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Calculation of the perpendicular giant magnetoresistance of Co/Cu„001…
two-dimensional lateral superlattices
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The results of quantum calculations of the current-perpendicular-to-line giant magnetoresistance~CPL
GMR! of Co/Cu~001! two-dimensional lateral superlattices are presented. They are obtained from an exact
numerical evaluation of the Kubo formula using the electronic structures of Cu and Co monolayers described
by s,p,d tight-binding bands. The calculations show that the CPL GMR of two Co wires separated byN
atomic lines of Cu is strongly dependent on the Co wire widths and can be as large as 110%. The CPL GMR
of finite, perfectly periodic Co/Cu~001! lateral superlattices is found to saturate after 5–6 repeats of the
superlattice unit cell and reach a maximum value of' 350%. Finally, the giant magnetoresistance ratios of
superlattices with fluctuating Co wire widths are evaluated and shown to increase linearly with total superlat-
tice length and be of the order of 1000% after 25 repeats of the superlattice unit cell.
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A sharp drop in the resistance of metallic magnetic m
tilayers occurs when the magnetizations of neighboring m
netic layers oriented spontaneously antiparallel are aligne
an applied saturating magnetic field. This so-called gi
magnetoresistance~GMR! effect has received muc
attention.1,2 GMR ratios as high as 200% have been repor
in Fe/Cr superlattices,3 holding the promise of potential ap
plications in magnetic sensor technology. Most of the GM
experiments have been carried out in the current-in-pl
~CIP! geometry in which the resistance of the multilayer
large and measurable with conventional techniques. Thi
because the length of the sample is much larger than the
thickness. By contrast, in the current-perpendicular-to-pl
~CPP! geometry, the length of the sample is just the fi
multilayer thickness which is usually much smaller than
transverse dimensions. In this case the resistance can on
measured using very sensitive techniques. This can
achieved, for example, with superconducting contacts4 but
one problem that might arise are proximity effects. Altern
tively, the resistance of the multilayer can be increased
easily measurable values by reducing the cross-sectional
of the sample to mesoscopic scale. Multilayer pillars of
ameter as low as 60 nm have been fabricated
microlithography5 leading to resistances of the order of mV
which can be measured with conventional instruments.

The experimental trend is toward manufacturing str
tures of ever decreasing dimensions. Recent effort in na
fabrication technology6 has focussed on the growth o
stepped surfaces of lateral superlattices which are only a
atoms thick. Individual nanowires have already been gro
successfully on a variety of substrates ranging from tungs
to silicon by decorating the step edges and the technolog
being extended to the deposition of alternating wires of d
ferent metals with controlled widths and atomic-scale thi
nesses.

From a theoretical point of view, small samples have
570163-1829/98/57~6!/3474~4!/$15.00
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great advantage that, when their dimensions are smaller
the mean free path, impurity scattering becomes unimpor
and the resistance~CPP GMR! can be calculated from firs
principles without any approximations. We have made su
calculations for conventional multilayers7–9 assuming that
their transverse dimensions are small. The next logical s
is to extend the calculations of CPP GMR to the tw
dimensional nonmagnetic metallic structures incorporat
magnetic wires that are now being manufactured experim
tally. It is to be expected that impurity scattering in su
quasi-two-dimensional systems is less important than in c
ventional three-dimensional magnetic multilayers but
quantum effects should be enhanced.

One inevitable consequence of nanowire deposition is
distances between wires cannot be controlled very precis
which introduces randomness into the problem. Fortunat
this feature can be treated theoretically without any ad
tional approximations and the effects of growth-induc
fluctuations in wire position~width! on the GMR can be
explored rigorously.

