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Domain-wall resistance in metal nanocontacts
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We present a study of ballistic conductance through Ni, Co, and Fe nanocontacts within a semiempirical
tight-binding model. In our model, both spin channels are treated simultaneously, which allows us to simulate
a domain wall pinned in the nanocontact. We observe that the interplay of the contact and the domain wall
resistance can produce very large giant magnetoresistance ratios. However, at least within our model, very
large giant magnatoresistance appears to be limited to geometries in which the nanocontacts are very narrow
and have very small aspect ratios.
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I. INTRODUCTION

The decade and a half following the discovery of gia
magnetoresistance~GMR! in Fe-Cr multilayers,1,2 has wit-
nessed a continuing growth of interest in spin-depend
electron transport.3–7 During this period several novel GMR
geometries were proposed, including spin valves, multil
ered nanowires, and recently nanocontacts. Garcı´a et al.8 re-
ported MR in Ni and Co nanocontacts of 300%, which th
later extended to 700% and 1000%, respectively.9 The same
group reported MR in Fe nanocontacts to be an order
magnitude smaller.10 In the experiments, two different geom
etries were used. In the first geometry,8 two sharpened wires
were brought into contact. A magnetic field was appli
along the common axis of the two wires by two separ
coils. The field applied to one of the wires was kept const
while the field applied to the other could be oriented para
or antiparallel to the first. Increased resistance was obse
when the field applied to the two wires was in opposite
rections, presumably trapping a domain wall at the nanoc
tact region. The second geometry9 consisted of a sharpene
wire touching the surface of another wire perpendicular to
Increased resistance was observed when a magnetic field
applied along the axis of the first wire causing the magn
zation of the two wires to be perpendicular to each other
to shape anisotropy. In that case a domain wall was a
presumed to be formed in the nanocontact region. These
periments have become a matter of debate because o
possibility that the conductance changes might be due
effects related to magnetostriction.

On the theoretical side, Bruno11 showed that the anisot
ropy of the contact can pin the domain wall in the conta
and thus, shorten the length of the domain wall by two ord
of magnitude as compared to bulk. This is important beca
it has been shown that electrons traveling through a w
domain wall in which neighboring atomic moments a
nearly parallel experience very weak scattering. Howe
electrons passing through a narrow, abrupt wall cannot ad
to the sharp change of magnetization, and experience
creased reflection. It is, however, very difficult to obtain an
lytical results for realistic nanocontacts because of the d
culty of taking into account the crucial aspects of t
electronic structure in the vicinity of the nanocontact.
0163-1829/2004/69~9!/094425~6!/$22.50 69 0944
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Calculations of the domain-wall resistance taking into a
count the band structure of the material have just begun
appear. The resistance of abrupt domain walls in Ni, Co,
Fe was studied in both model and realistic calculations.12 It
was shown that model calculations are deficient because
poorly approximate the band structure near the Fermi ene
in particular, the large number of bands at the Fermi ene
More recently, the domain-wall resistance in Co was stud
in an ab initio linear muffin-tin orbital study13 both in the
ballistic and diffuse regimes. In all studies diffuse~thick!
domain walls were found to increase the conductance
decrease MR compared to sharp abrupt walls. However,
geometries studied so far have been infinite and uniform
the plane perpendicular to the current and therefore have
been consistent with the small domain-wall width. In ad
tion, this type of calculation misses the effects of the cont
resistance between the leads and the constriction which i
fact, the leading source of resistance in atomic s
constrictions.14

In this paper we report on a study of the conductan
through domain walls pinned in a constriction accounti
simultaneously for the constriction and the noncollinear sp
We calculate~i! the transmission through planar doma
walls in bulk Ni, Co, and Fe;~ii ! the transmission through
Ni, Co, and Fe nanocontacts for several aspect ratios of
nanocontacts; and~iii ! the transmission through structures
which the constriction is made of nonmagnetic material, s
tems such as Co-Cu-Co and Fe-Cr-Fe. This latter geomet
chosen because the nonmagnetic material would be expe
to break the exchange interaction allowing an abrupt cha
in magnetization which should maximize the domain-w
plus constriction effect.

II. MODEL

Our calculations are based on a semiempirical tig
binding ~TB! model fitted toab initio band structures. We
utilize a supercell formulation that allows us to study co
tacts with arbitrary length and cross-section size. We tr
both spins simultaneously which allows us to study the ca
in which the spin is not collinear with the magnetization.

