PHYSICAL REVIEW B

VOLUME 51, NUMBER 1

1 JANUARY 1995-1

Theory of giant magnetoresistance for parallel and perpendicular currents
in magnetic multilayers

H. Itoh, J. Inoue, and S. Maekawa
Department of Applied Physics, Nagoya University, Nagoya 464-01, Japan
(Received 18 May 1994)

For a magnetic multilayer system, the physical origin of the difference between the giant mag-
netoresistances for currents parallel and perpendicular to the layer planes is studied. In order to
take into account the two characteristics of a multilayer system, interfacial roughness and layered
structure, we adopt the single-cell coherent-potential approximation. The spin-dependent resistivi-
ties are calculated for currents parallel and perpendicular to the layer planes by using a single-band
tight-binding model and the Kubo formalism. It is shown that the magnetoresistance ratio for per-
pendicular current is larger than that for parallel current. The difference between magnetoresistances
for parallel and perpendicular currents is attributed to the fact that the effects of the anisotropy
of the effective mass and the two-dimensional distribution of randomness on the anisotropy of the
resistivity depend on the spin-dependent potential. It is also shown that interfacial roughness is
favorable to magnetoresistance for parallel currents.

I. INTRODUCTION

Magnetic multilayers have provided novel magnetic
and transport phenomena in the field of magnetism: the
long range exchange coupling between magnetic layers!:2
and the giant magnetoresistance (MR). Since the first
observation of the giant MR in Fe/Cr multilayers,3
many investigations of the magnetotransport proper-
ties in magnetic multilayers have been stimulated and
it has been found that many multilayers such as
Co/Cu,*® Co/Cu/NiFe/Cu,® Fe-Co/Cu,”® Co-Ni/Cu,®
Fe-Co-Ni/Cu,? etc., show the giant MR. The giant MR
is different from the conventional anisotropic MR because
the decrease of the resistivity in the giant MR of multi-
layers is independent of the relative direction of the ap-
plied magnetic field and the direction of currents.'’ The
electrical resistivity decreases with the reorientation of
the magnetization within the magnetic layers from an
antiparallel (antiferromagnetic) alignment to a parallel
(ferromagnetic) alignment by the magnetic field. With
increasing the net magnetization of the system, the re-
sistivity decreases and becomes independent of the mag-
nitude of the field after the saturation of the magnetiza-
tion. The fact that the resistivity depends on the direc-
tion of the magnetization of the magnetic layers indicates
that spin-dependent resistivity is responsible for the gi-
ant MR. The giant MR is usually measured for currents
parallel to the layer planes. Recently, the giant MR for
currents perpendicular to the layer planes has been mea-
sured and it has been reported that the MR ratio for
perpendicular currents (MR, ) is much larger than that
for the parallel currents (MR).1271¢

These findings have brought up several important is-
sues to be studied theoretically: (1) the origin of the spin-
dependent resistivity, (2) transport properties in layered
structures, (3) material dependence of the giant MR, (4)
relations between the giant MR and other transport phe-
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nomena such as the thermoelectric power, thermal con-
ductivity, and Hall resistivity, (5) temperature depen-
dence of the giant MR, and so on. Several theoretical
works on the giant MR have dealt with the electrical re-
sistivity in the layered structures.'” 22 In these theories,
however, the asymmetry of the spin-dependent scatter-
ing was treated as an adjustable parameter to explain
the giant MR observed. In our previous papers,2372° we
have attributed the origin of the spin-dependent scat-
tering to the randomness of the exchange and atomic po-
tentials caused by interfacial roughness, and have studied
the material dependence of the giant MR by calculating
the electronic structures near the interfaces. It is natu-
ral to consider that the roughness of the interfaces plays
an important role in the giant MR when we note that
large residual resistivity exists in the multilayers and that
the interfaces are the boundaries of magnetic and non-
magnetic layers. The successful explanation of the mate-
rial dependence of the giant MR by detailed calculations
of the electronic structures supports the basic assump-
tions of our model.26 The spin-dependent scattering at
the interfaces is also supported by experimental fact that
the MR depends on the roughness of the interfaces?”28
and that it changes dramatically when thin layers of a
third element are inserted at the interfaces.2973! We have
further investigated the relation between the giant MR,
thermoelectric power, and thermal conductivity and have
obtained a basic agreement between the theoretical and
experimental results.32737 As for the temperature depen-
dence of the giant MR, several explanations have been
presented; a dilution effect,?® spin fluctuation effects,3®
and magnon scattering.*®

In order to explain the outstanding feature of MR,
namely, that it is much larger than MR;, several
theoretical frameworks have been developed by using
semiclassical?’™% and quantum theories*¢6™%® including
numerical simulations.*%-%° Possible physical mechanisms
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for MR, > MR have been proposed: effects of
backscattering (or vertex correction) on the conductiv-
ity, diffuse scattering at the interfaces, and/or miniband
structures (or the anisotropy of the effective mass of the
electrons). Although these effects clearly make the resis-
tivity of perpendicular currents larger than that of par-
allel currents, it is not evident that they also make MR |
larger than MR|. Thus, the physical origin of the ob-
served results still seems to be far from fully understood.
To clarify the physical reasons of MR > MR/, we must
take into account the layered structures of the systems
and interfacial roughness explicitly and study the depen-
dence of the resistivity on the direction of the currents
and on the change in the periodicity due to the alterna-
tion of the alignment of the magnetizations by the exter-
nal magnetic field. The numerical simulation®5? based
on the Kubo formalism is a powerful method to include
these effects because no approximation is made in this
method. A shortcoming in this method, however, is the
effects of the contact resistance due to the finiteness of
the system used in the simulations.

