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A theory of the perpendicular transport of electrons through metallic multilayers based on the
Landauer-Biittiker formalism is presented and applied to the magnetoresistance of antiferromagneti-
cally coupled magnetic multilayers. The contributions of contact potential, interface roughness, and
bulk impurity scattering to the spin-selective transmission or spin-valve effect are described by a
simple closed formula which, in the absence of spin-flip scattering, unites previous approaches.
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The “giant magnetoresistance” or “spin-valve” effect
in antiferromagnetically coupled magnetic multilayers [1]
has great potential for magnetic recording applications
[2]. The effect is caused by the reorientation of the spins
under an applied magnetic field from an antiferromag-
netic to a ferromagnetic configuration. The sample ge-
ometry for transport experiments is mostly chosen such
that the current flows parallel to the multilayer planes
[1-5]. The “perpendicular” configuration, where the po-
tential drops normal to the interfaces, has been under
scrutiny only recently [6-9]. The most complete theo-
retical description so far is the linear response (Kubo)
formalism by Levy and co-workers [3, 4, 6]. The experi-
mental results for the parallel configuration are well de-
scribed by this theory if a number of disposable param-
eters are introduced [5]. For infinite superlattices Zhang
and Levy [6] predicted an increase of the spin-valve ef-
fect in the perpendicular as compared to the parallel ge-
ometry, which was subsequently verified by experiment
[7]. However, the perpendicular transport experiments
through microstructured samples by Gijs [9] allow in-
vestigation of just a few layers, a case which cannot be
treated by the theory of [6]. The thermodynamic formal-
ism for the perpendicular magnetoresistance by Johnson
[8] does not suffer from this drawback, but oversimplifies
the important impurity and interface roughness scatter-
ing.

The present paper addresses the perpendicular trans-
port in metallic magnetic multilayers. It is shown that
the Landauer-Biittiker (LB) scattering formalism [10], es-
tablished mainly for the transport properties of semicon-
ductor nanostructures [11], is well suited for this problem,
since finite size effects are included naturally. The diffi-
cult problem of the charge and magnetization redistri-
bution in inhomogeneous systems induced by an applied
bias, discussed in [8] but ignored in [6], is integrated out
[12]. The results are simple and physically transparent,
and previous theories of the perpendicular magnetoresis-
tance [6, 8] are recovered as special limiting cases. In the
following the ballistic regime is treated first, followed by
a discussion of the effects of imperfections.
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For temperatures kgT < Er the Landauer conduc-
tance formula reads

62 Tr o 62 2
7 Trtth = - > ltamsl, (1)

nm,s

G:

expressing the transport properties of the sample in
terms of the ¢ matrices, whose elements are the scattering
amplitudes t,.,, s between the modes n and m with spin
s at the Fermi energy Er of two perfect leads. The leads
are connected to the contacts which are in thermody-
namic equilibrium. The neglect of inelastic and spin-flip
scatterings in Eq. (1) is allowed when the conductance
is limited by a narrow region which is shorter than the
inelastic and spin-flip relaxation lengths. Consider a mul-
tilayer of a nonmagnetic metal A and a metal B, which
may be ferromagnetic, sandwiched between a substrate
and a capping layer of A (Fig. 1). Mesoscopic sample
dimensions are much larger than the typical Fermi wave-
lengths which are of the order of a lattice constant. Then
the incoming and outgoing states n, m are Bloch waves at
the Fermi energy, which in the following will be approx-
imated by plane waves. The conductance of the sample
without insertions is limited by its finite cross section S
to (two spin channels)
2e? Sk%
Go = I (2)
where kg is the Fermi wave vector. The charge transfer
at heterointerfaces aligns the Fermi energies to that of
the leads. The relative shifts of the band bottoms can be
described by a Kronig-Penney potential. Figure 1 illus-
trates this potential landscape for spin-up and spin-down
electrons in an antiferromagnetically coupled multilayer.
The reflection of electrons at the step potentials decreases
the conductance below Gy even for a perfect multilayer.
In the free electron model the transmission through ideal
multilayers is easily calculated exactly [13], but inter-
ference fringes average out efficiently in Eq. (1) even in
a regime where quantum effects are important. There-
fore a semiclassical approximation is justified, in which
the transmission is zero for modes with kinetic energy
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FIG. 1. (a) Schematical configuration of a typical sam-
ple considered in this paper. N double layers of a nor-
mal/ferromagnetic metal composite are assumed to limit the
conductance. As a mathematical construct ideal leads are in-
serted between the contacts and the sample. The contacts are
in thermodynamic equilibrium. (b),(c) The potential profiles
as seen by spin-up and spin-down electrons when the magnetic
layers are antiferromagnetically coupled.

