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First-principles calculations of spin-polarized electron transport in a molecular wire:
Molecular spin valve
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Using first-principles density functional theory and the Landaugti#gar formalism, we have studied the
spin-polarized transport of electrons in a benzene-1-4-dithigBBE) molecule sandwiched between two Ni
cluster layers, followed by nonmagnetic gold contacts. Our calculation reveals that the current for a parallel
(ON) alignment of the spins at opposite ends of the molecular wire is significantly higher than for the
antiparallel(OFF) alignment. We also find that the ground state of such a system has an antiparallel alignment
suggesting that experiments could be performed in which an external magnetic field would be needed only for
ferromagnetic alignment to switch the system from the OFF to the ON state.
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The controlled transport of electrons/holes through aout to understand this effect and gain insight into the role of
single molecule attached to electrodes forms the basis of m@pin on electronic transport in a molecular wire. In this letter,
lecular electronics. Though the concept of molecular elecwe have used a state-of-the-art first-principles density func-
tronics was proposed by Aviram and Ratner a quarter centuriional (DFT) method to study the effect of spin alignment on
ago; the utilization of simple organic molecular structures tothe transport property in a molecular wire. The effects of spin
build electronic dEViCéwnd their integration into electronic po|arization are exp||c|t|y incorporated in our calculations.
circuits is still far from realization. However, recent advance-The andauer-Bitiker approack? is used to study the con-

ments in experimental techniques and successes in measyjction in a model molecular device. Our quantum transport

ing electron transport through a single, or at best a fewgyjcyiation shows that for a parallel alignment of the spins at
moleculeé™* have kindled the hope that the realization of P g P

these devices is not far away. Though the idea of utilizing;ppOSite ends of the molecular wire, the current is signifi-
2 o : . “cantly higher than for the antiparallel alignment. We term the
electron spins, in addition to charge, to control the electrica ) : ) .
conductiorl? in electronic circuits ?eading to a field of elec- "or° conductive _parallel spm_conflguratlon state as the ON
tronics called spintroni€s’ was di’scovered long ago, almost state and the antiparallel configuration as the OFF state. We
' also find, that the ground state of such a system has an anti-

all experiments and theory on molecular wiré€~*2have Lo ) .
thus far only considered the charge of conduction electrong?@r@llél spin alignment suggesting that an experiment could
e performed in which an external magnetic field would be

The spin orientation of conduction electrons survives for e '
relatively long period of time £ ns), which makes spin- needed only for the ferromagnetic alignment to switch from
tronic devices attractive for many applications ranging fromthe OFF state to the ON state. _
memory storage and magnetic sensors to quantum computing FOr our calculations, we created a model molecular wire
devices. Depending upon the relative orientation of magnecomprised of benzene-1-4-dithiolate molecule sandwiched
tization in the magnetic layers, the device resistance changé$tween a pair of Ni layers followed by nonmagnetic Au
from minimal for parallel magnetization to maximal for an- contacts. The magnetic layers are modeled by a 5-atom Ni
tiparallel magnetization, i.e. an order of magnitude change irgluster on each end. The electronic structures are obtained
resistance between the two configurations. This giantor both parallel and antiparallel spin alignments using a self-
magnetoresistanté (GMR) effect or spin-valve effect has consistent spin-polarized local density functiorfalSDA)
already been demonstrated experimentally in bulk magnetighethod™® The spin states are simultaneously optimized to
semiconductor heterostructures. However, in a molecula@btain the ground state spin configuration. The antiparallel
wire comprised of magnetionmagnetic molecule- spin configuration is obtained using a broken symmetry
magnetic junctions, this effect has not been observed. Verformalism!’ For geometry optimization in parallel and anti-
recently, using a tight-binding model, Embegy al!* pro-  parallel configuration, the threshold for forces at each atomic
posed that this spin-valve effect might be readily observablsite were set at 10 a.u./Bohr. The convergence threshold
in Ni-BDT-Ni junctions. Since the dimension of the molecule for energy and electron density were set at1@.u. and
between the two magnetic layers is in the nanoscale regimd 0 °, respectively. We have used double numerical atomic
the magnetic property is expected to be different than that obasis set§DNP) augmented by polarization functidfisand
the bulk and new phenomena arising from the dominance dhe computations were performed using a DFT code
quantum mechanical effects is expected to play an importar(DMol?). 8
role. Thus, it is necessary to address this problem from a Energetics The total magnetic moment for the parallel
first-principles theory in which spin-polarization effects arealignment in the ground state configuration is found to be
included to the fullest possible extent. 8ug (4up at each end of the magnetic conjadh the case