The purpose of this paper is to present a method to
study the origin of the difference between MR and MR ;.
(Ref. 51) for infinite systems and to provide some im-
plications for the experiments. In this work, the spin-
dependent resistivity will be calculated in the Kubo for-
malism by taking into account the layered structures and
the randomness at the interfaces explicitly but some ap-
proximations will be made in the treatment of the ran-
domness. The present method and the numerical simu-
lations may be complementary to each other. Although
there may be several types of the randomness in mul-
tilayers, we confine ourselves to substitutional random-
ness caused by the interfacial roughness. The structural
randomness such as grain boundaries, lattice distortion,
lattice defects, etc., is neglected because it may be less
important for the spin-dependent scattering. In the case
of substitutional randomness, there exist magnetic atoms
in the nonmagnetic layers and nonmagnetic atoms in the
magnetic layers near the interfaces. In other words, there
are mixed layers of magnetic and nonmagnetic atoms at
the interfaces. In order to deal with these mixed lay-
ers and the artificial periodicity of the multilayers, we
adopt a cellular method where long unit cells are taken
along the direction perpendicular to the layer planes. It
is important to note that the cellular method®? can treat
the resistivities for currents parallel and perpendicular to
layer planes consistently. We make use of the coherent
potential approximation®¥755 (CPA) to formulate the ex-
pression of the resistivity caused by the interfacial ran-
domness. The formalism will be explained in the next
section. Numerical calculations, however, will be done
in a weak scattering limit by using a single-band tight-
binding model and the results of the computation and
their interpretation will be given in Sec. III. We will show
that MR, > MR/ and the origin of this result will be at-
tributed to the fact that the anisotropy of the resistivity,
which is caused by the anisotropy of the effective mass
of electron and the two-dimensional distribution of ran-
domness at the interfaces, depends on the spin-dependent
potential.

II. MODEL AND METHOD

In this section, we first summarize the single-cell CPA.
Then, the expression for the resistivity is formulated in
the same approximation, followed by explanations of the
model to be used and the application of the derived ex-
pressions.

A. Formulation of resistivity in cell CPA

In deriving the cell CPA, we consider the disordered
material which is divided into nonoverlapping equivalent
cells. The Hamiltonian of this system consists of a purely
site diagonal part U and a purely site off-diagonal part
W as follows:

H=W+U, ¢))

where U is, of course, cell diagonal and W is translation-
ally invariant with respect to cells. In order to describe
the cellular structure, we choose |C,pn) (=|C)Q|u))
for the basis vector where C' and p denote the indices of
the cell and the site within the cell, respectively. Using
this basis, W and U are rewritten as

W=Z|C>WC,C'(C,|a (2)
c,.c
C

Since W¢, ¢ depends only C — C' because of transla-
tional invariance, W becomes k diagonal by the following
Fourier transformations:

1 kR

|C)=—‘/N§k:e k-Reo|k), (4a)
_ 1 eik' c

k) = ’“N; Rejcy, (4b)

where N, R¢, and k are the number of cells in the sys-
tem, the position vector of Cth cell, and the wave vector,
respectively. In this transformation, W becomes

W =>"|k) Wk (k|, (5)
k
1 —ik-(Re—Rg
= — Woe.or (Rc—Rer) 6
Wi N;} c,c'e (6)

We assume site diagonal disorder due to the substitu-
tional randomness of atoms. Then U¢ depends on cells.
The configurational average of any physical quantity over
all random configurations in a cell is independent of the
cell. Then we focus our attention on any single cell and
replace the surrounding material by an effective medium
Y, which possesses the translational invariance of the
cell. The effective medium is cell diagonal and cell inde-
pendent, that is,



344 H. ITOH, J. INOUE, AND S. MAEKAWA 51

z=>"|c)e(C]. (7)
C

The Green’s function can be expanded in terms of (U —
X),
7= (z—-H)™?
=G+6U-56+6U0-2)G(U -G+
=G+6TG, (8)
where G and T are the effective Green’s function and the
full T matrix, respectively, defined as

G=(z-W-2)", 9)
=@ - )1+ 67T). (10)

The full T matrix is rewritten by using the corresponding
single-cell ¢ matrix tc as

T = Etc + Z tcgtcl
C#C!
+ > tcGtoaGion+---. (11)
CcC#C',C'#£C"

The single-cell ¢t matrix is defined as

tc = |C)tc(C], (12)
to = (Ugc — o) [L—Goc(Uc — o) 7" . (13)

