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DNA spintronics
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We predict, using a tight-binding model, that spin-dependent transport can be observed in short
DNA molecules sandwiched between ferromagnetic contacts. In particular, we show that a DNA
spin valve can be realized with magnetoresistance values of as much as 26% for Ni and 16% for Fe
contacts. Spin-dependent transport can broaden the possible applications of DNA as a component in
molecular electronics and shed new light into the transport properties of this important biological
molecule. ©2002 American Institute of Physic§DOI: 10.1063/1.1496504

Electronic transport in DNA has recently attracted con-source of decoherence of the orbital component of the elec-
siderable interest in view of its possible use in moleculartronic wave function due to any type of inelastic scattering
electronics: Experiments indicate that DNA behaves as aon each pair. Spin-flip effects are assumed to be negligible
metallic conductor, a semiconductor, or an insulator, accorddue to the very small spin-orbit coupling in DNA. This ap-
ing to different contacts, molecular lengths, and ambienproximation seems to hold true for carbon nanotaksrsd
surrounding$. Direct measurements of electronic transportphenyl molecules sandwiched between ferromagnetic
in short polydG)-poly(dC) DNA molecules, in the 10 nm contacts
range, connected to metallic electrodes have revealed inter- We treat the electrodes as semi-infinite one-dimensional
esting nonlinear current—voltagé«V) characteristicS.For  tight-binding chains. The two spin configurations in the fer-
voltages smaller than about 1 V an insulating gap is obfomagnetic contacts are represented by the different Fermi
served, while for larger voltages electric current can flowvelocities for spin-up and spin-down populations, reflecting
across the molecuféThese results suggest that transport oc-partially occupiedd bands for spin-down states and fully
curs when the electronic levels of the DNA molecule alignoccupiedd bands for spin-up states. The Hamiltonian can be
with the quasi-Fermi levels of the electrodes. A theoreticareduced to an effective HamiltoniaH ¢, which is written as
account of such results has been recently provided by Li
et al. by means of a homogeneous one-band tight-binding
model for highest-occupied-molecular orbital-mediated
charge transpoft Quantitative agreement has been obtained
by assuming partial electron dephasing on the guanine= g, and; represent the interaction of the electrodes and
cytosine(GC) pairs? reservoirs with the GC pair they interact with. These self-

In this letter, we explore an extra degree of freedom inenergy corrections are written as
the transport properties of DNA, namely spin-dependent 5
transport. In particular, we predict that spin-valve behavior _ Vi
could be observed in short DNA molecules of the type ex- ”_E—Eﬂ—aﬂ’
plored by Porattet al®> when DNA is sandwiched between ., o1
ferromagnetic contacts like Ni and Fe. We show that magnewhere o, =(E—E)/2—i[y, —(E—E,)*/4]"* and u=L,
toresistance values of as much as 26% for Ni and 16% for F& ©rj. TheV,, are the coupling strengths of the molecule to
contacts can be observed. Apart from providing new insighth® electrodes and reservoifsee Fig. 1 E, and y, are,
into the fundamental mechanism of electronic transport if€SPectively, the site energies and hopping strengths of the
DNA, this study broadens the possible applications of DNA€lectrodes and reservoir chains. Followingeitial,, we take
as a component in molecular electronics. 4v; as the band width of the dephasing reservoirs, assumed

Following Li etal,* we employ a one-band tight- 0 be5 e\ For the electrodes, we take
binding model to simulate transport across a DNA molecule. o
The molecule is represented by a setNoGC pairs. A sche- YR = LB
matic of the total systenfDNA plus electrodesinvestigated 23 (ry
is shown in Fig. 1. The Hamiltonian is written as
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whereH), describes the DNA moleculé], andHg the left Eectrode ® .’ o0 ectrode
and right electrodes, respectively, ahi.s describes elec- Dephasing Reservoirs