All the calculations presented in this paper are for a fr
standing two-dimensional Co/Cu~001! lateral structure in the
current-perpendicular-to-line~CPL! geometry. Such a struc
ture should provide a reasonable approximation to a sys
of metallic wires deposited on an insulating substrate. F
lowing our previous work on conventional magnet
multilayers,7–9 we neglect impurity scattering and evalua
the CPL GMR due to quantum reflections from perfectly fl
Co/Cu interfaces. CPP~CPL! transport measurements a
usually made in the two-probe geometry and we theref
assume the superlattice to be sandwiched between two s
infinite two-dimensional~2D! Cu lead wires with negligible
resistances which play the roles of contacts. The calculat
are based on an exact numerical evaluation of the Kubo
mula usings,p,d tight-binding bands with hopping to first
and second-nearest neighbors.
3474 © 1998 The American Physical Society
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57 3475CALCULATION OF THE PERPENDICULAR GIANT . . .
First we show that the CPL-GMR of a two-dimension
structure containing two Co wiresM atoms wide separate
by N lines of Cu is strongly dependent on the width of t
Co wires and reaches a maximum value of' 110% compa-
rable to the GMR of a conventional Co/Cu~001! trilayer9 in
the absence of impurity scattering. Due to the reduced
mensionality of the problem, the zero- and saturating-fi
resistances are now of the order of mV. In Refs. 7,8 Mathon
predicted a large enhancement of the CPP GMR of conv
tional multilayers in which the layer thicknesses are allow
to deviate at random from their nominal values. We exte
this work to two-dimensional structures and investigate
CPL GMR of finite 2D Co/Cu~001! superlattices with and
without growth-induced fluctuations in wire widths. W
show that the CPL GMR of finite, perfectly periodic 2
superlattices saturates after 5–6 repeats of the superla
unit cell and can be as large as' 350%. For superlattices
with randomly fluctuating wire widths, we find a large e
hancement of the GMR in accord with the predictions
Refs. 7,8 for conventional multilayers. For small fluctuatio
in wire widths we show that the zero- and saturating-fi
resistances follow Ohm’s law as a function of total super
tice length. A detailed comparison with conventional mu
layers is given.

The CPL GMR is defined in terms of the conductances
up- and down-spin electrons in the ferromagnetic~FM! and
antiferromagnetic~AF! configurations of the magnetic wire
by

GMR5~GFM
↑ 1GFM

↓ 22GAF
↑,↓!/2GAF

↑,↓ , ~1!

whereGFM (AF)
s is the conductance for a given spin channes

in the FM ~AF! configuration of the magnetic wires. Each
the conductances in Eq.~1! can be calculated at zero tem
perature from the Kubo formula10 expressed in terms of one
electron Green’s functions

Gs5
4e2

h (
ki

Re Tr~G̃00
s t01

s G̃11
s t10

s 2t01
s G̃10

s t01
s G̃10

s !, ~2!

where we have taken thex axis parallel to the wires. Here a
in Refs. 7–9, the indices 0 and 1 label the principal lines
the left and right of an imaginary cleavage plane separa
the structure into two independent semi-infinite crystals a
G̃i j (kx)5(1/2i )@Gi j

2(kx)2Gi j
1(kx)#, where Gi j

2(kx) and
Gi j

1(kx) are the matrix elements between principal linesi , j
of the advanced and retarded Green’s functions evaluate
the Fermi energyEF . In Eq. ~2!, the trace is over all atomic
orbital indices that are contained implicitly in the princip
lines indices 0 and 1, the sum overkx is over the one-
dimensional Brillouin zone andt01 is the tight-binding hop-
ping matrix between the principal lines 0 and 1.

The Green’s functions required in Eq.~2! were calculated
within our tight-binding model. Because second-near
neighbors are included, each principal line contains t
atomic lines and, therefore, all the Green’s function and h
ping matrices in Eq.~2! are 18318 matrices. The most gen
eral structure we investigate consists ofNrpt repeats of a
superlattice unit cell consisting of a ferromagnetic Co w
containingM1 atomic lines followed byN atomic lines of
Cu, then a second ferromagnetic wire withM2 atomic lines
l
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of Co and a second Cu wire withN atomic lines. The whole
lateral structure is contained within an~001! atomic plane. In
our tight-binding description, this means that electron ho
ping to neighboring~001! planes is terminated~free bound-
ary conditions!. The Co and Cu wires are described by tigh
binding parameters for the respective free-stand
monolayers, i.e., it is assumed that the interfaces between
and Cu are abrupt. A small lattice mismatch between 2D
and 2D Cu is neglected and the whole structure is taken
have the lattice parameter of 2D Cu.