normal to the layers smaller than the barrier potential
AU = Ug — Uy (cf. Fig. 1), assuming B to be non-
magnetic for the moment. The contact conductance thus
obtained reads

_ max{0, AU}

Geon =Gy |1 Er (3)

It is clear that the contact conductance is different when
ferromagnetic layers B are coupled ferromagnetically (F)
or antiferromagnetically (AF). A very simple expression
for the magnetoconductance AGeon = GE,,, — GAF re-
sults, which depends only on the barrier potentials of
minority and majority spin channels AUpaj < AUpin

and the Fermi energy of the leads:

AGeon  max{0, AUnin} — max{0, AUna;} (@)
Go 2Erp '

AGcon is a direct measure of spin polarization of the
transmitted (and, with opposite sign, reflected) electrons
caused by the AF — F transition, which justifies the term
“spin valve” or “spin filter.” In this model a sizable effect
may be expected for the Cu/Co system: The electronic
structure of the Co majority spin system is similar to
that of copper, causing a small AUp,aj, while the density
of the minority spin electrons is smaller, i.e., AUq;, > 0.
Using the parameters of Inoue, Oguri, and Maekawa [14]

for the Co/Cu system (AUgin ~ 0.65 eV, AUp,; = 0
eV, Er = 9.4 eV) AG¢n/Go =~ 0.04 is obtained. On
the other hand, Eq. (4) approximately vanishes for the
Cr/Fe system on a Cr substrate because the potential
steps are small or negative.

These results are equivalent to those of Johnson (8] in
the limit of vanishing spin-flip scattering. In particular,
the experiments by Johnson and Silsbee [15] are simply
explained by the increased collection efficiency of a fer-
romagnetic contact for the spin-polarized electron gas.
On the other hand, the present problem is much sim-
pler than that of the (spin-polarized) tunnel conductance,
which is complicated by tunneling matrix elements [16].
The tunneling experiments teach us, however, that band
structure effects should be important also in the present
case. Therefore, the AU’s should be interpreted as phe-
nomenological parameters which effectively account for
Fermi surfaces and umklapp processes, which can be in-
cluded in the formalism if necessary.

In the above calculations only the first two layers con-
tribute to the magnetoconductance because the layer
structure was assumed to be perfect. In the presence
of interface roughness (IR) and bulk impurities (BI) a
more efficient spin filtering is expected, since any scatter-
ing process (also inelastic and spin-flip) will cause addi-
tional selective backscattering at the next interface. The
IR is modeled by short-range scattering potentials g
which are randomly distributed over the interface with
density nyg. Starting from exact expressions similar to
those given by, e.g., Cahay, McLennan, and Datta [17],
the configurationally averaged transmission probabilities
(tt?) for a single rough interface can be obtained with ar-
bitrary precision. By, e.g., summation of repeated Born
scatterings one obtains

kik?
t , =17 =Y
(tt >k||,k“ = Tk" 6k‘|,k” TC‘_L + MIR
where kjj, k1 are the parallel and normal components of
the wave vector and

2
MYIR 1 1
M = nir (T) (§ ; K)’ (6)
[}
kft = [k} — (2m/h*)Ua —k§]V/2, Kk = [k} — (2m/K*)Up
— k]2, and &y = (k% + kP)/2. Note that here (tt')

= Re(t) # (t)(tT), which means that vertex corrections
are very important. The expressions for the transmis-
sion through two or more disordered interfaces can be
calculated analogously. However, since Ep — Ug g > 0
a semiclassical approximation is even better justified for
disordered than for ideal multilayers. By neglecting in-
terferences due to multiple reflection at the interfaces [17]
we find for the transmission of a mode k| through two
interfaces, i.e., a single barrier,

Oy ki » (5)

(7)
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when k¢,k? > 0 and zero otherwise. The bulk impu-
rity scattering (BI) within the layers can be calculated
analogously by semiclassically concatenating the trans-
mission through infinitesimal slices of impure material.
The transmission through a slab of A with thickness L 4
becomes
T¢ = i 8
T R LaMA ®)

