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Abstract

We consider a superconductor/multiferromagnet/superconductor (S/I/F;/
-+ /F,/1/S) ballistic junction with thin insulating layers in the interfaces. We
develop a diagrammatic approach for the equation that determines the Andreev
spectrum, by examining the closed loops in the intermediate ferromagnetic
layers. It is expressed in terms of the S/F and F/F interface scattering
amplitudes. A set of rules is determined. Several analytical formulas are
obtained, and in particular we study the triple ferromagnetic layer case. We
also obtain the maximum current from the scattering matrix, and show that
it is consistent with the diagrammatic approach. A specific application is the
asymmetric S/F/I/S junction. The diagrammatic approach is also checked
with the matrix of scattering amplitudes method.

PACS numbers: 74.45+c, 74.78.Fk, 73.23.Ad

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In a hybrid superconductor/normal/superconductor (S/N/S) Josephson system at low
temperatures the flow happens by means of the Andreev reflection [1-3] mechanism, where an
electron incident from the metal side and energy in the superconducting gap is reflected from
the normal superconductor (NS) interface as a hole which has opposite charge, velocity and
spin, while at the same time a pair is transmitted in the superconductor. At low temperatures
they appear as current-carrying bound states of a multiply reflected electron—hole pair. The
momentum mismatch at energy E of the electron—hole pair and the phase shift due to branch
crossing processes determine these bound states [1, 3—6]. In the case of a ferromagnet in
contact with an s-superconductor, the electrons and reflected holes in the ferromagnet, due to
the opposite spins, get a Zeemann splitting from the exchange field E.x. Thus even for an
incident electron at the Fermi energy we have a momentum mismatch Ap = ZUL: which can

be significant since in general E.x >> A. Thus, in an SFS junction, the relative phase increases
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with the width of the ferromagnet d as A® ~ % for the ballistic case. The exchange field
leads to correlated pairs with nonzero total momentum and a significant decoherence in the
electron and retroreflected hole at the FS interfaces [7—11]. This loss of coherence will affect
phase sensitive quantities such as the spectrum of Andreev bound states and the supercurrent.

For clean interfaces and weak ferromagnets the basic mechanism of the bound states
involves two Andreev reflections. At one interface from electron to hole and vice versa at
the other interface forming a closed loop. Several analytic approximations can be obtained
for the discrete Andreev spectrum, using the Andreev approximation [3, 10—13] for a single
ferromagnetic layer if we neglect misfit between the bands in the layers, since we can neglect
normal scattering. The discrete Andreev spectrum gives the dominant contribution to the
supercurrent [4] for low temperatures. At higher temperatures the continuum spectrum must
also be considered, and both can be included using the approach based on Green’s functions
[14].

On top of this we must also consider the quality of the interface, which can act as a
normal potential, and the band misfit, which can lead to normal reflections. In general, we
expect that the supercurrent depends on the various interface scattering amplitudes. One can
develop a scattering matrix approach for the multilayer, in an iterative procedure, from which
the supercurrent can be calculated. It is equally useful, however, to determine which are the
important scattering processes and hope that the problem can be simplified in a systematic way
by focusing on the dominant paths. The interface potential considered here can be extended
to any potential which is homogeneous on the plane parallel to the interfaces, for which we
know or can calculate independently the scattering matrix amplitudes. We do not consider the
case of dirty junctions, which can be treated using quasiclassical Green’s functions [10, 11].

Hybrid systems containing superconducting and ferromagnetic elements are actively
studied experimentally with advances in junction preparation techniques. The effort is
for well-characterized interfaces between ferromagnet and superconductors to study spin-
dependent transport properties. Modern technologies for the preparation of layered structures
by molecular beam epitaxy (MBE) allow the deposition of clean atomic thickness layers [15].
This provides the possibility of studying the coexistence and competition of ferromagnetism
and superconductivity [10, 11]. In the S/F/S hybrid junction, an interesting experimental
observation is the 7-junction behavior which was predicted long time ago for the case of
paramagnetic impurities [7] and observed experimentally [16—-19]. The 0 — 7 transition has
also been studied theoretically in the clean [20-23] and diffusive [9, 24, 25] limit. The &
junction is not a property only in SFS junctions. It can arise even with a non-magnetic material,
by using nonequilibrium processes with a current injector in an appropriate geometry [26]
with voltage control. It can also arise between two anisotropic high 7, superconductors [11],
while along grain boundary junctions [27] one can have an interchange of 0 and 7 -junction
regions. It is also created between anisotropic cuprate superconductor and an isotropic s-wave
superconductor [28], while in a ramp junction of the same you can create 7 junctions at the step
corners [29, 30]. Finally, the effect of an external magnetic field or from small nanomagnets
[31] can also have a similar result. The case of a quantum dot between superconducting
electrodes with resonant transport is also receiving attention [11]. Here we only refer to the
case where the structure is layered.

Recently there has been strong interest in studying the effect of more than one layer and
in particular the case of antiparallel polarization of the exchange field in the two layers. This
is to see the effect on the dephasing and the conditions under which m-junction behavior
is observed. The case of disorder has been extensively treated using the Usadel equations
for the quasiclassical Green’s function with several interesting results about the existence of
m-junction for parallel or antiparallel exchange fields in the ferromagnetic layers. This is
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done for S/F/I/F/S [20, 32-34] and S/F/F/S [35] Josephson junctions. In the latter case,
the clean limit has also been considered for the collinear exchange field configuration. A
piecewise constant spatial variation of the exchange field [36, 37] has also been considered,
using a determinant expansion for the determination of the Andreev spectrum.

In this paper, we consider a multiferromagnetic layer with variable exchange fields and
interface scattering as well as different band parameters. We develop a diagrammatic approach
for both the determination of the Andreev bound states and the supercurrent, and obtain simple
analytic expressions. This is achieved by the summation of the multiple scattering processes
in a systematic way. This will indicate a selective summation of the important scattering
processes, as determined by the strength of the various interface scattering amplitudes. For
simplicity, we consider the problem in one dimension, but the diagrammatic approach is
easily extended to take into account 3D junctions. In section 2 we present the model for the
hybrid junction. In section 3 we sum all the closed scattering paths for the S/F/S junction
and derive an expression for the condition for the Andreev spectrum. For the development
of the method we also consider as an introduction the N/N/N/N junction. This gives all
the necessary ingredients to consider the double ferromagnet junction, for which we can
reproduce some analytic results in special limits. The summation of the closed paths is done
using combinatorial techniques as sketched in the appendix. In section 4 we summarize the
rules for dealing with a multilayer ferromagnet, and we apply them (in the appendix) to the
case of a triple layer (S/F/F/F/S). Equivalently one can use the total scattering matrix [23],
which is evaluated in the appendix. In section 5 we discuss the diagrammatic approach for the
current and compare with the scattering matrix approach (for the total Andreev amplitude).
This gives more physical insight than solving directly the Bogoliubov—de Gennes equations for
a single [22] or a multilayered ferromagnetic [36] junction. In the last section we summarize
our results.

2. TheSL/IL/FI/IC/FZ/IR/SRmodel

We consider a hybrid superconducting junction consisting of two bulk superconductors which
are in contact with two thin insulating (oxide) layers and are separated by a nonsuperconducting
region of total length d, which consists of n ferromagnetic layers F;,i = 1,...,n of
thicknesses d; correspondingly. The superconductors can be different, as well as the
ferromagnets. We assume a simple step-like spatial dependence of the order parameter,
with A(z) = A, (T)e'% witha = L, R for the left (z < 0) and right (z > d) superconductors
and vanishing elsewhere (A = 0 for 0 < z < d). The phase difference of the order
parameters is ¢ = ¢pr — ¢,. The temperature dependence of the bulk superconducting gap
is Ay(T) = Aggtanh (1.74\/T, /T —1). The ferromagnetic layers are described within
the Stoner model with the effective exchange energies E.;,i = 1,...,n with parallel or
antiparallel polarization to the junction interface. In the superconducting banks V,(z) = 0,
i.e. we neglect the effect of the ferromagnet, which can be the case if the insulating layer is
relatively strong. The exchange fields shift the Fermi levels of the two spin subbands and also
cause ordinary reflections at the SF interfaces due to the Fermi energy mismatch. Except the
exchange field misfit, the case of band parameter misfit is included.