Some important aspects of this problem are not accoun
for in our model. We do not attempt to calculate the magne
©2004 The American Physical Society25-1
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structure of the junction from first principles. Although su
calculations would be very interesting and useful, they wo
also be fraught with uncertainties, because the experime
systems are very difficult to characterize at the atomic sc
We believe that it is also important to understand the effe
of the aspects of the problem which we do model, i.e.,
effects of the noncollinearity of the moments, the thickne
of the domain wall, the width of the nanocontact, and
effects of nonmagnetic atoms in the contact.

For a sample sandwiched between two leads at zero
perature, the ballistic conductance in each spin channe
given by the total transmission probability through t
sample,16

G5
e2

h (
ki ,i ,ki8 , j

Tkuu ,i ;kuu8 , j~EF!, ~1!

where (ki ,i ) labels an incident Bloch state with transver
wave vectorki in one lead and (ki8 , j ) labels a transmitted
Bloch state in the other. The additional integer quant
numbersi andj are are needed because each of the leads
have several Bloch states for a given value of transve
momentum. The total transmission probability, summed o
all incident and transmitted states, can be written in a b
of planar orbitals using the Caroli formula17 as

G5
e2

h
Tr@S̃LGLR

R S̃RGRL
A #, ~2!

whereGLR
R/A is the retarded/advanced Green’s function~GF!

matrix element between the first-principal layer of the l
and right leads andS̃5 i (SR2SA) is the imaginary part of
the self-energy of one of the semi-infinite leads evaluate
its end. In the calculation of the conductance, all Gree
functions and self-energies are evaluated at the Fermi en

The method we use to calculate the conductance, w
the spin is not collinear with the magnetization, is the sa
as that used in a study of the angular dependence of
conductance in spin valves.15 The Hamiltonian matrix is
transformed locally as follows:

H~u,f!5U~u,f!HU†~u,f!, ~3!

where H is the is a block diagonal 232 matrix when the
spin-quantization axis is aligned with the magnetization~off-
diagonal elements are zero if there are no spin-flip term
the Hamiltonian!. The Hamiltonian matrix elements for ma
jority and minority electrons are different in magnetic ma
rials. The spin rotation matrixU(u,f) is the well known

U~u,f!5S cos
u

2
eif/2 sin

u

2
e2 if/2

2sin
u

2
eif/2 cos

u

2
e2 if/2

D . ~4!

The method we use to calculate the conductance thro
a constriction was originally developed to study the cond
tance of nanowires.14 We model the constriction using a su
percell surrounded by enough empty sites that the cons
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tion is isolated. Then the supercell is repeated periodically
the plane. The obtained superlattice has a square lattice
lattice constantL5Na, wherea is the bulk lattice constan
andN is an integer, which indicates the size of the superc
We use a semiempirical TB Hamiltonian constructed by
ting to ab initio band structures.18 The orthogonal two-cente
integral approximation was used. The matrix elements
tween different species are obtained by averaging the co
sponding matrix elements of the compound species. The
parameters were fitted to bulk band structures. This rep
sents a limitation because the potentials of the atoms in
constriction may differ from the bulk potentials. This is e
pecially true for atoms close to the surface which beco
increasingly important as the constriction becomes narrow
The constriction is surrounded by empty sites.

The transmission probability is first obtained in the sup
cell basisukuu ,i ,a,Rz& wherekuu5(kx ,ky) (ukxu,ukyu,p/L)
denotes a two-dimensional~2D! wave vector within the su-
perlattice Brillouin zone~BZ!, a labels the symmetry type
for the sp3d5 orbitals, Rz labels the layer, andi labels the
atom coordinates in the supercell. Consequently, the con
tance is transformed to the basis of the reciprocal lattice v
tors of the superlatticeukuu1gn ,a,Rz& where gn5(2p/L)
3(n1 ,n2) denotes the reciprocal lattice vectors of the sup
lattice that fall in the first bulk Brillouin zone (0<n1 ,n2
<N). Finally, after integration over the supercell BZ w
obtain the conductance in the form

G5 (
n,n8

@G↑~gn ,gn8!1G↓~gn ,gn8!#. ~5!

Here the labelsa have been summed over. Due to trans
tional symmetry, the bulk layer orbitals associated with d
ferent wave vectorsgn are decoupled in the leads, bu
coupled in the constriction region.