The cell diagonal element of Green’s function is
Goo=(C|G|C)
= > 0. (14)
Ok = (21— Wy —0o)7 1, (15)

where the quantities to, Ug, o, Geoc, and Gk are n X n
matrices if n atoms are in a cell and 1 denotes a n-
dimensional unit matrix. It is assumed that the real
Green’s function averaged over all random configurations
in a cell should equal to the corresponding Green’s func-
tion of the effective medium itself. Hence,

(Gy=¢, (16)
(Ty=o, (17)

where the brackets (---) denote configurational average.
This equation indicates that the effective medium pro-
duces no scattering of electrons on the average. Equa-
tion (17) is the exact self-consistent equation for deter-
mining the effective medium o called the coherent poten-
tial. Instead of Eq. (17), however, a single-cell approxi-
mation is usually adopted. By decoupling the average in
the right hand side of Eq. (11), we get

My~ 3

C#C',C'#C"

+) (18)

(i) (1+6 (Eer) + 6 (on) G (o)

Then, the self-consistent equation in the single-cell ap-
proximation is (t¢) = 0, that is,

((Ug—0)[1-Gcc(Uc—0)t) =0, (19)

which is an extension of the single-site CPA equation.
In deriving the expression for the electrical resistivity
p, we start from the Kubo formula

-1 _ 2me?

P Q

Tr (9 6(Ep — H)96(Ep — H)),  (20)

where 2, 9, and EFr are the volume of the system, velocity
operator, and the Fermi energy, respectively. In Eq. (20),
the 6 function is defined as

§(Ep — H) = [G(z )—G@n)] (21)
where 24 = Ep £ in and 7 is an infinitesimal small pos-
itive number. To calculate the electrical resistivity, it is

necessary to evaluate a configurational average of prod-
ucts of two Green’s functions such as

K(z1,v,23) = (G(21) 9 G(z3) ) . (22)

We first substitute Eq. (8) into Eq. (22); then

K=K+¢rg, (23)
K=64G, (24)
F=(TGogT), (25)

where the second term of Eq. (23) is a vertex correction
and I is called a vertex operator. In order to evaluate r ,
we use Eq. (11) and apply a decoupling scheme which is
consistent with the single-cell approximation in Eq. (18).
As the result of the decoupling, the vertex correction be-
comes cell diagonal and cell independent:

F=Ylo)T(Cl, (26)
C
I'=(tcKcctc)—(tcGccTGccte), (27)
Kce =Kece + Z Gee'T'Geio, (28)
C’

where Kcco = (C| GoG |C). The vertex correction can be
derived by solving Egs. (27) and (28). In the single-cell
CPA, the Kubo formula Eq. (20) is reduced to

p"l _ 27re

Lo+ 1, , (29)

L= 471'2 2 ZTr[(

Zl D 9(22)) ]
A1,Az

X(_l)(l\1+)\2)/2 , (30)
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1
I, = o AEA Ec Tr [Kcce(z1,v, 22) T'(22,v, 21)]
1,72

x(—1)Qa2)/2 (31)

where z; = Ep + in);, \; = £1 (j = 1,2), and I, is the
vertex correction.

B. Model

We consider an A/B multilayer where the A and B
layers consist of n4 and np atomic planes, respectively.
In this section, we restrict ourselves to the case ngq = 1,
np = 2 and formulate the expression for the resistivity.
It is, however, quite easy to extend the expression derived
in this section to other cases. We adopt the single-band
tight-binding model to describe this multilayer. And we
assume that the structure of this multilayer is a simple
cubic lattice with lattice constant 1. Atomic layers are
stacked along the (0, 0, 1) direction and the layer planes
are assumed to be parallel to the z-y direction.

We now partition the multilayer into small equivalent
cells. The periodicities along = and y directions are the
same as those of the simple cubic structure. However,
the periodicity of the unit cell along the z direction is n
lattice spacings with n = 2 (n4 + npg), so that the unit
cell has a (1, 1, n) structure. It is convenient to choose
n = 2 (n4 + np), instead of (n4g + npg), for the follow-
ing motives. In case of magnetic multilayers A/B where
A and B atoms are magnetic and nonmagnetic atoms,
respectively, the adjacent magnetic A layers couple fer-
romagnetically in an external magnetic field but couple
antiferromagnetically in the absence of the field. In order
to treat the magnetic multilayer, it is necessary to choose
A|B|A'|B as the period. For ferromagnetic coupling, A
and A’ layers are equivalent. However, these layers are
not equivalent for antiferromagnetic coupling because the
magnetization direction of the A’ layer is opposite to that
of the A layer. As for the randomness at the interfaces,
we only consider the substitutional randomness of A (A’)
and B atoms. Let v and v’ denote the sites of A and A’
atoms in the cell, respectively. We assume that A (A')
atoms are replaced by B atoms with a concentration c at
the p = v (V') site.

The Hamiltonian of this system consists of a purely off-
diagonal part W and a purely diagonal part U as follows:

H=W+U
==t |i)d+ D wli)il, (32)

(4,9) i

where |7) is the Wannier state centered on the site i,
the sum over (%,j) in the first term is restricted to a
summation over all nearest neighbors, ¢ is the hopping
integral, and the atomic potential u; is equal to u4, u 4,
or up when the site % is occupied by an A, A, or B atom.
By using the basis | C, u), which denotes the state at site
p(=1~ n) in the Cth cell, W is rewritten as

w=>lcyw(c'|+3Y tc)w,(C]

c,c! C
+Y T IC)wWL(C |+ Y Y jeyw (¢,
c,c’ c,c!

