
80, USA

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 68, 100407~R! ~2003!
First-principles calculations of spin-polarized electron transport in a molecular wire:
Molecular spin valve

Ranjit Pati,1 Laxmidhar Senapati,1 Pulikel M. Ajayan,2 and Saroj K. Nayak1,*
1Department of Physics, Applied Physics, and Astronomy, Science Center, Rensselaer Polytechnic Institute, Troy, New York 121

2Department of Materials Science, Rensselaer Polytechnic Institute, Troy, New York 12180, USA
~Received 6 November 2002; revised manuscript received 31 July 2003; published 25 September 2003!

Using first-principles density functional theory and the Landauer-Bu¨ttiker formalism, we have studied the
spin-polarized transport of electrons in a benzene-1-4-dithiolate~BDT! 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
single molecule attached to electrodes forms the basis of
lecular electronics. Though the concept of molecular el
tronics was proposed by Aviram and Ratner a quarter cen
ago,1 the utilization of simple organic molecular structures
build electronic devices2 and their integration into electroni
circuits is still far from realization. However, recent advanc
ments in experimental techniques and successes in me
ing electron transport through a single, or at best a f
molecules2–4 have kindled the hope that the realization
these devices is not far away. Though the idea of utiliz
electron spins, in addition to charge, to control the electr
conduction in electronic circuits, leading to a field of ele
tronics called spintronics5–7 was discovered long ago, almo
all experiments and theory on molecular wires2–4,8–12have
thus far only considered the charge of conduction electro
The spin orientation of conduction electrons survives fo
relatively long period of time (; ns),7 which makes spin-
tronic devices attractive for many applications ranging fro
memory storage and magnetic sensors to quantum comp
devices. Depending upon the relative orientation of mag
tization in the magnetic layers, the device resistance chan
from minimal for parallel magnetization to maximal for a
tiparallel magnetization, i.e. an order of magnitude chang
resistance between the two configurations. This gi
magnetoresistance13 ~GMR! effect or spin-valve effect ha
already been demonstrated experimentally in bulk magne
semiconductor heterostructures. However, in a molec
wire comprised of magnetic-~nonmagnetic! molecule-
magnetic junctions, this effect has not been observed. V
recently, using a tight-binding model, Emberlyet al.14 pro-
posed that this spin-valve effect might be readily observa
in Ni-BDT-Ni junctions. Since the dimension of the molecu
between the two magnetic layers is in the nanoscale reg
the magnetic property is expected to be different than tha
the bulk and new phenomena arising from the dominanc
quantum mechanical effects is expected to play an impor
role. Thus, it is necessary to address this problem from
first-principles theory in which spin-polarization effects a
included to the fullest possible extent.

No first-principles theoretical study has yet been carr
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out to understand this effect and gain insight into the role
spin on electronic transport in a molecular wire. In this lett
we have used a state-of-the-art first-principles density fu
tional ~DFT! method to study the effect of spin alignment o
the transport property in a molecular wire. The effects of s
polarization are explicitly incorporated in our calculation
The Landauer-Bu¨ttiker approach15 is used to study the con
duction in a model molecular device. Our quantum transp
calculation shows that for a parallel alignment of the spins
opposite ends of the molecular wire, the current is sign
cantly higher than for the antiparallel alignment. We term t
more conductive parallel spin configuration state as the
state and the antiparallel configuration as the OFF state.
also find, that the ground state of such a system has an
parallel spin alignment suggesting that an experiment co
be performed in which an external magnetic field would
needed only for the ferromagnetic alignment to switch fro
the OFF state to the ON state.

For our calculations, we created a model molecular w
comprised of benzene-1-4-dithiolate molecule sandwic
between a pair of Ni layers followed by nonmagnetic A
contacts. The magnetic layers are modeled by a 5-atom
cluster on each end. The electronic structures are obta
for both parallel and antiparallel spin alignments using a s
consistent spin-polarized local density functional~LSDA!
method.16 The spin states are simultaneously optimized
obtain the ground state spin configuration. The antipara
spin configuration is obtained using a broken symme
formalism.17 For geometry optimization in parallel and ant
parallel configuration, the threshold for forces at each ato
site were set at 1023 a.u./Bohr. The convergence thresho
for energy and electron density were set at 1025 a.u. and
1026, respectively. We have used double numerical atom
basis sets~DNP! augmented by polarization functions16 and
the computations were performed using a DFT co
(DMol3).18

