Spin transport in helical biological systems
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Abstract. Motivated by the recent experimental demonstration of spin selective effects in monolayers of double-stranded
DNA oligomers, our work presents a minimal model to describe electron transmission through helical ﬁelds. Our model
highlight that the lack of inversion symmetry due to the chirality of the potential is a key factor which will lead to a high
spin-polarization (SP). We also study the stability of the SP against ﬂuctuations of the electronic structure induced by static
disorder affecting the on-site energies. In the energy regions where the spin-ﬁltering occurs, our results remain stable against
moderate disorders although the SP is slightly reduced.
Keywords: Spin-ﬁltering, DNA-molecules, helical ﬁeld, Anderson disorder
PACS: 73.22.-f 73.63.-b 72.25.-b 87.14.gk 87.15.Pc

INTRODUCTION
Recent experiments have demonstrated double-stranded DNA molecules as efﬁcient spin ﬁlters at room temperature
[1, 2]. Generally speaking the spin sensitivity of organic spintronic devices [3, 4, 5] is basically related to two possible
issues: the magnetic properties of the organic material or those of the electrodes where the molecules is attached.
Therefore this experimental observation was quite surprising due to the low spin-orbit coupling present in the atoms
of DNA bases. What makes DNA different in this discussion? Its helical conformation. This geometry presents quite
speciﬁc symmetry properties and it must be a key ingredient for the theoretical explanation of these experiments [2].
So far there are two different experimental lines. On one hand in Ref. [1] an Au-substrate where the DNA monolayer
were deposited is irradiated by light, being the emmitted electrons energy clearly superior to the energy scale of DNA
molecular orbitals. Thus, here we will deal with a scattering process [6, 7]. On the other hand experiments of Ref. [2]
probe the conductivity of DNA monolayer in a two-terminal setup, namely a quantum transport scenario [8, 9, 10]. In
this manuscript we will focus on this second class of experiments by extending the study of the model presented in
Ref. [8]. Our main objective is to study how stable the spin-selective effects are against a disordered perturbation of
the electronic structure.

MODEL HAMILTONIAN
Our starting point is the discrete Schrödinger equation for a particle moving along the molecular axis direction (z-axis
for convenience) of a helical molecular system in the presence of spin-orbit coupling (SOC). We assume the system to
be formed by stacking molecular units which give rise to the helical structure, as well as the electrostatic properties of
the medium. It can be demonstrated [11] that in the case of a charged helical array the present electric ﬁeld resembles
the helical symmetry. In our case we conﬁne the charge motion to the z-axis and therefore, we only focus on the
components of such ﬁeld at the molecular axis. Under these assumptions the potential and the electric ﬁeld read:
U(z) = U0 ∑
l, j

E(z) =

1
(a2 + (z − lb −

jΔz)1/2

−E0 ∑ gl, j (z)(cos(Q jΔz), sin(Q jΔz)).

(1)

l, j

Here, gl, j (z) = (1 + [(z − lb − jΔz)/a]2 )−3/2 , and Q = 2π /b, with b being the helix pitch and a the helix radius, see
Fig. 1. The index j = 0, · · · , M − 1 runs along one helical turn and labels the z-coordinate of the M molecular units
placed along one turn of the helix. The index l = −L/2, · · · , L/2 (L being the number of helical turns) connects sites
which differ in their z-coordinate by b. More importantly the factor E0 is proportional to the local charge density.
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FIGURE 1. The charge q in spin state σ is moving with momentum pz along the molecular axis (chosen as the z-axis hereafter).
The charge motion takes place under the effect of the SOC induced by the electric ﬁeld created by a helical charge array. The
parameters a, b and Δz are the radius and the pitch of the helix and the spacing of the z-component of the position vector of the
charges distributed along it, respectively.

