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We report spin-selective tunneling of electrons along double-stranded DNA sandwiched between nonmagnetic
leads. On the basis of a model Hamiltonian which contains spin-orbit interaction and dephasing, the conductance
and the spin polarization are calculated for natural and artificial DNA molecules by using the Landauer-Biittiker
formula. Our results reveal that the spin filtration efficiency strongly depends on the DNA sequence and is
dominated by its end segment. Both genomic and artificial DNA molecules could be efficient spin filters. The
spin-filtering effects are sensitive to point mutation which occurs in the end segment. These results are in good
agreement with recent experiments and are robust against various types of disorder, and could help for designing

DNA-based spintronic devices.
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I. INTRODUCTION

Charge transport through DNA molecules has received
significant attention from scientific researchers over the past
two decades.'™ In addition to electric charges, the DNA
molecule could be also used to manipulate electron spin.
Recently, it was reported that self-assembled monolayers of
double-stranded DNA (dsDNA) can discriminate the spin of
photoelectrons,>® which are ejected from the gold surface by
ultraviolet (UV) light. These electrons transmitted through the
dsDNA monolayers are highly polarized at room temperature
and the spin-filtering effects are enhanced with increasing
the DNA length.6 Moreover, it was demonstrated that even
single dsDNA could be an efficient spin filter by directly mea-
suring its charge transport property.” This finding is surprising
because the spin-orbit (SO) interaction is small in organic
molecules that could not induce such high spin selectivity.
The underlying physical mechanism can be attributed to the
combination of the environment-induced dephasing, the SO
coupling, and the chirality of the DNA molecule.® However,
the spin polarization vanishes if the dsDNA is changed into
single-stranded DNA or is damaged by the UV light.%8
Other theoretical models were also proposed to address the
role of helical symmetry in the charge and spin transport
properties.®~!?

The nitrogenous bases guanine (G), adenine (A), cytosine
(C), and thymine (T), which are four basic ingredients of the
DNA molecule, can constitute thousands of various sequences.
While natural DNA molecules can be extracted from the cells
of all living organisms, artificial molecules could be synthe-
sized in any desired sequence. It was shown that the DNA
molecule with different sequences could present any transport
behavior—conducting, semiconducting, and insulating.'>-'®
One may thus expect that different dSDNA would display
diverse spin-filtering effects. Indeed, the study of spin transport
along various dsDNA will provide valuable information re-
garding the physical mechanism and the biological processes,
and opens up potential applications in molecular spintronics.
In this paper, we explore spin-selective tunneling of electrons
through the dsDNA connected by normal-metal leads. Based
on an effective model Hamiltonian which includes the SO
coupling and the dephasing, conductance and spin polarization
are calculated for a variety of dsDNA. In this work the DNA
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involves genomic and artificial molecules, as well as those
employed in the experiments.®’ The sequences of several
typical DNA samples are listed in Table I. The genomic dsDNA
is extracted from the sequence of human chromosome 22
(chr22),'” while the artificial dsDNA is taken as a random
sequence and as substitutional, e.g., nickel mean (nm), copper
mean (cm), triadic cantor (tc), and fibonacci (fb).'® All of the
substitutional DNA sequences are constructed by initiating
from one seed and following a substitution rule. For instance,
the nm1 sequence is formed by adopting base A as the seed
and the substitution rule A - AGGG, G — A. Such sequences
can be generated from the concatenation rule as well."

From the study of numerous dsDNA molecules, we find
that the spin filtration efficiency presents strong dependence
on the DNA sequence and is mainly determined by the
end segment with several base pairs. Both chr22-based and
random dsDNA can be very efficient spin filters, while the
substitutional dsSDNA could exhibit large spin polarization and
conductance. Besides, the spin-filtering effects are sensitive to
point mutation which takes place in the end segment of the
dsDNA. The high spin polarization still holds even under the
environment-induced on-site energy disorder and twist angle
disorder. These results could be beneficial for building up
DNA-based spintronic devices.

The rest of the paper is organized as follows: In Sec. II,
we present the theoretical model with parameters extracted
from experimental results and first-principles calculations.
In Sec. III, the spin polarization and the conductance are
shown for various dsDNA sequences. Finally, the results are
summarized in Sec. I'V.