The tight-binding parameters for two-dimensional C
were determined from a fit to a first-principles electron
structure calculation11 for a free-standing monolayer. Such
procedure was not feasible for two-dimensional ferrom
netic fcc Co as noab initio band structure calculation coul
be found in the literature. In this case, the tight-binding p
rameters were obtained from paramagnetic 2D Cu, by s
consistently adjusting the on-site energies, assuming ch
neutrality. The intra-atomic electron-electron interactio
were taken to beUsp

Co50 andUd-d
Co 51 eV and a magnetic

moment of 2.07mB was obtained. The hopping paramete
were kept equal to those of 2D Cu. The magnetic mom
we get is in reasonable agreement with theab initio result
~1.90mB) of Noffke and Fritsche12 for a monolayer cut out of
hcp Co. To further check our approach, we have also app
it to 2D ferromagnetic Ni and, with parameters that fit theab
initio bands of Ref. 13, we obtained a magnetic moment
0.95mB , in agreement with the results of Ref. 13. In o
calculations we neglect the atomic potential difference due
the magnetic configuration, thereby making the approxim
tion known as the ‘‘force theorem.’’ The band structures
2D Cu and spin-polarized 2D Co, calculated with our sets
tight-binding parameters, are displayed in Figs. 1 and 2
three high-symmetry directions.

The Green’s functionsG̃00,G̃11,G̃01 required in Eq.~2!
are calculated in a manner similar to that described in Re
They are obtained from the surface Green’s functions of
semi-infinite Cu lead wires using a one-dimensional ana
of the method of adlayers.14 The surface Green’s functions o
the left and right semi-infinite Cu leads are calculated us

FIG. 1. Electronic structure of a Cu~001! monolayer along three
high symmetry directions.
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the noniterative technique of Umerski15 in which a small
imaginary part (e51028 Ry! is added to the energy to dis
rupt quantum interference effects between the two edge
the slab.

In all our calculations, the summation overkx in Eq. ~2!
was carried out using 500 points in the one-dimensional B
louin zone and convergence was checked by doubling
number of points taken in the sum. The choice of Cu w
width in all our samples was dictated by the requirement t
the coupling between Co wires be antiferromagnetic. T
happens, for example, for Cu wires containing seven ato
lines and all the results presented below will haveNCu57.

We first calculate the CPL GMR ratio of a single supe
lattice unit cell with equal Co wire widthsM15M25M . A
strong dependence on Co wire width is obtained as can
seen from Fig. 3. The CPL GMR ratio oscillates betwe
some 40 and 110 % depending on Co thickness. These o
lations are due to quantum interferences from electron wa

FIG. 2. Spin polarized energy bands of a fcc Co~001! monolayer
along three high symmetry directions. The majority-spin bands
given by the full circles; open circles denote the minority-sp
bands.

FIG. 3. Cobalt-thickness dependence of the CPL GMR ratio o
system consisting of two Co wires separated by seven lines of
of

l-
e

e
t

is
ic

-

be
n
cil-
es

scattered from the flat Co/Cu interfaces and the large os
lation amplitude indicates that the magnetic contrast is m
marked than in conventional Co/Cu~001! trilayers. Indeed it
can be seen from Figs. 1 and 2 that the majority spin ba
of 2D Co and Cu are well matched while there is a lar
band offset for the minority spin bands. This is confirmed
the values of the ballistic conductances of bulk 2D Cu a
spin-polarized 2D Co calculated at the Fermi energy fr
the Kubo formula. The conductance~per atom! at EF for the
majority spin channel of ferromagnetic fcc 2D Co
1.17e2/h, close to that of 2D Cu (1.14e2/h). The conduc-
tance for the minority spin channel of 2D Co is much larg
2.97e2/h, as the Fermi energy falls deep into thed band of
2D Co.

