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A real-space Green-function technique, in which the scattering is treated exactly, is used in a single-band
tight-binding model to evaluate the Ohmic resistivities and the giant magnetoresistance in trilayer systems. The
model includes~i! spin dependence of the density of states and Fermi velocity in the magnetic material, giving
a qualitative representation of Co/Cu and Fe/Cr systems;~ii ! spin-independent bulk disorder, representing
intrinsic defects in real systems;~iii ! chemically sharp interfacial roughness. It is found that for parameters that
produce realistic total resistivities, the spin-polarized band structure in conjunction with the spin-independent
bulk disorder gives the main contribution to the giant magnetoresistance. The chemically sharp interfacial
roughness enhances the effect. Its contribution becomes significant in the limit of sufficiently dense roughness
steps, sufficiently weak bulk disorder, and sufficiently thin magnetic layers.@S0163-1829~96!50342-5#

Since the discovery of giant magnetoresistance~GMR! in
magnetic multilayers,1 the mechanism of the effect has been
the subject of much discussion.2 Spin-dependent scattering
has, generally, been accepted as the origin of GMR. How-
ever, the spin dependence can arise both from the electronic
band structure and from the actual scattering potentials. For
example, spin-dependent scattering potentials can be pro-
duced by roughness at the interfaces between neighboring
ferromagnetic and nonmagnetic layers, and can result in size-
able GMR.3–5On the other hand, an accurate spin-dependent
electronic structure, in conjunction with spin-independent
bulk disorder, representing intrinsic defects in the multilay-
ers, yields realistic GMR even for perfect interfaces.6

Here, we report calculations of GMR in trilayers, for the
current-in-plane geometry, within a simple tight-binding
model. The model includes three factors: spin-dependent
band structure, spin-independent bulk disorder, and interfa-
cial roughness. The band structure takes account of the dif-
ference in density of states~DOS! and Fermi velocity be-
tween the two spins in the magnetic material. The bulk
disorder represents intrinsic structural defects in real systems
and takes the form of a spin-independent random variation in
the atomic on-site energies. The roughness takes the form of
chemically sharp interfacial steps of random lengths. The
aim of the calculations is to compare the contributions of the
spin-dependent band structure and the interfacial roughness
to the GMR effect.

The geometry for the calculations is shown in Fig. 1. The
system consists of a single trilayer connected to two identical
semi-infinite perfect leads. The trilayer consists of a nonmag-
netic spacer layer of average thicknessds sandwiched be-
tween two ferromagnetic layers of average thicknessdm .
The trilayer and the leads have a simple cubic geometry of
lattice parametera, and consist of rectangular~100! atomic
layers stacked along the longitudinal@100# direction. The
trilayer and the leads have the same cross section with a
width w of eight atoms. The interfacial roughness steps
along the trilayer have random lengthsl step. The configura-
tional average of l step defines the correlation length
l cor5^ l step& of the roughness. The heighthstepof the steps is
two atoms.

We use a single-band nearest-neighbor orthonormal tight-
binding model with parameters chosen to give a qualitative
representation of the electronic properties~DOS and veloc-
ity! of Co/Cu and Fe/Cr systems at the Fermi energy (EF). It
is known~e.g., Ref. 7! that in Co,EF lies within thesp band
for the majority spin electrons, and within thed band for the
minority spin electrons. AtEF , the electronic properties of
Cu are similar to those of the majority spins in Co. In the
case of Fe,EF lies within thed band for both spin orienta-
tions. However, Fe exhibits a pronounced valley in the DOS
for the minority spins, withEF lying near the bottom of this
valley. The electronic properties of Cr are similar to those for
the minority spins in Fe. Let the term ‘‘down-spin’’ stand for
the minority spin in the case of Co/Cu and for the majority
spin in the case of Fe/Cr. Let the term ‘‘up-spin’’ stand for
the majority spin in Co/Cu and for the minority spin in Fe/
Cr. Then, in each case, atEF the down-spin in the magnetic
material has a higher DOS than the up-spin, while the elec-
tronic properties of the spacer material are similar to those of
the up-spin in the magnetic material.

Here, no attempt is made to calculate the full band struc-
ture of these materials. Instead, we aim to model qualita-
tively the above-described features atEF only, treating the
two spins as two decoupled systems. To this end, we have
chosen the following parameters for the tight-binding model.
The unperturbed~disorder-free! on-site energies for both
spins are everywhere the same, and equal to zero. The hop-
ping integral in the spacer layer and that for the up-spin in
the magnetic layers are the same, and define the unit of en-
ergy. The hopping integral for the down-spin in the magnetic
layers is set to 1/3. The hopping integral between nonequiva-
lent species is taken as the geometric average of the respec-
tive ‘‘native’’ hopping integrals.EF is set to20.5, slightly
off the band center. The different hopping integrals, as op-
posed to simple rigid on-site energy shifts,4,5 provide the
required difference in electronic properties between the two
spins. In particular, atEF , the bulk DOS for the down-spin
in the magnetic material exceeds that for the up-spin and for
the spacer material by a factor of 3 with a reciprocal differ-
ence in the Fermi velocities, giving a qualitative representa-
tion of real systems.
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Bulk disorder in the trilayer takes the form of a random
variation of the on-site energies, with a uniform distribution
with a mean of zero and a standard deviation ofg. The
parameterg is the same for both spins and on all atoms in
the trilayer. This on-site disorder represents the spin-
independent scattering potentials of intrinsic structural de-
fects in real systems. The mean free path~MFP! and the bulk
conductivity are roughly proportional to the square of the
hopping integral and inversely proportional tog2 ~Ref. 8!.
Thus, in our case, the MFP and the bulk conductivity for the
up-spin exceed those for the down-spin in the magnetic ma-
terial by a factor close to 10.