(33)

where the first term in the right-hand side describes the
hopping of electrons between cells in the z-y plane, the
second term describes the hopping within a cell, and the
third and fourth terms describe the hopping between cells
along the z axis. The sums over C,C’ in the first, third,
and last term on the right-hand side of Eq. (33) are re-
stricted to summations over all nearest neighbor cells un-
der the condition z¢ = 2¢+, 2¢ > z¢, and z¢ < zcr,
respectively, where z¢(z¢') denotes the z component of
the position vector of C'(C’)th cell. The quantities W,
W, W', and W' are n X n matrices defined as

W, =-t1, (34)

0 -t 0 0 0 O

-t 0 -t 0 0 O

.l o —to -to o
Wi=1l19 0 -to0o -to | (35)

0 0 0 —t 0 -t

0 0 0 0 -t O

;. [ —t :(1,n) element ,

Wi = { 0 :others, (36)

n - J —t :(n,1) element ,
171 0 :others,

where the symbol = stands for “is represented by the
basis vector | p).” By using the Fourier transformation
Eq. (4), W is rewritten as

(37)

W= 30 1k) Wi (kI (38)
k
€k, -t 0 0 0 —te tham
—t €k, -t 0 0 0
. 0 —t €, —t O 0
Wi = 0 0 —t e, —t 0 » (39)
0 0 0 -t €k, —t

—teksm 0 0 0 —t e

where —7 < k;,ky < 7, —w/n < k, < 7/n, and €x, =
—2t(cos kg + cosky).
In a similar way, U is rewritten as

U=>|c)uc(c], (40)
C
ug 0 0 O 0 0
0 ugy 0 0 0 0O
.l o 0 uwusg o 0 o
Uc=| 6 0 0w 0 o0 | (41)
0 0 0 0 ucy, O
0 0 0 0 0 wup

where uc,,(,1) is u4(ar), if the site (') in the Cth cell
is occupied by an A(A’) atom, and up if it is occupied
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by a B atom.

Since randomness exists only on the v and v/ sites, the
coherent potential, which is derived by solving Egs. (14)
and (19) self-consistently, is written as

ug 0 0 O O O
0 ov# 0 0 o"' 0
.|l 0o 0o uwug 0 0 o0
=1 0 0 0 ug 0 0 (42)
0 ¥ 0 0 o¥v 0
0 0 0 0 0 wug

The numerical calculation will be performed in the weak
scattering limit. In this limit, the coherent potential is
reduced to

o=(Uc)+((Uc—(Uc¢))Gcc (Uc—(Uc))).
(43)

It should be noted that o involved in Goc in Eq. (43)
is replaced by (Uc¢ ) and that the imaginary part of the
last term of Eq. (43) describes the effect of the scattering
due to randomness. The matrix elements of the coherent
potential are

o’ =cua+ (1—c)up +c(1 —c)(ua — uB)*G%%,

(44a)
o' = cugr + (1 —c)up + ¢(1 —c)(uar — uB)ng.'g' ,

(44b)
o' =0"" =0, (44c¢)

where o’s involved in G4% (= (v |Gcc |v)) and G5 (=
(V'|Gce|V')) are replaced by (Uc) as mentioned
above.

Next, we derive the velocity operator, which is defined
as

fo = ;-17», [Ra, H] (a=z,y,2), (45)

where R, is the site-position operator. From Egs. (4)
and (33), the velocity operator ¥, becomes k diagonal:

ﬁcz:Zlk)Vk,a(kla (46)
k

.2t
Via(y) = % sin kz(y)]l , (47)
0 — 0 0 0 e tkem
i 0 — 0 0 0
Lt 0 i 0 —i 0 0
Vi: = 7 0 0 i 0 —i 0 - (48)
0 0 0 i O —
—getk:m 0 0 0 3 0

Using the | k) representation, Kc¢ in the vertex cor-
rection term Eq. (31) becomes

1
Kcco(z1,Va,22) = i Z GOx(21) Vk,a Gx(22) . (49)
k

Since Gk and vy ;(y) are even and odd functions of k;(y),
respectively, ICcc vanishes for  and y directions; i.e., the
vertex correction for the currents along = and y directions
vanishes. However, since vy, is not an odd function of
k., the vertex correction for the current along z direction
does not necessarily vanish. We found, however, that
this vertex correction is negligibly small in our numerical
calculation.

III. CALCULATED RESULTS

At the beginning of this section, we show the validity of
our method and calculation. We consider a nonmagnetic
multilayer A/B, with a configuration of atoms within the
unit cell as shown in the inset of Fig. 1. At the shaded
sites, A and B atoms are randomly distributed, each with
concentration 0.5. The potentials of the A and B atoms
are taken to be 0.3t and —0.3t, respectively. Calculated
results for p~1, i.e., the conductivity, are shown in Fig. 1
as functions of Er, where || and L denote directions par-
allel and perpendicular to the layer planes, respectively.
The dependence of p~! on Ep is quite similar to that
calculated for a random alloy.5® The dips in pﬁl and le
are related to the Van Hove singularities of the density
of states for the simple cubic structure. The similarity
between our results and those calculated for a random
alloy is considered to justify our method and calculation.

