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Abstract
Symmetry properties of the Green function in magnetic multilayers with
noncollinear magnetization of the layers are investigated on the basis of
the transfer matrix method. The Green function symmetric with respect to
permutation of its arguments is constructed. It is shown how the boundary
conditions can be imposed on this Green function.

1. Introduction

Magnetic multilayered structures demonstrating giant magnetoresistance (GMR) [1] and tun-
nelling magnetoresistance (TMR) [2] attract great attention due to their potential applica-
tions and interesting physics. A fairly simple free-electron-like model is a promising tool for
investigating new phenomena in these structures [3—7]. In particular, transport properties of
the layered structures have attracted considerable attention. One of the frequently used ap-
proaches to the calculation of transport properties is the Kubo linear response formalism,
which requires the construction of the Green function (GF) of the multilayer.

In systems with complicated geometry, the construction of the GF is a cumbersome task.
The one-electron GF must obey the Schrodinger equation with a delta-function source term.
The continuity condition on the GF and its first derivative at the interfaces must be fulfilled.
In addition, the geometry of the system implies some boundary conditions for the GF. On the
other hand, it is convenient to build the GF in such a way that it has certain symmetry prop-
erties with respect to permutation of its arguments. The latter problem, therefore, has to be
solved for the GF, which is continuous at the interfaces and obeys the boundary conditions
In the one-dimensional case, the GF can be chosen symmetric with respect to permutation of
its arguments: G(z, z') = G(z', z). However, as was noted in [8], this permutation symmetry is
not, in general, a property of the GF. Therefore, for each particular case the problem of GF
symmetry requires additional investigation.
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In a multilayered system with non-collinear magnetization, the GF is a 4 x4 matrix [9].
A way to construct the GF of a magnetic multilayer with non-collinear magnetization of the
layers was proposed in [10], using the so-called k||~ z representation. The k|~ z representa-
tion takes the advantage of the k-space representation in the plane of the multilayer (k| is the
transverse wave vector), but uses a real space representation along the z-axis perpendicular
to the plane of the layers. The k| —z representation is especially convenient for the investiga-
tion of transport properties. Special attention in [10] was paid to the matching of the GF at
the interfaces.

In this paper, we investigate the symmetry of the GF with respect to permutation of its ar-
guments for magnetic multilayerswith non-collinear magnetization using the transfer-matrix
method. We demonstrate how the boundary conditions can be imposed on this Green func-
tion. The proposed method is a generalization of the well-known method of constructing the
GF for the second-order linear differential equation

y"(z) + q(2)y(z) =0 (M
Using two linearly independent solutions f1(z), f2(z) of this equation, the GF is given by
Gz.7) = l f1(2) f2(2), z>7
T WL ) LA AR, a<Z @)

where the Wronskian W(f}, f5) = f1(2) f(z) — f1(z) f5(z) does not depend on z. The GF obeys
the equation

226z 2 ! ! 3)
% +q(2)G(z,2) =d8(z — 2).

This method is different from that proposed in [11], where the problem of surface Green
function matching was solved for an arbitrary number of interfaces.

2. Construction of the Green function

The Green function for amagnetic multilayer system with non-collinear magnetization in
each layer satisfies the following second-order ordinary differential equation [9]:

n’ a2 2 1 0 cos6 siné,

n (N2 _ 2 gl _ () (COSE,  sInb,

2m [(8:2 * (kF ) k” Eq ) (0 1) E, (siné?n —cos@n)] @)

y Gihz,?) G\ (8tz—2) 0
Gan(2,7) Gom(z,2) 0 8(z=2)"

where n indexes the layer in which z lies, m indexes the layer in which z'lies and k|| is an in-
plane wave vector. 6, is the angle between the x-axis (which is perpendicular to the z-axis)
and the magnetization within the nth layer. For non-magnetic layers, the value of 8, can be
chosen arbitrarily. £ (6’) and £ ({1) determine the position of the bottom of the band in the nth

layer and the exchange splitting, respectively. For non-magnetic layers E(I”) = (. In the fol-
lowing we will give the GF in units of % (i.e., put % =1). We consider a multilayer whose

layers are numbered 0 to N from right to left with interfaces atz=c¢y, ¢,, . . ., Cn-
If we define " "
Gum(2,7) Gum(2, Z;)
(5)
6! ) Wi (2, 2/ LGl 2)
nm < = =
Goh(z. 2 Gz,

Wi (2, 2') 2 Gam(z.2)
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and
G:Li z2,7) Ggi(z. F4)
0o Whi(z.2) 2Ghe ) ©)
GHHI(ZaZ)E 1l , == 1 , R
Gum(z, 7)) Gum(z. 7))
Wit (2, 2) PG (2, )

then we can write equation (4) as two systems of four first-order ordinary differential
equations:

0
) 5(z—17") (7
_ Ao oy —
(Iaz +L,,) G, (z,7) = 0
0
and 0
d 0
(I—’ + L,,,) G#m(z, Y = 0 . ®)
8(z—2")
Here we have defined
0 —1 0 0
(my2 (n) (. (n) _
L = (kg')” —kj — 1;;0 — E{" cos b, 8 —E| Osm@,, 01 ©)
—E"sing, 0 (k) =&} — ES" + E{" cosb, 0

Note that both equations (7) and (8) differ only on the right-hand side.
Recall that for a system of the form

dw (z) LU(z) = £(2)
i +LW(z) =1(z (10)

the solution can be expressed in terms of a fundamental matrix F as follows:

-/Z' —1 (11)
VU(z) =F(2) F~' (s)f(s) ds + F(2)h,
0

where h is a column. Equations (7) and (8) constitute two 4 x4 systems of the form (10) with

0 0
fh )= [°© N O f(z ) = 8 (12)
0 §(z—17")
Thus, we can write the Green function solution in the form
G(z.7) =F(2) [OZ (F(s))"'f(s, 2) ds + F(2)h(2), (13)

where we choose h(z") so that the Green function obeys the boundary conditions and has the
proper symmetry.
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To find a fundamental matrix for equations (7) and (8), we must first find a solution to the
corresponding homogeneous equation

Ty D (z) =
0z 8
0

There are four linearly independent solutions of equation (14). We can arrange these solu-
tions as the columns of a fundamental matrix for the operator I Z + L,,. It can be easily seen
by using the ansatz

(14)

o O O

A] elk;
o= | KA etk (15)
As elka ’
ik A, ek
that a fundamental matrix is given by
i gl i, _ipm
el “cosy,/2 e "l “cosb,/2 —e'2 “sinéy,/2 —e "2 “siné, /2
2k 2k A 26 & 2k
in)_ m) m) (m) _
" e Feos@, /2 <k e Feos,/2 —ikl" €2 Tsing, /2 i e Fsing, /2
i (n) n)
B (7) — N 2 2% 2L
)= O _lm MON i B 16
el “sinf, /2 e 1 “sinf,/2 €2 “cosfy/2 e 2 “costy/2 ( )
A2k A/ 2K A 2" A/ 26
(n)_ (n)_ (n) _ L (n)
ke sing, /2 —ik™e ™ Fsing, /2 ik{e™2 fcosh, /2 —iki"e ™2 fcosh, /2
2k 2k 2 208
where
[2mE 2m
n) _ L EF ) EM ) (n)
kl.z - \/ K2 kl\ h2 (EU + El ) (17)

Note that these solutions are defined for each layer and generally do not match at the inter-
faces. Here we introduce a set of matrices F*(z) that do match at the interfaces. Any other
solution can be represented as a linear combination of the columns of equation (16), i.e.
F(2) = ®(n)(z)A,. Then at the nth interface the matching of the F")(z) functions means

O Ve)A,_| = DM (c,)A,. (18)
Thus the matrices A,, are related by

A, = (@ (e, 0" (e, A, . (19)
Clearly the F")(z) constitutes a fundamental matrix for the operator in equations (7) and (8)

provided det[A4"™] #0.
The GF of the form (13) obeys equations (7) and (8) if

I -1 e (- d i
GT(Z! Z', F(h)(FZ (A.- ) + h (A. ))s A = 4 (20)
F()h'(2), <2
and
i -1 Ird bt - -
Gl oy = |FOEFC@ @) 2= @)
F(2)h*(2), z<?

Here we have written F,!(z") for the nth column of the inverse matrix F~! evaluated at z'.
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Now we attempt to write equation (20) in terms of the basic functions given in equation (16).
Suppose that z is in the nth layer and that z' is in the mth layer. Then we obtain, for z > z/,

Gz > ) =F@(F; () + h'(@))
NDAD (@M (AT +h! (D))
— Q(H)(Z)(A(") m) )((<D m)(“ ))7 + A hT(‘, )
@AM AT T+ X)) (D ()3

Here we mean for (®(")(z")),!the pth column of the inverse of ®)(z"). In equation (22) we
postulated that A™h'(z") can be written as X")(®™(z"))}, where X" is a matrix that is de-
termined by the boundary and symmetry conditions. Using the same considerations for both
branches of equations (20) and (21) we can write the GF as follows:

(22)

Gl e @AM AT I+ XM @M ()), 2>
,3) = q)(n)(z)A(n)(A(m))—lx(m)(q)(m)(z.’))El. 7 < Z" I (23)
and
GHe e @AW T ALY @) a7
4y 4. - (D(n)(Z)A(H)(A(m))71Y(m)(q)(m)(zl))—1 7 < Z'{ . (24)
In equation (24), Y plays the same role as X in equation (23).
If we define two auxiliary matrices
0o 1 0 0
-1 0 0 0
Pi=1lo 0 o 1) (25)
0 0 -1 0
and
0 —-i 0 0
=l o 0 S 20
0 0 i 0
then it is straightforward to see that
n - n n T
(@) = Pd"(2)Py)" = (P[ & (9)P])". @7)
It is then a simple exercise to show that
(@(2));" = PA@ ™ ()]
2 1 (28)

(®(HJ)(Z’));1 — Pz((b(m)(z.'));".

