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Theory of interlayer magnetic coupling in nanostructures with disordered interfaces
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Multiple scattering theory of interlayer coupling in nanostructures with disordered alloylike interfaces is
developed. Interface-localized potential responsible for the specular electron reflection from a perfect interface
(potential step) is found in the framework of multiple scattering theory based on Green’s functions approach.
This allowed obtaining of a general expression relating the interlayer coupling energy to electronic density of
states change due to interferences of electronic waves resulting from multiple reflections at disordered inter-
faces. In the case of a small spacer electron confinement (small scattering), the interlayer exchange coupling
between two ferromagnets separated by a nonmagnetic spacer is found in the coherent potential approximation
for electrons scattering at the disordered interfaces. The influence of disorder on the oscillating with a metallic
spacer thickness exchange coupling is analyzed. The main effect is found to be a phase shift and amplitude
change of these oscillations with the change of the parameters describing specular and diffuse spin-dependent

electron scattering caused by the interfacial disorder.
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I. INTRODUCTION

Artificial structures consisting of alternating magnetic and
nonmagnetic layers, each of a few atomic layers thick, have
been attracting a good deal of interest especially since the
discovery of the giant magnetoresistance (GMR)' and tun-
neling magnetoresistance (TMR)?? effects. These structures
exhibit GMR and TMR under certain conditions. One of
them is a possibility to switch between antiparallel and par-
allel alignments of magnetization vectors of ferromagnetic
layers in a multilayer or a sandwich. The antiferromagnetic
coupling of Fe films separated by a Cr spacer was first ob-
served in Ref. 4. Later, a spectacular periodic dependence of
the sign of the interlayer exchange interaction between fer-
romagnetic layers on the metallic nonmagnetic layer thick-
ness was discovered in Refs. 5 and 6. The latter effect as well
as the effect of interlayer exchange coupling across nonme-
tallic layers, first studied in Ref. 7 for Fe films separated by
amorphous Si, have been a subject of intensive research in
the last years. In contrast to the case of a metal spacer, the
coupling through a nonmetal spacer is nonoscillatory, decays
with the spacer thickness, and increases with temperature
increase.

A great number of studies have been performed on the
interlayer coupling via a metal spacer with special attention
to its oscillatory behavior. We cite here the most comprehen-
sive, from our point of view, theoretical investigations by
Bruno® and Stiles,” where all other suitable references can be
found. In these papers, a general approach to the problem of
interlayer coupling in terms of the quantum interference due
to the (spin-dependent) specular reflections of electron Bloch
waves at the perfect paramagnet-ferromagnet interfaces has
been proposed. This interference of the electron waves re-
sults in a change of the density of states in the spacer and
leads to the oscillatory behavior of interlayer coupling en-
ergy with the spacer thickness (for metal spacer). In addition
to being very physically transparent, this approach embodies
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all the previously suggested models [e.g., Rudermar-Kittel-
Kasuya-Yosida (RKKY) model'®] and allows treating on the
equal footing of both the metal and insulator spacer cases®
(coupling through a tunneling barrier was first considered by
Slonczewski'l).

It should be stressed, however, that the basic approach by
Bruno and Stiles treats the interfaces in nanostructures as the
perfect ones. In this case the electron reflections at and trans-
missions through the interfaces are k; conserved due to the
translational invariance of the interface (k; is an electron
wave vector parallel to the interfaces). However, the real
interfaces are disordered. They are characterized by rough-
ness (long-range imperfections, compared to the electron
mean free path /, which do not break the in-plane transla-
tional invariance) and intermixing (short-range imperfections
breaking the in-plane translational invariance). The interface
roughness can be associated with long-range deviation of
either the thickness or the crystallographic orientations of the
layers, whereas the intermixing of different layers in the in-
terface region can be modeled by an alloy of short-range
scatterers. There have been a number of theoretical and ex-
perimental studies of interface roughness and its influence on
the GMR and other phenomena. For instance, the influence
of interface roughness on GMR was studied in Refs. 12 and
13, where the authors introduced a model treating interfaces
as nonflat ones; ab initio calculations for the interlayer ex-
change coupling in the presence of an interfacial roughness
and interdiffusion were performed in Ref. 14. However, to
the best of our knowledge, no general theoretical treatment
of the problem of interlayer coupling in the case of disor-
dered interfaces has been published to date.

The essential problem is then how to generalize the basic
approach of Refs. 8 and 9 to the case of disordered inter-
faces, and whether and how the predictions of these theories
for the perfect interfaces are affected by interfacial disorder.
Advances in both molecular dynamics simulations and ex-
perimental techniques have provided crucial information on
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the structure of multilayer interface regions.'>!¢ These stud-
ies show that the interfaces in a number of technologically
important multilayers can be viewed as locally crystalline
with interdiffusion of different atomic species within a few
layers of the interface. In a recently published paper,'” the
authors stress that for a proper description of the interface
structure and interpretation of the experimental data on the
GMR effect and interlayer coupling, the atomic scale disor-
der, which is typically caused by an alloying process (inter-
mixing of different materials at the interface), should be
taken into consideration. They suggest a microscopic mecha-
nism of the interface alloying, and provide a description of
interface roughness and its correlation with the GMR effect
and interlayer coupling in Fe/Cr multilayers.

In the present paper, we develop a general approach to the
problem of interlayer coupling in real nanostructures with
disordered interfaces. Based on the above-mentioned results,
we adopt for the interface structure a model of disordered
alloy made of atoms of the adjacent layers. When an inter-
facial disorder is present, the in-plane component of electron
wave vector may no longer be conserved and the influence of
disorder on the specular and arising diffuse scattering of
electrons at the interface needs to be studied. Transmission
and reflection amplitudes for an electron striking a disor-
dered interface at an arbitrary angle have been found in a
closed analytical form in Ref. 18 in the self-consistent
single-site coherent potential approximation (CPA) for inter-
facial disorder and the effective-mass approximation (EMA)
for the electron spectra in different layers. The EMA is suit-
able for s and majority d electrons in some important ferro-
magnetic materials (Co, Ni) and now actively studied diluted
magnetic semiconductors (DMS), which are viewed as
promising materials for spintronics.

In Sec. II of this paper, the general, based on the Green
functions formalism, scattering theory approach to the reflec-
tion of spacer electrons from two interfaces is outlined. Nec-
essary for this approach, localized (at an interface) potential,
responsible for reflection from a perfect interface (potential
step), is obtained in Sec. IT A. This further allows introduc-
ing a combined potential describing the scattering due to
both interface potential profile change and disorder caused
by the atoms of adjacent layers mixing at the interface. As a
result, a general expression for the electron energy change
(the coupling energy) caused by the interferences of elec-
tronic waves due to multiple reflections of the spacer elec-
trons from the disordered interfaces is obtained in Sec. II B.
In Sec. I, this result is used to get the exchange coupling
energy (in the case of small reflection amplitudes) for a
trilayer made of two ferromagnets divided by a nonmagnetic
spacer. The coherent potential approximation (CPA) is used
for electron scattering at a disordered interface. Parameters
describing the influence of disorder on the exchange cou-
pling are introduced, and the change of the oscillating with
the spacer thickness exchange coupling (in the case of a me-
tallic spacer) as a function of these parameters is analyzed
and plotted. The results are summarized in Sec. IV.