It is also noteworthy that the resistivity without the
vertex correction term does not change in the weak scat-
tering limit even if we use the unit cell whose structure
is (2,1,n), (1,1,2n), etc., instead of (1,1,n), and that
the vertex correction is negligibly small in our numerical
calculation.

30— T T

20

101

p" ( arbitary unit )

|
|
k-

Er/t
FIG. 1. Calculated results for the inverse of resistivity in
a nonmagnetic multilayer for parallel (o) and perpendicular
(e) currents as functions of Er. Solid and dashed curves are
guides to the eye. The inset shows the configuration of atoms
within the unit cell.
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A. MR, and MR

We consider a magnetic multilayer A/B. The config-
uration of atoms within the unit cell is shown in Fig. 2,
where A and A’ atoms are magnetic atoms. Then, the
potentials of the A and A’ atoms, u4 , and u 4/ ,, depend
on the spin o(=%, ). For ferromagnetic (F) alignment of
adjacent magnetic layers, A and A’ atoms are equiva-
lent and u4,, = ugr,o. However, for antiferromagnetic
(AF) alignment, their magnetization directions are op-
posite to each other, and they are no longer equivalent,
but instead uq,0 = u4r,—o. A schematic figure of the
potential of each atom within the unit cell is shown in
Fig. 2. We assume that the spin-dependent potentials of
the A and A’ atoms are given to be +0.5¢ and treat the
spin-independent potential of the B atom, upg, as a vari-
able parameter. We further assume that A and A’ atoms
are replaced by B atoms with a concentration ¢ = 0.5.

First, we show the calculated results for the spin-
dependent resistivities in F and AF alignments for par-
allel and perpendicular currents in Fig. 3 as functions
of ug. For AF alignment, since resistivities for 1 and |
spin electrons are the same, only resistivities for | spin
electron, p ar, are plotted. As the potential difference
for | spin states, |uq; — up|, decreases with increasing
up, the resistivity for | spin electrons in ferromagnetic
alignment, p;r, becomes small. On the contrary, the po-
tential difference for 1 spin state, |ua+ — up|, increases
with up, so that the resistivity for 1 spin electrons, p1r,
becomes large. Thereby p ar is always larger than p,p
and smaller than ptr. The figure also shows that the

E F alignment
A
0.5¢ —_— _——
UB- === — === —
0 —>» Z
—0.5¢ J— -
E AF alignment
A
0.5¢+ —_— N
UB- =——— —_— == e
0 >z
—0.5¢4 [ ———-

FIG. 2. Configuration of atoms within the unit cell and the
level scheme of potentials of each atom which is used in the
calculation of MR ratio; the results are shown in Fig. 4. Solid
and dashed lines are potentials of each atom for 1 and | spin
states, respectively.

10

P (arbitarary unit )
%)

— 02 0.4
Ug It

FIG. 3. Calculated results for the resistivities in a mag-
netic multilayer for parallel (open symbols) and perpendic-
ular (solid symbols) currents as functions of up. Triangles,
squares, and circles are the results for ptr, pyr, andp aF, re-
spectively. Solid and dashed curves are guides to the eye.

resistivities for perpendicular current are always larger
than those for parallel currents.

Next, we study the MR ratio which is defined as (par—
pr)/par where pr and par are calculated by using the
two currents model, that is,

PF(AF) = (pTF}(AF) + Pu}(AF)) (50)
The calculated results of MR ratios, MR and MR |, are
shown in Fig. 4 as functions of Er for several values of
upg. The following characteristics can be noticed from
the figure. When up = 0.4¢, the MR ratios for both
parallel and perpendicular currents are nearly the maxi-
mum value, i.e., MR ~ MR, ~ 1.0. The reason is that
PF| ~ PF|L ~ PFL ~ PpFL, ~ 0 because of a good level
matching for | spin states, that is, u4; ~ up. A no-
table difference between MR and MR | can be observed

1.0,
AQAAAAAAAA
ug=041

E ONa: MR

a

L4 ug = 0.0

O Oe

oe
oe

[ ]
080 e 0
|
0.0~—5 0 5
Epl/t

FIG. 4. Calculated results for the MR ratios for parallel
(open symbols) and perpendicular (solid symbols) currents
as functions of Er. Triangles, squares, and circles are the
results for up = 0.4¢, 0.2¢, and 0, respectively.
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when up = 0.2¢t. Even when ugp = 0.0—that is, the po-
tential differences |u4, — up| for T and | spin states are
the same—the MR ratio is nonzero and MR, > MR;.
The dependence of the MR ratio on Er is asymmet-
ric with respect to Er = 0 except for the results with
up = 0.0. This is because the potential is asymmetric
with respect to the origin of the energy. We may con-
clude from the calculated results shown in Fig. 4 that a
tendency towards MR > MR, exists. In the next sub-
section, we will give an interpretation for the numerical
results and clarify the physical origins of the results that
MR, > MR“.

