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Oscillatory spin-polarized conductance in carbon atom wires
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Zero temperature spin-polarized transport in atomic wires consisting of mag@efiand nonmagneti¢C)
atoms sandwiched between gold electrodes is investigated using gradient-corrected density functional theory
and Landauer’s formalism. Our calculation shows a spin valve behavior with the parallel magnetization state
between the two Co atoms giving higher conductance than the respective antiparallel magnetization state and
a nonmonotonic variation of magnetoconductance with wire length. We term the more conductive parallel
magnetization state the on state and the antiparallel magnetization state the off state. The ground state of wires
containing up to five carbon atoms has antiparaltéf) spin configurations between the Co. The additional
stability of the antiferromagnetic state in wires containing an even number of carbon atoms is ascribed to an
enhanced superexchange mechanism facilitated-fyconjugation present in the systems.
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Current trends in the miniaturization of electronic devicesof conduction electrons survives for a relatively long period
have prompted considerable interest in studying transport iof time (~ns)® compared to the electron momentum decay
nanoscale systems. Electron transport in atomic wires repreime (~fs), making spintronic devices attractive for many
sents the ultimate miniaturization of electronic devices andapplications ranging from memory storage and magnetic sen-
has attracted much attention recenthyt is now possible to  sors to quantum computing devices. Very recently, using a
fabricate wires containing only a few atoms and measurgight-binding model, Emberlet al1* have proposed that the
their electrical properties. Carbon nanowires containing up t@pin-valve effect can be readily observed in a benzene dithi-
twenty atoms, also known as cumelenes, have beealate molecule sandwiched between two Ni contacts.
synthesizetland are considered ideal one-dimensiofid) No first-principles theoretical study has yet been carried
wires. Lang and Avourfshave recently studied the quantum out to understand the role of spin on electronic conduction in
transport properties of these carbon nanowireB=a0 using a molecular system. As mentioned before, atomic carbon
the density functional method. They described the metalires represent an ideal case to investigate the transport pro-
electrodes using a semi-infinite uniform backgrou@@l- cess in finite systems. In addition to studying the spin-valve
lium) model and reported that the conductance of carbomehavior in an atomic wire, there are many interesting ques-
wires varies in a semiperiodic manner; chains with odd numtions one needs to address in these finite systems. For ex-
ber of carbon atoms having lower resistance than the eveample, what is the magnetic ground state of such a system,
numbered ones. Subsequently, Laratlal® have studied the i.e., what is the nature of coupling between the two magnetic
conductance behavior of carbon atom wires sandwiched beontacts? Does this coupling depend on the size of the
tween atomic electrodes using density functional theory andtomic wire? How does spin transport vary as a function of
nonequilibrium Green'’s function method. They explicitly in- length of the molecular wire—is it Ohmic, ballistic, or some
cluded the crystalline structure of the electrodes by considaonperiodic variation as seen in the case of electron transport
ering aluminum contacts in their calculation and found thatin carbon wires with non-magnetic contacts? In order to an-
the atomic wires exhibited negative differential resistanceswer these subtle questions and further gain insight into spin-
(NDR) behavior at high applied bias. These interestingdependent transport, one has to resort to first-principles
resultd® show that transport in an atomic wire, where thetheory, where spin polarization can be explicitly taken into
transport process is dominated by the quantum nature of theccount.
current carrying state, can exhibit very different behavior In the present paper, we have used dheinitio gradient-
than the bulk, where the diffusion of electrons dominates the&orrected density functional approatho address the prob-
transport process. In addition, detailed electronic structure deém of carbon atom wires sandwiched between magnetic Co
the contact also influences transport in the nanoscale regimatoms, attached to gold contacts. Our quantum conductance
When the contact is a magnetic material, the problem beealculation in the C-atom wire shows a spin valve effect with
comes even more interesting as the spin configuration of thihe parallel magnetization state between the two Co atoms
contacts plays a crucial role in the transport. The role ofgiving higher conductance than the respective antiparallel
electron spins, in addition to charge, to control the devicanagnetization state. We term the more conductive parallel
characteristics, referred to as spintrorfisyas discovered a magnetization state between the Co atoms as the on state and
long time ago. However, almost all experiments and theorythe antiparallel magnetization state as the off state. We also
on atomic or molecular wiré€**>%3have thus far consid- found a non-monotonic variation of the magnetoconductance
ered only the charge of conduction electrons to understandith wire length. The ground states of carbon atom wires
the transport mechanism. Interestingly, the spin orientatiosandwiched between atomic Co contacts are found to have
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FIG. 1. A schematic of the atomic wire device.