II. SCATTERING THEORY APPROACH TO
REFLECTION FROM INTERFACES

The general approach developed in Refs. 9 and 8 sug-
gests, quite naturally, to relate the interlayer coupling to the
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electrons’ energy (thermodynamic potential) change due to
quantum interferences of electronic waves in a spacer layer.
Consider a multilayer made of (generally different) magnetic
layers separated by nonmagnetic layers. The thicknesses of
magnetic layers are supposed (for simplicity) to be larger
than the electronic mean free path /, whereas the spacer (non-
magnetic layer) thickness is less than /. In this case we may
consider the interlayer coupling between magnetic layers
through the spacer taking into account interferences of elec-
tronic waves (as a reason for coupling) in the spacer only.
Thus it is sufficient to consider a system of two magnetic
layers parallel to the (x,y) plane with interfaces at z=0 and
z=d and separated by a nonmagnetic spacer (with thickness
d). Electrons traveling in the spacer experience repeated re-
flections from the nonmagnetic-magnetic interfaces which
may lead to quantum interferences of electronic waves and to
a corresponding change of the electron density of states and
energy. The latter leads to the interlayer coupling.

The appropriate (for considering the electrons’ interfer-
ences) Hamiltonian of this system may be written as

H=Hy+ V' + V4, (1)

where H, is the spacer electrons’ Hamiltonian and V° and V*
represent the scattering potentials of the interfaces located at
z=0 and z=d, respectively. These potentials stem from the
conduction-band steplike profile U(z) of the trilayer (forming
a potential well or barrier for spacer electrons) and interfacial
disorder which will be modeled by the short-range scattering
centers located in the interface plane (x,y). For the perfect
interfaces, the scattering potential caused by U(z) depends
only on the coordinate normal to the layers, and the in-plane
component k; of the electron wave vector is a good quantum
number. Thus from the symmetry consideration, the electron
reflection amplitudes for an electron state of wave vector k
=(k, ,k;) depends only on the perpendicular to the interfaces
component k;, which, of course, depends on the electron
energy and k. Therefore for each k; (angle of electron inci-
dence on the interface) we have a one-dimensional problem
of the electron multiple scatterings from the interfaces (the
scattering amplitudes are diagonal in the k; representation).
For disordered interfaces, when k; may no longer be con-
served, the electron reflection (and transmission) amplitude
is not diagonal in the k; representation, but the needed aver-
age (over all configurations of the mixed at an interface at-
oms) electronic density of states remains diagonal in the k;
representation. It follows (see below) that one may consider
a one-dimensional problem of the quantum interferences in
the spacer for an electron with given k; (leading to the elec-
tron density of states change) and then sum up the result over
in-plane electron wave vectors to get a three-dimensional
problem solution.

The thermodynamic grand potential change A®d associ-
ated with the electronic density of states change An(e) at
temperature 7 is

o0

—o0

An(s)ln{l +exp< SZ_TS)}ds, (2)

B

where e is the Fermi energy.

024410-2



THEORY OF INTERLAYER MAGNETIC COUPLING IN...

The density of states n(e) is conveniently expressed in
terms of the Green function G(g) corresponding to the sys-
tem Hamiltonian (1) as

n(e) =— 1 Im >, TrG(e +i0%)),

k)

G(e)=(e~Hy—= V' = V), 3)

where (---) denotes a configurational average over all the
interface scatterers (impurities) configurations and i0* is in-
finitesimal imaginary energy. Note that the averaged Green
function is diagonal with respect to k; [we do not show in
Eq. (3) explicitly the corresponding matrix element of (G(e
+i0%)) in k| representation for brevity] because the averaging
restores the translational invariance of a disordered interface.
Treating V0+V? as perturbation, the Green function G(g)
may be expressed as

G(g) = Gy(e) + AG(g) + AGY(e) + AG™(g). (4)
Here,

GO(S) = (8 - HO)_I s
AGD(g) = Gy(e) TV (e)Gy(s),

AG"(g) = GyT°(1 = GG T%) 7' G, T (1 + G, T°) G,
+ GoTH (1 = GoT°G T 'GoT°(1 + GoTH G,

190 () = VOO YOG () YO 4 YOG () PG ()10
+ o= VO(d)[l _ GO(S)VO(d)]_l, (5)

where G,(¢g) represents the electron propagation in the spacer
material, the -matrix 7°@(g) describes multiple reflections
from the interface potential V2@, AG°¥(g) expresses the
effect of the interface potential V*@ on the “free” Green
function Gy(g), and AG%(g) gives the contribution of the
multiple reflections from both interfaces.

The density of states change An(e) responsible for the
interlayer coupling is given by AG%(¢g), Eq. (5), and there-
fore as it follows from Eq. (3),

1
An(e) = - —Im X, THAGY (e +i0")). (6)
k)
Using the definitions (5) for Gy(g) and 7°¥(g), it may be
shown that

d
Tr AG%(g) = d—sTr In[1 - Go(e)T()Gy(e)T4(e)].  (7)

Making use of Egs. (6) and (7), the potential change (2)
caused by the electron interferences in the spacer after inte-
grating by parts may be represented as

1 o0
A®=—1Im D>, def(e)
77 ky -

XTr(In[1 - Go(e) T (e)Go(e) T (e)]),  (8)

where f(g) is the Fermi-Dirac distribution and superscript +
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means that the energy e has an infinitesimal imaginary part
(i0%).

Thus to get the interlayer coupling energy (8), one needs
to have the “free” Green function in a spacer Gy(e) and to
obtain the f-matrix 70(‘1)(8) for a single interface located at
z=0 or z=d, which according to Eq. (5) is defined by Gy(e)
and perturbation V?@ caused by the potential profile U(z)
and the random scatterers located at the interfaces (for dis-
ordered interfaces). In the framework of the adopted scatter-
ing formalism it is needed first to get the part of V@ due to
the potential steplike profile U(z).

A. Perfect interfaces

The goal of this section is to define the scattering matrix
7@ caused by the potential steplike profile U(z) for a single
perfect interface which then will be generalized to the case of
a disordered alloylike interface. We will use the approach of
Ref. 19 but extended to the case when the electronic spectra
of materials are treated in the EMA with different effective
masses in different layers (in Ref. 19 the free electron spectra
are used). For the case of material and spin dependent elec-
tron effective mass m" (z) and arbitrary conduction-band pro-
file U(z) (axis z is directed perpendicular to the interface) the
Schrodinger equation for a single-electron state in the EMA
reads

A1

-—V—==V +U(@@) |VY(xyz2)=eV(xy,2), (9

2 m(z)
where U(z) is a homogeneous potential taking different val-
ues at both sides of an interface [as well as m” (z)]. By taking
advantage of the two-dimensional homogeneity of the sys-
tem [the in-plane wave vector k= (k,,k,) is a good quantum
number] and expanding the wave function in the complete
set of the transverse wave functions d)kH(p),

ekip

V)= (Db (p). dp)=".  (10)

[
K| VA

where p=(x,y) is a two-dimensional vector in the plane of
the interface and A is the area of the interface, Eq. (9) may be
reduced to the following one-dimensional equation for the
longitudinal wave function l//kH(Z),

kLZ(Z;S,kH)

(2):45(2)-
dz) m"(2)\ oz m'(z)

Here, the perpendicular wave vector k*(z;¢,k;) is defined as

2 Zm*
ek = %[s _U@l-K. (12)

]l,bk(z) =0. (11

Corresponding to Eq. (9), equation for the retarded Green
function is

h? 1
e+—V——V-U(x) |G*(r,r ;e)=8r-r'),
2 m(2)

(13)

where the energy has an infinitesimal positive imaginary part
and the index z; points out that the case of a single interface
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located at 7=z is being considered (for a trilayer z,=0 or d).
The Green function for the perfect interface and the 6 func-
tion may be presented like Eq. (10) as

lw 4,
G*(r,r';e) = ZE eMPP G0t (2,2 1K),
K

s -1 = =S o), (14)

and Eq. (13) reduces to the one-dimensional equation for the
Green function G*(z,z’;¢,k)),

i 1 i klz(Z) 2ot . _3 .
l(ﬁz)m*(z)<&z> * m'(z) 10 (z.2"s8. k) = h25(z Z').

(15)

This equation corresponds to the homogeneous Schrodinger
equation (11).