At the end of this subsection, we would like to note
that the present definition of the MR ratio is given by
(par — pr)/par and thereby the maximum value of the
MR ratio is 1.0. Therefore, the small difference between
MR and MR for up = 0.4t does not necessarily mean
a small difference between pg|/par| and pr1/par1. The
experimental values of the MR ratio in the present defi-
nition are about 0.2 and 0.5 for the parallel and perpen-
dicular currents, respectively, typically for Co/Cu and
Fe/Cr multilayers.!2:13

B. Interpretation of the numerical results

In this subsection, we will give the interpretation of the
general trend that MR > MR, obtained in the previous
subsection and clarify the origins of the trend. There are
several factors which affect the MR; that is, the resistiv-
ity depends on the potentials which are spin dependent,
on the direction of the currents, and on the change in the
periodicity. To separate these factors from each other, we
adopt the following procedures. First, we consider a non-
magnetic multilayer A/B and study how the resistivity
is affected by the direction of the currents and by the
change in the periodicity.

Figure 5 shows the calculated results of the dependence
of p, and p; on the random potential. The configuration

10 T T T T

P (arbitarary unit )
W
T

0 0.4 03
uy/t
FIG. 5. Calculated results for the resistivities in a nonmag-
netic multilayer for parallel (o) and perpendicular () currents
as functions of u4. Solid and dashed lines are guides to the
eye. The inset shows the configuration of atoms within the
unit cell used in the calculation.

of atoms within the unit cell is shown in the inset of
Fig. 5. The value of ug is 0 and u 4 is taken as a variable
parameter. We assume that A atoms are replaced by B
atoms with a concentration 0.5. The value Eg is taken to
be 0.0. These results show that p, is always larger than
p|- Both p; and p, are proportional roughly to u? as
expected. The deviation may be due to the interference
effect.

In Born approximation, the resistivity for the direction
a(=||, 1) is given by

et = e’1((Va)®)D(EF), (51)

where 7, D(E), and ((V4)?) are the lifetime, the density
of states, and the square of the Fermi velocity, respec-
tively. The square of the Fermi velocity is defined by

D {va(0)}*6(EF ~ E(k))

2y k
O e
k

where E(k) is the energy eigenvalue of the Bloch state
with wave vector k, and is calculated in virtual crystal
approximation where U¢ in the Hamiltonian is replaced
by its averaged value (Uc ); then o0 = (Ug ). In this
case, the difference between p| and p, is caused only by
the anisotropy of the Fermi velocity, i.e., the anisotropy
of the effective mass.5¢ The ratio ((V})2)/((VL)?) as well
as p /p) are shown in Fig. 6 as functions of u 4, where the
resistivities p| and p, are already shown in Fig. 5. The
value ((V}))?)/((V.L)?) represents the anisotropy of the ef-
fective mass of electrons due to the miniband structures
of the electronic states. The miniband structures origi-
nate from the layered structure of the multilayer which
is reflected in the artificial periodicity of (Ug). The
anisotropy of the effective mass becomes large with in-
creasing value of u4, as well as the anisotropy of resis-

2.0

= 15f

_ 1 1
105 04 0.8

Up !t
FIG. 6. Calculated results for the ratios ((V})%)/((V1)?)
(o) and p1 /p (®) in a nonmagnetic multilayer. The resistivity

p) and p, are already shown in Fig. 5. Solid and dashed
curves are guides to the eye.
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tivity. However, it is clear that the anisotropy of the
effective mass is not enough to explain the anisotropy of
the resistivity because p) /p| increases more rapidly than
((V)?)/{(VL)?) as u4 increases.

The difference between p /p and ((V}))?)/((VL1)?) can
be caused by the two-dimensional distribution of the ran-
domness at the interfaces. The coherent potential has
imaginary parts, which describe the effect of the scatter-
ing due to the randomness at the interfaces as shown in
Eq. (44). When there are equivalent imaginary parts at
every site; that is, the second term of Eq. (43) is replaced
by iA1 (A is a positive number small compared with the
hopping integral t), then the ratio p) /p| coincides with
((VD?)/{(VL)?) which is already shown in Fig. 6. It has
been checked that the resistivity hardly changes even if
the real part of the last term of Eq. (43) is fixed to be 0.
Therefore, the anisotropy of the resistivity must be en-
hanced by the two-dimensional distribution of random-
ness at the interfaces.

The thickness dependence of p| and p, is shown in
Fig. 7. Here, us, up, na, and Efp are taken to be 0.8t,
0.0, 1, and 0.2, respectively, and the concentration of the
random sites is the same as that used previously. As can
be seen from Fig. 7, the inverse of resistivity is almost
proportional to ng. The result indicates that Ohm’s law
holds well.