Energetics. The total magnetic moment for the parall
alignment in the ground state configuration is found to
8mB (4mB at each end of the magnetic contact!. In the case
of antiparallel alignment, the magnetic moments are found
©2003 The American Physical Society07-1
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be 4mB and24mB at the two opposite ends. The antiparal
magnetic state is found to be the lower energy state.
energy difference between the two configurations is found
be ;0.34 mRy. This value is comparable to a energy diff
ence~of the order 0.3 mRy! obtained in a bulk multilayer19,20

where the antiferromagnetic state is also found to be lowe
energy in agreement with experiment. For a short molec
wire (;10 Å), one may wonder whether the spin-valve e
fect could be due to the direct spin-spin interaction betw
the two contacts. Using a simple classical model, we e
mated the change in energy due to magnetic dipolar inte
tion and found it to be an order of magnitude lower than
one we obtained from DFT. This suggests that the low
energy for the antiparallel spin configuration is due to
strong super-exchange interaction through the molecule.
worthwhile to point out here that the use of a magnetic fi
to obtain an antiparallel spin alignment between a pair
magnetic contacts separated by the subnanometer leng
the molecular species has been problematic and has be
bottleneck in experiments. Our result here, with a clus
contact, suggests that there is no need to apply external m
netic fields in such a system since the natural ground sta
this structure has an antiparallel spin configuration. The p
allel configuration, on the other hand, could be obtained
applying an external magnetic field.

I -V calculations. In order to obtain the current in bot
parallel and antiparallel configurations, we have used
Green’s function-based Landauer-Bu¨ttiker formalism. This
method has been used extensively to study spin-unpolar
transport8–12 in molecular wires. Assuming the scattering
be coherent and neglecting the spin-flip scattering, the
rent in magnetic systems can be obtained asI 5I ↑1I ↓ where
I ↑ is the contribution to the current from spin-up electro
and I ↓ is the contribution from the spin-down electron
From the Landauer-Bu¨ttiker approach:15

I ↑5e/h E
m1

m2
T↑~E,V!@ f ~E,m1!2 f ~E,m2!#dE, ~1!

wherem1,2 are the electrochemical potentials of the two co
tacts. Since the potential drop is expected to be equally
tributed between the left and right for a strongly coupl
short molecular wire, the electrochemical potentials can
evaluated as:m1,25Ef7eV/2. Ef is the Fermi energy~25.53
eV! of the nonmagnetic gold contact.E is the injection en-
ergy of the tunneling electron,f is the Fermi distribution
function, andV is the applied potential.T↑(E,V) is the trans-
mission function for the spin-up electrons calculated us
the Green’s function approach15 discussed in details in Ref
21. It is important to point out that single Au atom on eith
end was included to calculate explicitly the coupling mat
for evaluation of self energy functions.21 The spin-polarized
molecular Hamiltonian and overlap matrix were obtained
ing a spin-unrestricted gradient corrected DFT~B3LYP—
Becke’s three parameter hybrid functional with Lee-Yan
Parr correction functional! ~Ref. 16! and LANL2DZ ~Los
Alamos effective core potential with double zeta! basis set.22

Because of the computational expense, a single point gr
ent corrected DFT~B3LYP! ~Ref. 16! calculation was carried
10040
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out at the LSDA optimized geometry to extract the Ham
tonian and overlap matrix. The contributions to the curre
due to spin-down electrons are evaluated similarly. It is i
portant to point out that under the application of an exter
bias, one would expect some modification in the molecu
energy levels. In order to see the effect of external field~in
the low bias regime! on the molecular energy spectra, w
have applied an electric field of 0.001 a.u
(;0.909 V) in parallel and antiparallel configurations, an
in both cases we optimized the spin as well as electro
configurations within the LSDA in a self consistent mann
Our calculations indicate no significant shift in energy leve
as well as no change in magnetic moment in both the ca
Most importantly, we found that after application of the fie
the antiparallel spin configuration state is still found to be t
ground state. These results are consistent with a recent t
retical ~DFT! calculation in nonmagnetic system10 under
fixed electric field, which showed that no significant diffe
ences are noted in the transmission under small bias. T
we have used the zero field molecular spectra for our ca
lation, as used by Heurichet al.10 Though we have presente
our results for higher voltage, the results for higher voltag
should be used with caution as incoherent effects are imp
tant in this range.

Results and Discussion. The spin density plots obtained
from self-consistent calculations, for both parallel and an
parallel configurations, are shown in Fig. 1. The correspo
ing current-voltage~I-V! characteristics are given in Fig. 2
Several interesting features are apparent from Figure 2. F
zero current is observed near zero applied voltage, sugg
ing a Coulomb gap arising from the energy mismatch b
tween the Fermi-energy of the nonmagnetic~Au! contact and
the lowest unoccupied molecular orbital~LUMO! levels of
the molecular system~Ni-BDT-Ni !. Secondly, a staircase
like effect in theI-V curve is observed. This effect, inheren
to the molecular wire, is attributed to the discrete ener
levels of the molecular system. Most importantly, the r
markable feature observed in Fig. 2 is the order of magnitu
difference in the current between parallel and antipara
magnetization in the magnetic layers, suggesting a str