III. RESULTS AND DISCUSSION

We have studied three ferromagnetic 3d transition metals
Ni, Co, and Fe. The first two, fcc Ni and fcc Co, were th
first to be reported to show large contact MR.8 The last, bcc
Fe, was reported to have much smaller contact MR, wh
was attributed to the fact that Fe is a weak ferromagnet,
its majorityd band is not filled.10 In all three cases, we work
with the ~001! lattice orientation.

As a first step, we studied the conductance through
main walls in bulk Ni, Co, and Fe. The width of the wall wa
artificially limited to w monolayers~ML !. In Fig. 1, the con-
ductance~a! and MR ~b! are shown as a function of th
domain-wall width. The angle of magnetization in consec
tive layers changes with the step 180°/(w21). The straight
lines in Fig. 1~a! are the conductances of bulk Ni, Co, an
Fe, respectively. The conductance in the presence of a
main wall of width w increases withw. In the case of a
domain wall, we define MR as the ratio,

MR5
G uu2Gwall

Gwall
, ~6!
5-2
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DOMAIN-WALL RESISTANCE IN METAL NANOCONTACTS PHYSICAL REVIEW B69, 094425 ~2004!
whereG i is the the conductance for parallel alignment of t
moments in the two leads, i.e., no domain wall is presen

The resultant MR of a bulk domain wall, Fig. 1~b!, is
largest forw52 ML, where the magnetization in the secon
layer is at 180° with respect to the magnetization of the fi
one. As expected, the domain-wall resistance drops very
idly as the domain-wall width increases. In the case ofw
52 ML, the observed MR ratios can be calculated using
collinear approach. In the absence of a domain wall, the c
ductances@Fig. 1~a!# are simply proportional to the numbe

FIG. 1. Bulk and domain-wall conductance~a!, MR ~b!, and MR
scaling~c! in bulk Ni, Co, and Fe as a function of the domain-wa
width w. The conductance is expressed in units ofe2/h ~i.e.,
0.38631024 V21) per two-dimensional unit cell.
09442
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of propagating states per two-dimensional cell. All states
transmitted with unit probability. In the presence of th
abrupt domain wall, an upper limit to the conductance~and a
lower limit to the MR! can be obtained by assuming that a
states that are not blocked by the requirement ofki conser-
vation, are transmitted with unit probability. This approa
would lead to MR’s of 1.04, 1.17, and 0.87 for Ni, Co, an
Fe, respectively. The actual MR’s are much higher, 2.8, 1
and 3.3, indicating that the transmission probability is su
stantially less than unity, especially for Fe. The low transm
sion probabilities have been related to the different nature
the wave functions for majority and minority.10 This is not
surprising for Co and Ni for which the Fermi level fall
above thed bands for majority and near the top of thed
bands for minority. For Fe, although the Fermi level falls
the d bands for both majority and minority, the minorit
Fermi surface falls near the bcc pseudogap where the s
have significant free-electron character and are qualitativ
different from thed states of the majority.

The rate of decrease of MR withw is shown in Fig. 1~c!.
It is found to be of the formd2x, wherex51.04, 2.37, and
1.68 for Ni, Co, and Fe, respectively. This scaling is differe
from the free-electron prediction (x52) which indicates that
it is sensitive to the details of the electronic structure. T
value and scaling of MR are in quantitative agreement w
other band-structure calculations.13

The bulk geometry is unrealistic for two reasons: first, t
domain-wall widths in bulk materials are much larger th
the length of the constriction we would like to conside
second, the mismatch between the bands in the semi-infi
lead and the levels in the constriction, rather than
domain-wall resistance, is the dominant source of resista
in this geometry. The calculation of the conductance and M
of a domain wall in bulk is, nevertheless, instructive beca
it constitutes a limiting case which the nanocontact cond
tance and MR must approach when the aspect ratio of
nanocontact approaches zero. The aspect ratio of the n
contact we define to bew/N, wherew is the domain-wall
width andN is the lateral size of the constriction.