tronic dephasing reservoirs. The latter terms are added as a

FIG. 1. Schematic of the system investigated. The DNA molecule is de-

scribed by a one-dimensional tight-binding Hamiltonian. The interaction of

dauthor to whom correspondence should be addressed; electronic maithe electrodes and dephasing reservoirs with the DNA molecule are de-
diventra@vt.edu scribed by the coupling parametérs gy andV;, respectively.
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wherev¢ gy and a_ (g are the Fermi velocity and lattice T . ;
parameter of the leftright) electrodé. Ni
Assuming linear transport between any pair of 26
electrodes/reservoirg, andv (u, v=L, R, andj), the trans- )
mission coefficient is related to the Green’s functidby g4l
@
S
T.,=4A,A,/G,,(E)[? (5) g
whereA ,,,=—Im3, andG ,,(E) is the matrix element of © |
the Green’s functiorG(E) between the molecular sites con-
nected to theuth anduth electrodes/reservoir&(E) is 00 ) 3
G(E)=(Elxy—Hen) * (6) Applied Bias (V)
wherel is the NXN identity matrix. 3 Fe
The total effective transmission coefficier.4(E), is <
constructed from thé ,,:* 52_ Parallel
N B
— fu //
Ter(E)=Tirt+ 2 KW, K. Y £ | ]
w,v=1 &) 1 7+ Anti-
L R ) ) ~ Parallel
Here, KP=T,, andK{P=T,z W™ is the inverse oW,
with W,,=(1-R,,)3,,—T,,(1=6,.), R,,=1 00 i 3 3 4
=T Applied Bias (V)
The current can thus be written as
2e [ FIG. 2. I-V curve at room temperature of a DNA molecule sandwiched
_ _ between nicke{top panel and iron(bottom panélelectrodes. Two cases are
! h ffocd ETer(B)LTL(E) ~fR(E)], ®) shown, one with parallel alignment of the magnetization of the two contacts,

and the other with antiparallel alignment of the magnetization.
where f| gy ={exf (E—u r)/kgT]+1} "t is the Fermi func-
tion, and u gy the electrochemical potential of the left _
(right) electrodes. We assume that the coupling strengths at the contacts,
We now consider transport between ferromagnetic conYL(r), aré the same for both spin-up and spin-down elec-
tacts. Without spin scattering effects, we can treat transpoffons. Electrons, for example, from the left electrode with
of spin-up and spin-down electrons separately. We then adgPin-down magnetization, will have a larger transmission
an additional index to the transmission coefficiéhty (E), ~ Probability to scatter into the right-electrode states with the
wherei represents an electronic state with spin up or dowr@me magnetization than into states with opposite magneti-
from the source that scatters into a spin-up or spin-dowrfation. This can be readily understood in terms of the differ-
state in the drain. ent Fermi velocities of states with opposite magnetization.
For parallel alignment of the magnetization of the elec-The velocity mismatch thus reduces the transmission prob-
trodes, spin-down electrons from the source are scattere?pility. This mismatch is associated to the fact that, in the
only into spin-down states in the drain, likewise for spin-upcase of Ni and Fe, the band is completely filled in the case
electrons. The total transmission coefficient is thus of spin-up electrons. For the spin-down configuration, on the
other hand, thel band is only partially fillec®
Tel(BE)=Tetr,11(E) + Terr,y  (E). © The calculatedl—V curves at room temperature are
For antiparallel alignment, spin-down electrons are scattereghown in Fig. 2 for parallel and antiparallel alignment of the
into spin-up states and the reverse for spin-up electrongnagnetization of Nitop panel and Fe(bottom panel con-
Since the two cases are symmetric in our model, the overaffcts. The figure shows that for both Ni and Fe the magnitude
transmission coefficient can be written of the current decreases when scattering occurs from parallel
_ to antiparallel contact configuration. The magnetoresistance,
Terl(E) =2Ter | (E). 10 gefined as Rant— Rparalile)/Ranti» iS shown in Fig. 3, where
Except fory, g, all parameters are taken to give a good Ranti @and Ryaraie1 @re the resistances for the antiparallel and
fit to the experimental data of Porag al. for a DNA mol-  parallel spin configurations of the contacts, respectively. For
ecule containing 30 GC pairs making contact to nonmagnetidli, the magnitude of the magnetoresistance goes from a
contactg In particular, the coupling streng¥; of the DNA ~ minimum of 12% for small biases to about 26% for biases
molecule to the dephasing reservoirs is taken equal to 5@&rger than about 1.5 V, which corresponds to the onset volt-
meV1% On the other hand, the hopping parametgrg, dif-  age for transport across the DNA molecule. For Fe, the mag-
fer for spin-down and spin-up electrons in the Ni and Fenetoresistance changes from about 11% to about 16%. In
contacts. We obtain their value from Eg) using theoretical both cases, however, the effect should be observable experi-
and experimental values for the Fermi velocities of Ni andmentally provided that spin scattering effects are small. The
Fe, respectively*'? The hopping parameters for Ni are 0.7 larger magnetoresistance for the Ni contacts can be under-
and 0.2 eV for spin-up and spin-down electrons, respectivelystood in terms of the larger mismatch between spin-up and
The corresponding values for Fe are 1.4 eV for spin-up elecspin-down Fermi velocitiesand, therefore, electrode hop-

trons and 0.6 eV for spin-down electrons. ping strengths of Ni with respect to Fe. It is also evident
Downloaded 13 Aug 2002 to 128.173.125.231. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 81, No. 5, 29 July 2002 M. Zwolak and M. Di Ventra 927

I
—]

ministered by the American Chemical Society, for partial
support of this research.