II. MODEL

The spin transport along the dsDNA can be described by

the Hamiltonian:%2°

H = Hpna + Hso + Ha + Hicad + He. (1)

Here, the first term Hpna = Zﬁzl(z,’le eAinc;”cjn +
-1 . .
>N tj,,c;ncj,l+1) + YN Aucl e +He. is the Hamilto-

n=1
nian of the two-leg ladder model, with n the base-pair

index, j the strand label, and N the DNA length. c;n =

(c}m,c;” ) 1is the creation operator, ¢;, is the on-site
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TABLE I. The sequences of the DNA molecules. Here, only the sequence along one strand is
presented, while the other can be derived according to Watson-Crick base-pairing rules: G pairs with
C, and A with T. The first three terms are the DNA molecules adopted in the experiments, rd1, rd2, and
rd3 are the random sequences, hcl, he2, and he3 are the chr22-based sequences, and the last six terms

are the substitutional ones.

Name DNA sequence

sq-26 TTTGTTTGTTTGTTTGTTTTTTTTTT

sq-40 TCTCAAGAATCGGCATTAGCTCAACTGTCAACTCCTCTTT
sq-50 TACTCTACCTTCTCAAGAATCGGCATTAGCTCAACTGTCAACTCCTCTTT
rd1 CAATGCAGTCTATCCACCTGACGGACCCCGACCCGCCTTT

rd2 CAATGCAGTCTATCCACCTGACGGACCCCGACCCGGCTTT

rd3 CAATGCAGTCTATCCACCTGACGGACCCCGACCCGCCATT

hel TAAATAAATAAATAAATAAATAAAATAAATAAAAGCCTTT

hc2 GGGCCCTGAGGCATGGGCCCAGAAGCATTCCTGTCCCCTT

he3 AGCTGGGGAGCAGGGCTCCACTCTGGGAGGGGGGCAGCCT
nml AGGGAAAAGGGAGGGAGGGAGGGAAAAGGGAAAAGGGAAA
nm?2 ATTTAAAATTTATTTATTTATTTAAAATTTAAAATTTAAA

cm GAAGGGAAGAAGAAGGGAAGGGAAGGGAAGAAGAAGGGAA
tc GAGAAAGAGAAAAAAAAAGAGAAAGAGAAAAAAAAAAAAA
bl AGAAGAGAAGAAGAGAAGAGAAGAAGAGAAGAAGAGAAGA
b2 ATAATATAATAATATA ATATA ATAATATAATAATATAATA

energy, tj, is the intrachain hopping integral, and A, is
the interchain hybridization interaction.”! The second term
Mo = Y plitsoct, 04" ¢ u1 +He} is the SO Hamiltonian,
which stems from the double-helix distribution of the elec-
trostatic potential of the dsDNA.® t#,, is the SO coupling
strength and o, = [o,(sin @jn + sin@j,11) — oy(cos g, +
CoS Qju41)18inb;, + 20, cos 0, with o, , . the Pauli matrices,
@;jn the cylindrical coordinate of the base, and 6, the helix
angle between base n and n + 1 in the jth strand.® In the
equilibrium position of the dsDNA, ¢;, = (n — 1)A¢ and
0;, =0 with Ag the twist angle. The third one, Hy =
> ini€ukb bk + tablcju + H.e), is the Hamiltonian of
the Biittiker’s virtual leads and their coupling with each base
of the dsDNA, simulating the phase-breaking processes due
to the inelastic scattering with phonons and counterions.?>?

The last two terms Hiead + He = Zk,ﬂ:L,R 8ﬂka);kaﬁk +

ij(tLachjl + tRajzkch + H.c.) represent the real leads and
the coupling between these leads and the dsDNA, respectively.

The conductances for spin-up (G4) and spin-down (G )
electrons can be calculated by using the Landauer-Bittiker
formula.® The spin polarization is Py = (G — G)/(G4 +
G ). Since the current is flowing from the left real lead to the
right one, the terminal of the dsDNA attached to the former
is named the beginning, while the other terminal is called the
end.