The solution to Eq. (15) may be found in a standard way
(see, e.g., Ref. 20) in terms of solutions to the Schrodinger
equation (11) v,lflL(”(z), l,l/lfu(z), satisfying boundary conditions
on the left and right sides, respectively. For the considered
retarded Green function, #ku(z) vanishes for z——o and

I,Z/lf“(z) vanishes for z—oc. This solution is

2 yHm ()RR ,

G (z,7';e.k) = P W(z') T

b}

2 J@m e
#ooowe) T

dyf(z) | dyi(z)
5 ]:Z,—W(Z)[—dz :|z=z”

(16)

G*(z,z";e.k)) =

)

w(z') = WL(Z’){

Z

where we omitted the index k; of the wave functions for
brevity. The result given by Eq. (16) generalizes the corre-
sponding formula of Ref. 19 to the case of different effective
masses in different layers.

The solutions to Eq. (11) may be defined as

1 ) 1 )
#(Z) — /__e—zk>(z—zo) + /__rLezk>(z—zo)’ 7> 20,
VU VU~

1 )
',”L(Z) _ /__tl‘e—z,’c<(z—q))7 z< zp,
VU<

1 .
',bR(Z) - ?tRelk>(z_Z0), 2> 2,
VU~

lﬁR(Z) — /L_eik<(z—zo) + /L_’,Re—ilk(z—zo),

] Z < Zo. (17)
VU< VU <

2m= (<)

Here, k- (<= \/T[S—U>(<)]—kﬁ is the perpendicular to
the interface wave vector (12) taken to the right (left) of the
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interface situated at zp=0 or zp=d, V>«)=hk><)/Mm= <),
ms(<y and Us ) are the electron effective mass m*(z) and
potential U(z) in the material to the right (left) side of the
interface, and 7y gy, f1(g) are the amplitudes of reflection from
and transmission through the interface for an electron incom-
ing to the interface from the right (left).

In order to obtain the reflection and transmission ampli-
tudes one should match the wave functions (17) and their
derivatives at the interface. Integration of Eq. (11) over z in a
close vicinity of any interface results in the following conti-
nuity relations for derivatives:

(R) (R)
] ]

m-| dz m-| dz

where z- (<) denotes the coordinate of the interface (z=0 or

z=d) with an infinitesimal shift to the right (left). Then, the
continuity relations for ¢/, ¥ and their derivatives result in

2r
U>—Uc Uc—U> VUV <
rL:—’ rR:—’ tL:tR:t:—’
V> + U V> +0U V> + U
2im~ 2im_

>=— t, Wo= 7 t, (19)
where W (. corresponds to W(z') at z" taken to the right
(left) side of the interface.

Substituting Egs. (17) and (19) into Eq. (16), we get the
following Green functions in different regions of z and z’
(suppressing the arguments & and k; for brevity):

G*(z,7') = ;te—ik<(Z—Zo)eik>(2,—~0)’
lﬁ VU=V
72<2z0, 2 > 20

G (z,7') = te™>720) g ik<('~20)
iiv-v -
2>z9, 2 <z,

1 . , . '
G0*(2,2") = ——[ <l 4 ppemikalsd’ 200,
ihv -

72<z0, 2 <2Zg»

GZO+(Z,Z') - [eik>\z—z'\ + rLeik>(z+z’—2z0)]’

U

7>2z0, 2 > 29 (20)

Now, we can identify [in accordance with Eq. (5)] the
“free” Green function (propagator) in the spacer sandwiched
between interfaces located at zp=0 and zy=d. The last two
lines of Eq. (20) represent the Green function for an electron
incoming to a single interface from the left side (third line)
and from the right side (fourth line). For the trilayer under
consideration, we will adopt the following definitions for the
material and spin dependent electron’s effective mass and
potential profile:
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m'@)=m;, UQR)=U;, z<0,
m @) =my, UQR)=U, 0<z<d,
m' @) =my, UQR)=Us, z>d, (21)

where indexes 1, 2, and 3 correspond to the layer at z<<0, the
spacer, and the layer at z>d, respectively. Thus for a “free”
spacer electron incoming to the interfaces the corresponding
propagator is

1 . ,
G(J;(Z,Z’ ;S,kH) _ Telkz\z—z \, 0<z 7' =<d, (22)
thv

2

where v,-=i—f and ki=\/%(s—U,-)—kﬁ (i=1,2,3). The con-

tribution to the “free” propagator (22) due to the specular
scattering from the perfect interface may be written as

1 . ,
AG (2,7 ;e.k)) = —— Ok,
lhvz

AGd(Z,Z’ ;S,k”) = .ere—ikz(zﬂ'—Zd)’
ihv,

0<z, 7 <d, (23)

where AG*@ is the contribution due to the scattering from
the interface situated at z=0(d) and r° is the corresponding
reflection amplitude from the left (right) interface [see Eq.

(19)]

Uy~ U Uy~ U3
P2 e P27

v +0Uy

Uy + U3 '

On the other hand, by expanding G(r,r';¢), Eq. (14), into
VO(z2)=W08(z) or V4(z) =W 8(z—d), where W@ is the poten-
tial (that we are looking for) responsible for specular reflec-
tion of an electron from a perfect interface located at z
=0(d), one gets [in accordance with Eq. (5)]

AGO(d)(Z,Z,;S,k)=JleGO(Z,Zl;S,k)

XTI (z;58,k)Golz1,2" 1 8.K)),

(25)
where the #-scattering matrix is
T()(Zl ;89kH) = TO(E’kH) 5(21) s
WO
Tek) = 125 0,00 k)W
Td(Zl ;S,ku) = Td(s’ku) 5(21 -d),
d

1 - Gy(d.d;e. k)W

Using Eq. (22), we have
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TO+(8,k||) = ; ihUZWO (27)

ihvy = WO
Comparing Eq. (23) with Eq. (25) and using Eq. (22), we get

T (e,k) = ihv,r°, T™(g,k)) = ik, (28)
Finally, Egs. (27), (28), and (24) yield

ih ih
W°=%(vz—v1), Wd=l;(vz—v3), (29)

hv, W
T+ k =l—2_
(o) = Wi

where the potentials W® and W? define the quantum reflec-
tion of a spacer electron from the left and right interface,
respectively, and depend [according to Eq. (29)] on & and k;
(through the electron velocities).

Formulas (29) represent the main result of this section: we
have managed to find the potential localized at the interface
coordinate z,

Vo(z; k) = Wo(e, k) 8(z - ), (30)

which in the framework of the general scattering theory al-
lows finding the reflection amplitude by calculating the
t-scattering matrix (26) and then using Eq. (28).

Now, we can obtain an exact formula for the coupling
energy (8) in the considered case of a trilayer with perfect
interfaces. Making use of Egs. (22) and (28) and taking a
trace over z coordinates, we have

o

1
AD=—1Tm D,
a

ky -

def(e)ln[1 - rOrfe¥®d],  (31)

where ¥, 7 are defined by Eq. (24) and dependent on & and
k; (via the electron perpendicular velocities v;, i=1, 2, and 3)
as well as the perpendicular to the interfaces electron vector
k, in a spacer. The symbol (---) is absent for the case of
perfect interfaces. The expression (31) was earlier obtained
in a different way and analyzed in Ref. 8. Our derivation
differs by using the EMA for electronic spectra (with differ-
ent effective masses in different layers), but more impor-
tantly, we have obtained the potentials V*@ [defined by Eqs.
(29) and (30)], which in the adopted scattering theory ap-
proach describe the quantum reflections of electrons from the
steplike potential U(z). In addition to being interesting from
the general quantum mechanical point of view, this will al-
low us to generalize the adopted approach and formula (31)
to the case of disordered interfaces.