The effect of the ﬁeld E on a charge moving with momentum p = (px , py , pz ) induces a magnetic ﬁeld in the
charge’s rest frame, leading to a SOC: HSO = λ σ (p × E). The SOC strength is λ = eh̄/(2mc)2 and σ is a vector
whose components are the Pauli matrices σx , σy , σz . Although the electric ﬁeld is calculated by the three dimensional
(3D) helical charge distribution, the linear particle motion reduces the study to a one-dimensional (1D) problem. Due
to the spin degree of freedom, the problem can be written as an effective 2-legs tight-binding model, where each leg
corresponds to a given spinor component (↑ and ↓) as follows (see Ref.[8] for the complete derivation):
H

=
+

N

N−1

∑ ∑ Un c†n,σ cn,σ +V ∑ ∑ (c†n,σ cn+1,σ + h.c.)

σ =↑,↓ n=1
N

∑

σ =↑,↓ n=1

×
(c†n,↑Wn,m cm,↓ + c†m,↓Wm,n
cn,↑ ) + Hleads .

(2)

n,m=1

The operators {cn,σ , c†n,σ }n=1,...,N,σ =↑,↓ create or destroy, respectively, an excitation at the tight-binding site n with
spin index σ . The only non-zero elements of the inter-channel coupling matrix W are given by: Wn,n = −α f (nΔz),
× satisﬁes W × = −(W )∗ for
Wn,n+1 = α Ψ(nΔz)/2Δz, and Wn+1,n = −α Ψ((n + 1)Δz)/2Δz. Further, the matrix Wn,m
m,n
n,m
×
∗
n = m, and Wn,n = (Wn,n ) , which reﬂects time inversion symmetry in the system. The hopping V can be estimated
via a ﬁrst-principle calculation of the electronic structure for a given system and Un is evaluated according to Eq. 1.
Finally, the operator Hleads , considered within the Landauer-Büttiker formalism, includes the coupling to the electrodes
attached to the left and right edges of the SO active region [8].

Transport Description
Spin-dependent transport in the ladder model of the previous section will be represented hereafter as coherent charge
transport in the 2-legs Hamiltonian Eq. 2. It is clear that the speciﬁc transport mechanism will in general depend
on the molecular system and also be inﬂuenced by the environmental conditions, e.g. single molecule vs. molecule
embedded in a self-assembled monolayer or dry vs. solvent conditions. Being aware of its potential limitations, we
will consider transport in the context of the Landauer approach, which provides a simple framework to analyze the
inﬂuence of different parameters on the spin polarization. We are interested in exploring the possibility of inducing a
spin polarization without the need of decoherence as a key element, so that we limit ourselves to compute the zero-bias
transmission function T (E) (linear conductance) for our model.
Along similar lines as in Ref. [8], we focus on the spin-dependent transmission probability, T (E), of the model given
by Eq. 2, as a function of the electron’s injection energy E. The problem can be considered as a scattering problem
where a ﬁnite-size region (with non-vanishing SOC) is coupled to two independent L(left)- and two independent
R(right)-electrodes, each electrode standing for a spin channel and being represented by a semi-inﬁnite chain. T (E)
encodes the inﬂuence of multiple scattering events in the SOC region. We assume a coherent transport regime and use
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Landauer’s theory [12] to obtain:
T (E) = ΓR↑ (ΓL↑ |G1↑,N↑ |2 + ΓL↓ |G1↓,N↑ |2 )
+ ΓR↓ (ΓL↑ |G1↑,N↓ |2 + ΓL↓ |G1↓,N↓ |2 )
= tup (E) + tdown (E) .

(3)

In Eq. 3, Gnσ ,mν (E) are matrix elements of the retarded Green’s function of the SOC region including the inﬂuence of
the L- and R-electrodes and ΓR,L
↑,↓ are the nonvanishing elements of the spectral functions of the left and right electrodes.
Notice that we focus on the case where the spectral density matrix ΓL have only non-vanishing elements when coupling
the sites 1 of the up and down spin channels, respectively. Similarly, ΓR has only non-zero elements when coupling
sites N of the up and down spin channels, respectively. Accordingly and for simplicity the non-vanishing terms in the
coupling matrices are abbreviated as follows: ΓL1↑,1↑ = ΓL↑ , ΓL1↓,1↓ = ΓL↓ , ΓRN↑,N↑ = ΓR↑ and ΓRN↓,N↓ = ΓR↓
The transmissions for the up and down channels, tup (E) and tdown (E), contain contributions arising both from direct
transmission without spin-ﬂip as well as spin-ﬂip. An energy-resolved spin-polarization (SP) for different initial spinor
states can be deﬁned as:
P(E) = (tup (E) − tdown (E))/T (E).
(4)
The energy-average SP P(E)E = P(tup (E), tdown (E), T (E)) will also be used. For the sake of simplicity we
focus in general on electron-like contributions (E < 0) and on energies |E| ≥ kB T ≈ 23 meV, so that . . .E =
 −kB T
−2V dE(. . .).