Here we mean for (®")(z"))!) the pth column of the transpose of ®)(z"). The relations (28)
show that each fundamental matrix ®)(z) differs from a symplectic matrix only by a con-
stant multiplier, namely ().

3. Symmetry of the Green function

We are looking for a solution of equation (4) that is symmetric with respect to permutation of

the arguments:

GO’G’ (Z- Z:‘) GOO(Q , 4..) (29)

nm mn
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For diagonal elements of the GF this implies

Glh(z 2) = Gll,(2" 2). (30)
For z > z' we have G]),(z > z') = G}}(z' < z). Since G is the first element of equation (23)
we obtain
4 4
> e @@ A+ X)) Y () = Y R ETX P (2). (31)
k=1 =1
Here we have denoted
AM(AM)1 = (m) (32)

which is known as the transfer matrix. It is easily seen from equation (31) that
TOM(I + XMYP, = (TOmX 0P (33)
An equivalent derivation for the symmetry of the || component leads to
TOm(I + YD)P, = (TOmY WP, (34)
For non-diagonal elements of the GF equation (29) forces
Gil(z 2') = G2, 2). (35)
This implies a symmetry relationship between the third element of equation (5) and the first
element of equation (6). That is
4 4
Y O @TM A+ XP) @ () = ) @R ETTY P 1 (). (36)
k=1 Jjok=1
Thus we see that
T + XM)P, = (TYP,)T (37)

Comparing equations (37) and (33), we find that Y = X,
Note that using equation (19) it can be shown that

(TN = P, TP, (38)
With equation (38) we can write equation (37) as
—P,(I + (X)T)P, TP, = TX WP, = X = —TCmP,(T + (X7 )P, T, (39)
where we have used the fact that
(T~ = (m), (40)
In particular we may take m = 0 to obtain
X0 = —TCOP,(T + (XO)P,TOM = T — TCOP,(XO)T P, TOD,  (41)

Thus, we can express all the matrices X in terms of a single matrix X(. By setting # = 0 in
equation (41), we find that since T? = I, X© must satisfy

XO + P(XO)T P, = 1. 42)
From equation (42) it is easy to see that X© has the following form:
—21 +o X12 X3 X14
X — A21 —% - -11‘23 X2g ! (43)
—X24 X14 —5+p X34
X3 —Xi3 X43 —1-8

where x;; , a and f are arbitrary complex numbers.

ij >
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4. Boundary conditions

The boundary conditions are determined by the geometry of the system. Here we show how
the boundary conditions can be imposed for a multilayer, which is infinite in the z-direction.
A wide class of problems deal with diffusive scattering. One way to take into account the dif-
fusive scattering is to describe it via an effective complex potential, like, for instance, a co-
herent potential. As a consequence the wave vectors (17) acquire a positive imaginary part
[3], resulting in a vanishing GF for |z — z'| — co. This boundary condition implies that the GF
can only contain exponentials of the form exp[ik(z — z')] for z > z’ in the right outer layer and
exp[—ik(z — z')] for z < z' in the left outer layer.

In the following we will consider the solution for G'. The derivation of G* is completely
equivalent. From equation (22) we see that for

G(z > 2') = DMEAMAO) (L + XO) @O (44)

to meet this condition (I + X(®) must have the second and fourth columns zero, i.e. X(¥) must
have the form

0 0 0 0
X0 _ | ¥ — I xs O (45)
0 0 0 01|’

X3 0 X433 — 1
where we have already accounted for the symmetry conditions set out by equation (43).
Therefore, we have the three parameters x,;, x,3, x43 to impose boundary conditions on the
right end of the multilayer.
So far we have only used the ® basis. Now we wish to express the Green function through
the F basis. It is easy to see that

((D(m)(z))—l _ A(m)(F(m)(Z))—I! (46)

up
and thus

h(m)(zf) — (A(m))—IX(m)(q)(m)(Z.'))z—l — (A(m))_lx(m)A(m)(FL(Z;)(Z’));], (47)

Therefore, we can write |
G'(z>)=F)@((F (), +h"))

(
= () ((F @) + Q)X AT (E0) ()] )
(

up

n m)y—lwr(m m m -1
= F¢ )(Z) I+(A( )) X (M) A( ))(]_;‘Lp)(zl))2

up

n - m -1
= F () (= AO) TP X TRAC) (F (),

(43)

where we have used equation (41) and definition (32) in the last line.

