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1. Introduction

In the present study, we propose a physical model to study
spin transport through DNA system and provide apparent
physical mechanism for spin dependent phenomenon. The
system considered in our work is DNA bases guanine-
cytosine coupled to two ferromagnetic leads (FM-
(G/C)10-FM) in parallel and anti-parallel configuration
case, throughout magnetic quantum contacts. Our
treatment is based on the tight binding model to derive
obvious formula for the transmission spectrum which is
employed to investigate the spin dependent current-bias
voltage characteristics and the temperature - Conductance
dependence. Our calculations of for strong, weak and
without backbone regimes. Various factors are involved in
our -study. These are the electrical contacts between DNA
molecules and electrodes, the structure of DNA molecule
and the environment around DNA molecule. The system
spin dependent factors, that are investigated extensively in
our study include the spin dependent coupling between
subsystems, the quantum contacts between active region
and electrodes, majority and minority electrons spin in the
ferromagnetic leads as well as externally applied bias
voltage. Variation of these factors can enhanced or
suppressed spin transport through (G/C)10 molecule. The
transmission spectrum calculations conform that the spin
transport throughout (G/C)10 originates by a coherent
tunneling process between neighboring bases through the
overlapping of the LUMO orbitals of the bases. Our results
showed that the spin-polarized transport that can be
effectively regulated by the type of regime as well as the
spin configuration in the leads which can exhibit efficient
spin filtering and spin switching by employing the spin
blockade phenomenon.

We Molecular electronic devices have been extensively studied in recent years with regard to
their potential applications in nanoscale devices and spintronics. Due to their small size and low power
consumption, many basic devices utilizing molecules had been demonstrated including tunnel junctions
with negative differential resistance, rectifiers, amplifiers and data storage[1]. The trend towards smaller
electronic devices is driving the nanoscale electronics to its ultimate molecular-scale limit, which offers
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the possibility of exploiting quantum effects. The rich phenomena that have been discovered in these
areas arise from mixing of electronic energies in the molecule with external macroscopic structures. [2].
The Spintronics, involves the study of active control and manipulation of spin degrees of freedom in
solid-state systems. The primary focus was on the basic physical principles underlying the generation
of carrier spin polarization, spin dynamics, and spin-polarized transport in semiconductors and metals.
Spintronics systems exploit the fact that the electron current is composed of spin-up and spin-down
carriers, which carry information encoded in their spin state and interact differently with magnetic
materials[13]. Based on experimental motivations, electrical measurements were mostly performed for
dried DNA molecules that are connected to metal electrodes. As the size of DNA molecule is known to
be 2 nm in diameter it may be possible to fabricate the smaller electrical circuits than conventional one
such as conductive wire and switching devices[4-5]. Recent experiments have demonstrated double-
stranded DNA molecules as efficient spin filters at room temperature Generally speaking the spin
sensitivity of organic spintronics devices is basically related to the magnetic properties of the organic
material or those of the electrodes where the molecules is attached[6].

The goals of our work can be summarized as following:

1- Calculating the spin dependent energy spectrum of (G/C)10 that must be utilized to calculate the
spin dependent transmission spectrum of the active region.

2- Calculating the spin dependent transport properties to obtain the fundamental understanding of the
impact of every factor involved in our work on the characteristics of (G/C)10.

3- Analyzing our results and determining the recommendations for the use of FM-(G/C)10-FM in the
field of spintronics applications.

2. The Theoretical Model

We describe the system under consideration (that shown in fig. (1) by spin-dependent Hamiltonian
(using Dirac’s notations). This electronic Hamiltonian takes into account all the sub-systems
interactions. The different indexes D, A, a, L and R denote the donor, acceptor, the active region and
the left lead and right leads.

Backbone

000000
1®800--008 o

active region

Fig.1. The fishbone model for DNA. The active region contains base pairs and backbone
By using the tight binding model, the spin dependent Hamiltonian model for certain spin is written as
follows:

fl = ES|Do)Da| + EJ|Ac)Aa| + Z EZ. kgo)kgol + Z EZ lkyo) kol + 2 EZ lkao)kqo]
KR kL Kaq

+ 3 Ve, IDo) kool + Vi p|kaXDal] + ) [V, |40)kao| + VE, a|kaoNAol]
k Kq

+ ) V8, IPo)iesol + Vg plko)Dol]
KL

+ Z[VA"RR |Ac) (kgol + VE alkza)Aal] (1)
kr

The index k; is the energy wave vector, with i represents the indexes D, A, a, L and R. Ef represents
the ith energy level position and spin. | io) and (jo| represent the ket and bra states, respectively. Vij
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represents the coupling interaction between the subsystems i and j with Vij= Viji. The system time
dependent and spin dependent wave function can be written as,