NUMERICAL RESULTS
A crucial parameter in the model is the SOC coupling α . Realistic values are obviously very difﬁcult to obtain [13, 14],
since α is not simply the atomic SOC, but contains the inﬂuence of the charge distribution in the system via the ﬁeld
factor E0 . In the present work we are going to use similar values, than those estimated in Ref.[8], being aware that a
more accurate estimation would require a separate ﬁrst-principle study of the electronic molecular structure. On the
other hand the hopping V in DNA is estimated via a ﬁrst-principle calculations to lie in the range of few tens of meV
[15, 16]. Notice that for the effect under consideration in Ref.[8] it was shown that weak electronic coupling along the
helical structure is expected to lead to low mobility of the electrons and to allow enough time for the SOC, although
being weak, to inﬂuence spin transport. Last, to model the different initial spinor states used in the following, the
energy bands of the electrodes can be shifted appropriately. Thus, states of injected electrons polarized with their
spin pointing up (P10 ) or down (P01 ) can be modeled by strongly shifting the spectra of the electrode corresponding
to the spin component ↓ or spin ↑, respectively, so that either ΓL↓ (E) or ΓL↑ (E) vanishes within the spectral support
[−2V, 2V ] of T (E). For the initial unpolarized state (P11 ) the energy bands of both electrodes are considered identical.
In summary, the following sets of couplings are used:
R
L
(10) → ΓL,R
↑ (E) = Γ↓ (E), Γ↓ (E) = 0,
R
L
(01) → ΓL,R
↓ (E) = Γ↑ (E), Γ↑ (E) = 0,
L,R
(11) → ΓL,R
↑ (E) = Γ↓ (E).

Effect of the helical symmetry
Energy dependence of the SP for injected electrons with polarization state P11 and for two different geometries
to clarify the inﬂuence of the helical symmetry is shown in Fig. 2. Solid black line corresponds to DNA molecule
geometry with pitch b=3.2 nm, as that used in the rest of the manuscript, and dashed green line with b=30.0 nm
corresponds to the limiting case where the helical structure of the potential has been almost removed. In the former
situation a spin-ﬁlter effect takes place for energies near the band edges, where the SP exceeds P11 ≈50%. Notice also
that near the band edges the SP has opposite signs for electrons (E < 0) and holes (E > 0), though P(E) is not exactly
antisymmetric. On the other hand, we ﬁnd that with increasing b the polarization becomes ”trivial”, i.e. it takes a value
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FIGURE 2. Energy dependence of the SP P(E) for L=3 helical turns, and for injected electrons with unpolarized spin state (P11 ).
Parameters: α =4 meV nm, V =20 meV and U0 =5 meV.