B. Disordered interfaces

In this section we will obtain the -scattering matrix 7°¢
for a single disordered interface needed for determining the
coupling energy (8). In contrast to a perfect interface, the
in-plane electron wave vector K| is no longer conserved. We
will model the interfacial disorder by the short-range scatter-
ing centers located in the interfaces planes (x,y) and giving
rise to the corresponding scattering potentials V:o(r)
=Vi0(p) &(zp), where p=(x,y) and z9(=0,d) is the position of
the interface. Thus we will present the interfacial scattering
potential V¥ as a sum of the potential caused by the poten-
tial profile (30) and Vi(r),
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V(p,2) = [W° + V(p)]18(2),
VA(p.2) =W+ Vi(p)]&(z - d). (32)

It is useful to introduce the translationally invariant gen-
erally non-Hermitian single-site coherent potential o< defin-
ing the corresponding translationally invariant interfacial ref-
erence medium. Then, the interfacial scattering potential
V?(d) (p) may be presented as

V(p) =2 (0°+ 72 8lp - pa)s

Vip) = 2 (0 + ¥,)8(p— par).- (33)

’
a

Here, a summation is over all randomly distributed J scatter-
ers located at the interfaces with the transverse positions p,,
(py) and strengths yo(d) 7 @4 g% where 7 @ 'yi(d)
—0%9_If disorder is present at the interface only [as it is
assumed by Eq. (33)], then the values 7’ can be estimated
via the on-site potentials in the materials separated by the
interface, i.e., 0(‘1) (|U-=U-|/2)(a/2)?, where a is the lat-
tice constant.

In the presence of the interface impurity potential V?(d) the
reflection from the interface may in general be both specular
(conserving k) and diffuse (not conserving k). It is conve-
nient to describe these kinds of scatterings in the k; repre-
sentation in which the diagonal in this representation
t-matrix will define the specular scattering and the nondiago-
nal part of 7%(z;e,k;,k/) will correspond to the diffuse
scattering. The k; representation of the Green function de-
scribing the electron transport for the case of a single disor-
dered interface situated at z=z, may be defined as [compare
with Eq. (14)]

1 . I
GY*(r,r';e)=— E e/ ®ip~k PGt (7, 7' ;e.kLk)). (34)
kyk

To get the scattering 7-matrix 799 (z; ¢ .k, k) for a spacer
electron reflecting from a single interface, we will transform
[with the help of Eq. (34)] the expansion of the Green func-
tion G*(r,r’;e) in the r representation (e-dependence is
suppressed),

Go(d)(l',l',) =Gy(r,r') + f dr1G0(1',I'1)Vo(d)(l'l)Go(l'bl'/)

+ f dr, f dryGo(r,r ) VO (r))Go(r;.ry)
XVOD(r,)Go(rpr’) + -+, (35)
into the expansion in Kk representation,
GZO(Z,ZI ;k||,k|1) = GO(Z,Z’ ;kH) 6ka"’ + J leGO(ZyZl ;k”)

X T0(zy3 k), k) Go(z1,2" 3 Ky) . (36)

Here, the scattering (from the interface) r-matrix in k; repre-
sentation is defined as
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T°(z: k) k) = T(k), k) 8(z - 2)

70k, kj) = [W= (ky) i + ,ka ]

+ 2 [WRo(ky) S, +

Ky

X Glzosz0tki) V00K ) i g + T3 o1+ -+

’kukln]

(37

where

WO(d)(kH) - WO(d)(kH) + n?(d)ao(d),

k k' - E (VO(d))k k'

~ 1 . ,
(V(;(d))k” K= 2’70 e kiIrkppq (38)

O(d N0 /A is the interface impurity density [N0 @ s the
number of interfacial defects]. Scattering matrix T”O(k”,

Eq. (37), may be viewed as the matrix element (k|- -*|K;) of
the following operator:
~ ~ 1
T%0 = (W50 + V79) - -
(1 = GPPW) — Gpvio
= (WA 4 V20) 4 (W20 4 VO) GL(WH0 + V50)
+ (WA 4 VO GE(WH0 + V) GEO(WA0 + VE0) 4 -

(39)

where the matrix elements of W< and ‘7;70 are defined by Eqgs.
(37) and (38) and Gy is the Green operator diagonal in the
k; representation (k; G60|k\1>=GO(ZO’ZO;kH)‘Skaﬁ:
[see Eq. (22) for the “free” electron propagator].

Using the identity for two arbitrary operators A and B

1
ifv, (k) 5ka\|’

1 1 1 1
=B (40)
A+B A A A+B
the series (39) may be rearranged as
~ 1 1 ~ 1
T = W — + — V30 =
1-GPWo 1-GPWo 1 —-GPwo
T Gpva—
1 -GPw~ 1 -GPwo 1 - GywA
+ ! Ve !
1-GyEwo 1 - GPwr
~ o~ 1
X GPV;o —Gvio —+ -, (41)
1 - Giwro 1 - GyPwo

where we have taken into account that G and W% (both
diagonal in k| representation) commute. It follows from Eqgs.
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(22), (29), and (38) that the first term of expansion (41),
diagonal in k; representation, is equal to

Woo(k,)
1 = Go(zp,20: k) W (k)

= ity (k)70 (k), (42)

where 7%0(k) is the specular reflection amplitude from the
“perfect” interface (located at zo=0 or zy=d) with the homo-
geneous effective potential o0,

2i 2i
U2—U1—_20 Uz-l)_g-%Ed
?O(ku) = 2 Fd(ku) = 2%

0 d
Ur+0+—2 Ur+ Uz 4+ —2
2 1 h 2 3 ﬁ

(43)

which was first obtained in Ref. 18, and EZ‘):nfOO'ZO. Another
factor entering Eq. (41) is

1
1 = Go(z0,20: k) W70 (k)

= ifiv, (k)G (k). (44)

Here, G0*(k;) is the effective-medium retarded Green func-
tion (propagator)

_ 2
G0+(k\|) = 2; 5
ih(v +U,+ —120)
1 2 ﬁ
_ 2
G (k) = , (45)

2
iﬁ(vz +Us3+ ézd)

defining (as it is shown in Ref. 18) the specular part of the
transmission through the disordered interface (located at z,
=0,d) which is characterized by the effective potential %%,
In fact, the functions (45) are the k; representation of the
Green function (34) for the case of “perfect” interfaces with
a homogeneous effective potential 2% [compare with the first
two lines of Eq. (20)]. The specular reflection [of a spacer
electron with a velocity v,(k;)] amplitude (43) from such a
“perfect” interface may also be expressed via functions (45)
as

7oo(ky) = ihw, (k) G0(k) - 1. (46)

On the other hand, the complete reflection amplitude
ro(ky, k) accounting for the electron specular and diffuse
scattering of a spacer electron from the disordered interface
may be expressed through the k; representation of the com-
plete Green function (34), describing the electron propaga-
tion through a disordered interface, as!®

ri(k k) = iﬁ\’mGZO(kH’kH,) = Ok “7)
where

Gk k() = Go(k)) i/ + Gk (k). k| ) G (k]),

PHYSICAL REVIEW B 77, 024410 (2008)

ézo(klll)vfﬁwkﬁ +oe, (48)

Tk k) = ‘Zﬁuk”' +2 ‘7?12"1(”‘
Ky

and G%(k) is given by Eq. (45). The specular part of the
reflection amplitude (47) is given by its diagonal part, Eq.
(46), and the diffuse part is defined by the electron scattering
on the potential fluctuations (from the effective-medium po-
tential g%0) V20,

Thus with accounting for Egs. (41), (42), (44), and (46)—
(48), T°(k;,k), Eq. (37), finally takes the form [compare
with Eq. (28)]

To(ky, k) = if\vs (koo (k) rio(k k). (49)

Returning to the general formula (8) for the coupling en-
ergy caused by the multiple scattering of the spacer electrons
from the disordered interfaces, we see that it may be found
by making use of the expression (22) for the “free” electron
propagator in a spacer and z-dependent 7-scattering matrices
T(z: k. k) =Tk k() 8(z), T(z:ky. k) =Tk, k) 8(z—d),
where T%(kj, k) is defined by Eq. (49) [the trace in Eq. (8)
assumes the integrations over z variables]. As a result we
have [compare with Eq. (31)]

AD = ! ImY, | def(e)
ar

ky -

X(k[(In[ 1 - (&)™ (e)e ™Dl (50)

where the matrix elements of the operators r?(d) are

defined by Eq. (47). (kjle®lk)=e*5,0 and K,

:\/%(S—Uz)—kﬁ is the perpendicular to the interfaces

component of the spacer electron wave vector.