For the dsDNA, ¢, is chosen as the ionization potential
with g = 8.3, 64 = 8.5, 6c = 8.9, and e = 9.0; ¢}, between
identical neighboring bases is taken as tgg = 0.11, tap =
0.22, tcc = —0.05, and tt7 = —0.14; and A, = —0.3. These
parameters are extracted from the experimental results>*>” and
first-principles calculations®3* with units in electronvolts.
tj, between different neighboring bases X and Y is set
to txy = (txx + tyy)/2, in accordance with first-principles
results.’** The helix angle and the twist one are 6 = 0.66 rad
and Ag = Z. The SO coupling is estimated to #, = 0.01. For

the real leads, the parameters I'; = I'x = 1 are fixed, while
for the virtual ones, the dephasing strength is I'y = 0.006. The
values of all these parameters will be used throughout this
paper, except for Fig. 2(d), of which the inset is performed
with I'y = 0.01. In fact, our results still hold by changing the
model parameters in a wide range.

III. RESULTS AND DISCUSSION

It was reported that the ionization potential of the
base is affected significantly by both counterions®>3® and
hydration.’”** Consequently, the environmental effects can
be properly considered by varying the on-site energies. A
random variable w;, is added in each ¢j, to simulate the
stochastic population of these counterions and water molecules
around the dsDNA, with w ;,, uniformly distributed within the
range [— %, %] and W the disorder degree. Figure 1(a) shows
the spin polarization P; of poly(A)-poly(T) under the on-site
energy disorder, as a function of the energy E. It clearly
appears that P is large for homogeneous poly(A)-poly(T)
and is sufficiently robust against the on-site energy disorder.
This can be further demonstrated in Fig. 1(c), where the
averaged spin polarization (Ps) is shown. One notices that
(Py) fluctuates around its equilibrium value of 5.0% at W = 0
and the oscillation amplitude is enhanced by W. Furthermore,
a new energy region of high P; becomes more distinct in
the case of larger W [see the curves of W = 0.16 and 0.3
in Fig. 1(a)]. On the other hand, the averaged conductance
(G4) is decreased by increasing W as expected, due to the
disorder-induced Anderson localization effect. The curve of
(G4)-W can be fitted well by a simple function (G4) o 10~*W
[see inset of Fig. 1(c)].

Besides the on-site energy disorder, each base will waver
around its equilibrium position at finite temperature. In this
situation, it is reasonable to plus a random variable d;, in

each ¢;,, with d;, distributed in the region [—2,2] and D
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FIG. 1. (Color online) Energy-dependent P; for poly(A)-poly(T)
under the on-site energy disorder with degree W (a) and of the
twist angle disorder with degree D (b). (G;) and (P;) vs W (c)
and vs D (d). The inset of (c) shows (G) in a wider range of W,
and the dependence can be fitted by the function (G4) o 107%
with « = 5.80 £0.09 (cyan line). (G4) and (P;) are averaged in
the energy region [9.04,9.32]. All of the results are performed
for single-disorder configuration with N = 40 and are similar for
other disorder configurations. Here, Gy = e?/h is the quantum
conductance.

the disorder degree. By considering constant radius R of the
dsDNA and arc length /, between successive bases to account
for the rigid sugar-phosphate backbone,** the helix angle 6,
will be modulated according to I, cos 6, = R(@jnt+1 — @jn)
and the fluctuations are disregarded in the intrachain hopping
integral as a first approximation.’>*'*? It can be seen from
Fig. 1(b) that the curves of Ps-E are almost superposed with
each other in the context of the twist angle disorder only.
Accordingly, no fluctuations could be observed in the curve
of {Py)-D [Fig. 1(d)]. Besides, {G4) will not be changed with
D, because the SO coupling is much smaller than the hopping
integral. Therefore, poly(A)-poly(T) remains an efficient spin
filter, even under the on-site energy disorder and the twist angle
disorder.

