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Magnetoresistance effect in spin-polarized junctions of ferromagnetically contacting multiple
conductive paths: Applications to atomic wires and carbon nanotubes

Satoshi Kokadb* and Kikuo Harigaya®'
lNanotechnology Research Institute, AIST, Tsukuba 305-8568, Japan
2Synthetic Nano-Function Materials Project, AIST, Tsukuba 305-8568, Japan
(Received 7 January 2004; published 5 April 2p04

For spin-polarized junctions of ferromagnetically contacting multiple conductive paths, such as ferromagnet
(FM)/atomic wires/FM and FM/carbon nanotubes/FM junctions, we theoretically investigate spin-dependent
transport to elucidate the intrinsic relation between the number of paths and conduction, and to enhance the
magnetoresistand®R) ratio. When many paths are randomly located between the two FM'’s, electronic wave
interference between the FM’s appears, and then the MR ratio increases with increasing number of paths.
Furthermore, at each number of paths, the MR ratio for carbon nanotubes becomes larger than that for atomic
wires, reflecting the characteristic shape of points in contact with the FM.
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Recently, the magnetoresistan¢®IR) effect in spin- wire and carbon nanotube systems, we find that the MR ra-
polarized junctions of a ferromagnetically contacting singletios increase with increasing number of paths because of an
conductive path, which is ferromagn@M)/path/FM junc- increase of CC. We will demonstrate that such electronic
tions such as Co/carbon nanotube/Co junctiorid)as been wave interference brings about the enhancement of MR ra-

reported. When the MR ratio was defined aF(®  tios in path systems. _
—T®P)/ 1) with I'® andI"(P) being the conductances of __ First, let us derive an expression of the conductance of

parallel (P) and antiparallel AP) magnetization configura- FM/many paths/FM junctions shown in the left panel of Fig.
tions of the FM’s, its magnitude for Co/carbon nanotube/Col- Here, the FMis an electrode, the path can be, for example,

was experimentally observed to be 9923%2 and 26% " atomic wire or a hanotube, and many paths are randomly

(Ref. 3 at 4.2 K. In the theoretical study based on Green’s/ocated under the assumption that contact points between

function method, the maximum value of the MR ratio wastheir edges and the FM exist parallel to thexis and aty
evaluated to be 20%From the viewpoint of spintronics, — 0. and current flows in the direction. Keeping the quali-
however, larger MR ratios than those values are strongl)t/at've discussion in mind, we assume that all parts consist of

desired, because conventional systems with film spacer, FMtOMs with a single orbital, and the FM has a simple cubic
Al-O/FM junctions®® have much larger MR ratios in spite of Structure with 100 monolayers. Furthermore, the intralayer

using a FM with almost the same spin-polarization fate. ~ direction y plang of the FM is regarded as an infinite

The difference in the MR ratio between the film and theSystem and is set to have the periodic boundary condition.
single path systems originates from that in the number of he SVSIGW_‘ is described using a tight-binding model with the
conductive paths connecting the two FM's or that of conduc€@rest-neighbor transfer integral. i
tive mechanisms. The former has many conductive paths and Within Green's-function technique,the conductance for
tends to exhibit coherent conductid®C),®° in which the SPINo at zero temperature Is written as
intralayer momentum of the FM’s is conserved in the trans-
mission between them, while the latter exhibits incoherent r,= 7
conduction(IC),*° where the momentum is not conserved.

Our interests are in how the number of paths influences Conductive paths
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the coherence of conduction and how the coherence contrib
utes to the enhancement of the MR ratio. Microscopic theo-
retical studies on such questions have not been reported