In the absence of spin flip processes the two spin channels are decoupled for each set of
solutions (u,(z), v_4(z)), and the BdG equations are

Ho + V5 (2) A(2) Ug(2) Uy (2)
=E . (1)
A*(2)  —[Ho+V-s(@)]]) \v-(2) Vo (2)
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The diagonal terms of the BdG equations are written in the effective mass approximation

1
_ 32
Hy= —h V—zm(z)v+ V(2), 2)

with uniform effective electron mass equal to mg in the superconducting and ferromagnetic

layers. All wavevectors will be normalized to the Fermi wavevector kg = (2’"h+EF) 1/2, with Er
being the uniform Fermi energy. Length is normalized to the coherence length &;. Thus in the
exponentials the dimensionless parameter k = kg&y = %i—z must be introduced.

The total potential consists of three terms V(z) = W(z) + U(z) — u, where U(z) and
w are the electrostatic and the chemical potential, respectively, which have different but
constant values in the layers of the junction. Scattering processes which are caused by the
S/F and F/F' interface insulating layers are modeled by delta-barrier potentials of the form
W(z) = Z,6(z — z4) for the two S/F interfaces at z;, = 0,zg = d. The normal layer
interfaces F; /F;.; have corresponding strengths Z; ;.. In all cases the interface strength is
normalized to Zr = Ey/kr, where the Fermi wavevector and energy are chosen in the left
superconductor. Since we examine the behavior of the junction in the ballistic limit, no other
scattering processes take place in the bulk of the layers due to disorder or spin-flip processes.

The BdAG equations are easily solved in each layer and then matched at the interfaces. For
the superconducting regions (¢ = L, R) the solutions are

U, e+ide/?

¥ (2) = expltixky, 2] B , 3)
v € i%u/2
. v, etida/2

wj:h (Z) = eXp[:FlKko[,hZ] <MZ ei¢ﬂ/2> . (4)

Here +e(h) indicates the electron (hole)-like quasiparticle moving to the right(+) or

left(—), uy = V(1 +Q/E)/2 and v, = /(1 — Qy/E)/2 are the BCS amplitudes, and

Qy = /E? — AZ. The normalized wavevectors are

Qo 112
ke p = [1 + sign(E)—a:| . (3)
Er
In the ferromagnetic regions (i = 1, ..., n),
+e . 1 +h : 0
Y (2) = explEikgei o 2] NE Y (z2) = explFik Gni,—o 2] N (6)

with the normalized wavevectors in each layer

£ 12

Geic = |:1 + <E_F + Ufli>:| (N
E 12

Ghi,—o = [1 - (E_F +U77i):| . ®)

We define the dimensionless exchange parameter 7; = EE‘*—XF

The scattering problem for the inhomogeneous structure has eight solutions when E > A,
which can be built up by combining the fundamental solutions in the different layers for a
homogeneous material. From the interface matching conditions we obtain a matrix equation
whose determinant, I'(E), will give us the Andreev bound states, when it vanishes. Here we
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will develop a diagrammatic approach for finding the analytic expression, which will permit
us to write I" directly in terms of interface scattering amplitudes. The systematic procedure
to be followed also allows us to introduce several possible limits in a direct way, as will be
demonstrated in the following sections. The same determinant will arise in a scattering matrix
approach, entering in the denominator as a result of summing multiple interface scatterings.
The contribution of each diagram can be given in terms of the scattering amplitudes at F/F
and S/F interfaces, which are given in the appendices in 7.1 and 7.2 correspondingly.

3. Denominator I" as a summation of all multiple scatterings

The terms of the denominator I can be interpreted by diagrams. One could start and count all
the possible closed loops in the scattering process. This is evident when one considers all the
scattering paths with multiple scatterings in the determination of the scattering matrix. Our
goal is to demonstrate that a diagrammatic approach can lead to closed and simple expressions
for the denominator which include only a few basic terms with closed diagrams, which when
expanded give all the possible paths. To develop the diagrammatic approach we will start
from a simple four-layer normal superlattice N;/N;/N,/Ng where electrons and holes are
disconnected. This will make it possible to show the summation procedure. The next step is
to consider the simple S/F/S structure, where branch-crossing scattering processes make the
closed loops more complicated, and this requires higher order closed loops to be included in
the denominator. The procedure is extended to two intermediate ferromagnetic layers and then
generalized to n-ferromagnetic layers. As special cases we consider the two- and three-layer
structure in various limits to demonstrate that the diagrammatic approach is direct, once the
algorithm is implemented. The final result will be given in terms of the scattering amplitudes
for each interface separately.

3.1. The Ny /N1/N>/Ng case

To demonstrate the diagram summation procedure, we start from a simple example of a
junction consisting of four different non-superconducting regions labeled (L, 1, 2, R), with
different band and material properties, separated by three § barriers of different strengths,
Z1, Z1> and Zg. The widths of the intermediate layers are d; and d;, correspondingly.

We can separate the closed paths traveled by the particles inside the interior of the
junction according to the numbers of scattering events taking place at the outer barriers
(N /Ny, N»/Ng). The summation over the closed paths includes all the multiple scatterings,
and the goal is to express the total amplitude (~%) in a closed form with I' = 1 — y. This
means that we want to determine which closed paths contribute to y. Thus, we will examine
the sequence

1 1 1 1 1
0 T® e @ T o ©)
where % includes closed loops with up to n reflections at the outer interfaces, i.e. for the sum
of the powers in [(rz1)']" [r2r]"?, we have ny + ny < n. In the limit n — oo, we have
1 1 ) 1
—=—— = lim .
r 1—vy n—o0 ['(1)

First, we have two processes which have only one scattering event on the left or right

outer barrier, which contribute to the amplitude by the factors

o o o
xn1 = ((rpn) €99 (rp €49 = (Fr1)'Fr2

iqd iqd - e
xn2 = ((r12) €9) (rpg €9?) = (F12) Fag.

(10)
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Figure 1. Processes xy1, Xny2, xy3 and xy1xy2. The numbers next to the arrows indicate the order
of propagation. The symbol (e) indicates an ordinary reflection, (o) indicates transmission (from
both sides) and the (©) indicates that the interface is inactive. The layers are labeled L, 1,2, R
from bottom up.

as seen in the first two columns of figure 1. In the above, we also include in the tilted scattering
amplitudes the propagation factors. We use the convention (to be followed from now on) that
the propagation factor is from the free propagation prior to the scattering event, i.e. in the
unprimed amplitude the layer index (d;) matches the first index in the amplitude, while in the
primed it matches the second index. So the expansion to first order in the scattering events at
the outer interfaces is
m =1+xy1+XN2.

The term xy; (in layer N;) has a scattering event at the left interface and no scattering event
at the right interface. We will call the left interface active, symbolized with e, and the right
inactive, symbolized with &. For the loop xy» (in layer N,), the right interface is active and
the left is inactive.

Next, consider the loops which consist of two reflections at the outer interfaces, involving
(FL1) or 7. We have four possible loops with relative amplitudes

X1 = (FL) Fi) (FL) Fio)
Xyo = ((F12) F2r) ((F12) For)
o e s e (11
xy1xn2 = ((Fr) ' 712) ((F2) Far)
xy3 = (Fr1) (f12) FarTio.
The last term x 3 (third column in figure 1), although it is strictly speaking a second-order

process, cannot be decomposed into a product of first-order processes, and for this reason we
will call it a basic process along with xy; and xy,. Now the expansion to second order is
1
T@

We can rewrite this as
1
ro

=1+xy1+XN2+XN3 +)c12\,1 +x[2\,2 + XN1XN2.

2 2
=1+ (le + XN +XN3 — lexNz) +)CN1 +)CN2 +2xN1xN2
— 2 2
=1+ Y +Xyt XN +2xN1xN2,
where

Y = Xn1+Xn2 — (Xn1XN2 — XN3), (12)
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while the term xf\,l + xf\,z + 2xy1xy2 Will be included as part of yz. Considering all multiple
scattering events and similar rearrangements as above (see appendix in A.3), we are able to
complete exactly all powers of y, so that
l:1+y+y2+-~-:;. (13)
r 1—y
Thus we see that the contribution in the denominator of I' comes from the basic processes
Xn1,Xn2 (first-order scattering), xy3 (second-order scattering), and the secondary process
Xn1XN2, but with a negative sign. In the last two diagrams of figure 1, the intermediate
interface is connected to both (outer) neighboring interfaces and is named doubly linked,
while in the first two diagrams it is connected only to one of the outer interfaces and is called
singly linked. Finally, the contribution of the two diagrams in I can be described by

Xn1XN2 — X3 = (Fr1) For Fia(Fr2) — T12(f12)") = (Fr1) ' Fargnio,

where we associate

gni2 = F(Fr2) — (), (14)

with the double-linked N;/N, interface.