antiferromagnetic alignments. This is an exciting result since 0 : . : : :

the ground state is found to be the off state and by applying 0 1 2 3 4 5 6

an uniform external magnetic field one can switch the off Number of C-atoms in Atomic wire

state to the on state. In contrast, if the ground state is ferro- . _

magnetic (parallel spin configurationone has to apply a , " C: 2. The energy differende\E=E(17) ~E(T/)] between

L . . .the parallel and anti-parallel spin configurations in carbon atom

staggered magnetic field to obtain the antiferromagnetic . . ) )
. . - A .~ Wwires as a function of the number of carbon atoms in the wire.

state, which is extremely difficult to obtain in practice

(changing the spin orientation from parallel to antiparallel by 410 atoms. The additional stability of the antiferromag-
applying magnetic field between two magnetic contacts Sepayetic state in the carbon chains having even number of car-
rated only by a few A Thus our calculation here suggests o0 atoms can be ascribed to an enhanced superexchange
that one does not need to apply a complex magnetic fielgh o hanism in these wires dueder conjugation. Consider,
configuration in the experiment for such system to attain the, example, atomic wires composed of 3 and 4 carbon at-

off state. _ _ oms. In the case of the three-atom carbon wire, none of the
For our calculation, we created a model wire structure.arhon atoms can exhibit triple C-C bonds: only a C-C
from C atoms and sandwiched them between two Co atomgyq, pje hond is possible between them and the carbon atoms

and then inserted_the.Co-C-Co chailjs between two gold ?Ie%t either end will have double bonds with the Co atoms in
trodes as shown in Fig. 1. Electronic structures are obtaineg,qer to satisfy the valence of carbon. As a result the wire

for both parallel and antiparallel spin alignmeies the Co .4 continuousr conjugation from one Co end to the other.

atoms using a self-consistent spin-polarized gradient-| contrast, in a four-atom wire it can be seen clearly that the
corrected density functional methdtThe structure of the carbon atoms can exhibit C-C triple bonds and Co-C single
wire assembly is optimized using a gradient-corrected fUnCpongs Figure 3 illustrates these phenomena. A similar varia-
tional (PW91™ and thebmoLs code:” The spin states are jon of Co-C and C-C bond distance as a function of the
simultaneously optimized to obtain the ground state Spiny,mner of carbon atoms in the wire further confirms this
configuration. The antiparallel spin configuration is obtained,; 1 re i e. shorter Co-C bond distance means contingous
using a broken symmetry formalisthWe have .USEd dOUble_ conjugation in atomic wires with odd numbers of carbon
numerical polarized basis sets for the calculation. By varying;;qms  The various computed properties such as Mulliken

the number of carbon atoms from one to five between they,ges and spin density associated with the Co atoms in the

two Co atoms, we calculated the conductance for both th@vire [shown in Figs. 4) and 4b)] also shows odd-even
parallel and antiparallel spin configurations between the Co

atoms using the Landauer formali§has described below. It ) _

is essential to point out that taking up to five carbon atoms in OZ‘#O

the wire assembly was inspired by the work of Lang and

Avouris who considered only up to six carbon atoms in the Es c

wires and found oscillatory behavior in conductance as a

function of the wire length. Our goal here is to explore the Ferro-- 1.687A  1294A  1294A 16874

spin-polarized transport using magnetic atom contacts in () Anti ferro-1.692 A 1293A 1293A 1.692A

such short atomic wires and to see how the relative magnetic

orientation of the two Co atoms affects the charge transport. '_H_H_‘
Energetics First we discuss our results for the structure

and energetics of the atomic wires. We find that the ground

state for all the atomic wires correspond to antipardkel- Eo €

tiferromagneti¢ spin orientation of the two Co atoms at the Fero—1736 A 1269A 1317A 1269A 1736A

