“®(E)
of the left and right electrodes are related to the self-
energies via I'“®(E) = —2ImY"%R(E). The only
eight non-vanishing elements of the spectral functions
are I'Cy p, x5, [T s T4 - These quantities are
energy-dependent and can be computed analytically for
semi-infinite chains. Using the previous expressions and
approximations, the total transmission function for the
system can be written as:

T(E) = T (E) + T (E) + Ty (B) + Ty (E)

tup (E) tdown (E)
T (E) = Tf o [PRAIG1r v + T Gar 2ne ]

+If 5 [ITAl G vt + ITBIG N 111 281 ]

Ti (E) = I'f 4 [TR4|Grr vy P + T 5IG 28y ]

+F1€B I:FJ?B|GN+1T,2N¢|2 + F§A|GN+1T7NJ,|2:|

Ty (E) = I'fy [TRAIG1 NP + T BIG 1 2ny ]
+I s [IRAlGN 41Ny P + T BIG N1y 2vy ]
Ty (E) = Iy [PR4|Gry vt + TGy 2nt ]

+ g [PRplG N2t + TTAlG N4 ] (4)

In the previous equations, Gpymy (E) with o,v =1,
are matrix elements of the previously defined retarded
Green function of the SOC-active region including the
influence of the £- and R-electrodes via appropriate self-
energies. Each contribution in Eq. (4) can be related to
a different transport process without or with spin flip.
Thus, all contributions included in T4 and T, are re-
lated to processes taking place only in the spin-up or
spin-down channels, respectively, while T and T4 in-
volve all processes flipping the electron spin.

The quantities t,,(E) and tqown(E) encode all con-
tributions (with and without spin flip) in the outgo-
ing spin-up and spin-down channels, respectively. With
their help, we can define a spin polarization (SP)
as P(E) = [tup(E) — tdown(E)]/T(E).

3. Results

Concerning the typical order of magnitude of the spin—
orbit interaction as induced by the helical field, we have
provided a rough estimate of its strength in a previous
study [20]; in the present investigation we are going to
use similar values in the range of 3-6 meV nm, being
aware that a more accurate estimation would require a
separate first-principle study of the electronic structure of
specific molecular candidates. This may turn out com-
putationally very demanding, mainly for molecules like
DNA where the influence of the conformation and the
backbones should be taken into account in an accurate
way. Our goal is rather to illustrate what can be expected
from a minimal approach to spin-dependent transport
in a helical system. In this paper, we will keep fixed
the bare electronic-coupling parameters: V4 = 10 meV,
V5 = 90 meV and Vap = 60 meV. These values have typ-
ical orders of magnitude as for a DNA molecule or other
weakly m-conjugated systems. We remark, however, that
we are not addressing a specific molecular system, but
are deriving a generic model and investigating its main
properties.

Figure 2 shows the energy-dependent spin polarization
for different number of helical turns L. First of all, we
notice that there is a rather strong tendency to negative
spin polarization for hole transport (energies below the
Fermi level, which is set at zero), while positive polariza-
tion at other energies is considerably weaker. Moreover,
we find a tendency to odd-even effects in the global be-
havior of the spin polarization, with smaller values for
odd lengths (left part of Fig. 2) and much larger val-
ues for even lengths (right part of the same figure). In-
teresting is that the dominant negative polarization has



Spin-Dependent Effects in Helical Molecular Systems. . . 189

2 T T I T I 0 m B 1 =R
I
PP (Senge. (SSSNE | ]
S / s
y
S f
8§ 2 4 -10f .
I
N
5t 157 i
B
[=] -20’" I
.a_6_ -
2 — L=3 — L=2
-- L=5| | -25F —— T=d|
8+ i
30 T,

I ! L ! I _ I ! !
-300-200-100 0 100200300~ -200-100 0 100 200
Energy (meV)

Fig. 2. Spin polarization as a function of the incom-
ing electron energy and for different number of helical
turns L. The incoming charge is unpolarized. A rather
strong energy dependence is found, but there is a clear
tendency to an oscillating behavior as a function of the
number of turns between low polarization (odd L) and
large polarization (even L). This effect is typical of sys-
tems where coherent tunneling dominates the transport.
Electronic parameters: Va = 10 meV, Vg = 90 meV,
Vap = 60 méV, afoc = aBoq = 6 meV nm.

also been measured experimentally [7, 8]. Concerning
the length dependence, the results are less conclusive:
a linear dependence was found in the photo-emission
experiments [7], while a less clear behavior is observed
in the transport experiments [8]. The odd-even behav-
ior we find is most likely related to a treatment based
on the Landauer approach with only coherent transport
included; similar odd-even effects are well-known from
calculations of simple linear chains at the same level
of theory [28].

Figure 3 shows the decomposition of the transmission
function of the system into its individual components ac-
cording to Eq. (4). The inset shows the t,p, and tqown
components of the total transmission in the outgoing spin
channels. The emergence of a negative spin polarization
is clearly seen in the energy window between —60 meV
and —40 meV, where the outgoing tqown is clearly larger.
At other energies, the difference between both compo-
nents is much smaller, so that the resulting spin polar-
ization is much weaker. The main part of Fig. 3 shows a
further decomposition of ¢, down into the relative contri-
butions of spin-flip processes Atgs, = T4 — T4 and non-
flip processes Atno—_qip = T34—1y, see also Eq. (4). From
this figure, we see that both types of spin-dependent pro-
cesses are contributing to the total transmissions out of
the spin-up and spin-down channels. Moreover, a sizeable
polarization is clearly obtained when both contributions
have the same sign.