No first-principles theoretical study has yet been carriedf antiparallel alignment, the magnetic moments are found to
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be 4ug and—4ug at the two opposite ends. The antiparallel
magnetic state is found to be the lower energy state. Th
energy difference between the two configurations is found t
be ~0.34 mRy. This value is comparable to a energy differ-
ence(of the order 0.3 mRyobtained in a bulk multilayé??°
where the antiferromagnetic state is also found to be lower ila)
energy in agreement with experiment. For a short molecula
wire (~10 A), one may wonder whether the spin-valve ef-
fect could be due to the direct spin-spin interaction betweel
the two contacts. Using a simple classical model, we esti
mated the change in energy due to magnetic dipolar interac
tion and found it to be an order of magnitude lower than the( )
one we obtained from DFT. This suggests that the lower
energy for the antiparallel spin configuration is due to the FIG. 1. (Color) Electron spin density plot for th@) parallel(l),
strong super-exchange interaction through the molecule. It isnd (b) antiparallel(ant)alignment of spins in the magnetic layers
worthwhile to point out here that the use of a magnetic fieldin the two opposite sides of the BDT molecule. Blue represents the
to obtain an antiparallel spin alignment between a pair ofositive (up) spin density and green represents the negatioevn)
magnetic contacts separated by the subnanometer length gin density.

the molecular species has been problematic and has been a

bottleneck in experiments. Our result here, with a clustefyt at the LSDA optimized geometry to extract the Hamil-
contact, suggests that there is no need to apply external Magsnian and overlap matrix. The contributions to the current
netic fields in such a system since the natural ground state ¢f ;e to spin-down electrons are evaluated similarly. It is im-
this structure has an antiparallel spin configuration. The Pafportant to point out that under the application of an external
allel configuration, on the other hand, could be obtained byjas one would expect some modification in the molecular
applying an external magnetic field. energy levels. In order to see the effect of external fieid

I-V calculations In order to obtain the current in both ne |ow bias regimeon the molecular energy spectra, we
parallel and antiparallel configurations, we have used th@aye applied an electric field of 0.001 a.u.

Green’s function-based LandaueriBker formalism. This (0 909 V) in parallel and antiparallel configurations, and
method has been used extensively to study spin-unpolarizgf| poth cases we optimized the spin as well as electronic