Formula (50) is the main formal result of the paper which
generalizes Eq. (31) to the case of disordered interfaces. It
differs from Eq. (31) by averaging over all the arrangements
of the mixed atoms at the disordered interfaces (inner brack-
ets (---)) and by matrix elements of the reflection amplitudes
(ky|r5%(e)|k/) which are generally nondiagonal and describe
both the specular and diffuse scatterings. The averaging pro-
cedure applied in Eq. (50) to the logarithmic function is not
generally an easy one to perform. It may be performed, for
example, by expanding the logarithmic function and then
taking the average of each term of this series expansion. In
this paper, we will restrict ourselves to the first term of the
logarithm expansion which is easiest for evaluation. At the
same time, this is a good approximation (provides the main
contribution) if the reflection amplitudes are small (small
confinement in the spacer). The latter is the case, e.g., in the
transition metal heterostructures, where the difference be-
tween on-site potentials in different layers (electronic band
profile), which defines the intensity of both the quantum re-
flection from perfect interfaces and from defects located at
the interfaces, is small as compared to the Fermi energy (for
more details see below).

III. INTERLAYER EXCHANGE COUPLING

We now consider the small confinement case when |r?rfl
is small. Then, the leading term of Eq. (50) is
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M =2t | defle)til et o)k,
ar k“ —

(51)

The average over the scatterers configurations of the disor-
dered interfaces integrand may be presented [with the help of
Eqgs. (47) and (48)] as

(o) are)e ™l
= {F(1) 7 (Ky) — ifiv (k) GO(ky)(T7 (k). k) GO K))
— ihw, (k) Gk (T (k). k) G (k)
+ [ifiv, (k) GO (T3 (), k) GO 1y Gy )
+ [ifi, (k) PGk (T2 (k) k)Y Gk GO (K ) Je2*2d

+ 2% [\ vy (kv (k) PGk GOk ) G (k) G (K[
ki

X (k) Tk K )ye krhad, (52)

where G*¥ (k) and 7@ (k) are given by Eqs. (45) and (46),
respectively.

As it has been shown in Ref. 18 the specular scattering
from a disordered interface (located at z=z,) may be com-
pletely described by the Green function (45) for the effective
(reference) medium 2% if we choose the coherent potential
2% in such a way that the averaged diagonal element of the
t-scattering matrix satisfies the condition

(T (2% k). k) =0, (53)

where the superscript + refers to the fact that we selected the
retarded Green functions for the present consideration. Equa-
tion (53) determines the conventional coherent potential ap-
proximation (CPA) in the theory of disordered systems. We
see from Eq. (52) that in this approximation the contribution
of the specular reflections from the interfaces to the coupling
energy (51) is completely defined by the specular reflection
amplitudes 7 (k) from an interface with translationally in-
variant impurity potential 2%*=n00%" [thus we defined the
non-Hermitian potential in Eq. (33) as ¢%*]. The last term in
Eq. (52) describes the double scattering of electrons from the
interfaces with nonconserving k; (diffuse scattering).

It is necessary to define more explicitly the coherent po-
tential 2% fixed by Eq. (53). Since we defined o%0* as a
single-site translationally invariant potential (independent of
the site « and k), the self-consistency condition (53) should
also be considered in the single-site approximation, i.e., 750
in this equation should be replaced with the 7-scattering ma-
trix in the single-site approximation.

The scattering -matrix 7'5°, Eq. (48), in the operator form
may be represented in terms of a single-site scattering
t-matrix 120 as (see, e.g., Ref. 20)

PHYSICAL REVIEW B 77, 024410 (2008)

+ 20+ + ~ +
T =2 £+ X NGOt Y 1y
a a B+a

+ 2 G D GO Y 0T e (54)
a BFa Y#B

where the single-site scattering operator is
20+ _ 1R 12020+ 1 /% V20320t 12020+ /2
10" =VIO4+ VIGOTVI 4+ VIGOTVIGOTY O 4
_ 12020\ =117
= (1 - VOGY)" Vo, (55)

Here, the matrix elements of ‘73) and G“0* are given by Egs.
(38) and (45), respectively.

Thus the matrix element of the scattering matrix (54) in
the single-site approximation is

T (k. K)) = 2, £ (kg k),

0 — g0 ) '
1 (ky ki) = 2 L ] e~ tirkiPa,
1= (Y0 - g70)— >, Go*(Ky))
A Ky
(56)

where a two-dimensional vector p, specifies the positions of
scatterers at the disordered interface [see Eq. (33)]. The av-
erage over scatterers’ configuration (" (k;,k;)) is diagonal
in Kk space, equal to 79" (k;,k;), and therefore does not de-
pend on the positions of imperfections p,. It may be seen
explicitly if we adopt, e.g., the following configuration aver-
age procedure:

N;
r [ dpa
(flp1, ---,PN)>=[H f?]f(pl’npri)a (57)
a=1
where f(py, ... ,pNi) is some function of the scatterers coor-
dinates. Then, Eq. (53) for the coherent potential 220" reads
0 _ g%0
> Y . =0. (58)
= (- o)~ G* (k)
A k)

Now, we can see that the last (diffuse) term in Eq. (52) is
equal to zero because the average procedure should be ap-
plied to each interface independently [the positions of scat-
tering centers at z=0(p,) and z=d(p,s) cannot coincide] and
therefore according to Egs. (57) and (58)

(190 kT (s Jey) = (T (ky K DXTT (K] Ky) =0 (59)

in the adopted coherent potential approximation for electron
scattering at disordered interfaces.
Thus the coupling energy (51) takes the following form:

AD =— 71—7 Im E i def(e)P (k)7 (k)e** ¢ (60)
ky -

and is defined completely by the specular reflection ampli-
tudes from disordered interfaces (43). It should be stressed,
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however, that these amplitudes are affected by diffuse scat-
tering (see below).

Formula (60), obtained for the case of small reflection
amplitudes, provides a relatively simple starting point for
further consideration. It accounts for interference between an
incident wave and a reflected wave resulting from only one
round trip of an electron in the spacer and thus neglects the
interference effects of the higher order originated from n
> 1 round trips (2n reflections from interfaces). Use of the
single-site CPA (58) implies neglecting of scattering by clus-
ters of defects at each interface, which is reasonable for the
considered small scattering case assuming weak scattering
by interfacial disorder also. The latter also means that the
coherent potential, defined by Eq. (58), should be taken in
the the weak scattering limit [see Eq. (79) and comments
below]. Restriction to only one round trip of an electron in
the spacer also results in neglecting the correlation effects
between scatterings by defects occurring when an electron
strikes the same disordered interface more than once (these
effects arise in the next terms of the logarithm expansion in
the small reflection amplitudes).