With the same procedure one could reproduce the denominator if the carriers in the normal
regions would be holes. To distinguish electrons from holes we use a superscript e, h and
draw paths traveled by holes with dashed lines. Consider now that electrons and holes both are
present in a metal and solve the problem with no coupling between them. The denominator
of this system is

I 1
r A=y =y"
We discussed this simple case in detail only to demonstrate the practical steps which will be

followed in the more complicated case, where the outer layers are superconducting and will
couple electrons and holes in the intermediate layers.

15)

3.2. The S/F/S case

If we assume now that the outer regions (L, R) are in the superconduncting state, new scattering
possibilities arise. Andreev processes can take place, that is, electrons can be scattered into
holes and vice versa. Let us examine first the S/F/S junction. Again we consider the closed
diagrams. The processes consist now from two or four reflections at the SF interfaces, where
they can be either normal (¢ — e,h — h) or Andreev (¢ — h,h — e). The loops with
two scattering events are shown in figure 2, where now we consider in parallel electron
(continuous lines) and hole (dashed lines) propagation. At each interface, we introduce two
vertices that describe scattering events of incident electrons and holes correspondingly. The
vertices on the same interface are connected with the Andreev process. To denote that a
vertex is Andreev reflection active we use the symbol (). In the first (second) diagram, we
have normal electron (hole) reflections with inactive vertices at the hole (electron) side. Their
corresponding contributions are x; and x;. Note that the auxiliary quantities x; fori = 1, 2, ...
have a different definition here than the corresponding x; defined in the N/N/N/N case. The
other two diagrams in figure 2 correspond to Andreev reflections at the two interfaces and
give the contributions x3 and x4. This is demonstrated by the horizontal lines that connect the
electron and hole paths to the left and right of the vertical dashed line.
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Figure 2. Lowest order diagrams, x1, x2, x3 and x4, with two scattering events at S/F interfaces.

In the S/F/S geometry, the closed loops connect both outer interfaces (even number
of reflections) and '™ has only even indices. Thus we can approximate the denominator
expansion to lowest order with

—_— = 1+x1+x2+x3 + X4,

r®

where
x1 = berber, x2 = bypbyr, (16)
X3 = derapL, X4 = ApRaer, (17)

with the tilted scattering amplitudes given by the corresponding untilted amplitudes, like a,q
defined in the appendix for an S/F interface, multiplied by the preceding propagation factor
as previously. Thus the propagation factors are e (e~%5"), for x; (x,) correspondingly and
!S5 for x3 and x4, with S,(S;) being the electron (hole) propagation phases. The terms
x1 and x; that correspond to normal reflections have no ¢ dependence, while in the Andreev
processes x3(x4) the phase enters as ' (e 7'%) correspondingly, with ¢ = ¢ — ¢, being the
phase difference between the two superconductors.
The next-order expansion of the denominator is

1
2 2 2 2
m =1+x1+x0+X3+X4+X5+Xe+X] + X5 +X3 +X) +X1X2 +X3X4
+X1X3 +X3X] + X1 X4 +X4X] + X2X3 + X3X2 + XpX4 + X4X7, (18)
where
X5 = borlerbyrant, X6 = lerbprlnrber . (19)

The x5, x¢ are basic processes since they cannot be decomposed into lower order processes.
The term x;x3 appears also as x3x; because they correspond to different closed loops (see
columns 2 and 3 in figure 3), which is the case for all products in (18) except x;x, and x3x4,
which involve electron and hole acting simultaneously. Thus we can rewrite (18) as
4
—— =14+ X1 +x0+X3+X4+ X5+ X — X1Xp — X3X4 + Z XiX;

r®
ij=1

4
:1+)/+ ZX,’)CJ'. (20)

i,j=1
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Figure 3. Processes x1x2, x1x3, X3X].

Figure 4. Processes x|x7, X3X4, X5, X6. The double (continuous and dashed) line denotes Andreev
processes in both directions with incident electron and hole.

Defining y in this problem as

Y =X1+ X2+ X3+ X — (XX + X3X%4 — X5 — X6) = V2 + Vs, (21)
where the processes in y4 (four scattering events) x| x, X3X4, Xs, X are shown in figure 4. The
full expansion of the denominator is

1 , 1
F:1+y+y +oo= (22)

11—y’
where we completed the 2 term by including the summation term in (20) along with higher
order terms. In the appendix (see appendix A.4), we show that such a rearrangement is possible
for each power of y. These diagrams have also been shown in [23], where they are identified
as first-order transport processes, when expanding the denominator.

So to calculate y one must take into account all loops, which have at most one scattering
event at each vertex at the S/F interfaces. The loops that must be taken into account and
are not basic (such as x;x, and x3x4) have a sign, which is given by (—1)"~!, where v is the
number of the basic loops from which they are made up (v = 2 for these cases).

The processes in figure 4 can be summed with the appropriate signs in the form

Ya = —(X1X2 + X3X4 — X5 — X6) = ZL&R>
with
8a = Eeal;ha - aeadhav o = L» Ra (23)

where g (gg) are associated with the left(right) S/F interface, and even though they do not
correspond to closed loops, when taken separately, they do so when taken as the product g; gx.
In that case they are the summation of four closed loops. Thus we will see that in the case of a
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e e e
e e e

Figure 5. Examples of processes with one (column 1) and two (columns 2-4) active S/F vertices.

multilayer ferromagnet when both vertices (at electron and hole paths) at an SF interface are
active, the combination that appears in I for the loops is g; (gg) for the left(right) interface.
Of course, they must be multiplied by the appropriate amplitudes to give closed loops. This
combination gives no ¢ dependence which would arise only from Andreev reflections, but in
this case is canceled because we have both processes of electron and hole Andreev reflections.

3.3. The Sy /F1/F,/Sg case

Now with these tools we want to construct directly I for an S/F/F/S junction. This will
give the possibility of substituting in the place of the F/F interface scattering amplitudes those
for more complicated intermediate structures. First, we categorize the diagrams that must be
taken into account by the number of S/F vertices, which are active. There are four categories
according to 1, 2, 3 or 4 vertices being active, so we can write

1 1

T 1—(i+yn+yty

When only one vertex at an S/F interface is active (see figure 5 (column 1) for an example),
the intermediate F/F vertices are single-linked, so that y; is equal to

"= Z byLFy + Z byr (ilpz),’ 24
p p

with the first (second) terms involving normal reflections at L(R) S/F interfaces for p = e, h.
The case of two active vertices has two possibilities, i.e. both active vertices are at one
S/F interface (contributing g; or gg), or one vertex at each interface is active. Thus we have

V2= _gLfleszlz —8r (Ffz)/(F{lz), - ZBPLEﬁRgX/lz - ZBPLEﬁRFfz(Ffz),
p P

~ ~h\'~ ~e ~ ~ 'n ~h
+aL (f) dertly + der () dnrlyy, (25)

where p = h, e correspondingly for p = e, h. The signs are consistent ((—1)"~") for the
terms that involve products of v basic loops.

In the first term in (25) both intermediate vertices (in the electron and hole paths) are
singly linked, i.e. only to the left S /F interface (for an example, see column 2 in figure 5), while



A diagrammatic approach for a clean multiferromagnetic Josephson junction 12839

Figure 6. Andreev reflection processes with two active S/F vertices.

in the second term both intermediate vertices are singly linked with the right S/F interface.
Note that g; must be multiplied by Ffsz‘z to form closed loops for both terms in g .

In the second case, one intermediate vertex is doubly linked (third term in (25)),
contributing g4, if both S/F vertices are on the same side (electron or hole paths), as in
column 3 of figure 5 for the electron path, or both intermediate vertices (electron and hole) are
singly linked, each with a different S/F interface and therefore involve both electron and hole
paths. This corresponds to the fourth term in (25), one contribution to which is seen in column
4 in figure 5. For the last two terms in (25), as shown in the diagrams in figure 6, we have
two Andreev active vertices (one on each outer interface) and these terms are that give the ¢
dependence in the denominator. In fact, it is this type of diagram that gives the ¢ dependence
in the denominator also for a multilayer ferromagnet.