ends. The energy difference between the antiferromagnetic (b) Anti ferro-1.82A 1245A 13534 12454 1.824A

and ferromagnetic stat¢\ E=E(ferro)-E(antiferro)] as a

function of the carbon atomshown in Fig. 2 exhibits os- FIG. 3. A schematic showing the bonding pattern in a carbon

ciIIatory variation with the number of carbon atoms in the wire having(a) 3 and(b) 4 carbon atoms. All the optimized bond

atomic wire;AE is larger in chains having an even number distances are noted for both the ferromagnetic and antiferromag-
of carbon atoms than in wires containing an odd number ofietic states of the C-atom wire.
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o ToP=Tr[I{PgnPryrgetrr], (2)

0.25 - —Parallel The I'f4 are broadening functions and can be evaluated
~o- Anti Parallel from self-energy termss, "4 .**8The self-energy terms take
into account the interaction of the wire with the two leads.
Unlike Jellium model, we have used a single gold atom at
either end of the wire to explicitly calculate the coupling
matrices for the evaluation of the self-energy terms using the
scheme developed by DattiThe semi-infinite nature of the
contact is incorporated through these self-energy terms. The
Green’s function of the gold contact is approximated as a
diagonal matrix with each element proportional to the local
density of states of the band of gold(0.035 per electron
spin) which dominates near the Fermi energy. Since the con-
0 tact structure is crucial, we have kept the distaf2d A:
0 1 2 84 optimized Au-Co dimer distangebetween gold and Co at-

@ Number of C-atoms in Atomicwire oms fixed for all the calculations. In principle, one could

22 incorporate more gold atoms for a better representation of
the self-energy functions to obtain a better estimate of the
- Parallel conductance. But this procedure would be computationally
27 -~ Anti Parallel cumbersome. Since we have used the same contact geometry
for all the wires and for both parallel and antiparallel mag-
netization states, we do not anticipate any significant change
in the relative conductance of wires of various lengths as
well as the spin valve effecg®? In Eq. (2) represent the
Green'’s functions of the combined metal-wire systemdor
(spin up or B (spin down orbitals and are defined as

e
(9
.

Charge of Co (unit of e’)
o 2
- L3,

0.05 -

(L]
(-]

Co Atomic Spin Density
P =

-
S
!

g*f=(ES—H™ =310 -35F) 1, ®

whereS is the overlap Hamiltonian and“# is the Hamil-
tonian matrix for thea(B) orbitals. For our calculation, we
have carried out a self-consistent spin unrestricted density
1 . . ; ; ; functional calculation for both the parallel and antiparallel
0 1 2 3 4 5 6 spin configurations between the two Co atoms. Two sets of
(®) Number'of Ciatomsiin Atomlcwire Kohn-Sham equatiohare solved self-consistently to obtain
the Hamiltonian matrices for the and 8 orbitals. We have
sity at Co for both the parallel and antiparallel spin configurationsused a gradlem porrect_ed approach a.nd PW91 exchange and
between the two Co atoms in C wires as a function of the number ogorrelatl_on functionals in our calculation. TMUSS',AN 98
C atoms in the wire. electronic structure code wittaNL2Dz Gaussian basis séts
was utilized for this calculation.

Discussion Using the above procedure, we have com-
puted the conductance of the atomic wires and the results are
summarized in Fig. 5. Several interesting features are notice-
able in this figure. Both for parallel and antiparallel spin
configurations of the Co atoms, we have an oscillatory varia-
tion in conductance with the length of the atomic wire; the
Eonductance in an odd atom carbon wire is larger than the
neighboring even atom carbon wires. This is clearly due to

tions to the conductance from tlheandg spin states, respec- stronger, ar-conjugation between C atoms in the chain for

tively. Since the transport occurs around the Fermi energ;}"’hICh the conductance is expected to be higher. A similar

we have evaluated the conductance using Landauer%\scma.ltifn in conductance wass thained by Lang and
formula® in the zero bias limit, i.e., at the Fermi energy. - VoUs and later by Laradet al." in carbon atom wires