WO () = CS(D)IDaY + CI()|Ac) + z CZ (B)lkqao) + Z C2 (O,
ka kL
+ 68, (Olkeo? @
kr

Where, C7 () represents the linear expansion coefficients, with j=D, A, a, L and R. The equations of
motion for €7 (t) can be obtained by using time dependent Schrodinger equation [7] (in atomic units):

dwe(®)

— —iHY(t) (3)

For steady state case, we define C(t) as (7 (t) = C_j‘I (E%) e~E°t with E° represents the spin
dependent system energy. For steady state,

ag

dc§ . . . = =
we have d—t’ = 0 and by using the suitable separation procedure; V,fja = u;gjvl.;; and Cg, = vy, Cf \we
get the following set of time dependent and spin dependent related equations,

_ 1 = =
CE(E) = sz VB D 108, I2CE () + V5, ) 08, 1°C2(E®) )
b ky, ka
_ 1 = =
CE(E) = o Vik ) WE PR (B + Vi D Ivg, J2CE (E) (5)
A kr ka
= 1 —_ —_
Cq(E7) = W{Vgucg(b"a) + Vi, C4 (E9)} (6)
A0 (o 1 0 fO(LO
CLE?) = ro 5o VibC3(E7) )
L
Ao (o 1 0 FO(RO
CR(E?) = ro 5o VRaCa (E°) ®
R

Then, by using the following definition of the self- energy [8]:

vk |?

g
2
Z'_(E") = V3" L°(E?); L = —— where
ki
[9(ED) = —imp? (B p p}‘.’(Ea)dE'g .
7(E9) = —inpf (E°) + o _fo 9)

2
and the spin dependent density of states is given by p7 (E°) = 2k, |v,3j| ) (E;g] - E“)

By substituting eq. (6) and eq. (8) in equation (5), then eg. (5) can be written as:
Now, the spin dependent the transmission amplitude and transmission probability can be respectively

defined by: t7(E9) = % and 19(E%) = |7 (E)|?

D
The eigen values of the active region, that contains base pairs with backbone (when the base pairs
arranged in homogenous sequence) will be calculated by using tight binding model [7]:-

Ef = Epqsis — 2tp, cOS (ﬁ) + \/[tgp cos (%)]2 + 2tg,2 (10)
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Where j refers to single base pair. Ej ;s iS the energy of the basis (i.e the energy of one base pair).
N(=10) represents the number of the base pairs. t,, is the coupling interaction between nearest-neighbor
base pairs. t;,;, is the coupling interaction between base pairs and backbone. In the presence of magnetic
field and spin dependent coupling interaction between subsystems, the eigen values become: Ef” —
E7 + olg; where o = £1 for spin up and spin down, respectively. A, represents the energy splitting
due to magnetic field effect. E7 (E;?) represents the spin up (down) energy orbitals of the DNA active
region. It is obvious that the accumulation of spin up electrons in leads is greater than the accumulation
of spin down electrons. Extended programs based on Fortran language are accomplished to calculate all
the spin transport properties for all applied parameters that considered in our model calculation in both
cases of Leads spin configuration in the presence and absence of spin orbit Coupling.

3. Calculations and Results

All the electronic and transport properties will be calculated and studied for the case of leads
in the parallel configuration. pg represents the chemical potential of the lead a(= L, R) for certain spin
o . ER(ER) represents the spin dependent energy levels of the accepter (donor). For this case, we have
uf = pg = 0.1eVand p ° = pg° = —0.1 eV.

Firstly, our calculations are accomplished for two regimes, the strong regime where tp,, > tgp , the
weak regime where tpy, < tg, It is experimentally well known that, the coupling interaction between
base pairs and backbone simulates environmental effects. Accordingly, the case "Without" backbone
must be also studied. Firstly, the (G/C)10 active region eigen energy values and the spin dependent
transmission spectrum are calculated for tii = 0 .. The basepaire-backbone coupling interactions for
the upper and lower backbone sites (for certain spin) are considered in all our treatment to be equal. The
parameters used in our calculations for the case of strong regime are: tgp = 0.5eV,tgg =
0.25eV, ty, = 0.7eVand t,p, = 0.35eV, while for the case of weak regime tg, = 0.7eV,t,5 =
0.35eV, tp, = 0.5eVand t,5 = 0.25eV. The coupling interactions between subsystems are Vgr =
1.5eV,Vag = 0.75eV,Vg, = 1.2eV,V, 2 = 0.6eV,V, = 0.5eVand V,§ = 0.25eV. The energy
levels of the accepter quantum contact are E = —0.2eV, E;° = 0.2eV,E§ = 0.7eV and E;° =
0.35eV To accomplish our calculations the eigen values of the active region are calculated for the