Now we assume a special form for the fundamental matrix F™. Note that equation (45)
for the matrix X(® was obtained without any assumption concerning the matrix A and con-
sequently we are free in the choice of F™. We demand that F® be identical to ®®)(z). In
this case, as is seen from equation (48), the proper boundary conditions are justified if the
matrix

V=AOIL,XOTL,A©® (49)
has the following form:
Vii Vi Viz Vi
o 0o o o
T Ve Vi Vay Vi o (50)
0 0 0 0
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Solving the matrix equation (49) we find that
=1 Vi 0 Viy
0 0 0 0
= 51
v 0 Vi —1 Vy Gh

0 0 0 0

and
apy —ay Vi —apizVa ans —ap Vi —aiVy
A0 _ az|x23 +dpxa) [£55) a33X23 +dj3X) 4
N azy —az Vi — a 'V ass —anVig—anVn | (52)
ap1X23 +asXys ayp ay3xos +dszxys a4

The matrix A ensures the correct boundary conditions for z— oo. This specific form of A©®
must be compatible with our choice of basic functions (16). Our choice FM(z) = ®™(z) re-
quires that AY) be the identity matrix. Then the relation

TOMAN) = A0) (53)

gives a set of equations for the matrix elements of A(0) which we consider below.
Taking the product of T(>™ and the first and the third columns of the matrix A® in equa-
tion (53), we obtain
an
az1x23 +diia)

= a1 (54)

TN

O O DO =

a11X23 +d3pXas
and
aps

T(O.N) a33X23 + d13X2] . (55)

as;
a13X23 + d33Xa3

o - O O

The first and third lines in equations (54) and (55) imply that
ay =Ty, a3 =T, a;3="T, ay; = T (56)

where a superscript of (0,N) is implied on all the 7. The second and fourth lines in equations
(54) and (55) form a system of linear equations:
x23T31 +x01 Ty = Toy, x5+ x3T3 = Ty (57)
X333 + x0Tz = Tns, x3Ti3 +xp3T3 =T

From equation (57), we can determine the unknown elements of the matrix X©. The first
three can be solved explicitly giving

s = T Ti3To1 — (T11)*Tos — Tia T Tay + Ty Tz Ty (58)
o —(T31)*Ti3 + T T3 T3 '

Ty — T Ty Ti3T — T 1x
X=—-—""">" X3

Ti3Ta — T Tss' B Ti3Ts — TiuTs
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The last equation in (57) forces a condition of compatibility for the solutions in (58):
—Ti3To + T3Thy — T3 Ty + Ty T3 = 0, (59)

where we have used equations (27) and (32) to simplify the expression.
Now we need to find the matrix elements of V. Taking a product of TV and the second
and the fourth columns of AW in equation (53) we find

0 =T Vip — T13Vas
T(ON) | _ a ’
0 =151 Vi — ThaVa 60
0 aqn ( )
and
0 =T Vg — T3V
TON 0 — 24 ‘
0 =151 Vg — T3 V3 (61)
1 44
Using these equations we obtain
(Vlz) - I (Tsz Tiz—Tn T33)
VSZ T11T33 — T13T31 T12 T31 - TIITSZ (62)
and
(VM) _ I (T13T34 - T14T33)
Vay T T3 — Ti3Ts3p \Tals — T T (63)

Thus, we have constructed the matrices A®), V and X(© and thereby solved the problem.

5. Conclusion

We have proposed a constructive way to build a symmetric one-electron GF for the magnetic
multilayer with magnetization in the plane of the layers. To build this GF we solved the fol-
lowing problems: finding the solution of the systems of differential equations (7) and (8) of
general form; matching the solutions on the interfaces; imposing proper boundary conditions
and employing free parameters to get a symmetric function with respect to permutation of the
variables z — z'and ¢ — ¢". Our consideration is valid for complex wave vectors (17) which
allows for extending this method to systems with insulating layers. Also our consideration
can be applied to systems with finite lateral dimensions like magnetic nanowires [12].

Note that the described matching procedure, as well as the procedure providing for the
boundary conditions, can be applied for a layer potential which differs from the usual rect-
angular potential. In contrast, the possibility of imposing some symmetry condition requires
additional investigation. For our consideration the equalities (27) and (28) were essential.
The validity of these equalities is based upon the specific form of basic functions.

The proposed GF is useful for the investigation of electronic transport properties of mag-
netic multilayers. Though our consideration was performed for specific boundary conditions
which are typical for current-perpendicular-to-plane geometry, the proposed approach can be
applied to a multilayer of finite transverse dimension with zero boundary conditions on the
outer interfaces.
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