Expression (60) is valid for arbitrary materials making up
the trilayer. We will now consider the case of a paramagnetic
spacer (metallic or insulator) sandwiched between two ferro-
magnetic films. The quantum interferences of the electronic
waves in the spacer induce an interlayer interaction between
the ferromagnetic layers. In the ferromagnetic configuration
of the magnetic layers

oo

A(DF = - 717 Im E de(S)[?(T)(k“)??(k“)
Ky e
+ ﬁ(ku)?f(ku)]ezikzd, (61)

while in the antiferromagnetic configuration

Imz

ky -

+ 7 (k) P (k) Je? 27, (62)

AD,p=— d8f(8)[7?(ku)7{f(kn)

where 77 T( 1) stands for the reflection amplitude of a spacer
electron with the spin parallel (antiparallel) to the magneti-
zation direction of the magnetic layer at the ferromagnet-
paramagnet interface situated at z=z,. Evidently, 770 # 710

Taking the difference of these two expressions and replac-
ing the sum over k; by the integral, we arrive at the follow-
ing exchange coupling energy per unit interface area:

Ep—E p=- # Im f dk”J def(e) AP (k) A7 (k) >4,

(63)
ADy A(IJAF .
where Ep=—", Egp= , and the spin-dependent asymme-
tries of the reflection amplitudes

=20 =20

AF0 = % (64)

are introduced.
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For simplicity, we take the ferromagnetic (semi-infinite)
layers to be identical, i.e.,

ARo=Fo=Fq, AP=AF=AF. (65)

According to Eq. (43), the reflection amplitudes from ferro-
magnetic layers may be defined as

s
vy vy — il

=TT (66)
vy v+l

Here, v, is the spacer electron velocity perpendicular to an
interface,
hk,  hS 7k}
=—2, —Zog4i0t-—L-U,, (67)
my 2m2 2}’)12
vy()) is the electron perpendicular velocity in the ferromag-

netic layer with the spin parallel (antiparallel) to the magne-
tization direction

B fiky()) ﬁ2k21 B - ﬁZkﬁ
UT(U - 2 =&+l - 2 ’
myy 2my my
h2? 72K
—Ll_g4iot— —1L -A, (68)

A is the exchange split of spectrum in the ferromagnet, and

2
Fw=2%10= 7m0 (69)

is defined by a coherent potential of an intermixed
ferromagnet-paramagnet interface (dependent generally of an
electron energy &) which is “felt” by a spacer electron with
the spin parallel (antiparallel) orientation relative to the fer-
romagnet magnetization direction. Note that the effective
masses of spin-up and spin-down electrons m;( |y are gener-
ally different and the condition (65) and the definition (69)
imply that the intermixing of atoms at both ferromagnet-
paramagnet interfaces are identical, i.e., ET( U_ET( =210

As it follows from Egs. (66)—(68), the reflection ampli-
tudes depend on the perpendicular to the interfaces compo-
nents of electron velocity (wave vector), which, of course,
depend on the electron energy € and the parallel to the inter-
faces component of the wave vector k; [see Egs. (67) and
(68)]. It is convenient to replace 1ntegrat10n in Eq. (63) over
¢ and k; by integration over g,=7 "~ ek + U, and k;, which may
now be viewed as the independent variables of integration
(see Ref. 8). Then, after integration over k; the exchange
coupling energy (63) takes the form

o

Epr—E p=— 77lﬁszT Im J de, (A7) ek

—00

Xln[l +exp( 82_;2)], (70)
B

where A7 (as well as k,) depends only on &, (we assume that
the effective mass of a spacer electron is close to the electron

[my=my )
- <1). The integral

masses in the ferromagnet, i.e., prr—
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(70) may easily be evaluated at large spacer thickness d
when the most important contribution to the coupling energy
comes from the neighborhood of the Fermi energy & (due to
the rapidly varying exponential factor ¢?*29). By expanding
the exponential factor near 5 and performing the change of
variable

x=exp< 82_;2), (71)
B

the integral (70) may be reduced to the tabulated integral (see
also Ref. 8). The final result is

e Em (B Eo) 2mkpTd/hv" 72)
FmARTARE T AT Gnh(2 kg Td /")
where
F2
2 2ikFa
(Ep— Ezp)7= 0_2772d2 Im[ (A7) e “] (73)

is the exchange coupling energy at zero temperature,
hkF 2m2

= U 74

. 2 (er= 1) (74)

is the Fermi velocity and wave vector for a spacer, A7y is
defined as

F F TJ+F

v —vy)—ily)
F F +F
v+ oy + il

fi 2m h 2m
Fo— =1 F:—\lﬁL -A 75
UT mT ﬁz EF, UJ' ml ﬁz (SF )9 ( )

and I' }'(FU denotes the coherent potential (69) taken at 5. For

~ 1 =
AFp=———" Tg=

a metallic spacer &> U, and vF'(kF) is real, while for an
insulating spacer &< U, and v’ (kF) is imaginary. It should
be added that the integral (70) converges and the result (72)
is only valid for

1
kgT < W, (76)

which imposes no restriction for a metallic spacer but re-
stricts temperatures to the sufficiently low ones in the case of
an insulating spacer.

The result given by Egs. (72) and (73) differs from the
one obtained in Refs. 11 and 8 by substitution Argz= (rT
—rF)/Z where rm)—[v vm)]/[v +UT(1)] is the spin-
dependent reflection amplitude for a perfect interface, with
the A7y, Eq. (75), defined for the disordered interface. This
difference is very substantial because the coherent potential
FITE(L) is a complex quantity, i.e., F{mzRe I‘?(l)+ilm FITF(D
(see Ref. 18 and below). The first consequence of this fact is
that the real part of F?( 1) leads to the emergence (for a me-

tallic spacer) of the cosinelike oscillation of the interlayer
coupling (73) in addition to the conventional sinelike behav-
ior observed for perfect interfaces (when Ary is real). The
temperature dependence of the interlayer coupling (72) is the
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same as for the case of perfect interfaces: the coupling de-
creases with temperature for a metallic spacer and increases
with T in the case of an insulating spacer (see Ref. 8).

Since the self-energy (coherent potential) plays an impor-
tant role in our calculations, we will now consider it in more
detail. In Eq. (58) for a binary-alloy-type interface with at-
oms of type 1 (ferromagnetic atoms) and of type 2 (spacer
atoms) intermixed, y,=¥;,%,, Where y, =1, is the strength
of scattering of a spacer electron [with the spin parallel (an-
tiparallel) to magnetization of the interface ferromagnet] by
magnetic atoms, and 7y, is the strength of scattering by the
nonmagnetic atoms. Equation (58) may be rewritten, sup-
pressing the interface index z, as follows:

— 1 ~
Vi) = 71(972;\% Gy (k)
T = ”] NG
L=y +n- Uwﬂ;z Gi())(ky)
K

where  ¥;()=1/N2,v.=[c1v;()+c272] is the average
strength of the interface scatterers due to disorder, ¢y,
=N ,/N; are concentrations of the first (ferromagnetic) and
second (nonmagnetic) materials mixed at the interface (c;
+c,=1). The strength of scatterers may be estimated via the
difference of the one-site potentials for electrons at both
sides of the interface. For a spacer electron y;~ Uya®,
~|U,-Ala?, and y,=0, where we have used the model spec-

tra (68). The effective-medium Green function G+(ku) in Eq.
(77) is defined by Eq. (45),

8 2
W oy ) +va T )]

where v(|) and v, are defined by Egs. (67) and (68) (taken at
e=gy), respectively, and summation (integration) over the
parallel to interface wave vector includes both propagating
and evanescent intermediate states. The evanescent states
come from integration over k;>min(k" kf 1))> Where K is

defined by Eq. (74), Kf=\22ep, K=\ 2(s,-A), kf
>kf ,kF, and one of the electron velocmes is purely 1mag1-
nary. The summation in Eq. (77) over evanescent states
should be cutoff at a wave vector a min(k* ,k‘;( l)) (a>1) to

account for the finite range of the scattering potential and to
avoid an ultraviolet divergence which is a consequence of
using the &-like impurity potentials (33).