sequence (G/C)10 for all regimes by using eq.(10) in the presence of applied magnetic field.
Epasis (= EG;'EC) is the energy of one base pair [9]. Eg(= —0.63eV) and E¢(= —3.75 eV) are the
onsite energies of Guanine and Cytosine, which are calculated with respect to Ep = —5.5eV. The
energy levels of the active region are presented in table (1) for the case of strong, weak and without
backbone regimes, respectively.
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Table 1. The energy eigen values of the (G/C)10 for the strong and weak regimes as well as the
without backbone regime.

Strong Regime Weak Regime "without" backbone
E7,E7 (eV) E7,E7 (eV) E7,E7° (eV)
2.4495 2.7085 2.4049
2.3068 2.4879 2.1566
2.0875 2.1494 1.7652
1.8169 1.7361 1.2623
1.5248 1.1492 0.9974
1.2401 1.3033 0.8733
1.0197 1.0389 0.6888
0.9860 0.9048 0.6776
0.9484 0.8697 0.4261
0.8387 0.6630 0.1394
0.7783 0.5729 0.0992
0.7034 0.4466 -0.0221
0.6243 0.3158 -0.0498
0.5574 0.2474 -0.0684
0.5305 0.1324 -0.1553
0.4150 0.0814 -0.1988
0.2880 0.0219 -0.2392
0.1839 -0.0470 -0.2816
0.1071 -0.1387 -0.3044
0.0602 -0.1940 -0.3458

For the case of strong regime, the spin up eigen values are lying in the regime 0.5305 eV < Ef <
2.4495 eV , while the spin down values are lying 0.0602eV < E;? < 1.0197 eV. And for the case of
weak regime, the spin up eigen values are lying in the regime 0.0219eV < E7 < 2.7085 eV, while the
spin down values are lying -0.1940eV < E;° < 1.1492¢V. Table (3-2) presents the values of spin up
energy levels —0.2816eV < Ef < 2.4049eV and the spin down energy levels —0.3458eV < E;7 <
0.99749eV. The of E7 (E; ) are shifted to the higher (lower) energy spectrum. All these energies are
LUMO orbitals. The eigen values of the sequence (G/C)10 are utilized to calculate the transmission
spectrum for strong and weak regimes. Fig. (2) represents the transmission spectrum for both spin in
the strong regime. The transmission probability for spin up is higher than that of spin down.Also, the
number of resonances for spin up transmission probability equals to 9(=N-1), while for spin down it is
nearly equal to 7 . The spin up (spin down) transmission spectrum is (is not) shifted towards the higher
energies. The number of peak-dip transmissions changes with spin. These resonances may be called
Fano-resonances which emerge because of quantum interference effects. Experimentally, the coupling
interaction between base pairs and backbone corresponds to the environmental variations. The
transmission spectrum for the weak regime is shown in Fig.(3). The transmission probability becomes
higher as the coupling interaction between the base pairs and backbone is lower than the coupling
interaction between the base pairs. The transmission spectrum for both spin are nearly located at the
same rang of energy, bearing in mind that the spin up accumulation in the leads is the higher one. As
the backbone — base pair interaction is neglected, the number of resonances reduces to 7 for spin up
channel and to 4 for spin down channel (see Fig.(4)). The spin dependent transmission spectrum is
employed to calculated the spin dependent current that transports through the (G/C)10 active region.
The spin current through the active region ( base pairs with backbones) is calculated according to

Landauer transport formula[10]; I¢ = sz:: t?(E)[fP(E) — f§(E)]dE. fZ (E) is the spin dependent
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o1
Fermi distribution function of o spin electrons in the lead « (=L,R) : fZ(E) = {1 + exp [iB’;Z]} Ty