far. By introducing many paths in the path systems, we ma

find an intrinsic relation between the paths and the coherenci 1 5
of conduction. Furthermore, if the MR ratio in the path sys- Té pv FPaths F
tems is successfully enhanced by many paths, our study wil,
significantly contribute to the development of future nano- rig 1 Left panel: A schematic illustration of FM/many
wire or nanotube MR devices. _ paths/FM junctions. Right panel: A schematic illustration of the
In this work, we investigate spin-dependent transporfocal DOS at the interfacial layer of the left and right FM's for the
properties of FM/many paths/FM junctions, where manyp or AP magnetization configuration. In discussing IC, we focus on
conductive paths are randomly located between the twenhe structure of the DOS &:. In contrast, for CC, we pay atten-
FM’s. Using Green's-function techniqdéwe obtain an ex-  tion to the DOS indexed btk 11y Droy(Ks 1)), whereky ;(y is
pression of conductance having not only the IC term but alsehe FM wave vector in the direction for up-(down? spin giving
the CC term, which appears as a result of electronic wavenergy levels in the vicinity o for the P configuration, and its
interference between the two FM’s. In applications to atomicdominant component is shown by the shaded region.

z

0163-1829/2004/69.3)/1324024)/$22.50 69 132402-1 ©2004 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B9, 132402 (2004

with T,=V,+V,G!V,, G,=(Eg—H,+i0%)"Y D, Ty Noan

= —(Um)Im(Eg—H, ,+i0") "%, and H,=3H,,+V,, N, - N, | 1ol ProDro
whereH,, is the Hamiltonian for the whole systents,  is

the Hamiltonian for arf part with € being a suffix for the N;2)ath_ Npath

left FM, paths, or the right FMY, is coupling between the +

FM and the pathsD; , (j=L or R) is the density of states
(DOS) operator, andEg is the Fermi level at which conduc- (4)
tion electrons exist. The unit of2e?/4=1 is adopted be- \yith Do (ry.o=(LNNy) =D (ry.o(K) and Dy gy (k)

low. _ _ _ =(1/Ny)Z Dy (r).o(k). The first and second terms represent
When the atom|_c orbital at the contaqt points between th?C with nor¥1conservation ok and CC with conservation of
FM and the paths is represent_ed|m§/’?> indexed byx,y,z ky, respectively. FON =1, only the IC term remains, and
coordinates, the conductance is rewritten as it results in an expression obtained straightforwardly for the
single path system$. With increasingNp,, the CC term
increases rapidly, meaning that the interference effect is en-
_ , / " hanced by an increase of the propagation between the two
r,= OL|D OLYX',0L|THx",0R B : ,
7 X‘X,%Xw (XOLIDLx Hx ITolx ) FM’s. Also, using this expression, we calculate the MR ratio,
which is defined as I({7+T -1 -T{) /(T
X(x",0R|Dg /X", 0R}X",0R|T,|x,0L), (2 +FEP)).
We simply explain the MR ratios for the IC and CC terms
. . . . , by paying attention to only the DOS'see right panel of
whereL(R) is thez coordinate at the interfacial layer in the F?/g.pl)).llngthe case of IC bgsed on thegcondl?ctar?ce with the
. . E:)roduct of DOS’s, the MR ratio can be estimated using the
propagation, left FM- right FM — left FM, and T, con-  5,iare model The MR ratio for the Co electrode becomes
nects the two FM's. Here we use an approximation in whichi,e ey anout 219%.0n the other hand, in the case of CC, the
T, is finite only for the samex coordinate between the left ~,nquctance is related fo-dependent DOS, as shown by
and right FM’s, and it is independent rfThe validity of the e shaded region in Fig. 1. When DOS with, andk} | at
. . . . . . . . . - y X,
approximation will be described in applications. Using theihe |eft EM is in the vicinity ofEg, the DOS at the right FM

1
2
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Bloch wave at the interfacial layer in the FNK,L(R)), s in the vicinity of E in the P case and absent in the AP
wherek[ = (ky,ky)] is the intralayer wave vector of the FM, case. Then, the conductance wigh, andkj | is finite in the
we obtain