Then we investigate the spin transport through aperiodic
dsDNA in the absence of external environment-induced
disorder. Our results still hold if the on-site energy disorder
or the twist angle disorder is included. Let us first discuss
the spin transport properties of the dsDNA used in the
experiments.®’ Figures 2(a)-2(c) display the conductances
of spin-up (G4) and spin-down (G) electrons for sq-26,
sq-40, and sq-50 sequences, respectively. As compared with
homogeneous dsDNA,® the energy spectrum of aperiodic
dsDNA is also separated into the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO). The conductance is declined by increasing the DNA
length, because the electrons experience stronger scattering in
longer dsDNA.

In addition, one can see from Figs. 2(a)-2(c) that
the discrepancy between G4 and G is more distinct for the
LUMO band than the HOMO one. Thus, Py is larger in the
former band than the latter one [Fig. 2(d)]. Moreover, P
at E =9.11 is, respectively, 9.6%, 38%, and 38% for the
$q-26, sq-40, and sq-50 sequences, in good agreement with
the experiment.® In fact, the obtained P, is also consistent
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FIG. 2. (Color online) Energy dependence of G4, G, and P;
for the dsDNA used in the experiments. G4 and G, for the sq-26
sequence (a), the sq-40 one (b), and the sq-50 one (c). (d) P, for all
three dsDNA. The inset of (d) displays P, with I'; = 0.01.

with the experimental results by adopting different I'; from
the region [0.003,0.01], e.g., see P, of I'y = 0.01 in the inset
of Fig. 2(d). Besides, although the conductances between
the sq-40 and sq-50 sequences are very different, their spin
polarizations are almost identical and the difference between
the two Py is within 107° range, due to the fact that the sq-40
sequence is the end part of the sq-50 sequence. This suggests
that the spin filtration efficiency of the dsDNA is mainly
controlled by its end segment, which will be substantiated
below.

Next we study the spin polarization of the random and
chr22-based dsDNA. Figures 3(a) and 3(b) plot P, vs E for sev-
eral typical random and chr22-based sequences, respectively.
It is clear from the curves of rd1 and hcl that both random
and chr22-based sequences could be very efficient spin filters
with Py achieving 40%. From a statistical study of numerous
dsDNA with extremely high Py, it reveals that these sequences
are usually terminated by the segment “CCTTT/GGAAA” in
their ends [Fig. 3(c)]. We emphasize that all of the investigated
dsDNA with N = 40 will exhibit very high Py values of around
40% if their end segments are replaced by “CCTTT/GGAAA”.
Besides, the dsDNA could also be a very efficient spin filter
if it has other end segments, as shown in Fig. 3(c), where
a distribution of P; at £ =9.11 is displayed for different
random dsDNA with 16 end segments. It clearly appears
that Py is always large for these dsDNA [see the right part
in Fig. 3(c)], although P; will vary in a finite range. The
dsDNA remains an efficient spin filter if it is ended by the
moiety “(C),, TT/(G),,AA”, with m the integer (see the curve
of hc2). However, P, can be dramatically reduced by altering
the end segment, even if its last base pair is changed [see
the left part in Fig. 3(c)]. These are due to the fact that the
charge will gradually lose its phase and spin memory while
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FIG. 3. (Color online) Energy-dependent P; for the random
dsDNA (a) and for the chr22-based one (b). (c) Distribution of P
at E = 9.11 for various random dsDNA with large P; (right part) and
with small Py (left part) as a comparison. The results are extracted
from 10° DNA samples. Here, only the end segment in the first strand
is shown (two sides) and can be obtained for the second one according
to the base-pairing rules. For instance, the moiety “CCTTT” denotes
“CCTTT/GGAAA” in the dsDNA. (d) (G;) and (P;) vs mutation
position L for the rd1 sequence.

transmitting along the dsSDNA. The longer distance the charge
propagates, the larger the loss of its memory. Accordingly, the
spin filtration efficiency of the dsSDNA is dominated by its end
segment containing several base pairs.