Figure 4 shows the energy dependent spin polariza-
tion for a fixed number of turns L = 4 but with varying
ratios of the orbital-dependent effective spin—orbit cou-
plings algoc. Notice the dramatic influence of the relative

strengths, which can lead to a full suppression of the po-
larization in the special case afqq/adoc > 1.
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Fig. 3. Different components of the spin dependent

conductance (transmission) for a fixed length of the he-
lical domain (L = 4 turns, dashed line in the right part
of Fig. 2). The incoming charge is unpolarized. The in-
set shows the total outgoing components of the spin up
(tup) and spin down (tdown) channels. The main panel
displays a further resolution of the out going up- and
down-channels into the relative contributions of spin-flip
processes Atﬂip =T, — T+ and Atnofﬁip =Ty —T),.
The energy window around —50 meV where a larger spin
polarization is obtained, corresponds to the case where
sgn(taip) = sgn(Atno—sip), compare with the right part
of Fig. 2. Electronic parameters: Vo = 10 meV, Vg =
90 meV, Vap = 60 meV, afoc = afoc = 6 meV nm.
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Fig. 4. Spin polarization for different ratios of the

orbital-dependent effective spin—orbit strengths ofqc.
For a detailed discussion of the found behavior see the
main text. Electronic parameters: Vi = 10 meV,
Ve = 90 meV, Vag = 60 meV.

We can gain a qualitative understanding of this be-
havior by the following analysis, which takes as start-
ing point the continuum formulation of the tight-binding
model in Eq. (2). Without going into many technical
details, it can be shown that by performing a unitary
transformation with the form U @ Ug the spin—orbit
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coupling terms for the A- and B-states can in general
be removed from the Hamiltonian, as far as (i) no spin-
dependent interactions between the states A and B and
(ii) no electronic coupling between the states are consid-
ered (Vap = 0). This simply results from the fact that for
the assumed model the spin—orbit coupling can be exactly
included in the definition of the momentum as a non-
Abelian gauge field, which can then be removed by an ap-
propriate unitary transformation. The unitary operators
are defined as Uy = exp (i(mpafoc/h) [7 du59C(u)),
where MS9C(u) is the continuum version of the spin-
dependent tight-binding block matrix in Eq. (2). How-
ever, if e.g. Vap # 0 as in our case, after performing this
unitary transformation the inter-level coupling Vg is
renormalized into Vg exp (iéAB fz duMS0C (u)), with
Sap = (maadoc/h) — (mpaloc/h). Since myafoe/h ~
akoc/ Vi, we see that in the fully symmetric case afo o =
agoc and Vi = Vg, the phase factor exactly vanishes
and all spin-dependent coupling terms are removed from
the Hamiltonian, so that no spin-polarization can be ob-
tained. The same will come out in the asymmetric case,
but for a combination of the SOC couplings and elec-
tronic hopping such that d5p < 1. This is the situation
of the dashed line in Fig. 4. Other combinations of the
ratios afo/Vi will clearly lead to further modulations
of the spin polarization.

4. Discussion and conclusions

We have investigated within a minimal model Hamil-
tonian approach spin-dependent transport in a helical
field. Our model assumes propagation of a charge with
spin along the z-axis of a helical point charge distri-
bution. The resulting helical electrostatic field leads
to a spin—orbit interaction term, which resembles the
Rashba SOC in semiconductors which lack inversion sym-
metry. However, while the standard Rashba field is usu-
ally considered a constant, the electric field here is vary-
ing in space and encodes the helical symmetry of the
problem. We have shown that using this model a size-
able (mostly negative) spin polarization can be obtained.
Strong energy-dependent spin polarization effects were
previously demonstrated in Ref. [21] for a similar model
as that presented here. The main difference was however
the fact that the charge was allowed to move along a he-
lical pathway. This change in the topology of the trans-
port process led to diagonal spin-dependent contribu-
tions in the SOC Hamiltonian, i.e. to terms proportional
to o,. Those contributions are absent in the current
model, where only off-diagonal terms appear. The re-
sults of both models cannot be compared one-to-one, but
it seems that the strong energy-dependence of the polar-
ization found in Ref. [21] is strongly determined by the
previously mentioned diagonal contributions to the SOC
Hamiltonian, which were proportional to the curvature of
the helical transport pathway and were thus strongly de-
pendent on geometrical effects like changes in the radius
of the transport pathway. The sensitivity to asymmetries

in the SOC as considered here by assuming an orbital-
dependent effective SOC coupling ok suggest that ad-
ditional studies based on a first-principle analysis of the
electronic structure are required in order to make the
current model more realistic. Notice also that the ob-
tained spin polarizations do not require very large values
of the SOC: it is rather the relative ratio of the SOC
to the electronic coupling which seems to matter, thus
further supporting the conclusions of our previous stud-
ies in Refs. [20, 21]. Further extensions of this model
to describe an incoherent hopping transport scenario are
currently under investigation.
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