P case, while it is almost zero in the AP case. This obvious
difference in the conductance between the P and AP cases
leads to a large MR ratio.
1 e Y (! As an application to realistic systems, we first consider
:(NXN )2|TU|2XZX, % ekl X)DL:U(k) FM/atomic wires/FM junctions, where the atomic wire
Y o consists of n atoms and thez coordinate of the left
XDgo(k"), 3 (right) edge of the atomic wire is indexed by h)( We
here obtain an exact expression df,, which fin-
ally becomes(x,0L|T,|x",0R)=(x,0L|V,G,V,|x",0R)
with Dy (gy,o(K)=(k,L(R)|D(r) o/k,L(R)), where [T,|>  —;2(x,0,1/G,|x’,0n) with v being a transfer integral be-
denotes the transmission coefficient including information ontween the FM and the atomic wire, by solving the Dyson
the pathsNy,) is the number of atoms on they) axis at  equationG,=g,+9,V,G,, with G,=(Er—H,+i0*) "1
the interfacial layer in the FM, andk{—k,)(x—x") corre- andg,,=(EF—2€H€'U+i0+)‘1, ie.
sponds to difference in the phase of the Bloch wave between
the left and right FM’s. T,=0v2gy, J(1+11,) 2, (5)
Now, based on randomly located paths, we average ’
I', over the distribution of the paths, that i§l",)path.

Is

H(r: - Uz(gll/raL,(r+ gnn,rraR,rr) + v4(gllﬂgnn,rr§R,(r§L,(r

We utilize (Syxr@ IOXDy (5 S o
+Zx;&x'e_i(kx_k;)(x_XI)>path:Npath"’Npatr(Npath_l)5kx,k;,12 ~01n,09n1.09R,00L o) ©®
whereN . is the number of paths. The first term means thati, gij o= (X 0ilg,/x,0j) for i,j=1 or n aL(R)

the difference in the phase disappears when the electron use: —iko(x—x ,
the same path in the circular propagation. The second terrﬁszxvx'|X>(1/NXI\IY)Eke . ~ 9um) o (KX, g'-(R);"(_k)
represents the propagation with different paths. Correlatiorr (K:L(R)|9,/K,L(R)), and 1=3,|x)(x|, where|x) is in-

of the Bloch wave between the left and right FM’s becomedToduced for a matrix representation about theoordinate.

large fork, =k, while it is negligibly small fork,#k, . Itis ~ Here, T, is a matrix includingll, which has off-diagonal
interpreted just as the result of the interference between thelements between different paths, reflecting the propagation
electronic wave in the left FM and that in the right FM. The throughout all paths. FcﬁL(R),(,, we now take into account
conductance peXl, becomes only the diagonal elements, because those elements are much
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FIG. 2. MR ratio vsN,n/Ny for FM/atomic wires/FM junc- Wire _P,«A‘l;
tions. Npan=1 corresponds tdNp,,/Nx=0.01. Inset: The CC and 1 ’,—"
IC terms inZ,I", /N, vs Npain/Ny . The solid(dotted line repre- 051 Pl P ]
sents the CGIC) term. o et AP
larger than the off-diagonal ones owing to the disappearance [x10°* :

, 7 - 08| Carbon NT P .
of the phase factok,(x—x"). Therefore, T, results in a 06| with N.=5 It
diagonal matrix having an expression for the single path sys- o 0'4 o > AP
tems as the matrix element, which is independenk.oft 2 0'2 PPt P
should also be mentioned thatis assumed to be smaller g el AP
than the transfer integrals in the FM and the atomic wire = [Xwg
parts for reasons such as differences of types between two g 1} Cabon NT 5 -7
orbitals and imperfect lattices matching at the interface. @) et

with Ng=10

Therefore, the contribution dfl , is small.

We use the following parameters. The number of atoms in
the single wire is 20, the transfer integrals in the FM and the
wire parts ard (t<0), and the transfer integral between the
FM and the wire i&»=0.1t. WhenEg=0, the on-site energy
of up- (down-) spin for the FM is 3.&| (4.2t|),* and that of
the wire is 0, which corresponds to the conductive wire.