We use a real-space Green-function technique, in which
the scattering of the electrons by the disorder is treated ex-
actly, to evaluate the Ohmic resistivities for each spin in each
magnetic configuration of the trilayer. Details about the
method may be found elsewhere.8,9 The calculation starts
with a standard growth sequence in which a trilayer of length
L is grown, layer by layer, onto one lead, while the Green
function on the last added layer is recalculated at each step
by solving numerically the respective Dyson equation. After
the trilayer has been fully grown, it is connected to the other
lead~Fig. 1!. The hopping integral and the on-site energy in
the perfect leads are unity and zero, respectively. For a given
spin, the zero-temperature conductanceG, between imagi-
nary equilibrium particle reservoirs at either extremity of the
lead-trilayer-lead system, is found from8,9

G5e2p\Tr@d~EF!Id~EF!I #. ~1!

Here, 2p id(E)5G2(E)2G1(E), whereG6(E) are the re-
tarded and advanced Green functions for the lead-trilayer-
lead system, andI is the particle current operator between
the trilayer and the right lead. IfH is the full Hamiltonian,
and $ur &% are all atomic basis states in the right lead, then
i\I5@P,H#, whereP5( r ur &^r u.

The conductance is averaged over different realizations of
the disorder, giving a resistanceR51/̂ G& for the respective
trilayer lengthL. The averaging is over 30 configurations per
length. R includes additive contributions from the lead-
reservoir contacts and from the trilayer-lead boundaries.8

These contributions will affect the value of GMR that would
be obtained directly fromR for a fixedL.4 To eliminate the
effect of the contact resistances, here, the calculation is per-
formed for a range of trilayer lengths, and the linear region
of theR versusL relation is used to obtain the actual ohmic
resistivity r5A(dR/dL), whereA is the trilayer cross sec-

tion. The range ofL, from which r is calculated, typically
exceeds the effective MFP in the trilayer by a factor between
5 and 10, so that we always are in the diffusive regime. The
error in r arising from deviations from ohmic behavior due
to localization effects, and from the statistical spread of the
calculated conductances, is estimated as 2%.

The GMR effect is given by the ratio GMR
5(rAP2rP)/rP , whereAP designates the configuration, in
which the magnetizations of the ferromagnetic layers are an-
tiparallel, andP designates the configuration in which these
magnetizations are parallel. In each configuration, the con-
ductivities for the two separate spins are taken to be additive.
Theabsoluteerror in the GMR ratios is estimated as 3%.

Figure 2 shows the calculated GMR for different values
of g, without and with interfacial roughness of average step
length l cor of two atoms. The magnetic and spacer layer
thicknessesdm and ds are set to four atoms each. GMR is
nonzero even in the absence of the roughness. The effect
arises from the difference in MFP and bulk resistivity be-
tween the up-spin and the down-spin in the magnetic
material,10 which in turn comes from the respective differ-
ence in DOS and Fermi velocity. GMR increases with de-
creasingg. In the limit of smallg, the MFP for both spins
becomes much larger than the trilayer thickness, and GMR,
in the absence of the roughness, reaches a saturation value.
In the present case, this value is about 50%. In general, it

FIG. 1. The geometry used in
the calculations. The details are
explained in the main text.

FIG. 2. GMR as a function ofg, the standard deviation of the
random on-site energies, for the cases without and with interfacial
roughness.l cor is two atoms, anddm andds are four atoms each.
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would depend on the particular band structure and on the
ratio of the magnetic and spacer layer thicknesses. In the
limit of large g, the MFP for both spins becomes smaller
than the trilayer thickness, and GMR approaches zero. The
above results indicate that the spin-dependent band structure,
in conjunction with the intrinsic bulk disorder in real sys-
tems, is a sufficient condition for GMR. This is consistent
with results for the ballistic regime11 and for the semiclassi-
cal Boltzmann regime.12

As may be seen from Fig. 2, the roughness enhances
GMR. However, the contribution of the roughness becomes
dominant only in the limit of smallg. To define the regime
in which the roughness is important, we have calculated the
resistivity for the down-spin in theAP andP configurations,
as a function ofg, for the cases of bulk scattering only,
interfacial scattering only, and bulk scattering combined with
interfacial scattering. The results are presented in Fig. 3. The
partial resistivities due to the two separate scattering mecha-
nisms effectively add in series over a range ofg. Deviations
become apparent for largeg, with the resistivity for the com-
bined disorder exceeding the sum of partials, as may be ex-
pected from Matthiessen’s inequality.13 Comparison of Figs.
2 and 3 suggests that the contribution of the roughness to
GMR becomes dominant when the contribution of the rough-
ness to the resistivity becomes dominant. In our case, this
happens forg,0.2.