For three active vertices (in y3 ), one intermediate vertex is doubly linked and one singly,
with an example shown in column 1 in figure 7. Thus

V3= Z ngK/mEpR’:]i)z + Z gRgllxjuzgpL (’7{32)/- (26)
P r

Finally, if four vertices are active then both intermediate vertices are doubly linked as shown
in column 2 of figure 7, so that

Ya = —ngRgievuglzillz‘ (27

In figures 5-7, we give examples of each group of diagrams that are involved in yy, y», y3, and
ys. A careful inspection will show that to each column correspond several similar diagrams.
Thus in column 1 of figure 5 we have one loop of the four that make up the y; term. To the
next three columns of the same figure correspond 4 + 4 + 2 = 10 loops of y,. To these we
must add the two loops in figure 6. In the first column of figure 7 correspond the 16 loops of
y3 and in the second column the 16 loops of y4. Thus the number of terms in y has increased
significantly. Nevertheless, we have an analytic expression for the determination of Andreev
bound states (instead of a determinental form), and in special cases we can easily simplify
the expression from the properties of the individual interfaces. Two such cases are briefly
discussed in the following.
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Figure 7. Examples of processes with three (column 1) and four (column 2) active S/F vertices.

3.3.1. Transparent S/F interfaces. The special case of no band misfit and transparent
interfaces (Z;, = Zz = 0) can be obtained in a simple analytic form if the exchange fields
are weak, so that in the pre-exponential terms, i.e. in the single interface scattering amplitudes
(untilted quantities in appendices A.1 and A.2), we set the normalized wavevectors equal
to unity. Then the scattering amplitudes at the S/F interfaces have no normal reflections
(by,p, = 0) and the Andreev amplitudes for energies in the gap are

E

v . . . .
Gy, = — TP = e7i0E oFide with cosgp = —.
’p u A

Thus all the closed paths that contain normal reflections in the S/F interfaces are omitted and
only the y4 and several terms from y, contribute. Thus

T =1+ gy + gr (7)) (F) = ane (7y) dertty — der (752) ansiy

-2

e h

+ 8L8REN128N12>

—_—

—Va
where the first two terms in y, give
~e ~h ~e \ (zh\ ~ 2i(gerdy—qnidy —2 2i(gerdr—qady—2
gL"lezrlz +gR(rfz) ("12) ~ —R(e i(Gerdv—qndi—2¢E) +e 1(ge2dr—qnad> (ﬂs))’

where we used
Z2

/ !
riyrty & (rf2) (’1}'2) ~ 1172
with R being the reflection coefficient with no misfit. The next two terms give the ¢ dependence
and sum to —27e!Se=5=2¢) cos ¢, where we used the transmission coefficient for the middle
F/F interface (with no misfit),

e / e\ .h 4
(1) ~ (1) 1y ~ oAl
and (S, — Sin) = (q1.d1 + g2ed2) — (qind1 + qand>) 1s the propagation phase. The last term
in (28) is approximated as —e*(%=5:=2¢x) Summing all terms and dividing by the coefficient
of T cos ¢, we get from the vanishing of I" the condition for the Andreev bound states,
cos(S. — S, —2¢p) = Rcos(A, — Ap) + T cos ¢,
where A, = g,0d> — gq,1d; measures the propagation phase difference in the two layers
[24, 37].

—> R,
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3.3.2. Double S/F interface barriers. The special case of no band misfit and transparent
F/F interface (Z;, = Zx = Z and Z,; = 0) can be obtained in a simple analytic form if the
exchange fields are weak, so that again in the pre-exponential terms, i.e. in the single interface
scattering amplitudes (untilted quantities) we set the normalized wavevectors equal to unity.
The scattering amplitudes at the S/F interfaces (b,,, and a,,) are given in the appendix. Of

course, rf’z = (rlpz)/ = 0, so that we have no contribution from y; and y3, while we have unity

.. . / . . .
transmission, i.e. t{, = (¢{,) = 1. The nonzero contributions from y, and y4 give

~ ~ ~ ~D\/ - ~hoNl~ - ~e \' ~ ~h ~e \/~, ~h \/~h
r=1- prprRtf’z(t{’Z) — L (1) Aerlty — er () anrlty + L8R () Tro (71) s
V4
=1—b2e"S — b e 55 — 2ag,ag, cos ¢ &S + (b,by, — agnag,)? ¥ S50, (28)

where the propagation phases are shown explicitly, the parameters b,, b, are those given in
the appendix in (A.8), (A.9) and ay., ag, are given in (A.7), without the phase-dependent
exponential factors, i.e. ap. = a.(¢ = 0). In all cases, we use the approximations in this
section and one can show that at an S/F interface

1 . . . .
(beby — apa,) = yT[(ke — e +iZ)(ky — qn —iZ)u? — (ke + qu +1Z) (ky, + g0 — iZ)v?]
F

L[zz(u2 — v — 4], (29)
VsF

where ysr is given in (A.10) with the approximations in this section. Dividing the expression
for T' by é32u2v2 el%=5w (the coefficient of cos ¢) we get from I' = 0, the equation that
determines the Andreev bound states [36],

Z4
cos ¢ = cos(S, — Sy — 2¢g) — T sin’ @E cos(S, — Sp) + 7% sin g sin(S, — S, — ¢g)

%

ZZ
T sin? pg[(Z% — 4) cos(S, + Sj,) — 4Z sin(S, + Sp)]. (30)

4. Multilayer ferromagnet

The above procedure can be extended to a multilayer ferromagnet. In this case, when three or
more layers are included, we must consider the possibility of closed loops with no active S/F
interfaces. For example, for three layers these are shown in figure 8. These loops are included
in the term yy, which must be added to the denominator I'. Thus in this case, I" can be written
as

1 1

I 1-(n+n+r+y+y)
The closed loops with no active vertices at the S/F interfaces give
vo = (F1) 75 + (F12) 75 — ((7,) 755) (1) 75). (32)
where the last term is the product of two basic loops, leading to the minus sign. Of course, for
more layers there arise a large variety of such loops, which must be included also in higher
order active S/F interfaces. Care again must be taken whether the closed loop is a basic
process (as defined earlier) or a compound process in order to determine the proper sign.

In this procedure, the denominator is expressed in terms of the scattering amplitudes of FS
barriers (@po, bpo, for p = e, handa = L, R) and the F; /Fi,y barriers (r; 41, ti i1, 7] 15 4 i1
fori = 1,...,n — 1). As an example, we explicitly work out the summation of the closed
loops for the three layer ferromagnet in terms of (7; 41, #; j+1, ri’, el ti’j 4 fori =1, 2) and show

€19
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Figure 8. Closed loops that contribute to yp.

that it reduces to the result of the two-layer but with the (ry 3, #; 3, r{,3, t{,3) amplitudes. The
details are shown in appendix 7.5, using only the diagrammatic procedure along with proper
rearrangement.

The procedure can be summarized in the simple rules as follows.

(a) To calculate y, one must take into account all loops, which have at most one scattering
event at each vertex at the S/F interfaces.

(b) The loops that must be taken into account and are not basic have a sign, which is given
by (—1)"~!, where v is the number of the basic loops from which they are made up.

(c) When both vertices (at electron and hole paths) at an SF interface are active, the
combination that appears in I" for the loops is g7 (gr) for the left(right) interface.

(d) With each doubly linked (to neighbors) vertex at an intermediate interface (F;/F;.) we
associate the vertex quantity gl’i,q i.iv1 for p = e(h) correspondingly for the electron (hole)
vertex.

(e) In any term in y, we include closed paths with at most one loop in each ferromagnetic
layer for a given particle. This allows for two loops in the same layer, only if they are one
on the electron and the other on the hole paths. This rule will be used in the following.

Equivalently, we can achieve the same if we split the problem in three steps.

(a) Find T" for an S, /F;/F,/Sg junction with two ferromagnetic layers, in terms of the
individual interface scattering amplitudes as in the previous section.

(b) In the place of the F;/F, barrier, we introduce (n — 2) ferromagnetic layers. Then
we determine iteratively the total scattering amplitudes (7|, ti ,, ”i,m t{’n) for the n
ferromagnetic layers with the individual interface amplitudes (r; ;41, % i+1, ri/’ 41 tl./’ ;41 for
i=1,n-1).

(c) Introduce the results of (b) in (a).