Figure 4 shows the dependence of the CPL GMR ratio
the number of bilayers (Nb52Nrpt) in a finite, perfectly pe-
riodic Co/Cu~001! lateral superlattice with fixed Co and C
wire widths. As before,NCu57 and the number of atomic
lines in the Co wires was set equal toM15M2511, for
which a large GMR ratio is obtained whenNrpt51 ~see Fig.
3!. The CPL GMR ratio is seen to saturate after only 5
repeats~10–12 bilayers! of the superlattice unit cell and th
GMR is enhanced by a factor 3–4 compared to that ofNrpt
51, reaching a maximum saturation value of 350%. A sim
lar enhancement factor is obtained for other Co and Cu w
widths. The enhancement is larger than in conventio
three-dimensional perfectly periodic Co/Cu~001! superlat-
tices for which the maximum CPP GMR ratio was found
be around 150%. This is due entirely to the differences
electronic structure between the 2D and 3D cases and refl
again the larger magnetic contrast discussed above for
2D case.

Finally, we investigate the case in which the Co wi
widths fluctuate at random from their nominal values by
more than one atomic line. The number of Co atomic lines
chosen to follow a pseudorandom sequence of integersMi ,
generated over the interval@Mmin ,Mmax#, with Mmax
2Mmin51. Results are shown in Figs. 5 and 6 for a sup
lattice withMmin55 andMmax56. The zero- and saturating
field resistancesRAF and RFM displayed in Fig. 5 increase
linearly with total superlattice length~Ohm’s law! but the
rate of increase is slower than in conventional superlatti

re

a
u.

FIG. 4. Dependence of the CPL GMR ratio of a finite Co~11!/
Cu~7! superlattice on the number of bilayersNb .
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57 3477CALCULATION OF THE PERPENDICULAR GIANT . . .
with comparable spacer and ferromagnet thicknesses. H
ever, the GMR ratios are very similar in both cases~Fig. 6!
and increase linearly with the number of bilayersNb . For
larger Nb , the CPP GMR of conventional superlattic
reaches a saturation value. For lateral superlattices su
saturation was not obtained as localization sets in before
saturation can be reached. As in Ref. 8 it was checked
the calculated conductances are insensitive to the choic
pseudorandom sequence used forMi and therefore an aver
age over configurations is not required.

In conclusion, we have investigated the transport prop
ties of Co/Cu~001! lateral superlattices in the perpendicul
geometry. We have neglected the effect of impurities a
obtained the contribution to the GMR due to quantum sc
tering of the electron waves at the Co/Cu interfaces. T
quantum interference effects are more pronounced tha
conventional magnetic multilayers leading to a stronger
pendence of the GMR on Co wire width. Suitable choice
Co and Cu wire widths allows tuning of the GMR to a max
mum value of ' 110% for a Co/Cu/Co sandwich an
'350% for a finite, perfectly periodic Co/Cu~001! lateral
superlattice. The latter is much larger than the maxim

FIG. 5. Total resistancesRAF andRFM in the antiferromagnetic
~AF! and ferromagnetic~FM! configurations of conventional~open
symbols! and lateral~full symbols! Co~5–6!/Cu~7! superlattices
with small fluctuations in Co thickness plotted against the num
of bilayersNb . Squares denote the resistanceRAF and triangles the
resistanceRFM . The straight lines are a guide to the eye.
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CPP GMR of conventional Co/Cu~001! periodic superlat-
tices which was found to be around 150%. Finally, for s
perlattices in which the Co wire widths deviate at rando
from their nominal value by a small amount we found th
the GMR ratios increase linearly with total superlatti
length and reach values of order 1000% after 25 repeat
the superlattice unit cell, comparable to the values obtai
for conventional multilayers with random fluctuations
layer thicknesses. The zero- and saturating-field resista
approximately follow Ohm’s law and are now of the order
mV. It follows that the voltage drop on such samples wou
be much larger than for conventional multilayers and sho
therefore be more easily measurable. All these results w
obtained for free-standing lateral structures and should
main valid qualitatively for nanowires on insulating su
strates.
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FIG. 6. CPP~CPL! GMR ratio of conventional~open squares!
and lateral~full squares! Co~5–6!/Cu~7! superlattices with small
fluctuations in Co thickness plotted against the number of bilay
Nb .
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