!See, e.g., C. Dekker and M. A. Ratner, Phys. Wdrd 29 (2001).
2A. J. Storm, J. van Noort, S. de Vries, and C. Dekker, Appl. Phys. Z8t.
3881(2001); H-W. Fink and C. Scheenberger, Naturé_ondon 398, 407
(1999; D. B. Hall, R. E. Holmlin, and J. K. Bartonbid. 382 731(1996;
E. Braun, Y. Eichen, U. Sivan, and G. Ben-Yoseifid. 391, 775(1999;
A. P. Alivisatos, K. P. Johnson, T. E. Wilson, C. J. Loveth, M. P. Bruchex,
and P. G. Schultzibid. 382 609 (1996; B. Giese, J. Amaudrut, A. K.
Kohler, M. Spormann, and S. Wessellyid. 412 318(200); C. A. Mir-
kin, R. L. Letsinger, R. C. Mucic, and J. J. Storhafffid. 382, 607(1996);
1 ) 3 4 C. D. Mao, W. Q. Sun, Z. Y. Shen, and N. C. Seemibn]. 397, 144
Applied Bias (V) (1999; E. Win-free, F. Liu, L. A. Wenzler, and N. C. Seemalpid. 394,
539 (1998; F. D. Lewis, T. F. Wu, Y. F. Zhang, R. L. Letsinger, S. R.
Greenfield, and M. R. Wasielewski, Scien2é7, 673 (1997); A. Kasu-
mov, M. Kociak, S. Gueron, B. Reulet, V. T. Volkov, D. V. Klinov, and H.
Bouchiat, ibid. 291, 280 (2001); T. A. Taton, C. A. Mirkin, and R. L.
Letsinger,bid. 289, 1757(2000; S. O. Kelley and J. K. Bartoribid. 283

from Fig. 3 that the magnetoresistance is almost constant for375(1999; F. D. Lewis, T. F. Wu, Y. F. Zhang, R. L. Letsinger, S. R.

. . :_ Greenfield, and M. R. Wasielewskbid. 277, 673(1997); Y. Okahata, T.
applied voltages larger than 1.5 V. This result can be ratio Kobayashi, K. Tanaka, and M. Shimomura, J. Am. Chem. $36, 6165

nalized by noting that for biases larger than 1.5 V the resis- (1998; v. A. Berlin, A. L. Burin, and M. A. Ratneribid. 123 260(2002);
tance for antiparallel magnetizations of the contacts increasesw. Bixon, B. Giese, S. Wessely, T. Langenbacher, M. E. Michel-Beyerle,

faster than the corresponding resistance for parallel magne-and J. Jortner, Proc. Natl. Acad. Sci. U.S.86, 11713 (1999; Y. A.
tizations(see Fi 2 Berlin, A. L. Burin, and M. A. Ratner, Chem. Phy2&75 61 (2002.
. g. . 3D. Porath, A. Bezryadin, S. de Vries, and C. Dekker, Naifiendon
In conclusion, we have shown that a DNA spin valve can 403 635(2000.
be realized with magnetoresistance values of as much a$X. Liand Y. Yan, Appl. Phys. Lett79, 14 (2001.

26% for Ni and 16% for Fe contacts. In both cases Spin-SB' W. Alphenaar, K. Tsukagoshi, and M. Wagner, J. Appl. Pi8gs 6863
. ' (2002); B. Zhao, I. Monch, H. Vinzelberg, T. Muhl, and C. M. Schneider,
dependent transport should be experimentally observable.n,o "phys | et 80, 3144(2002.

Spin-dependent transport can provide new insight into thesj. H. Schio, E. G. Emberly, and G. C. Kircznowunpublishedt
fundamental mechanism of charge transfer in DNA, and’J. L. D'’Amato and H. M. Pastawski, Phys. Rev.48, 11(1990.

8 -
broaden the possible applications of DNA as a component in, V- Muiica, M. Kemp, and M. A. Ratner, J. Chem. Phy€l1, 6849(1994).
P PP P I1’8. Datta, Electronic Transport in Mesoscopic Systeni@ambridge

molecular electronics. University Press, Cambridge, UK., 1995

. L . 0Assuming that spin scattering processes are negligible, increased elec-
We thank J. H. Schofor bringing to our attention the  onic dephasing changes the shape oflth¥ characteristics but affects

problem of spin-dependent transport in molecular structures. only slightly the maximum value of the magnetoresistance.

We also acknowledge support from the National Sciencé’D. A. Papaconstantopoulodandbook of the Band Structure of Elemental

Foundation Grant Nos. DMR-01-02277 and DMR-01-33075,,,>0!ds(Plenum, New York, 1986 . o
i~ . . . . Landolt-Banstein,Numerical Data and Functional Relationships in Sci-

and Carilion Biomedical Institute. Acknowledgment is also  gnce and Technologyol. 19a, edited by K.-H. Hellwege and O. Made-

made to the Donors of The Petroleum Research Fund, ad-lung (Springer, Heidelberg, 1990

Magnetoresistance (%)
)
S

10

FIG. 3. Magnetoresistance as a function of bias for both Ni and Fe contacts
at room temperature.
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