This approach will be followed in the calculation of the total scattering amplitude matrix
in the appendix (see appendix A.6). The same quantity I" will enter but in a more complicated
way. Nevertheless, we will use that derivation for the calculation of the supercurrent toward
the development of a diagrammatic procedure for the current.
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5. Josephson current

The current will be calculated from Green'’s function approach of Furusaki and Tsukada [14],
which includes both the discrete spectrum and the continuum contributions

kBTZ (keL+khL>( < A“) (33)

eL khL

where the sum is over the Matsubara frequencies w, = 2n+1)mwkgT /hforn =0, &1, £2, ...
and the expression is evaluated using the analytic continuation E + i0* — ihw,, so that
Qp — 1Q,1. The formula takes into account the degeneracy between left-going electron and
right-going hole and the same for the opposite directions, while there is also a summation
over spins, since the exchange field splits the energy levels. The quantities A.; and Ay
are the Andreev amplitudes for electron and hole correspondingly incident from the left
superconductor and are given by the off-diagonal elements of the matrix R, _, ¢ in the appendix.
To calculate the current from (33) we must evaluate

A A
£ A (34)
keL khL
We will evaluate this expression using the scattering amplitudes for the S/F; /F, /S case, since

it can be generalized to any number of ferrolayers by using the composition rules for #{, and

(tfjl)/ in appendix A.6.3. While each Andreev amplitude is a complicated expression, the
combination in (33) leads to cancelations from the two terms and great simplification in the
numerator of this expression. The denominator is proportional to I", as defined in the S/F/F/S
case, taking into account the analytic continuation at the Matsubara frequencies.

After some algebraic manipulation and using the identities

G _ G _ (35)
ket kit
c* df d* c

de el ’ hL — 0 — el hL 36

"ker Cel knr et ker, "t (36)

Cer _ g, Y 4 gy (Pt %) = 37)

a. | c - a £ _¢ =0,

el hL keL hL khL hL el kgL el khL

we derive for the expression

A ApL s di\ 1
— —— =d.rl, (! Che = —dp—= | =

ker exliy ([1,) ker kp ) T

knr
iy [+ dF ) 1
+ang(5,) T, (deL kei — G kZi ) = (38)
This expression includes the possibility of n-ferromagnetic layers, which enter through the
transmission amplitudes of electrons and holes across the ferromagnetic layers to the right
(¢, 11 ), and in the opposite direction ((t,)’, (!)'). The terms that contribute in (38) to first
order (proportional to a,g or a,g) are described by the diagrams in figure 9, if we neglect the
expansion of I".

5.1. Diagram summation for supercurrent in SFS

In the previous paragraph the current was obtained from the scattering matrix, but the same
could be obtained from the diagrammatic approach. We will try to do it by examining the
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Figure 9. First-order processes that contribute to the current for the S/F/F/S structure.
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Figure 10. First-order processes, for electron-like incidence, contributing proportional to
My, My, M3, My.

single-ferromagnetic layer for simplicity (i.e. setting 7}, = (7,)" ~ 1 and 7{, = (7)) = 0).
Again we order the diagrams according to the number of interior reflections (normal or
Andreev). In figure 10, we give the first-order diagrams (proportional to a,g or b,z with

p = e, h) for electron-like incidence, which in terms of scattering amplitudes are

c* c* * c*
i I el __ el ~ o~ L __ el

My =deLber—— = y17—, Mz = CprLder— = y37—,
keL keL keL keL

~ T el __ eL i = el __ el

My =&y .bpr——= = Y27, My =deranr—= = y47—.
eL keL keL keL

Note that there are also zero-order diagrams with direct Andreev reflections for incident

electron-like and hole-like quasiparticles, giving correspondingly contributions Z*Z and —%
so that their sum vanishes due to (35).

In figure 11, we give the first-order diagrams (proportional to a,g or b,g with p = e, h)
for hole-like incidence, which in terms of scattering amplitudes are

* * dr *

’ ~ 7 hl __ 7 %hL ’ 7~ hL _ 7 “hL
M] = Cerber =V M3 =dprae.r =y;—.
kh*L kh*L ka k*hL

M. =d b Che 6L ;= o~ S 6L
2 = QpLOhrT— = Yo7 > 4 = CeLApR = V47
knr knr knr knr

Note that from the balance conditions (36) we have M; = M| and M,

= M},
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Figure 11. First-order processes, for hole-like incidence, contributing proportional to M|, M,

M;, Mj.
o 1 e
3:’ \|
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ot

Figure 12. Auxiliary diagrams z1, 22, 23, 24.

Summation of the eight first-order diagrams above with the appropriate sign for the
particles, and the balance conditions (36), gives

C* d* ,
(M + M3) — (M} + M5) + (M + My) — (M} + Mj) = ( £ y3 — 2Ly
ker knr
dyy Chr s
| —ya— ).
<keL Y4 kL V4

which is the first term in the current if one expands I, i.e. omitting multiple internal reflections,
so that

A ct dy dr c
IO = ¢ kT E L ko +k [( eL . “nL /)+< el  “hL />] 39
2n " —Q (et + e ker 3 ki 73 ker Y ki Y 59)

5 Sen L

The number of the next-order (in the reflections) diagrams, which correspond to paths
(not necessarily closed) that contribute to the current is 16 for electron-like incidence and 16
for hole-like incidence. Using the auxiliary functions z;; i = 1, 2, 3, 4,

21 = dprbpr, 20 = Gerber, 23 = bprd.r, 24 = berapg,

with the corresponding diagrams in figure 12 and the closed-loop diagrams x;;i = 1, 2, 3,4
(defined in section 3.2 where we calculate the SFS denominator) the contribution to third order
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is proportional to
c*
N; = I:_L((xl +x3) (Y1 + ¥3) + (21 +23) (y2 + ¥4))
el

*
+eL

| (2 +x4)(y2 + ya) + (22 + 24) (y1 + ¥3))

—d;L(( +x3) (Y, +yh) + (21 + L4y
Ty x3)(yy +y3) + (21 +23) (v + 33)
*

C /
+ ,j—L«xz +x2) (V5 + y3) + (22 + 24) (V] + ¥3)),
hL

which can be simplified to

c* dy; d} o,
N3 = (x1 +x + x3) (keL y3 — kh—Ly3> + (X1 +x2 +x4) (k Ly4 — kh—Ly4> , 40)
el hL el hL

by using the balance conditions and the following identities:

x2y3 = b bur@erChr = z3)2
X2y = burbprderdnr = 235
x1V4 = berberlinrder = zay1
/ 7 7 ~ ~ /
X1Yy = berberGpRCer, = 24Y1-
And finally using (37), the current up to third order is

AL c* dr d* ck
1(3) — € koT ke +k 1+ el _ %L s + el _ “hL v ;
T a?g o (ke +knp)(1+y2) koL y3 [ 3 oL V4 Kot V4

(41)

where y» = (x1 + X2 + X3 + x4) is defined earlier in the S/F/S case.
One could sum all the orders as for the determination of the closed loops in the bound
states to obtain consecutively from the diagram summation

c* df d* cr
(I+y+y>+-) (LL)B — ALy Ly, — ﬂy/)
ker k™t ke kn >
1 c* dF d* o
=— <LLy3 — ALyl + —Ey, — “y§> , (42)
1 —y \ke knr ker knr

with y given in (21). The same result is obtained from the scattering matrix method in (33).
We should also note that some of the diagrams in N3 are open but they cancel out and do not
contribute to the current expression.

Finally, combining (33), (42) and the expressions in the appendix for the S; /F interface
parameters we find the expression

e 4D
I = 2—kBT
I = TyLyr

e!@=md sin ¢, (43)

with
D = —2(2iq.)(2ign) (ker + knr)(ker + knr)uL v ugvR,

and all the quantities are expressed in the Matsubara frequencies with the analytic continuation
E +i0* — ihw,. T for the S/F/S structure is given by (22), (21) and the y, and y are the
denominators in the scattering amplitudes given in (A.10).

To demonstrate the usefulness of the diagrammatic approach we consider the following
two cases: (i) strong interface scattering in SIFIS and (ii) of perfect interface between the left
superconductor and the ferromagnet (SFIS).



A diagrammatic approach for a clean multiferromagnetic Josephson junction 12847

0.04 T \ | —— I

0.03—

I/1,

0.01—

E——

—-—

Figure 13. Normalized critical current versus «kd for Z = 10, h = 0.1. Solid curve is the result of
the full diagrammatic contribution, while the dotted line is the approximation I' & (1 —x)(1 —x2).
The other parameters are chosent = 7'/T, = 0.1.

5.2. Resonance for strong interface scattering

The case of strong interface potentials [38] (taken equal, i.e. Z;, = Zz = Z) means that the
normal reflection processes are important, so that the denominator can be approximated by

Fr'~1—x;—x2+x1x=0—x) — x2).