transport™*?in molecular wires. Assuming the scattering to configurations within the LSDA in a self consistent manner.
be coherent and neglecting the spin-flip scattering, the curoyy calculations indicate no significant shift in energy levels
rent in magnetic systems can be obtainedias'+1' where 55 well as no change in magnetic moment in both the cases.
I is the contribution to the current from spin-up electronsyyost importantly, we found that after application of the field
and I is the contribution from the spin-down electrons. the antiparallel spin configuration state is still found to be the
From the Landauer-Btiker approacht” ground state. These results are consistent with a recent theo-
retical (DFT) calculation in nonmagnetic systéfnunder
fixed electric field, which showed that no significant differ-
@ ences are noted in the transmission under small bias. Thus
we have used the zero field molecular spectra for our calcu-
whereu , are the electrochemical potentials of the two con-lation, as used by Heuriokt al1° Though we have presented
tacts. Since the potential drop is expected to be equally dissur results for higher voltage, the results for higher voltages
tributed between the left and right for a strongly coupledshould be used with caution as incoherent effects are impor-
short molecular wire, the electrochemical potentials can beant in this range.
evaluated asi; ,= E¢+eV/2. E; is the Fermi energy—5.53 Results and Discussiofmhe spin density plots obtained
eV) of the nonmagnetic gold contadt. is the injection en-  from self-consistent calculations, for both parallel and anti-
ergy of the tunneling electrorf, is the Fermi distribution parallel configurations, are shown in Fig. 1. The correspond-
function, anaV is the applied potential '(E,V) is the trans-  ing current-voltaggl-V) characteristics are given in Fig. 2.
mission function for the spin-up electrons calculated usingSeveral interesting features are apparent from Figure 2. First,
the Green’s function approathdiscussed in details in Ref. zero current is observed near zero applied voltage, suggest-
21. It is important to point out that single Au atom on eithering a Coulomb gap arising from the energy mismatch be-
end was included to calculate explicitly the coupling matrixtween the Fermi-energy of the nonmagné#e) contact and
for evaluation of self energy functio$ The spin-polarized the lowest unoccupied molecular orbitalUMO) levels of
molecular Hamiltonian and overlap matrix were obtained usthe molecular systentNi-BDT-Ni). Secondly, a staircase-
ing a spin-unrestricted gradient corrected DAB3LYP— like effect in thel-V curve is observed. This effect, inherent
Becke’s three parameter hybrid functional with Lee-Yang-to the molecular wire, is attributed to the discrete energy
Parr correction functional(Ref. 16 and LANL2DZ (Los levels of the molecular system. Most importantly, the re-
Alamos effective core potential with double zebmsis sef?  markable feature observed in Fig. 2 is the order of magnitude
Because of the computational expense, a single point graddifference in the current between parallel and antiparallel
ent corrected DFB3LYP) (Ref. 16 calculation was carried magnetization in the magnetic layers, suggesting a strong

J

9

I"=e/h FZTT(E,V)[f(E,M)—f(E,Mg)]dE,
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FIG. 2. (Color online Calculated current-voltage characteristics
of the model molecular device for both parali$l and antiparallel
(ant) alignment of spins in the magnetiNi) layers at the two
opposite sides of the BDT molecule.

FIG. 3. (Color onling Spin-up and spin-down density of states
(DOS) for the parallekll) and antiparalle{ant) magnetization in the
magnetic(Ni) layers at the opposite sides of the BDT molecule.

In order to obtain insight into the order of magnitude in-
spin-valve effect in the molecular wire. It is worth mention- crease in current for the parallel magnetization case, we have
ing that the spin-valve effect observed here, though qualitacalculated the density of staté®0S) for spin-up and spin-
tively in agreement with the tight-binding calculation of Em- down electrons separately for both parallel and antiparallel
berly et al,'* has some significant quantitative differences.alignment as shown in Fig. 3. One notices from Fig. 3, that
The current is an order of magnitude larger in our calculanear the Fermi energy—<5.53 eV) of the Au contact, the
tions than what has been reporfédand the computed dif- calculated DOS is significantly higher for the spin-down
ference in current between the two magnetic states is mucklectrons in the case of parallel alignment. This suggests that
larger than the tight-binding resut The quantitative differ-  electrons from spin-down states contribute significantly more
ences between our results and the tight-binding model calcue the current and thus are the majority carriers for conduc-
lation could be due to the nature of the contact and exadion. In contrast, for the antiparallel alignment, the transport
details of the models considered in both calculations. In ouof spin-down electrons from one end to the other involves
calculations, both parallel and antiparallel spin configuraspin flipping which requires higher energy. The resistance in
tions are obtained by optimizing the entire molecular systenthis alignment is, therefore, considerably higher than that in
using a first-principles self-consistent DFT approach. By dothe parallel configuration.
ing this we have explicitly incorporated the spin polarization  Mn Result The use of different magnetic materials as con-
effect on the molecular spectra. In contrast, in the tighttacts could potentially have large impact in realistic spin
binding model* the spin polarization effects were transport systems, as revealed in our study. To study the ef-
incorporated* by using spin-up and spin-down parametersfect of different magnetic contacts on transport, we replaced
obtained from bulk. By not incorporating the relaxation inthe Ni clusters with Mn clusters of similar size to model
different spin configurations in the tight-binding model, the Au-Mn-BDT-Mn-Au junctions. From the geometry optimi-
perturbation due to spin polarization has not been taken inteation, we found a total magnetic moment of#6(23ug on
account properly in the molecul@DT) spectra. This could each eng for the parallel configuration which is consistent
lead to the differences between first principles and tightwith earlier study(more than 4.5 at each My on Mn based
binding results. clusterst’ For the antiparallel alignment, the magnetic mo-