Next, we study the dependence of p1 /p; on the peri-
odicity. The configuration of atoms within the unit cell
and the concentration of the random sites are the same
as those in Fig. 2. The value up is taken to be 0.0,
and |ua|(= |uar|) is taken as a variable parameter. We
call the configuration where uq = u 4+ the symmetric (s)
case, and call the configuration where uy = —uy4/ the
antisymmetric (a) case. The periodicity of the antisym-
metric case is twice that of the symmetric case. The
calculated results of (p1/p|)s(a) for the symmetric (an-
tisymmetric) case are shown in Fig. 8 as functions of
uy4. The values of Er are taken to be 0.0 and 1.0¢.
We find that (p1/pj)e > (pL/p|)s for EF = 0.0, but
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FIG. 7. Calculated results for the inverse of resistivities in
a nonmagnetic multilayer for parallel (o) and perpendicular
() currents as functions of np. Solid and dashed lines are
guides to the eye.
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FIG. 8. Calculated results for the ratios p;/p. in a non-
magnetic multilayer for the symmetric (open symbols) and
antisymmetric (solid symbols) cases mentioned in the text.
Circles and squares are the results for Er = 0 and 1.0¢, re-
spectively. Solid and dashed curves are guides to the eye.

(pL/py)a ~ (pL/P))s for EFp = 1.0t. The result that
(pL/p)a 2 (pL/pP))s may be attributed to the change
of the effective mass especially for the perpendicular di-
rection. By doubling the period of the unit cell along
perpendicular direction, the size of the Brillouin zone is
halved and band gaps appear at zone boundaries in k,
direction, so that the effective mass for perpendicular di-
rection becomes large.

Thus, we have found that two factors, the anisotropy
of the effective mass due to the miniband structure and
the two-dimensional distribution of randomness at the
interfaces, play important roles on the resistivities p; and
p1. We would like to stress again that these two factors
originate from the layered structure of the multilayer and
that the effects of these two factors on the anisotropy of
the resistivity become strong as the potential difference
between A and B atoms increases.

Now, we interpret the calculated results shown in Fig. 4
including the spin-dependent resistivity. A simple inter-
pretation, however, is possible only for two cases: the
results for up = 0.4t and 0.0. When ug = 0.4¢, be-
cause of the good level matching for | spin state, we
obtain pp| ~ p,F| and pp1 ~ pyr1 for F alignment. For
AF alignment, we generally obtain that ptar = piaF
for both parallel and perpendicular currents, so that
pAF = pyaF/2. For AF alignment, we can approximately
neglect the scattering at A site for | spin electron and
it is enough to consider only the scattering at A’ site,
because of |uay — up| > |uay — up|. From the result
shown in Fig. 7 that p) /p| is independent of np, we can
approximate p) ar/p|aF ~ ptLF/ptr- Therefore, we get

1-MRy _ pir/pjaF _ PLAF/P|AF
1-MR, pir/pLAF  PLF/P|AF
~ PILE/PHE o (54)
PLLF/PLIF

that is, MR, > MRj. To obtain the last inequality in
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this equation, we used the results shown in Fig. 5 and
the fact that the potential difference |uq+ — up| is larger
than |usy, — up|. Here, the dependence of p) /p) on the
potential difference plays an important role.

The other limiting case is that for up = 0.0. In this
case, the MR ratios are not equal to 0 although the po-
tential differences |ug, — up| for 1 and | spin states are
the same. The reason why the MR ratios are not equal
to 0 and MR, > MR, is attributed to the change of the
effective mass due to the change in the periodicity.

It has been already pointed out that the anisotropy of
the resistivity is caused by the anisotropy of the effective
mass and the two-dimensional distribution of randomness
and that the ratio p; /p; becomes larger as the potential
difference between A and B atoms increases. When there
is a good level matching in, say, the | spin state as in the
results in Fig. 4 with up = 0.4¢, (p1 /p|)F is much smaller
than (p1 /p|)AF because the potential difference between
A and B atoms for the | spin state in F' alignment is much
smaller than that for the 1 and | spin states in AF align-
ment. Therefore, we obtain pyr ~ p1r and pjjar < pLaF,
which results in MRy < MR, . Because the large MR is
caused by the good level matching in either 1 or | spin
state, the asymmetry of the spin-dependent potential is
crucial for both the MR and the difference between MR,
and MR . When there is no good level matching, the ef-
fect of the change in the periodicity becomes important
as in the results in Fig. 4 with ug = 0.0.

C. Dependence of MR on the randomness

In this subsection, we show the dependence of MR
and MR, on the randomness at the interfaces, i.e., the
concentration ¢ . The configuration of atoms within the
unit cell is the same as that used previously (see Fig. 2).
The concentration ¢, with which A and A’ atoms are re-
placed by B atoms, is taken as a variable parameter.
Here, u4,,, up, and Ep are taken to be +0.5¢, 0.2,
and 2.0¢, respectively. Figure 9 shows the calculated re-
sults for the concentration dependence of the MR ratio.
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FIG. 9. Calculated results for the MR ratios for parallel
(o) and perpendicular (e) directions as functions of c¢. Solid
and dashed curves are guides to the eye.