Therefore, we proceeded to study finite-size constrictio
with the domain wall pinned in the constriction. We mod
the constriction by a wire of lengthd ML in the direction of
the current and a cross section ofN3N unit cells perpen-
dicular to the current. The wire is placed between se
infinite leads of the same material. When the size of
constriction is negligible compared to the size of the lea
the domain-wall width is predicted11 to be material indepen
dent and determined from the length of the constrictionw
58d/p2, therefore, we consider the domain-wall width to
equal to the constriction length. We vary the lengthd from 2
ML for which the first layer is at 0° and the second at 18
to somedmax for which the magnetization of consecutiv
layers changes by 180°/(d21). We vary the supercell sizeN
from 1 representing a zigzag chain of atoms to someNmax.
The atomic chain (N51) is somewhat unrealistic becaus
we take the atoms to reside on the bcc lattice sites. All sp
on the same layer have the same orientation. As the dom
5-3



e
o

th
e

e
a

to

a

e
for

rs
ic-
is

ery

nti-
Co

ore

tly
is
ore
gy.

of
ge,
he
the
is-
of

uals
ion
nd
a

ef-
id-
en-
ity
Co

es
the
a-
he
on-

the
res-
and

a

n-
y

ain
that
all

on
n
ll

ce
-
i-

JULIAN VELEV AND WILLIAM H. BUTLER PHYSICAL REVIEW B 69, 094425 ~2004!
wall aspect ratiow/N→0, the result should approach th
value of the conductance and MR of the domain wall
width w in bulk.

In Fig. 2~a!, the conductance of a nanocontact of leng
d52 ML in Ni, Co, and Fe is shown as a function of th
lateral size of the constrictionN. In contrast to the bulk cas
studied earlier, the conductance of the constriction when
magnetizations are parallel steadily increases withN begin-
ning from a small fraction of the bulk value. This is due

FIG. 2. Nanocontact and domain-wall transmission per unit
~a! magnetoresistance~b!, and ratio of majority to minority conduc
tance~c! in Ni, Co, and Fe nanowires of 2 ML length with sem
infinite leads of the same material.
09442
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the finite size of the constriction for which there are only
few transverse modes~channels! which match poorly with
the bands in the semi-infinite leads. AsN is increased, the
density of states~DoS! in the constriction resembles mor
and more the bulk DoS and more channels become open
conductance.

The domain wall acts only on the fraction of the carrie
that are permitted through the constriction. At small constr
tion widths (N51,2), the domain-wall magnetoresistance
very large for the strong ferromagnets Ni and Co and v
small for Fe, which is shown in Fig. 2~b!. This is due to the
fact that the transmission, when the magnetizations are a
parallel to each other, is very low for the cases of Ni and
and fairly large for the case of Fe.

The constriction appears to transmit some states m
readily than others. Figure 2~c! shows the ratio of majority to
minority conductance~for no domain wall! for Fe, Co, and
Ni. For Co and Ni, the minority conductance is significan
higher than the majority for large constriction widths. Th
can be understood simply from the fact that there are m
Bloch states in the minority channel at the Fermi ener
However, as the constriction becomes smaller, the ratio
minority to majority conductance becomes extremely lar
approaching a factor of 100 for Co and 25 for Ni. For Fe, t
majority conductance exceeds the minority except for
smallest constrictions which again favor minority transm
sion. It is tempting to explain the relative enhancement
minority transmission for narrow constrictions in terms ofd
electrons being transmitted more easily thans electrons. The
effect, however, is not as simple as smaller bandwidth eq
enhanced transmission. A calculation of the transmiss
probability through a narrow constriction in a single ba
tight-binding model as a function of bandwidth yielded
transmission probability independent of bandwidth. The
fect may result from a combination of bandwidth and hybr
ization between bands. Regardless of the origin, the
hanced transmission of minority compared to major
appears to correlate with the very large MR observed for
and Ni for the narrowest constrictions.

As the constriction gets larger, the MR of Fe becom
comparable to the MR of Ni and Co because the ratio of
total number of propagating states in the minority and m
jority channels is comparable for all three elements. T
opening of new channels for conduction increases the c
ductance of the constriction towards the bulk value in
absence of a domain wall but the conductance in the p
ence of the domain wall decreases slightly due to the b
mismatch between the majority and minority bands. As
result, the MR increases steadily towards the MR of a 2 ML
domain wall in bulk. However, the width at which the co
striction is indistinguishable from bulk is significantl
greater than the range we are considering.