A LB
G2 kL >0 A
aWN) = 1

defining

AN 2
my 1 1
Mgy = ngILA< hBI> (§ Z k_ﬁ)’ (9)
1

ki

where nf;,v4; are the concentration and scattering po-
tentials of point impurities in A. The conductance of N

| nonmagnetic bilayers is now easily calculated:

ky

which is the main result of the present paper.

h Z k4 + N{2Mig + LaM# + (k2 /kB) LgMB}'

(10)

In order to obtain a simple analytic formula, evanescent states,

the differences of the bulk impurity scatterings in A and B, and the effects of AU in the intermediate wave-vector

summations are disregarded:

where N = kr/[2Mg + LAM}/;[ + LBMBBI(I - AU/ ,

E p)l/ 2] is the mean free number of traversed interfaces,
ie., N(Ls+ L) = NL is the (elastic) mean free path
normal to the interfaces. For large N and vanishing AU
a Drude-like (Ohm'’s law) expression is obtained for the
conductivity of a thick multilayer:
_ g ) g = 2 kb
aoo—Nh_r’nooNLG /S = o 37rNL, (12)
which agrees with the results by Zhang and Levy [6].
The conductance of a nonmagnetic multilayer (Fig.
2) is determined by N and AU/Ep. These quantities
are not completely independent, but physically mean-
ingful parameters. Note that the Drude result is ap-
proached rather slowly and only when the contact term
can be disregarded. Figures 3 and 4 represent the rel-
ative magnetoconductance of an antiferromagnetically
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FIG. 2. Conductance of a spinless multilayer as a func-
tion of the contact potential AU and the number of layers N

relative to the mean free number N. The dashed line is the
Drude result [6].
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coupled multilayer AG/G, where AG = GF — GAF and
G = (GF +GAF)/2 and G¥, GAF are straightforward gen-
eralizations of Eq. (11). In Fig. 3 the contact conductance
is assumed to be independent of spin such that the spin-
valve effect is exclusively due to the spin-dependent scat-
tering from imperfections. In such a (rather unphysical)
limit the effect increases with the number of layers and
approaches the Drude result for samples which are much
thicker than the mean free path. In Fig. 4 only the con-
tact potential is assumed spin dependent. As anticipated
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FIG. 3. Magnetoconductance of an antiferromagnetically
coupled magnetic multilayer (N > 2 and even, Gcon = 0.8Gb).
The solid curves illustrate the effect of the spin-dependent,
mean free number of layers, where the difference between both
spin channels is AN and N is the spin-averaged result. The
dashed lines are the corresponding Drude results for a super-
lattice [6]. For AN = 0 the magnetoconductance vanishes,
and it becomes exactly 2 for AN = N.
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FIG. 4. Magnetoconductance of an antiferromagnetically
coupled magnetic multilayer (N > 2) with equal impurity
roughness scattering parameter N for both spin directions,
but spin-dependent contact potentials AU and a fixed G%,,
= Go. For AG¢on = 0 the magnetoconductance vanishes, and
it becomes exactly 2 for AGcon/Go = 1.

above, the ferromagnetically coupled spin-filter improves
with increasing thickness by the scattering from imper-
fections, even if the latter is not spin selective. In this
regime the Drude result Eq. (12) completely fails (it van-
ishes identically). An experimental test and parametriza-
tion of the present model should proceed in three steps.
The contact conductances should first be determined by
focusing on single interfaces and double bilayers of highly
perfect samples grown by molecular beam epitaxy. The
effects of the BI scattering can be obtained by thicker ho-
mogeneous samples of a single material. Only then will
systematic transport measurements on multilayers give
conclusive evidence of the importance of the interface
roughness.

In conclusion, the LB scattering formalism is shown to
be well suited to describe the spin-valve magnetoresis-
tance effect in metallic multilayers. A simple closed for-
mula is derived, which, in the absence of spin-flip relax-
ation processes, unites different published approaches [6,
8]. The parameters of the theory are as yet phenomeno-
logical, but the formalism can be extended to include

band structure effects and more realistic models of im-
purity and interface roughness scatterings which opens
the way to first-principles calculations of the transport
properties of metallic multilayers. In conjunction with
experiments on microstructured samples [9] important
new insights into the mesoscopic physics of magnetism
are expected.
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