FIG. 1. ~Color! Electron spin density plot for the~a! parallel~i!,
and ~b! antiparallel~anti!alignment of spins in the magnetic layer
in the two opposite sides of the BDT molecule. Blue represents
positive~up! spin density and green represents the negative~down!
spin density.
7-2
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spin-valve effect in the molecular wire. It is worth mentio
ing that the spin-valve effect observed here, though qua
tively in agreement with the tight-binding calculation of Em
berly et al.,14 has some significant quantitative difference
The current is an order of magnitude larger in our calcu
tions than what has been reported,14 and the computed dif-
ference in current between the two magnetic states is m
larger than the tight-binding result.14 The quantitative differ-
ences between our results and the tight-binding model ca
lation could be due to the nature of the contact and ex
details of the models considered in both calculations. In
calculations, both parallel and antiparallel spin configu
tions are obtained by optimizing the entire molecular syst
using a first-principles self-consistent DFT approach. By
ing this we have explicitly incorporated the spin polarizati
effect on the molecular spectra. In contrast, in the tig
binding model,14 the spin polarization effects wer
incorporated14 by using spin-up and spin-down paramete
obtained from bulk. By not incorporating the relaxation
different spin configurations in the tight-binding model, t
perturbation due to spin polarization has not been taken
account properly in the molecular~BDT! spectra. This could
lead to the differences between first principles and tig
binding results.

GMR Result. The resistances for the parallel (Rp) and
antiparallel (Rap) magnetization states are estimated by
ting the linear portions of theI-V curves in Fig. 2 to straigh
lines, giving Rp;58.6 kV and Rap;3122.3 kV, respec-
tively. The change in resistance ((Rap-Rp)/Rap) between the
two configurations is about 98%. The change reported in
original paper by Baibichet al.13 showing the GMR effect in
magnetic heterostructures of Fe and Cr was about 100%.
GMR ratio defined as, (Rap-Rp)/Rp , is found from our cal-
culation to be about 52.82.

FIG. 2. ~Color online! Calculated current-voltage characteristi
of the model molecular device for both parallel~i! and antiparallel
~anti! alignment of spins in the magnetic~Ni! layers at the two
opposite sides of the BDT molecule.
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In order to obtain insight into the order of magnitude i
crease in current for the parallel magnetization case, we h
calculated the density of states~DOS! for spin-up and spin-
down electrons separately for both parallel and antipara
alignment as shown in Fig. 3. One notices from Fig. 3, t
near the Fermi energy (25.53 eV) of the Au contact, the
calculated DOS is significantly higher for the spin-dow
electrons in the case of parallel alignment. This suggests
electrons from spin-down states contribute significantly m
to the current and thus are the majority carriers for cond
tion. In contrast, for the antiparallel alignment, the transp
of spin-down electrons from one end to the other involv
spin flipping which requires higher energy. The resistance
this alignment is, therefore, considerably higher than tha
the parallel configuration.

Mn Result. The use of different magnetic materials as co
tacts could potentially have large impact in realistic sp
transport systems, as revealed in our study. To study the
fect of different magnetic contacts on transport, we repla
the Ni clusters with Mn clusters of similar size to mod
Au-Mn-BDT-Mn-Au junctions. From the geometry optimi
zation, we found a total magnetic moment of 46mB (23mB on
each end! for the parallel configuration which is consiste
with earlier study~more than 4mB at each Mn! on Mn based
clusters.17 For the antiparallel alignment, the magnetic m
ments are found to be 23mB and 223mB . The antiparallel
state is found to be the lower energy state~3 mRy lower!,
about 10 times lower than that obtained in the Ni syste
The stronger stability of the antiparallel state in Mn could
due to the enhanced super-exchange interaction in this
tem. TheI-V characteristics of this system are summarized
Fig. 4. One notices that the total current in this system
significantly higher~between 0 to 2 V! in the antiparallel
alignment than that of the Ni system~almost zero current!.
The higher DOS for the Mn system~not shown here! near

FIG. 3. ~Color online! Spin-up and spin-down density of state
~DOS! for the parallel~i! and antiparallel~anti! magnetization in the
magnetic~Ni! layers at the opposite sides of the BDT molecule.
7-3
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the Fermi energy explains the observed increase in cur
for the antiparallel case. We found the HOMO-LUMO gap
case of Mn system (;0.3 eV) to be substantially smalle
than Ni system (;1.9 eV). The DOS analysis also show
that there are quantum channels available close to the F
level resulting in no gap around the zero voltage regime
contrast to the Ni system. In the parallel alignment case
Mn, we found the current to be more smeared and the s
like effect ~as seen in Ni! is not seen. This is due to close
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