This means that for not very strong exchange field, the resonances due to the potential well will
dominate the critical current. Thus in figure 13 we show the critical current (absolute value) as
a function of the ferromagnet width «d, and we see a series of peaks, whose separation varies
periodically. Across each peak there is a transition from O-to-7 junction [38], or vice versa,
so that between the peaks we have the 0-junction and on either side -junction behavior. The
width in d of O (or ) junction varies roughly with a period determined by S, — S, = 7. Thus
the envelope has the same periodicity as the Z = 0 case for the same exchange field. In the
lower part of the figure, we plot separately Re(1 — x) (dotted line) and Re(1 — x,) (dashed
line) at E = O for one spin channel, and we see for both curves a series of sharp dips within
10~* above zero at the minimum, at which the imaginary part also vanishes. Thus each time
a normal resonance of either particle with spin up or spin down approaches the Fermi level,
we have the triggering of the transition and we get a structured peak in the current [34, 38].
Note that if x; is for a spin-up electron, then x; is for a spin-down hole. The resonances for
electron and hole of the same spin essentially coincide. In the figure, the shift comes mainly
from the spin and not from the type of particle since 2 > A /Eg. On top of this we see
that the coincidence of spin-up and spin-down (electron and hole) normal resonances leads
to a significant increase of the peaks. In the same figure, we compare the full result with the
approximation I' = 1 — x; —xp + x;x2 = (1 — x1)(1 — x3), and we see that the two curves
are indistinguishable within the scale of that figure. This seems to be the case, except near
the peaks, where it is necessary to include the terms —x3 — x4 in the denominator as seen in
the inset, while the other terms make no important difference. In fact at the peak we have a
sharp dip at the point of transition. In the approximation (without x3 and x4) the transition is
direct (see dotted line in inset) without a second harmonic contribution, which exists in the
full denominator [19], even though the overall fitting of the critical current is quite good. The
terms —x3 — x4 are necessary only near the transition.
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Figure 14. Normalized critical current versus xd for Zg = 0.1 (a), 2.0 (b) for h = 0.1. Solid
curve is the result of the full diagrammatic contribution, while the dashed and dotted lines are the
approximations discussed in the text. The other parameters are chosent = 7/7,. = 0.1. Here d is
unnormalized length.

5.3. The S/F/1/S case

To see the effect of misfit due to the exchange field we also consider a normal metal (2 = 0) in
the place of the ferromagnet (S/N/I/S). Even in the ferromagnet interlayer, for weak exchange
field but strong right interface scattering (Zg > 1) we can simplify the current expression.
In this case we have weak normal reflections (b, ) and strong Andreev reflection (a,; ) at the
left interface, while at the right interface we have strong normal reflection (b,z) and weak
Andreev reflection (a,g). This means that the only significant term in the denominator I' is
x5 which is of order unity and can be approximated as

VL 2i@—ad

ur

The disadvantage of this approximation is that the contribution from the discrete spectrum
is very small, so that the critical current I, ~ sin¢, which is a result expected for strong
scattering. To improve this, one can also keep the processes x3 and x4 which give the cos ¢
dependence in the denominator and some weak asymmetry. For strong Zz > 2, we can obtain
a simplified expression for the current by keeping only the x5 term in the denominator,

A?si
1= kT 8A7sing (44)

2h Z3[92 cosh [ (%2 — iho)kd] + Quhaw, sinh [ (% — iho)id]]

X5 R derdpp —

Wp,0

This expression is valid everywhere except in the transition from 0-to-7 junction or vice versa.
The other limit is when also the right interface is reflectionless (Zg — 0). Then all
normal reflections and branch crossing amplitudes vanish and the denominator becomes

'~ 1 — (x3+x4)+ x3X4.

In this case, we expect a stronger departure from the sin ¢ dependence of the current.

We verify the above in figure 14 where we plot the critical current as a function of dk.
On the left of diagram Z = 0.1 and on the right Z = 2. In both cases the continuous line is
the result of the full diagrammatic contribution. The dashed line in the left (Z = 0.1) is the
approximation I' & 1 — (x3 + x4) + x3x4, which is quite close, while the addition of the x5
term (dotted line) coincides exactly with the exact result, implying that the normal reflection
terms are not significant for weak Z and /. On the left for stronger Z = 2.0, the dashed curve
is the approximation I' & 1 — x5, while the addition of the terms x3, x4 (dotted line) coincides
with the continuous line, except for the small amplitude oscillations at the top, which are due
to normal reflections with the period 7 /(q. + ¢5). In both plots, we observe the minima at
the same dk values, determined by /4, so that they correspond to S, — S, = 7/2,37/2...,
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Figure 15. Normalized critical current versus ¢7, — ¢ for Zg = 0 (a), 0.1 (b) for h = 0 (upper),
0.05 (middle), 0.1 (lower). Solid curve is the result of the full diagrammatic contribution, while
the dashed line is the approximation I' & 1 — (x3 + x4) + x3x4. The other parameters are chosen
t =T/T. =0.1,d = 0.05 in units of &.

i.e. to the transition points from O-to-m junction. The dips are stronger and narrower for
increasing Z.

We check the above approximations also on the 7 (¢) curves in the following two figures.
In figure 15 for small Z = 0.1 the approximation I' &~ 1 — (x3+x4) +x3x4, gives I (¢) (dotted
line) for Z = 0, 0.1, which is close to the exact result (full line). The result with the addition
of the x5 term coincides with that of the full denominator. The values of the exchange energy
are chosen, so that S, — S;, = 0 (top), /2 (middle), = (bottom) and as expected I (¢) for the
top curve corresponds to 0 junction, the bottom to 7 junction and the middle to the transition
point.

In figure 16, where we see that for Zg > 2 the xs term is sufficient in top (2 = 0) and
bottom (7 = 0.1) figure, which correspond to 0 and 7 junctions. The addition of the terms
X3, x4 in the dotted line is a small correction except in the middle figure where the exchange
field corresponds to the O-to-7r transition point. The three values chosen for the exchange field
correspond to a propagation phase S, — S, = (¢. — qn)kd = 0, 7, 3% The terms x, X2, and
x¢ which involve normal reflections at both interfaces give no important changes for the whole
range of Zy values. Of course as s, or Zy increases the interface scattering becomes more
significant, so that at high / the terms x1, x», x1x, and x¢ should be taken into account. To
decide on this, one can look at the variation of the scattering amplitudes with # and Z.

6. Summary

In this paper we developed a diagrammatic approach that is particularly suited to evaluate
the Andreev spectrum and the supercurrent in a multiferromagnetic S/F...F/S structure.
The spectrum can be derived as usual from the vanishing of the common denominator of the
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Figure 16. Normalized critical current versus ¢;, — ¢r for Zg = 2 (a), 5 (b) for h = 0 (upper),
0.1 (middle), 0.15 (lower). Solid curve is the result of the full diagrammatic contribution, while
the dashed line is the approximation I' & 1 — x5 and the dotted line also includes the contribution
of ¢-dependent terms. The other parameters are as in previous figure.

scattering amplitudes of the whole structure, which includes all the basic closed paths in the
internal layers between the two S/F interfaces. By the summation of all closed processes we
obtain the denominator, where only a small number of diagrams contribute, which however
increases with the number of ferromagnetic layers. In the end, we obtain a set of rules for
the direct construction of the condition for the bound states, using the scattering amplitudes
for each interface. This gives the possibility of deciding which are the dominant paths. The
approach can consider not only an inhomogeneous exchange field but also band mismatch,
and the relevant information is included in the interface scattering amplitudes. In fact, one
can include more general intermediate structures for which we can obtain the corresponding
scattering amplitudes.

We explicitly presented the method in several steps to demonstrate and clarify the
procedure. Thus we started from the trivial N/N/N/N junction, which guided us to introduce
the notion of basic and not basic electron (or hole) diagrams in order to sum them properly.
There we defined the vertex function g}, at intermediate interfaces, which is useful to group
diagrams and arises again in the following structures. Next we treated consecutively the cases
SIFIS, SIFIFIS, SIFIFIFIS using only diagrammatic arguments. In the last geometry (in the
appendix) by rearranging the different terms and with the help of auxiliary vertex or interface
functions we checked the procedure by the reduction /IFI — I, i.e. we wrote the three-layer
denominator in the form of the two-layer but substituting the scattering amplitudes for the
structure /FI instead of / in the center. Of course, this is to be expected in a scattering matrix
approach and we consider it not only as a check but also as an indication of the versatility
of the method. Of course, we also checked the denominator with the one obtained from the
corresponding determinants in the scattering matrix. But we must stress that in our case it
is not necessary to evaluate the scattering matrix. From the Andreev amplitude of the whole
structure we obtain the supercurrent, for which we show the consistency of our diagrammatic
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procedure. The supercurrent can be expressed with only four diagrams plus the ones that enter
the denominator.