From Landauer’s theory W|t_h nonmagnetic contacts. Incorporating a magnetic atom,
which acts as a spin polarizerffilter, increases the conduc-

) tance, but the oscillation of the pure C-atomic wire persists.
@B _& s This suggests that the oscillation in conductance is governed

G*P(Es) = —T*P(Ey), (2) I ) .
h by the intrinsic electronic structure of the C-atom witeg.,
the fully or partially occupied nature of the highest occupied
where the transmission functiol®”# is defined a¥ molecular orbital* The conductance observed in our calcu-

1.2

FIG. 4. (a) Mulliken charge at the Co an(h) atomic spin den-

variation as a function of size. The variation of the bonding
pattern(odd-even in these atomic wires has a profound ef-
fect on the conductance of the wires as discussed below.
Conductance calculatioPAssuming the scattering to be
coherent® for these short atomic wires and ignoring the spin-
flip scattering(important only when spin-orbit coupling is
significany, one can calculate the conductance in a magneti
system asc=G*+ G#, whereG* andG? are the contribu-
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Number of C- Atoms in Atomic wire G(T1), as a function of the number of C atoms in the atomic wire.

FIG. 5. Conductancén units of e2/h) evaluated at the Fermi
energy for both paralle{ll) and antiparalle(anti) spin configura-
tions in the C wires as a function of the number of C atoms in th
wires.

contact$, one can tune the M®r magnetoresistancéo a
ehigher or lower value. For example, for a wire structure with
four carbon atoms, we found about 65% change in resistance
between parallel and antiparallel spin configurations. A simi-

lation is more than 1.6, for a single C atom, and more than lar effect on length dependence was noted in bulk Fe/Cu
G, for the rest, wher&,=2e?/h. In a simple C wirgwith ~ multilayers®* It is important to point out that even though
no magnetic filter, Lang and Avouris obtainéda conduc- Our results are strictly valid for zero temperature, we do not
tance of about @,. The increase in conductantmore than  expect a change in the spin valve effect at experimentally
G,) in our calculation is due to the strong coupling betweenrealizable temperature. From Fig. 2, one can notice that the
Co and gold, which leads to metal induced g&iG) states  difference in energy between the two magnetization states
near the Fermi energy. These MIG states open up quantuon and off statge is significantly higher thankgT
channels for conduction, especially for a single C atom in th€~0.026 eV corresponding to room temperajwseggesting
wire. In addition, we also note that the overall conductanceyy increasing the temperature 9300 K one would not
decreases with increasing number of carbon atoms showinggdvitch between these two magnetization states.
nonballistic behavior. Similar behavior was observed by La- In summary, we have studied Spin_assisted transport in
radeet al® when they optimized the structure with nonmag- atomic carbon wires using a first-principles gradient cor-
netic contact. , , , rected density functional method and the Landauer approach.
We notice that the parallel spin configurations betweenrhe cajculated quantum conductance shows a spin valve ef-
the Co atoms give rise to higher conductance than the antgy oy results suggest that the ground states of carbon

parallel spin configurations. The spin valve effect, also S€eiom wires sandwiched between atomic Co contacts have

. . 0 . . ~
n bU|k. multilayers; 'S due to the Spin dependent glectron antiferromagnetic alignmentan off state. This is an excit-
scattering. In the antiferromagnetic case, the resistance IS

) . . ing result since from an experimental point of view it is a
high since an electrofsay, spin upat one end of the mag- difficult task to obtain an antiferromagnetic coupling be-
netic contact will not be able to go through the Cpin 9 piing

down) at the other end due to the suppressedensity of tween two magnetic contacts Separated.only by ;everal As.
states. Since the spin valve effect or the magnetoresistivgur calculations ShOW_that one can obtain the antiferromag-
effect of the device relies primarily on the change in resisNetic state of car'bon wires up to five atoms naturally and that
tances between parallel and antiparallel magnetization statd3€ ferromagnetic statn) between the two Co atoms can
in the magnetic layers, we have estimated the magnetoco€ obtained with the application of an uniform external mag-
ductancegMC) (the reciprocal of the magnetoresistanaie- ~ Netic field. In addition, we also find that the even numbered