If ;) # 0, the expression for the coherent potential o)
may be obtained by iterating Eq. (77) using the small param-
eter |%E}'( l)|/ vf( n<l (weak scattering). Actually, for consis-
tency of the adopted approximation (small reflection ampli-
tudes) we should take the coherent potential in the lowest
approximation in this weak scattering parameter. In the first
approximation, o7 ()=%(), and therefore 37 =Re 37

=n;¥;())- In this approximation Im 2}’( 1)=0, which means that

the electron diffuse scattering at a disordered interface, de-
fined by the imaginary part of the coherent potential,'® is
absent. In the next approximation
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_ - o A< =
2=+ nlvi - Rl r 2 Gk, (79

k)

Here, ¥i)=c1¥10), Yi()=c1%i() (12=0), and G7((ky) is
defined by Eq. (78), where 2}'( 0 is substituted with n,%;()).
The self-energy (coherent potential) is now complex as the
second term in Eq. (79) has both the real and imaginary
parts. In the case under consideration, the fluctuations of the
scattering potential of the disordered interfaces, given by the
second term in Eq. (79), are small and therefore the real part
of the scattering potential, contributing to the electron specu-
lar scattering at a disordered interface,'® is much larger than
the imaginary part. However, if we wish to take into account
the diffuse scattering, the imaginary part of the coherent po-
tential, given by the second term of Eq. (79), should be taken
into consideration.

If ¥;()=0, then in the first approximation in the small
parameter |%E}r(l)|/v¥(l), Re 37 )~Im X7, and Re X7 is
due to the contribution of evanescent states into the above-
mentioned sum over k; (for more details see Refs. 21 and
18).

Equations (72)—(77) solve, under the accepted approxima-
tions, the problem of the interlayer exchange coupling in
multilayers with disordered interfaces. The key element
stipulating this coupling, A7y, Eq. (75), may be rewritten as

@] -07) +i(Re 7" -Re T'}")
" +0f +iRe )" + 0] +iRe T

AFF = UF 5 (80)

where 171{( l)=vf(l)—lm I‘?(FD. Using the analytical properties

of retarded Green functions G7(k;), it may be shown that

Im 1"}’( l)$O. The electron velocity difference vf —vf , defin-
ing the specular reflection amplitude at a perfect interface, is
of the 3 UT = order (we assumed that — A < 1, which is the case
for the transition metal heterostructures and is in agreement
with the adopted approximation of a small electron confine-
ment in a spacer). As formula (80) shows, the contribution of
the interfacial disorder, caused by the intermixing of mag-
netic and nonmagnetic atoms at an interface, is defined by
the difference of the interface coherent potential for spin-up
and spin-down electrons F}'F —FIF , i.e., by asymmetry of
spin-dependent scattering due to the interfacial disorder. It
follows from the above estimates that |I7"-T'}"|
1

n Ad’ =g;Aa = claA where % is the density of
magnetlc atoms at the mlxed interface. Thus the relatlve con—
tribution of an interface disorder |["-T1|/|v] -0
~c1ak Evidently, when the concentration of magnenc at-
oms at a mixed interface goes to zero, the interface becomes
perfect, i.e., made up from the nonmagnetic atoms only, and
the contribution of interfacial disorder vanishes. On the other
hand, when c¢; — 1, the interface also tends to the perfect one
but made up from the magnetic atoms only and the contri-
bution of disorder should also vanish. Then, one may expect
that the relative contribution of atoms’ mixing at an interface
to the exchange coupling would depend on the concentration
of defects as [I'T"=T1"|/|vf —v{|=[a] ~¢;(1-c,)ak]. Taking
into account the complexity of the interface alloying process
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during fabrication of the multilayers and difficulties in con-
trolling this process (see, e.g., Ref. 17), it seems reasonable
to consider the parameter « as an adjustment parameter
which may be evaluated experimentally. Anyway, one can
see that the contribution of disorder to the interfacial cou-
pling may be comparable with that of an electron confine-
ment in a spacer.

It is convenient to introduce the dimensionless complex
parameter

a=a' +id = [Re(FIF - F}’F) +i Im(FIF - F}'F)]/(UIF - v?)
(81)
and to rewrite Eq. (80) in terms of it. The result is
UF(Uf - vf)
(v +vT)(v '“}L)

o ReFF Re 'Y
[(l—a)+la]<l—l - F)(l —L)
v+ 0] +vl

Rel'f \? eFF 2
1+ —T—F 7 1+ AF —
1 +UT U +Ul

The real part of Eq. (81) &’ describes the contribution of the
specular scattering at disordered interfaces while the imagi-
nary part @” defines the contribution of the diffuse scattering.
It is possible to simplify Eq. (82) in the case of small inter-
facial scattering, F'Tv( i)|/ vf( 1)< 1, using the following restric-

tions on the parameters ' and «”:

X

(82)

Tl "+ vil <la’l < (1= lo™ + i, /Tl
(83)
Then, the needed square of Eq. (82) takes the form
(AFR)? = (Arp)[(1 - &) - a'? +2ia' (1 - )], (84)
where
o' (] -v?)
(wf +UT)(U +Ui)

rp= (85)

is the reflection amplitude difference ArF:(rTF - rf )/2 for the
perfect interface. Condition (83) implies that |1—a”| should
not be too small, meaning that the diffuse scattering is not
'|, describing specular scattering, is
not very small in the considered case of small interfacial
scattering defined by the coherent potential F{( 1)~ Particu-

larly, condition (83) may be satisfied when fluctuations of the
scattering potential are small (|| <1) and the electron scat-
tering by disordered interface is caused mainly by the real
part of F?( 1) (average interface potential).

For the case of a metallic spacer, when vF is real, the
interlayer exchange coupling (73) with (A7z)? given by Eq.
(84) may be represented as

2 2
myv’ kK

(Ep—Exp)7=0= 7(ArF)2f(a, o' kEd),

024410-11



VICTOR F. LOS AND ANDREI V. LOS

1
Sl ekl d) = ({1 = o = @ Jsin(K )

+2a' (1 = a")cos(2kFd)}. (86)

Equation (86) shows that in the case of the disordered
interfaces there are the conventional, existing at «=0 when
interfaces are perfect, sinelike term in the exchange coupling,
and an additional cosinelike term, caused mainly by the real
part of the parameter (81) (the real part of the interface co-
herent potential, responsible for the electron specular scatter-
ing by the interfacial disorder'®). The behavior of Eq. (86), as
a function of spacer thickness d, depends on the values of the
parameters ' and " and their signs. Thus it can be expected
that the experimental data on the interfacial exchange cou-
pling in the real multilayers with disordered (alloylike) inter-
faces may by described, at least in the case of weak scatter-
ing, by the formula (86) with the properly selected fitting
parameters «' and «”. As will be shown below, a similar
expression for interfaces with different intermixings includes
four fitting parameters.

Let us qualitively consider parameter « in more detail. It
seems natural to relate F;F —FIF to the spin-up-spin-down
density of states difference at the Fermi energy ep. In the
adopted EMA for the spectra of electrons, Egs. (67) and (68),
such a difference (per atom) is

3
roF a’ mA
PI=PI=5 55 7 (87)
T
where we assumed for simplicity that my=m;=m and EA—F
< 1. On the other hand, according to the simple estimate
given above [for the case of weak scattering at interfacial
disorder when the real part of l"?( 1) 1s given by the first term
of Eq. (79)], Re(I'f =I')) ~¢,(1-c\)al/#, ie., this differ-
ence is defined by the spectrum exchange splitting in a fer-
romagnet as well as the density of state difference (87).
Then, we may give the following estimate:

27Kl
Re(Ti ~T7H) ~ =52 (1-e)(pf — o). (88)
am

One can see from this very simplified consideration that the
sign of the difference between the strengths of spin-up and
spin-down electron scatterings at a disordered interface is
naturally defined by the corresponding difference between
their densities of states at the Fermi level. In the considered
EMA, pl{—pf>0, vf—viFz %SAF >0, and thus «’ >0; but, in
many rather typical situations the spin-down electrons scatter
more heavily, i.e., p{ - pf <0 and o' may change sign. This
follows from the fact that the EMA usually is not good, e.g.,
for spin-down electrons in such ferromagnets as Co, Ni, and
Fe which are typically used for making magnetic multilayers
exhibiting GMR (EMA may be good for the spin-up elec-
trons in, e.g., Co and Ni, and for Cu electrons at the Fermi
energy). Thus the parameter &’ may generally have different
signs. As to «”, from the physical point of view, it should be
positive since the diffuse scattering at an interface may not
increase the contribution to the interface coupling. These pa-
rameters may also have different values depending on the
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FIG. 1. Interlayer coupling parameter f, Eq. (86), for two ferro-
magnetic layers separated by a nonmagnetic metallic spacer with
disordered interfaces as a function of normalized spacer thickness
and (a) specular scattering parameter @’ for =0 (no diffuse scat-
tering), and (b) diffuse scattering parameter o’ for a’=1/2. The
surface grid is made up of lines of constant kFd, and (a) o’ or (b)
a”. Note that in the adopted case of small scattering, valid values of
a' and o are defined by conditions (83).

specific materials making up the multilayer. In the consid-
ered simple model we can see from Egs. (87) and (88), and
vf—vfz %SA—F that o’ ~¢;(1 —cl)kITra.

Equation (82) shows that at |a| <1 the influence of disor-
der on the interfacial coupling is small and the phase and
amplitude of the coupling oscillations are almost the same as
for the perfect interfaces. We will consider the situation
when || satisfies the condition (83), i.e., it is not too small
(we have seen that this is possible and stipulated, e.g., by the
average scattering potential of a disordered interface). When
|a| grows, the scattering by disordered interfaces leads to a
decrease of the conventional (existing at =0 when inter-
faces are perfect) sinelike term in the exchange coupling
[first term in Eq. (86)] and to an emergence of the cosinelike
term [|1—a”| is also not too small according to Eq. (83)]. The
real part o', if large enough, may also change the sign of the
sinelike term. Thus when |a| grows, the phase and amplitude
of the dependence of exchange coupling oscillation on the
spacer thickness change. Figure 1 illustrates dependencies of
the dimensionless function f (86) on normalized spacer
thickness and real and imaginary parts of the disordered in-
terface scattering parameter .

The amplitudes of both terms in Eq. (86) become equal
when [(1-a")?-a’?|=2|a’'(1-a")]. When o' <0 and the
amplitudes of both terms in Eq. (86) become approximately
equal, their superposition behaves as V2 sin(2kFd —Z‘—T) or
—\2 cos(2kFd- f) depending on the sign of the first term. For
o' <1, the former realizes when a’~-0.4, and the latter
when o’ =—-2.4. Thus the cosine term leads to the oscillation
phase shift which grows with |@'| reaching the value of
—m/4 at o' =-0.4, and further the value of —-37/4 at o’
~-2.4, when the sign of the first term in Eq. (86) becomes
negative. It is also seen from Eq. (86) that the amplitude of
oscillations grows with |a'|. For a’ >0, the phase shift goes
in the opposite direction (at given above values of |a@'|, the
phase shifts are 7/4 and 37/4, respectively). For |a'|=|1
— |, the phase shift is +77/2 and the conventional sin(2k"d)
oscillations shift to the +cos(2kfd) ones. When «” <1, this
realizes for |a’|=1 [see Fig. 1(a)]. As «”, which character-
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izes the diffuse scattering, grows, the amplitudes of both
terms in Eq. (86) become smaller and the corresponding
phase shifts are reached at smaller values of |@'|. Thus larger
diffuse scattering leads to larger phase shift (at the same
value of ') and smaller oscillation amplitudes [see Fig.
1(b)]. The phase shift may reach 7 when |a'|>|1-<”|.
Some experiments provide data for the phase shifts of the
exchange coupling oscillations. For example, in Fe/Cr mul-
tilayers the phase of interface exchange oscillations was
found to be opposite to that predicted theoretically.?

In reality, the intermixing of atoms at different interfaces
are different, i.e., E?a) #* E‘fb and, consequently, A7 # A7 <.

It is easy to generalize Eq. (86) to this case. The result is

F2

(Er=Exrlr-o=3 5 5(Arp){[(1 - af)(1 - af) - afa]
X sin(2k"d) + [af(1 - )
+ a1 - ag)Jcos(2kFd)}, (89)

where the parameters a(')( o and ag( q) are the real and imagi-
nary parts of the parameter «,) defined as Eq. (81) for each
interface located at z=0 and z=d, respectively. For validity
of Eq. (89) these generally different parameters should sat-
isfy condition (83) at each interface. Four parameters enter-
ing Eq. (89) provide more flexibility for adjusting the ob-
tained expressions to the experiment.

IV. CONCLUSION

The theory of interlayer coupling in the nanostructures
with the disordered alloylike interfaces is developed in the
framework of the scattering theory based on the Green func-
tions approach. We found it to be the most convenient for-
malism for treating the interlayer coupling through the basic
mechanism of the electron waves interference resulting from
multiple scattering of spacer electrons at both interfaces.
This approach required reconsidering the specular electron
reflection from a perfect interface in order to find the local
potential responsible for such reflection. Conventionally,
transmission through and reflection from an interface is con-
sidered by matching the electron wave functions and their
derivatives at both sides of the interface. This approach be-
comes problematic for the interlayer coupling in the case of
disordered interfaces when in addition to the specular scat-
tering from a steplike potential, the diffuse scattering
emerges and k; is not conserved. The obtained interface-
localized potential responsible for the specular scattering at
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the perfect interface given by Egs. (29) and (30) allows con-
sidering multiple scattering at potential steps (interfaces) in
the framework of general scattering theory. This result also
seems to be interesting from the general quantum mechanical
point of view.

Using the local potential (29) and (30) due to the potential
profile and adding the short-range potential (33) describing
the interfacial scattering by a reference translationally invari-
ant medium and the fluctuations of the scattering disorder
potential, we obtained the general expression (50) for the
interlayer coupling in the trilayer with disordered interfaces.
In contrast to the similar expression for perfect interfaces
(31) (see Ref. 8), expression (50) contains reflection ampli-
tudes (47) for disordered interfaces (describing both the
specular and diffuse scatterings) with averaging over all con-
figurations of the atoms mixed at the interfaces. To get fur-
ther analytical results, the small reflection amplitude case
(small confinement) was considered, which is a good ap-
proximation for many practically important systems such as
the transition metal based heterostructures [more compli-
cated situations, when the next terms of the Eq. (50) expan-
sion may be important, are planned to be considered]. In the
single-site coherent potential approximation for the
t-scattering matrix, the interlayer coupling (60) is obtained in
terms of amplitudes of specular reflection Eq. (43) from the
reference medium fixed by the CPA condition (53). This re-
sult was used to get the interlayer exchange coupling (72)
between two ferromagnets divided by the nonmagnetic metal
or insulator spacer. The contribution of disorder to this ex-
change coupling is defined by the difference of the interface
coherent potential for spin-up and spin-down electrons I?F
—FIF , 1.e., by asymmetry of spin-dependent scattering due to
the interfacial disorder [see Eq. (80)]. This contribution is
described by the introduced dimensionless complex param-
eter « (81), which may be viewed as the adjustment param-
eter for relating the obtained expressions to experimental
data. It has been estimated that the contribution of disorder to
the interlayer coupling may be comparable with that of an
electron confinement in a spacer with perfect interfaces and
defined mainly by the real part of the complex coherent po-
tential difference a’:Re(FIF —I‘}rF )/ (vf —vf), which is re-
lated to the specular reflection from a disordered interface.
This results in an emergence of a cosinelike term in addition
to the conventional sinelike term in the exchange coupling
for a metallic spacer. The primary effect of the superposition
of these two terms is substantial, depending on the value of
«, phase shift, and amplitude change in the oscillating ex-
change coupling in the GMR trilayer.
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