The advantage of our procedure is that it is direct and covers a general case. Also one can
make the approximations in a systematic way. This was demonstrated in the two special cases
treated, i.e. the strongly asymmetric SFIS, which is a structure of experimental interest and
the resonant SIFIS with strong barriers. In the first example, we saw that for strong Zz only
one path contribution (xs) is important. The possibility of 0 or 7 junction depends mainly on
the exchange field and not on the strength of the right interface scattering. The approximation
only with x5 is quite accurate for both the Andreev spectrum and the supercurrent. It fails only
near the 0 — 7 transition, where it is necessary to introduce the Andreev processes x3 and
x4. For weak interface Zg, it is the closed Andreev paths that are more important, which also
give asymmetry to the /.(¢) curve. For the strong double barrier we reproduce earlier results
and demonstrate that the important diagrams are the normal scattering closed paths obtaining
a very simple expression. A fitting of the critical current is excellent except near the 0-to-7
transition, where we must also include the multiple Andreev reflections, which even though
they are weak they change qualitatively the behavior near the transition.

Thus there is a direct correspondence between the important physical effects and specific
basic diagrams. This leads not only to improvement of speed in numerical calculations, but
also to proper interpretation of the interplay of different scattering effects [5, 23]. Thus the
effect of interface normal scattering in the Andreev spectrum is more than the intermixing of
two normal reflections in the Andreev cycle for ideal S/F interfaces, like x3x,. While such
processes arise from the expansion in the denominator they do not arise in the condition for
the bound states.

One of the goals of future work is to examine whether there are significant band-like effects
in a multilayer junction in the case of narrow resonances. For weak transmission one expects
resonances to form bands. Such band structure effects have been observed experimentally in
the I-V characteristics of SINININIS-type junctions [39]. Of course, here we are interested
in the supercurrent enhancement through resonance coincidence. Also the diagrammatic
approach is easily extended to take into account 3D junctions. There the interest will be to
examine whether the phase-coherence survives for multilayers.

Appendix

A.l. Scattering amplitudes of the F /F interface

For the amplitudes from an F; /F;,; interface we use the notation where i corresponds to the
left and i + 1 to the right ferromagnet, while the unprimed (primed) are for incidence from the
left (right) ferromagnet, and we have

qpi — qp.iv1 FiZ; s

PP = - , (A.1)
P i+ qpin £1Zi
2%
i = I (A2)
' Gpi +qpiv1 £1Z; i
dpi+t = qpi FiZiini
("fi+1)/ = p,H ,m : “+ ’ (A.3)
qpi T qp.iv1 + 1Zz,z+1
2qp.i+1
(ti’,,i+l)/ = o (A.4)

qpi tqpiv1 £1Z; 4

as shown in figure 17.
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Figure 17. Definition of the scattering amplitudes for the F/F interfaces. Primed quantities
correspond for incidence from the right of the interface.
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Figure 18. Definition of the scattering amplitudes at the left S/F interface. The same holds for
the right S/F interface, with the starred amplitudes again corresponding for incidence from the
superconductor side.

A.l.l. Scattering matrix at an F;/F;,| interface. For an interface (barrier strength Z;)
between two neighboring non-superconducting regions i and i + 1 the outgoing particles are
related to the incoming as follows:

I
Xi,—e I (ti‘ji+l) Xi+e
) h th )’ )
Xi—h | _ Tiiv1 ( i+l Xi+h (A.5)
K+l +e 1 i1 , (”im) Ly Xi+l,—e
Xi+1+h L (Vi,iJ,l) Xi+1,~h
which, using the spinor notation can be written as
. 5. . P .
< Xi ) — <Al.l+1 AI/H.]) ( Xi+ > i (A6)
XG+1)+ Liivt | Fiiv1) \Xi+D)—

where 7; ;41, 7/ ;,, are 2 x 2 reflection matrices and Biivls fi/_i +1 2 x 2 transmission matrices and
the prime stands for incidence from the right-hand side of the interface. The subscripts £p
denote right- or left-going p-particle.

A.2. Scattering amplitudes of the S/F interface

The analytical expressions for the scattering amplitudes from the S/F interfaces, are given
below and shown in figure 18. We use the convention that the unstared elements are for
incidence from the ferromagnet side and the stared (nothing to do with complex conjugation)
from the superconductor side. The two superconductors are indexed with « = L, R and the
corresponding neighboring ferromagnet with i = 1, n, in the case of n-ferromagnetic layers.
The Andreev (a,,) and normal reflection (b,,) amplitudes for p = e, h-particle incidence
from the ferromagnet side are

2(koo + kyp, iUV : :
( ea ya)qu aVa e$1¢a = a()pct e$1¢a
(4

for

Apoy = p=e,h, (A7)
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where in the exponential e 7%« the sign is ‘— (+) for incident electron (hole), with ¢, = F¢/2
(e« =L, R),

b, — _ (kha +qni — iZot)(kea —qei T iZa)Mg - (kea —qni t iZot)(kha +qei — iZa)Ui
eat — s
Vo

(A.8)

b (kha —qhi — iZa)(kea +qei t+ iza)ui - (keot +qni + iza)(kha — fei — iZot)vfy
ha — — 5
Vo

(A.9)

where we omitted the spin index from the wavevectors, but we should keep in mind that
the electron and the hole have opposite spins, and the amplitudes depend on the spin. The
denominator is given by

Vo = (kg + qni — 1Z) (keg + ot +1Ze)u2 — (ke — qui +1Zo) (kg — Gei — 1Zo)V2.  (A.10)

Furthermore, we need the normal (c,) and branch crossing (d,,) transmission amplitudes.
They are

_ 2qpiua(kpe +qpi F1Zo) Fida/2

o (A.11)
! Va
dpot — 2Qpi Uoz(kpot — 4qpi +iZ,) oFite/2. (A.12)
Vo
Finally, the stared coefficients for incidence from the superconductor side are
-2 i +qni k
a;a _ (Gei + qni) pallo Vg ’ (A.13)
Vo
bt = (khot +4qni — iZa)(keot — fei — iZa)Mi - (keot +qni — iZa)(khot —ei — iza)vé
“ Ve
(A.14)
b = (kha —qhi t iZa)(keot +qei + iZa)ug - (keoz —qni t iZa)(kha tqei + iZa)Ui
ho Y ’
(A.15)
2k ity (42 — V) (kg + G F 1Z4 )
¢ty = =2 (1 = v8) Gpe + i FiZe) sig, o (A.16)
Vo
2k po Vo (112 — V2) (ke — G pi F 1Z4 .
&y == (v = &) e = i FiZo) zig, o (A.17)
Vo

A.2.1. Scattering matrix for the right F /S interface. First we express the outgoing particles
at each side of an interface with respect to the incoming particles. In a compact matrix form,
for an FS interface, this yields

N N
Xop | _ | Qe bh de Sh Xih (A 18)
W - * W ’ :
+e gk —e
e

N N
+h wfh
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Figure 19. Processes which correspond to x12le N3-

where the subscript +(—) stands for right(left) going particles, e (%) for electrons (holes) in the
non-superconducting region, which are characterized by the wavefunctions x ", or for electron
(hole)-like quasiparticles for the superconducting region, characterized by the wavefunctions
3. Introducing the two-dimensional spinors x and 13, the 2 x 2 reflection matrices (R, R*)
and transmission matrices (7', 7*) the previous equation can be written as

N k j\* N
(0:) = (G 7) (52): 19

where the unstared matrices connect the outgoing particles at each side with incoming particles
from the non-superconducting side and the stared with incoming quasiparticles from the
superconducting side.

A.3. The enumeration of diagrams for the Np /N1/N,/Ng case

The choice for the closed diagrams that contribute in y in (12) was done by considering only
the second-order expansion ﬁ in the reflection amplitudes at the outer interfaces. One must
consider higher order terms in 7;, and/or 7,z. A general nth-order term in the expansion %
has the following form:

my _my _mj3
Cmymy.msXN1XN2X N3 (A.20)

where n = my + my + 2mj3 is the total number of reflections at the outer interfaces (with
n; = my + m3 from the left and n, = m, + m3 from the right) and ¢, ;n,m, is the number of
the different diagrams, which give the same contribution, i.e. the same product of scattering
amplitudes and will be determined below by simple combinatorics. This number must be
distributed in order to complete powers of y in (13). The proper decomposition will be
verified below.