of 0% for all energies excepts in a very small region at the band edges. The latter behavior is related to ﬁnite-size
effects and will dissapear for a ﬁnest sampling of the simulations. This happens, since according to the deﬁnition of
P(E) = (tup (E) − tdown (E))/T (E) the case b → ∞ gives tup = 1 and tdown = 1, so that formally P(E) → ±0% for all
energies. This behavior is however irrelevant and only indicates that each incoming spin state is transmitted with no
effect of the SOC coupling. Hence, in the frame of this minimal model, the helical structure of the electric ﬁeld turns
out to be a fundamental ingredient in generating the spin ﬁlter effect.
In Figure 3, the quantities ξup = T↑↑ − T↓↑ and ξdown = T↓↓ − T↑↓ are plotted for the same geometries as Fig. 2 in
order to illustrate the relative amount of spin-conserving and spin-ﬂip processes in the outgoing spin-up and spin-down
channels. Notice that, according to the former deﬁnitions, if ξσ is positive, spin-conserving processes are dominating,
while if ξσ negative, spin-ﬂip events dominate. Furthermore the insets of Figure 3 show the total transmission of each
spin component, keeping in mind that the difference between the curves of tup and tdown is proportional to the spin
polarization. For the DNA structure (b=3.2 nm), leading to net spin polarization at the band edges, a large degree of
spin-ﬂip is found over most of the probed energies. However, it is only at the energies regions where the nonzero SP
arises where the magnitudes of ξup and ξdown are different. In particular at the bottom of the band, the spin-ﬁltering
effect mainly results from spin-ﬂip processes while at the top of the band it is related to spin-conserving ones. In both
cases, these effects strongly depends on the spin component. On the contrary, when the helical structure dissapears
(b=30.0 nm), although spin-ﬂip still dominate against spin-conserving processes, the spin-ﬂip rate of components up
and down are basically the same. Therefore, after propagation the state is still unpolarized and the spin polarization
vanishes.

Effect of static disorder
In order to test the stability of the spin polarization against ﬂuctuations of the electronic structure induced by static
disorder, we have assumed that the site energies are random variables with a square box distribution of width Δε .
In Fig. 4 the results obtained by performing a conﬁguration average over 150 realizations of the disorder are shown
for Δε =10 meV and Δε =20 meV. The spin polarization turns out to be stronger affected at low energies, while the
suppression near ±2V is less strong. We remark that the spin ﬁlter effect −equal sign of the polarization for all
incoming states (10), (01), and (11)− occurs mainly near the band edges and hence it is the inﬂuence of the disorder
within such energy region what is relevant. This behavior does not depend of the strength of the SOC, see inset of
Fig. 4. The obtained results thus show their stability against a perturbation of the electronic structure. Clearly, with
increasing disorder the spin polarization will be ultimately reduced and eventually suppressed. In summary, if the
disorder is not so strong so as to make a coherent transport model based on extended states questionable, the obtained
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FIGURE 3. Energy-resolved ratios of the transmission function for the outgoing spin-up channel, ξup = T↑↑ − T↓↑ , and spindown channel, ξdown = T↓↓ − T↑↓ . Insets show the total transmission tup = T↑↑ + T↓↑ and tdown = T↓↓ + T↑↓ , respectively. The
calculations have been performed for the same geometries and parameters as in Fig. 2.
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FIGURE 4. Disorder averaged SP for the (10) incoming state and different magnitudes of disorder Δε for the same parameters
of the upper panel of Fig. 2. Inset shows same as main plot for α = 6 meV nm.

spin polarization is only reduced but not fully suppressed.

CONCLUSIONS
In this work we have considered a 1D coherent spin transport model to study the main theoretical ingredients to reveal
the spin ﬁltering effect observed in double-stranded DNA molecules. We have demonstrated that the chiral symmetry
of such molecules, which we included by way of a helical electric ﬁeld, gives rise to a relevant SOC effect and thus, to
a ﬁnite spin-polarization in the system. Furthermore we have identiﬁed that within this model the spin ﬁltering effect
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mainly results from an interplay between spin-ﬂip and spin conserving proccesses that strongly depend on the spin
state and on the propagation energy.
Our results remain stable against moderate disordered ﬂuctuations. However, for disorder strengths Δε ∼ V or
larger, localization effects will dominate the physics and the microscopic transport mechanism will also change, so
that a different model as that presented in the current study should be used. For example, decoherence to mimic
hopping transport can be introduced via Büttiker probes [17] or by directly formulating the problem in terms of master
equations. It worths noticing however that the experimental systems studied so far are self-assembled monolayers
(SAM) of DNA or other chiral molecules. In this case, we may safely expect that conformational disorder will in
general strongly quenched, ﬁrst due to steric hindrance and second to the attachment of the molecules to a substrate.
This situation is in clear contrast to cases where molecules are studied in the gas phase or single molecules on
substrates. In these two latter cases, disorder may play a considerably more important role; however, due to the lacking
of corresponding experiments addressing spin polarized transport in single chiral molecules, a conclusive statement
can not be provided.
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