In the present model, GMR with the roughness included
tends to infinity wheng→0. The reason is that as the hop-
ping integrals for the up-spin in theP configuration are ev-
erywhere the same, this spin sees no difference between the
layers and has zero resistivity in the limitg→0, giving
rP50 with infinite GMR. In reality, there will be some up-

per bound on the effect. In general, ignoring bulk disorder
and having interfacial roughness as the only scattering
mechanism, with accurate band structure can lead to unreal-
istically high GMR.14

In the rest of the calculations, the parameterg is set equal
to 0.5. Withdm andds equal to four atoms each, and with
a50.2 nm, this yields a total saturation resistivity~in theP
configuration!, for the case without roughness, of about 45
mV cm, which is a representative value for real systems.1

Figure 4 shows GMR as a function of the correlation length
of the roughness, withdm andds equal to four atoms each.
As l cor increases, GMR decreases, approaching its value for
the case without the roughness. The oscillations are probably
due to calculational error. Figure 4 can be understood in
terms of the earlier discussion: asl cor increases, the partial
resistivity of the roughness~which is proportional to the rate
of roughness scattering per unit trilayer length! decreases,
and so does the contribution of the roughness to GMR.

Finally, we examine the dependence of GMR on the
thickness of the layers. Figure 5 shows GMR, without and
with roughness, as a function of spacer layer thicknessds .

FIG. 3. Resistivity as a function ofg for the down-spin, in the
AP ~upper panel! andP ~lower panel! configurations, for bulk scat-
tering combined with interfacial roughness and for bulk scattering
only, together with the sum of the partial resistivities for the two
separate scattering mechanisms.l cor is two atoms.

FIG. 4. GMR as a function of the average length of the rough-
ness steps, for the caseg50.5, withdm andds equal to four atoms
each. The dashed line gives the GMR value without the roughness.

FIG. 5. GMR, without and with roughness, as a function of
spacer layer thickness, for fixed magnetic layer thickness of four
atoms.l cor is two atoms andg50.5.
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As may be expected, GMR decreases with increasingds .
The oscillations may in part be due to calculational error, and
in part to quantum finite-size effects. GMR without and with
the roughness decrease at approximately the same rate, so
that the fractional contribution of the roughness remains ap-
proximately constant. The dependence of GMR on the mag-
netic layer thicknessdm is different. As may be seen from
Fig. 6, GMR decreases with increasingdm , but in the case
with the roughness, the decrease is faster than in the case
without the roughness. This may be understood as follows.
The partial contribution of the roughness to GMR decreases
approximately as 1/dm , as the roughness scattering is con-
fined to the interfaces. The contribution of the bulk disorder
to GMR, on the other hand, decreases as 1/dm only in the
limit when dm exceeds greatly the MFP for the up-spin,
which in this case is estimated as 14a. In fact, this contribu-

tion is expected to go through a maximum10 whendm is of
the order of the MFP for the down-spin in the magnetic
layer, which in this case is estimated as 1.5a. We are, there-
fore, just beyond this maximum, with a slow initial decrease
of GMR in the case without the roughness. Thus, for the
roughness to have a significant effect against this steady
background, it is necessary to have thin magnetic layers.

For the roughness to produce the spin-dependent scatter-
ing potentials, considered in this paper, it is essential to have
chemically sharp interfaces, so that the ferromagnetic mate-
rial retains its magnetic properties at the interfaces. Then, as
has been demonstrated experimentally,15 dense roughness
steps in high quality Fe/Cr multilayers with magnetic layer
thickness of a few monolayers can result in large GMR. In-
terdiffusion or alloying at the interfaces, on the other hand,
can result in a paramagnetic interfacial layer with spin-
independent disorder, and reduces GMR.16

In conclusion, we have used a Green-function technique,
in which the scattering is treated exactly, to evaluate the
ohmic resistivities and the GMR effect in trilayer systems.
We find that the spin-polarized band structure, in combina-
tion with the spin-independent bulk disorder, is sufficient for
the occurrence of GMR, and for parameters, producing real-
istic total resistivities, these two factors give the dominant
contribution to the effect. The chemically sharp interfacial
roughness generally enhances the effect. The contribution of
the roughness, however, becomes quantitatively significant
only in the limit of sufficiently dense interfacial steps~small
correlation length of the roughness!, sufficiently weak bulk
scattering, and sufficiently thin magnetic layers.
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