These results show that MR, increases while MR de-
creases with increasing concentration ¢, which is quali-
tatively consistent with results derived by the numerical
simulation.3® The difference between MR and MR | may
vanish in the limit of ¢ — 1, because almost all atoms in-
cluded are B atoms and then both the anisotropy of the
structure and the anisotropy of the randomness become
weak. On the contrary, the difference between MR and
MR | becomes large with decreasing c. In the dilute limit
(¢ — 0) in Fig. 9, both MR; and MR | remain finite and
MR, > MR. This is due to the effect of the effective
mass on the resistivity. Thus, with decreasing the ran-
domness, the anisotropy of the electron mass becomes
dominant for the difference between MR and MR ;. The
effect of the randomness seems to be more important for
MR/ than for MR .

IV. DISCUSSION

In our numerical calculation, the vertex correction has
been negligibly small. One reason is the treatment in
the weak scattering limit. The other reason is that we
have used small unit cells. The former is, however, less
important because the weak scattering limit is a good ap-
proximation when the random potential is small enough
as compared to the bandwidth and our calculations have
been done in this range. In cell CPA, the intracell scat-
tering is treated exactly, but the intercell scattering is
treated approximately. It has been reported by Bauer
et al.*6748 that the vertex correction to the conductiv-
ity corresponds to a diffusive scattering of electrons at
the interfaces where the electron momentum along layer
planes is not conserved. In the cellular method, because
the size of the unit cells is small, the momentum change
is restricted and the vertex correction is reduced. The
number of atoms in the unit cell used in the present cal-
culations has been limited to no more than 6. The lim-
itation is mainly due to the computational time for the
three-dimensional integration over k., ky, and k, which
is necessary to calculate p;. The integration is, how-
ever, reduced to the two-dimensional integration for p
by using the complete elliptic integral.>” Although the
resistivity itself can be evaluated more correctly by mak-
ing the unit cell larger, the MR ratio may not be affected
so much because it is a ratio of resistivities in AF and
F alignments. The origin of the difference between MR |
and MR may also hold to be correct.

We have shown that MR tends to be larger than MR,
which is consistent with experimental results. Quantita-
tively, however, both MR, and MR, are larger than the
experimental ones. In Fig. 4, we get MR < MR ~ 1 for
the case up = 0.4¢, which corresponds to a Fe/Cr mul-
tilayer in the sense that the potential difference between
magnetic and nonmagnetic atoms is small for the | spin
state.?? In a Fe/Cr multilayer, the observed MR ratios
are about 0.2 and 0.5 for parallel and perpendicular di-
rections, respectively.!® The reason why the magnitude
of the calculated MR ratios is larger than those of ex-
periments is that only spin-dependent scattering at the
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interfaces has been taken into account to calculate the
resistivity. If we take into account the nonmagnetic scat-
tering, the MR ratios become smaller and the difference
between MR and MR | becomes more obvious.

Our result that MR, > MR, is consistent with re-
sults derived by Asano et al.>® They attributed the origin
of the difference between MR and MR mainly to the
miniband structure, which corresponds to the anisotropy
of the effective mass in our expression. Because their
treatment of the scattering is exact, their results must
include the effects of various factors of layered structure.
Further analysis, however, has not been made. In this pa-
per, it has been pointed out that not only the anisotropy
of the effective mass but also the two-dimensional dis-
tribution of randomness are important for the difference
between MR, and MR . It has been also found that the
effects of the anisotropy of the effective mass and the two-
dimensional distribution of randomness on the anisotropy
of the resistivity become strong when the potential differ-
ence between magnetic and nonmagnetic atoms becomes
large.

As for the dependence of MR on the randomness at
the interfaces, we have shown that the difference be-
tween MR and MR increases with decreasing the ran-
domness. The results are also consistent with those by
Asano et al.’® We must be careful, however, to inter-
pret their results because of the existence of the contact
resistance. The contact resistance may be interpreted as
the spin-independent resistivity, which naturally exists in
real samples. However, when we discuss the dependence
of MR on the magnitude of the randomness, the contact
resistivity must be sufficiently smaller than the resistivity
due to the randomness under consideration. Their results
with strong randomness are sufficiently meaningful and
are consistent with our present results.

V. SUMMARY

We have presented the cell CPA method to study the
origin of the difference between MR and MR in mag-

netic multilayers. In this method, randomness at the in-
terfaces and layered structure can be treated simultane-
ously. The spin-dependent resistivity has been calculated
by using the Kubo formalism in the weak scattering limit.
It has been shown that MR, tends to be larger than
MR). Two factors have been pointed out to cause the
difference between MR and MR | . One is the anisotropy
of the effective mass due to the miniband structure in the
electronic states; the other is the two-dimensional distri-
bution of randomness at the interfaces. These two factors
originate from the layered structure of the multilayer. As
the difference of the spin-dependent potentials between
magnetic and nonmagnetic atoms increases, the effects
of these two factors on the anisotropy of the resistivity
become strong. Since the anisotropy of resistivity in F
alignment is smaller than that in AF alignment because
of a good level matching for 1 or | spin states, MR
becomes larger than MR,,.

It has been also shown that MR tends to increase
with decreasing interfacial roughness, but MR, tends to
decrease. The results indicate that interfacial roughness
is favorable for MR but not for MR . Experiments
which verify the dependence of the difference between
MR and MR, on the interfacial roughness would be
desirable.
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