is the lead temperature and kg is Boltzmann constant. Then by applying bias voltage eV}, on both leads
, the chemical potentials become for left and right leads (1 + eV, )and (u£? — eV, ). Accordingly
the spin up energy window will be (uf + eV,) < W < (ug — eV} ), while the spin down one will be
(U’ +eVy) <Wg?% < (ug° —eV,). The spin dependent currents (I°and [~7) are calculated for
—1.0eV < el < 1.0 eV with T = T, = 300K, which means that the case of thermal equilibrium is
considered. Our calculations are presented for both regime in Figs.(5) and (6). Fig.(5) shows spin
blockade effect in 19 and =9 curves. For spin up , the spin blockade voltage eV equals 0.79eV,
while for spin down eVgg” =0.21eV. Also I°(1~?) shows linear I°_ eV, (I7?_ eV},) relation for
leV,| > 0.3955el/ (0.1038eV) , where 7% > [°.
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Fig (2): T° ana T~ ? spectrum for the strong regime (G/C)10.
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Fig (3): 7% ana T~ 7 spectrum for the weak regime (G/C)10.
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Fig.(4): 7% anda T~ ? spectrum for the "Without" Backbone regime (G/C)10.
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Fig.(5): The spin —dependent current as a function of bias voltage for the strong regime (G/C)10.
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Fig.(6): The spin —dependent current as a function of bias voltage for the weak regime(G/C)10.
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Fig.(7): The spin — dependent current as a function of bias voltage for the "Without" Backbone

Not the same features can be reported for the weak regime. In Fig (6), the spin up dependent current
show three linear relations. No spin up blockade is noticed, while narrow spin down blockade is obvious.
In general, shows nearly equal values of I? and I~° for certain bias voltage. All these reported features
are due to the resonances position (i.e LUMO levels) if they are lying with in the energy window or out
of it. Fig.(2) shows that the spin up resonances are lying nearly out the spin up energy window. While
the spin down resonances are lying within it. So, for strong regime ,we have eV, > eVgg” , while for
weak regime , no spin blockade is noticed. Certainly , the spin transport properties are determined by
the number of spin dependent resonances and their position with respect to the spin dependent energy
window WEi". In Fig.(7), in general I%is nearly equal 1=? , but I° shows three range of bias voltage,
in all the relation 1 — eV}, is linear. While I~ shows spin down blockade in the range —0.045eV <
eV, < 0.045eV , i.e eVgg” = 0.09eV.The spin dependent conductance is also calculated using the

2 [} g .
following formula [10]. G° =2% _+oo dE r"(E)afa—E(E) . The spin dependent conductance are

presented in Figs.(6) and (7) as function of 10K < T, < 300K for strong and weak regimes ,
respectively. In Fig. (6) , one can notice that G¢ is independent of temperature for T < 225K, while
for T > 275K the relation of G? with T, becomes linear. Also , it is observed that G~ > G?. In the
weak regime , G? and G°decreases with temperature increasing , One of the most important feature is
G% > G~?, The enhancement in the values of conductance, in the case of weak regime, may be
attributed to the increase of the hybridization between the accepter energy levels with active region
energy levels. With increasing temperature, the spin up conductance shows nearly constant value, while
G~ 7 increases linearly as T > 125K (see Fig.(10)).
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Fig.(8): The spin —dependent conductance as a function of temperature forthe strong regime
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4. Conclusions

In our study, we investigate the effect of spin on the electron transport through a certain number
of base pairs when exposed to the variations of the coupling between (FM-(G/C)10-FM) subsystems, ie
the spin dependent quantum contacts and leads and the effect of backbone. The spin transport properties
through (G/C)10 are evaluated numerically. In relation to the spin dependent feature applications, we
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dealt with several parameters associated with the experimental works. (G/C)10 sequences have been
employed to determine the spin transmission and 1°_eV,, characteristic in the absence of spin-orbit
coupling. Our results, that are summarized in table (2), have described various features of the (G/C)10
molecule. Our calculations include the characteristics of the structures and their relevance to the spin
transport properties. We found that the spin-polarized current could rapidly increase under a small bias
voltage by tuning the coupling interactions between the subsystems. We also focused our attention to
the impact of temperature on the spin transport properties. Increasing temperature may cause the
destruction of the phase coherence and may lead to the reduction of conductance. It is concluded that
the (G/C)10 structures are good for spin filter applications. Their structures produce effective quantum
confinement, thus (G/C)10 structures may be excellent candidates for the spintronics applications such
as spin switching.

Finally, for future analysis, we need to study the spin filtration efficiency of (G/C)N for the case of
antiparallel leads-configuration.

Table 3. summarizes the phvsical features of 1° and I~°

Vg > Vi Vg > Ve
V& increase with the molecular Vg (Vsg')is shifted to the negative
length. (positive) bias voltage.
19<]° 1°<I7?
is linear with eV, I~ %shows I° ) ,is linear with eV}, shifted to I° (I™°
spin blockade both are symmetric the negative (positive) bias voltage.
with eV, =0

1°>17° 7 >1°
is linear with eV,. ) is linear with eV}; shifted to 1°(I~¢
is also linear with 179 the negative (positive) bias voltage.
, except for N = 10 both are eV},
symmetric with eV,,.

1°~]° 72 >1°
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