To further verify the aforementioned point, we introduce
point mutation in the dsDNA, where only one base pair is
modified and replaced by another.**** Here, the point mutation
is defined by switching the complementary bases within a
single base pair.*> We focus on Py of the random dsDNA in
Fig. 3(a). The rd2 and rd3 sequences are derived by introducing
the point mutation in the rd1 sequence.*> One notes that
Py is reduced more significantly if the mutation position is
closer to the last base pair of the rd1 sequence. The largest
Py is decreased from 42% for the rd1 sequence to 25% and
4.7% for the rd2 and rd3 sequences, respectively. (Ps) and
(G4) are shown as a function of the mutation position L in
Fig. 3(d), where the average is obtained within the energy
region [8.98,9.18]. It is clear that (P;) does not change if the
mutation occurs in the very beginning of the rd1 sequence,
and fluctuates more strongly if the mutation position becomes
closer to its end. Py is very small if the point mutation takes
place within the last three base pairs, due to the identical
sign between 1, and t,,.® In contrast, (G4) fluctuates more
obviously if the mutation occurs in the beginning of the
sequence, and the fluctuation amplitude is more severe in
the curve of (Ps)-L than (G4)-L, indicating that the spin
polarization is much more sensitive to the modification of
the base pair in the dsDNA than the conductance. In this
perspective, the spin transport along the dsDNA may be related
to mutation detection in the biological processes and could be
beneficial for DNA sequencing.*®

Figure 4 shows the statistical properties of Py at fixed
energy for the random and chr22-based dsDNA with 10°
samples. It clearly appears that P; can vary from 42% to
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FIG. 4. (Color online) Distribution functions of P; for the
random and chr22-based dsDNA at £ = 9.11. The inset shows the
corresponding statistics of P; at E = 9.03. Here, N = 40.

negative, implying that the spin-polarization direction of the
charges transmitted through the dsDNA could be reversed
by modifying its sequence, and one can see that many DNA
molecules exhibit high P;. From a statistical perspective, the
chr22-based dsDNA has more efficient spin filters than the
random one. For instance, the number of the dsDNA, of which
Py is larger than 30% (20%), is 458 (1436) and 667 (2020)
for the random dsDNA and the chr22-based one, respectively.
This can be further demonstrated in the inset of Fig. 4, where
one notices that the curve of the chr22-based dsDNA is always
higher than that of the random one for P; > 1.3%. However,
there are also many dsDNA with small P, at fixed energy.
This is attributed to the fact that (1) Py depends on E that
the energy region of large P; may differ from one sample to
another [Figs. 3(a) and 3 (b)], and (2) the electrons may not be
polarized exactly along the helix axis for each dSDNA and the
actual spin polarization could be larger.

Finally, we study the spin polarization of the substitutional
DNA molecules, of which the electronic properties have
been investigated previously.!**” Figure 5 shows P; and G,
for several substitutional dsDNA. It is clear that besides
homogeneous DNA molecules, some substitutional dsSDNA
can also be efficient spin filters with high spin polarization
and conductance. One can see that G, are very large for
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FIG. 5. (Color online) Energy dependence of G; and P, for
several substitutional sequences of DNA molecules.
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all these dsDNA, due to the long-range correlations.'>*” The
nml sequence has the largest P as that of the rdl and hcl
sequences, while Py of the cm sequence is almost identical
to that of the hc2 one [see Figs. 3(a) and 3(b)]. Additionally,
the spin-polarization configurations of the tc sequence and
poly(A)-poly(T) are similar to each other. P; at £ =9.11
of the nm2 sequence is within its range for the dsDNA of
the end segment “TTAAA/AATTT” [see Fig. 3(c)]. All of
these further demonstrate that the spin filtration efficiency
of the dsDNA is determined by its end segment and does
not have obvious relation with its sequence correlations.
Besides, Py will differ from one substitutional dsDNA to
another and can be small for the correlated dsDNA [Figs. 5(e)
and 5(f)].

PHYSICAL REVIEW B 86, 115441 (2012)

IV. CONCLUSIONS

In summary, we investigate the quantum spin transport
through different dSDNA contacted by nonmagnetic leads. We
find that the spin polarization strongly depends on the dsDNA
sequence and is mainly determined by the end segment. Both
natural and artificial dsDNA could be very efficient spin filters.
Our results could motivate further experimental studies on
DNA spintronics.
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