GMR Result The resistances for the paralleRf) and  ments are found to be 23 and —23ug. The antiparallel
antiparallel R,,) magnetization states are estimated by fit-state is found to be the lower energy sté@emRy lowej,
ting the linear portions of theV curves in Fig. 2 to straight about 10 times lower than that obtained in the Ni system.
lines, giving R,~58.6 K) and R,,~3122.3 K), respec- The stronger stability of the antiparallel state in Mn could be
tively. The change in resistanceR{,;-R,)/R,,) between the due to the enhanced super-exchange interaction in this sys-
two configurations is about 98%. The change reported in théem. Thel-V characteristics of this system are summarized in
original paper by Baibiclet al** showing the GMR effectin  Fig. 4. One notices that the total current in this system is
magnetic heterostructures of Fe and Cr was about 100%. Tte#gnificantly higher(between 0 to 2 Vin the antiparallel
GMR ratio defined as,R,,-R,)/R;, is found from our cal-  alignment than that of the Ni systetalmost zero current
culation to be about 52.82. The higher DOS for the Mn systefmot shown hergnear
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FIG. 4. (Color onling Calculated current-voltage characteristics
of the model molecular device for both parali$) and antiparallel
(anti) alignment of spins in the magneti®in) layers in the two
opposite sides of the BDT molecule.

the Fermi energy explains the observed increase in curre
for the antiparallel case. We found the HOMO-LUMO gap in
case of Mn system~0.3 eV) to be substantially smaller
than Ni system 1.9 eV). The DOS analysis also shows
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spaced energy levels near the Fermi energy as found from
the DOS analysis for Mn. The GMR ratio value obtained
(after a threshold voltage of 0.5 V) is about 3.4, substan-
tially lower than that obtained in the Ni system. In the case
of Mn, we find that the spin-up electrons are the majority
carriers in conduction in contrast to the Ni system where the
spin-down electrons are the majority carriers. The modula-
tion (ON/OFF ratig in current in Ni is about an order of
magnitude larger than that in Mn.

In summary, our first-principles density functional calcu-
lations suggest that the ground state of benzene-1-4-
dithiolate molecule sandwiched between nickel clusters has
an antiparallel spin configuratidi®FF statg suggesting that
a structure with magnetic cluster as a contact would elimi-
nate the need for applying a local magnetic field to obtain an
OFF state. The resistance of such system is predicted to be
an order of magnitude larger than in the ferromagnetic align-
ment(ON state, which can be obtained by applying an ex-
ternal magnetic field. Using Mn as the magnetic contact, we
find the total currentfor voltage between 0 to 2 Min the
antiparallel case is much larger than that with Ni contacts.
The majority carriers for conduction in the Mn system are
spin-up electrons in contrast to the spin-down electrons in
the Ni system. The GMR value is found to be an order of
magnitude smaller in the case of Mn than in Ni. This sug-
gests that spin transport behavior in molecular circuit de-
pends critically on various properties; e.g., coupling between
molecule and contact, total magnetization in magnetic layers,
location of electronic energy levels.
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