Figure 2 shows the MR ratio W,,/N,. The MR ratios
for Npair> 1 are Iarger than that fd‘dp?thzl, anq it grgdually 00 0.05 0.1 0.15
increases Wlth |r!crea5|nglpath. This behav_lor originates (b) Npath/Nx
from the contribution of the CC term. As the inset shows, the
CC term causes a large difference between the P and AP FIG. 3. (a): MR ratio vs Np/Ny for FM/carbon nanotubes
cases, while the IC term exhibits little difference between(NT)/FM junctions(solid lineg and FM/atomic wires/FM junctions
them. Furthermore, such a CC term and its difference betdotted ling. Np, =1 corresponds tdlp,/Nx=0.01. Furthermore,
tween the P and AP cases increase with increaNi,ggg. the range oN /N, is determined so as to be less than the system

As the second application, we consider single-walledsize WithN;;=15(r=3). (b): The CC and IC terms il ,I', /N, vs
(Ng;,0) zigzag carbon nanotungNhereNcir is the number  Npan/Ny for the respective cases. The sdlibtted line represents
of unit cells in the zigzag edge. Each edge carbon atom df’e¢ CC(IC) term.
the nanotube is assumed to interact with its nearest atom in
the cubic lattice of the FM. The interaction is denoted as théegarded merely as a zigzag ribbbmith short periodicity.
transfer integrab . In a similar way to that in the case of the Since wave functions o localize at the left or right edges
atomic wire, we obtain the conductance for the nanotub@f the nanotubé! they contribute little to the conduction
systems. As a characteristic result, conductive processes between the two edges.
the circumferential direction of the nanotube are newly In Fig. 3@, we show the MR ratio v&p,/Ny for the
added, reflecting the shape of contact points between the Fiases oNg =5 (r=1), 10 (=2), and 15 (=3). The MR
and the nanotube edges. ratios qualitatively exhibit the same dependenceNggy/ N,

In the parameter set, the nanotube length is of ten zigzags that in the case of atomic wires. We emphasize that the
lines, the transfer integrals in the FM and the nanotube partdIR ratio is larger than that for atomic wires, and further-
aret,’® those between the edge carbon atoms and their neamore, the MR ratio at eacNp,, becomes large aN; in-
est FM atoms are =0.1t, the on-site energy of carbon is 0, creases. FON,,,>1, the above properties mainly are a re-
and the on-site energy of the FM akg} are the respective sult of the contribution of the CC term of the P case, where
ones used in the case of the atomic wire. This carbon nandhe magnitude of the CC term based on the IC term becomes
tube appears to behave nearly as a semiconductor, in whigbviously large with increasindl , [see Fig. 8)]. In par-
transmission between the two edges of the nanotube idcular, we compare the nanotube case with the wire case. At
mainly through a small energy gap in the vicinity BE. the points of contact with the FM, the nanotubes have a
Originally, however, the nanotube is metallic, because it iglistribution of atoms also in thg direction, which is not
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present in the wires. Then, a new conductive process witlactions. Actually, the LL behaviors may exert little influence
consistency ok, between the left and right FM’'s becomes on the MR ratio and itsNp,, dependence, because the
predominant, indicating that CC is favored in thdirection  present MR effect is mainly realized by the difference in the
as well as in thec direction. In a classical picture, when an spin-dependent potential between the two FM’s, and also, it
electron with a certain momentum goes into the nanotubesioes not change without the introduction of spin-polarized
the momentum in thg direction also tends to be conserved, paths. The LL behaviors may, rather, be observed in the tem-
because conduction along the circumference is possible. Qferature dependence on the conductance for each magnetiza-
course, such a conduction in the circumferential directiortion configuration, for example.
enhances the MR ratio in the =1 case, too. In conclusion, the spin-dependent transport in the spin-
Finally, we give several comments. First, in this study, thepolarized junctions of ferromagnetically contacting multiple
spin polarization of the FM electrode comes from only theconductive paths was theoretically investigated to elucidate
single orbitals of the FM atoms, although the spin-the intrinsic relation between the number of paths and the
polarization rat& is actually influenced so strongly by inter- conduction, and to enhance the MR ratio. When many paths
facial states that even its sign can be altet®¢ note, how- are randomly located between the two FM’s, CC appears as a
ever, that if the interface of the FM is uniform, an increase ofresult of electronic wave interference between the two FM’s.
the magnitude of the MR ratio due to the interference effecwith increasingN,,,, CC becomes more marked and the
can occur. Second, the present phenomena are found for nMR ratio increases. Furthermore, the carbon nanotube junc-
merous similar systems. For example, MR properties calcutions show larger MR ratio compared with the atomic wire
lated for FM/BN nanotubes/FM junctions with insulating junctions, because the intralayer momentum tends to be well
nanotubes are almost the same as those for the junctions wittonserved owing to conduction along the circumference of
carbon nanotube’$.We speculate that when many conduc-the nanotubes. We expect that the characteristic phenomena
tive paths are randomly located in thg plane® larger MR will be observed with progress of experimental techniques
ratios than the present ones can be expected, because the @@l will be utilized in nanowire or nanotube MR devices in
will appear as predominant features in theirection as well  the future.
as in thex direction. Third, we mention the Luttinger liquid
(LL) behaviors® which are characteristic of one- This work has been supported by Special Coordination
dimensional conductive systems with electron-electron interFunds for Promoting Science and Technology, Japan.