As the length of the constriction increases and the dom
wall becomes thicker, its resistance decreases rapidly so
the conductance of the constriction with and without a w
become closer and closer. In Fig. 3~a!, the conductances of a
7 ML constriction of Ni, Co, and Fe are shown as a functi
of N. There is now very little difference in the conductio
through the constriction with and without a domain wa

ll
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DOMAIN-WALL RESISTANCE IN METAL NANOCONTACTS PHYSICAL REVIEW B69, 094425 ~2004!
pinned inside. In Fig. 3~b!, the corresponding MR is shown
The MR is relatively small for the entire range from atom
width constrictions to bulk except in the case of an atom
width Ni constriction. This could be due to a very po
match between the levels on a single Ni atom and the ba
of the semi-infinite Ni leads. In addition, the levels th
match are ofd type, so, they are poorly matched within th
domain wall. This enables Ni to show consistently MR
order of 350% at atomic sizes.

In Fig. 4, we show the MR obtained in various constr
tions of aspect ratio 1:1 (w5N). The MR of all three mate-
rials becomes very small for largerN. Relatively large MR is
obtainable in atomic-size constrictions if the aspect ratio
kept constant. For the sameN, large MR is obtainable when
the aspect ratio gets smaller, i.e., for shorter domain wal

The shortest possible domain wall is 2 ML thick which
difficult to make if we use the same magnetic mater
throughout because the constriction has to consist only
few atoms. However, if we replace the material in the co
striction by a nonmagnetic material then effectively the d
main wall will always be abrupt regardless of the length
the constriction. In Fig. 5~b!, the MR of a Cu wire between
Ni and Co semi-infinite leads, as well as a Cr wire betwe
Fe semi-infinite leads is shown. The length of the const
tion is 3 ML. At atomic sizes, appreciable MR is only o
tainable for the Co-Cu-Co case. However, for larger const
tions both the Co-Cu-Co and the Fe-Cr-Fe systems s

FIG. 3. Nanocontact and domain-wall transmission per unit
~a! and MR ~b! in a Ni, Co, and Fe nanowire of 7 ML length wit
semi-infinite leads of the same material.
09442
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significant MR. The band matching between the Ni leads a
the Cu wire is equally poor for both spin channels at allN
resulting in very small MR for the entire range of wire size
The conductance of the three different systems is show
Fig. 5~a! for the cases in which the magnetization in t
leads are parallel and antiparallel to each other. At ato
sizes, there is a very small difference between the two s
channels in all systems. However, the conductance of

ll

FIG. 4. MR of a Ni, Co, and Fe nanocontact of aspect ratio
as a function of the size of the constriction~eitherN or d).

FIG. 5. Parallel and antiparallel conductance per unit cell~a!
and MR~b! of a Ni-Cu-Ni, Co-Cu-Co, and Fe-Cr-Fe nanocontact
a function of the size of the constriction.
5-5
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JULIAN VELEV AND WILLIAM H. BUTLER PHYSICAL REVIEW B 69, 094425 ~2004!
Co-Cu-Co case is very low, enabling a large MR ratio. T
conductance of the Fe-Cr-Fe system is fairly large resul
in a small MR ratio. At larger sizes, there are enough sta
in the wire to make the band mismatch between the
leads noticeable. Thus, the MR actually increases with
lateral size of the constrictionN, in contrast to all-magnetic
constrictions. This is a result of the fact that the nonmagn
material allows a sharp domain wall for all sizes. A simil
picture is obtained for larger lengths of the nonmagne
wire. These larger constrictions may be easier to manufac
in practice and their MR actually increases with the size
contrast to all-magnetic constrictions, which display use
MR ratios only at atomic sizes.

Although, for very narrow constrictions the TB approx
mation may not be completely adequate it is illustrative
the mechanism of the constrained domain-wall resistan
For a better understanding of this mechanism a more rig
ous method of treating the electronic structure in the c
striction is needed.

IV. CONCLUSION

We have developed a method to study the resistance
domain wall pinned by a constriction. We found that t
ff,
hy
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interplay between contact resistance and domain-wall re
tance can produce very large MR ratios. The effect is larg
due to the fact that narrow constrictions make possible m
narrower domain walls than the domain walls common
bulk, thus, the domain wall can have a significant resistan
The weak ferromagnet Fe has an order of magnitude sm
MR at atomic sizes but above this range its MR is com
rable with Ni and Co. A particular feature of Ni is that
chain of Ni atoms has consistently large MR regardless
the width of the domain wall, probably due to the poor lev
matching between the Ni atom and the Ni solid. In gene
the very large MR effect is limited to atomic siz
constrictions.
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