fined as (carbon atomwires exhibit enhanced stability of the antifer-
G(11)—G(T]) romagnetic(AF) state due to a super exchange mechanism
MC= —ean (4)  facilitated by theo-7 conjugation present in the systems. It

will be useful in the future to study longer chains of carbon
whereG(11) and G(7]) refers to the conductance in the atoms in order to investigate the energy difference between
parallel and antiparallel configurations, respectively. The rethe magnetic states and how long carbon chains can sustain
sult for MC (in %) for different lengths of the wire is shown an AF ground state. We find that the magnetoconductance in
in Fig. 6 where the oscillatory behavior in MC is evident. carbon atom wires shows an oscillatory behavior and this
This suggests that by controlling the length of an atomic wirebehavior arises due to the intrinsic electronic structure of
(the number of C atoms between the two magnetic atomicarbon chains. The nonperiodic conductance behavior of car-

014412-4



OSCILLATORY SPIN-POLARIZED CONDUCTANCE IN. .. PHYSICAL REVIEW B8, 014412 (2003

bon wires shows a very different behavior than nanotubegorted by Interconnect Focus Center of New York and by the
made of the same carbon material where one finds a ballisttiSF funded Nanoscale Science and Engineering Center
transport. (NSEQ at RPI. This work was also partially supported by
National Computational Science Alliance under Grant Nos.
We would like to thank Dr. A. C. Pineda for very helpful MCA01S014N and DMRO020003N and by the ACS Petro-
suggestions during this work. This work was sup-leum Research Fund.

*Electronic address: nayaks@rpi.edu 104, 7296(1996.

1H. Ohnishi, Y. Kondo, and K. Takayanagi, Natuteondon 395 2\, Tian, S. Datta, S. Hong, R. Riefenberger, J. . Henderson, and
780(1998. C. P. Kubiak, J. Chem. Phy&09, 2874(1998.

?A. 1. Yanson, |. K. Yanson, and J. M. v. Ruitenbeek, Natlren-  13\1. Dj Ventra, S. T. Pantelides, and N. D. Lang, Phys. Rev. Lett.
don) 400, 144(1999. 84, 979(2000.

3G. Roth and H. Fischer, Organometallits, 5766(1996. 14E. Emberly and G. Kirczenow, Chem. Ph@81 311 (2002.

“N. D. Lang and Ph. Avouris, Phys. Rev. Letl, 3515(1998.
5B. Larade, J. Taylor, H. Mehrez, and H. Guo, Phys. ReB
075420(2002.
5G. A. Prinz, Scienc@82, 1660(1998.
7 .
M. Johnson and R. H. Silsbee, Phys. Rev. L&%.1790(1985. 18 . . .
S. Datta,Electron Transport in Mesoscopic Syste(@ambridge
83. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. Daughton, S. P P y 9

von Molnar, M. L. Roukes, A. Y. Chtchelkanova, and D. M. 19MUr\]JIvle:rrisslt();/h:trZTS’Gij;ns?;:fge’égjzsian Inc... Pittsburah. PA
Treger, Scienc@94, 1488(2001. e " 8 5 gn, FA.

20 hi
%M. A. Reed, C. Zhou, C. J. Muller, T. P. Burgin, and J. M. Tour, M. N. Ba'blch‘ J. M. Broto, A. Fert, F Ngyye” Van Dau, F.
Science278 252 (1997 Petroff, P. Eitenne, G. Creuzet, A. Friederich, and J. Chazelas,
103, Reichert, R. Ochs, D. Beckmann, H. B. Weber, M. Mayor, and,, Phys. Rev. Lett6"1, 2472(1988. )
H. v. Lohneysen, Phys. Rev. LeB8, 176804(2002. P. Lang, R. Nordstnm, R. Zeller, and P. H. Dederichs, Phys. Rev.

11y/ Mujica, M. Kemp, A. Roitberg, and M. Ratner, J. Chem. Phys. L&t 71, 1927(1993.

15Robert G. Parr and Weitao YanBensity-Functional Theory of

Atoms and Molecule€xford Science Publications, 1994
18pmoL code: Biosym Technologies Inc., San Diego, CA, 1995.
173, K. Nayak and P. Jena, Phys. Rev. L8, 2970(1998.

014412-5