*Electronic address: satoshi-kokado@aist.go.jp Physics(Plenum, New York, 1981 p. 199.
Electronic address: k.harigaya@aist.go.jp M. Julliere, Phys. Lett54A, 225 (1975; Using ;<D ,DRr¢,
K. Tsukagoshi, B.W. Alphenaar, and H. Ago, Natuteondon the MR ratio is expressed asPPg/(1+P Pg), with P (g

401, 572(1999.
2B. Zhaoet al, Appl. Phys. Lett.80, 3144(2002.
3B. Zhaoet al, J. Appl. Phys91, 7026(2002.
4H. Mehrezet al, Phys. Rev. Lett84, 2682 (2000).
5X.F. Hanet al, Phys. Rev. B63, 224404(2001).

=(D_(r),; —Di(r),)/(DL(r),; T DL(r),)), Where P (g is the
spin-polarization rate of the lefright) FM. For the expression
of P_ gy, see J.M. De Teresat al, Science286, 507 (1999.
14The spin-dependent on-site energy of the FM was selected so as
5M. Tsunodaet al, Appl. Phys. Lett80, 3135(2002 tp fit the MR ratio calculated for_FM/carbon nanof[ube/FM j}Jnc-
7 S Moodera a;d %p .Mat{m.n ] .Mid o Maan MaZQQ 248 tions to Fhe observed one, that is, 9®ef. 1). Fpr difference in
i1§99 ) P gn. gn. the on-site energy between up- and down-spins, we referred to J.

Mathon, M. Villeret, and H. Itoh, Phys. Rev. B2, R6983
8J. Mathon and A. Umerski, Phys. Rev.@3, 220403R) (2001). ! y v

°A  typical CC system is  epitaxially  grown (1995.
15 B .
Ga,_,Mn,As/AlAs/Ga, _,Mn,As junctions having the MR ra- N. Hamada, S.-l. Sawada, and A. Oshiyama, Phys. Rev. &&tt.

tios of more than 70% at 8 K. See M. Tanaka and Y. Higo, Phys. 1579 (1992; J.W.G. Wildeer et al, Nature (London 391, 59

Rev. Lett.87, 026602(2001). . (1998,
OFor example, see S. Zhargt al, Phys. Rev. Lett.79, 3744 17t IS now assumed to be 2.75 eV (Ref. 4.
(1997) M. Fujita et al, J. Phys. Soc. Jpi5, 1920(1996.
. 8 >
1T.N. Todorov, G.A.D. Briggs, and A.P. Sutton, J. Phys.: Condens. S Kokado and K. Harigaya, Synth. Mef35-136 745 (2003.
Matter 5, 2389(1993. 9N fact, carbon nanotubes aligned over areas up to several square

12The second term is obtained by summing over random points on centimeters were grown on nickel-coated glass. See Z.F. Ren
a unit circle in the complex plane and also as the average et al, Science282 1105(1998.
of distribution of the paths. See G.D. Mahaany-Particle  “°M. Bockrathet al, Nature(London 397, 598 (1999.

132402-4