Consider for example the term cz,oylx,z\,lxm. As shown in figure 19 there are three
different diagrams which give the same contribution (xlzv X N3), where permutations between
same basic diagrams are not considered. This number (c,,0.1) is given by the combination of
the reflection events from the left-hand side at the intermediate interface (N;/N;) out of the
total events (reflection plus transmission ) from the left-hand side at the intermediate interface,
i.e. by the binomial

2+1
20,1 = ( ) ) (A21)

If we express xy1, xy2 and x 3 in terms of scattering amplitudes, then the total number of
scattering events at N1/N, is given by the sum of the exponents of 71, and 7, and the number



A diagrammatic approach for a clean multiferromagnetic Josephson junction 12855

of reflections from the exponent of 7,. Thus for a general term of the form x| x)} the number

of different diagrams is given by

+
Cmy,0,m; = <ml m3> . (A.22)
m
Now if reflections take place only from the right side at the intermediate interface (m; = 0

and m, # 0) which means that we examine terms of the form x3x}3 the number of different
diagrams is given by

m-o+m
co,mz,m:( 2m2 3). (A.23)

Combining the two, for the general term x| xy3x 3, the number of different diagrams is given

by
mip +mj my +ms
Cmymy,mz = < m ) < my ) . (A24)

We must compare this result with the one obtained from the expansion in powers of y,
using the multinomial expansions of the powers of y in terms of the set of functions
(XN1, XN2, XN1XN2, xN3) and collection of the equivalent terms as xyjxy3xy3. Consider
for example the term X leNng3 This term has contributions from the 3rd power of y as
Xp1 Xy, (xn1xn2) x5 and the 4th power of y as x%,x\,(xy1xy2)x);. Thus, in general,
deﬁmng mo = min(my, my) and /oy = max(m;, m,) the total coefficient of a general term

my
Xy XX 18 given by the sum

Z(—])mo_i (I’ﬁo +i+ mg)' ’ (AZS)

(mg —mo+i)il(mg —i)!ms!

where the summation over i arises because we can combine xy; and xy, to make xyixy2
factors or vice versa. The sign is determined from the sign of powers of xyxy2.
Thus we must have

i(—l)mo_i B (nig + l'-+ ms3)! . _ (I’I’ll +m3> (mz +Wl3) ’ (A.26)

(mog —mo+i)il(mg —i)!ms! m mo

which has also been checked numerically. Thus the general term x| x5 x5 can be distributed
appropriately so that we get the proper contribution to complete each higher power of y,
justifying the terms that contribute to y, in (12).

A4. The enumeration of diagrams for the Sy /F/Sg case

For the S/F/S case we proceed as in the previous appendix, except that now we have two
complications: (i) the electrons and holes in the ferromagnet are coupled due to Andreev
reflections, and (ii) more than one combination of basic diagrams in the 2nth-order expansion
(2n scattering events at the S/F interfaces) can give equivalent terms, i.e. the same product
of Andreev and normal reflection amplitudes. To demonstrate complication (ii) consider a

general closed loop, consisting of the basic processes xi, ..., Xg, which contributes to the
2nth-order expansion
my _m3 __mg _Ms _Ne
D S A i s A (A.27)

with m +my +ms +my +2ms +2mg = n, since x5 and x¢ have double scattering events at the
S/F interfaces. This can be expressed in terms of scattering amplitudes as

T +Ms ~M3+me TN +Me ~Ma+ms 7 1112+m5~m4+1716 m7+mf,~m;+m5
B g e gt Bzt ginatms (A.28)
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Since xsxg and x;xpx3x4 are expressed by the same product of amplitudes, we can
rewrite (A.27) by transferring powers from xsxg to xjxpx3x4 or vice versa. Thus there
are several products of basic diagrams which give the same as in (A.28), like

my+k _mo+k _ma+k _mg+k _ms—k _me—k
X0 Ty T xy T xg T X (A.29)

where —m; < k < mgy with m; = min(m,, my, mz, m4) and my = min(ms, mg).

The total number of the closed loops, of the form in (A.29), that gives the same contribution
as in (A.28) can be calculated by looking at the scattering events on each vertex (at S/F
interfaces). They are normal reflection of electrons (holes) and Andreev reflections from the
electron (hole) branch in the F region to the hole (electron) branch in the F region. The
possible paths are given by multiplying the combinations of normal reflections out of the total
(normal plus Andreev) for both interfaces (L or R) and types of particles (electrons or holes).
This gives the product of binomials

((m1 +ms) + (m3 + ma)) ((ml +mg) + (my + ms))
eR el

mi + ms mi + meg

(A.30)

my + ms my + mg

o ((mz +ms) + (my + me)) ((mz +meg) + (m3 + ms)) .
hR hL

Equivalently, we can start from the power series of I' with respect to y, then summing
the appropriate factors by the multinomial expansion of the powers of y with respect to the
set of functions xy, x2, X3, X4, X X2, X3X4, X5, X¢ Which corresponds to the product in (A.27)
and (A.28). From the multinomial expansion of powers of y we obtain terms like
xfm‘ﬂ) xé’"r’) (x1x2)", which are included in the coefficient of all paths that contain x}" x5,
and similarly for terms with x§m3_j ) xjm“_j ) (x34)7 .

The result after some tedious but simple algebra is

mo Mtk mi+k

S o i = mi + DY my — i+ IV —m o+ m = )N ms — k) (me — )]

(A.31)

where m; = min(m, m,), m; = max(mi, my), m; = min(ms, my), n; = max(ms, my) and
mo = min(ms, mg). We have verified arithmetically that this sum is equal to the products of
the binomials in (A.30). Thus the closed path diagrams can be summed by rearrangement to
complete powers of y, so that I' has the form in (22), with y given in (21).

A.5. SFFFS case

When we consider a junction with three intermediate ferromagnetic layers a new possibility of
closed loops arises, that is loops where all SF vertices are inactive. These loops are included
in the term y; in (32), which must be added to the denominator I" in (31).

Next we examine the case where one SF vertex is active. If the electron vertex at the
left interface is active, then the second intermediate vertex at the interface (F,/F3;) must be
disconnected from the right S/F interface, while all intermediate vertices on the hole path
are inactive. The first intermediate vertex (F;/F;) can either be disconnected from the F, /F;
interface or be connected to it, where the three loops shown can be summed to

beL(flez - 85\/127263) = ber 12
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where we defined the quantity fy,, = 7{, — gx12753- Considering all loops with one active SF
interface we have

prL Fly — 8N12r23)(1 r12 prR r23 gN23(r12))(l _( 72)/72]33)

= prLan n T prR fN23 N1 (A.32)

where the summation over p includes also the similar loop for the hole and the second
summation comes from the right S/F interface and p is defined previously. We use the short
hand notation

fon =TFh — g (A.33)
(fz{/,23)/ = (72[)3)/ - 81[\’/23(71[)2)/7 (A.34)

which vanish for the two layers and can be considered as including the closed paths that
connect the interface with the closest S/F interface. The quantity

e, =1- ("12) e (A.35)

is the denominator for a three layer junction with normal leads (N /Ny/Ng).

In (A.32) we considered only one loop in each layer for a given particle. The higher
order loops arise from the development of the denominator in powers of y and therefore are
included. The correctness of this approach has been checked in two ways. First by computer
algebraic summation of the different closed paths and second by the evaluation of the total
scattering matrix. This is rule (e) stated earlier and we keep it all along. This rule enters
only when we deal with three or more ferromagnetic layers. Thus in the first (or second) term
in (A.32) we include the factor 'y, = (1 — (r1z) r23) which adds closed loops in the hole
path (for p = ¢) but not the factor I'y; = (1 — (7/5)'7%;) which adds loops in the electron
path.

When two SF vertices are active we have again the same possibilities as in the previous
case. They are either both vertices at the same interface active or one vertex at each interface.
Again when they are on different interfaces they can be either on the same side (electron or
hole paths) or at different sides. Of course we also have the two loops which involve one
Andreev reflection at each interface. Let us examine the different groups of closed loops of
y». Suppose that both SF vertices at the left interface are active, then the second intermediate
vertices (F,/F3) at the electron and hole paths must be single linked and the first intermediate
vertices (at Fy/F,) can either be doubly or single linked, so they can be described by fx, or
f ]’\1,12 for the electron or hole path correspondingly. The contribution of these kind of loops,
taking into account the signs, are

h h
—8rfyin Sy — nglf]ZSfNZS'

Now when both SF vertices are active at the same side at each interface the two intermediate
vertices can either both be doubly linked or both be single-linked. The quantity that describes
the two active SF vertices on the same side is for this case

hy = Flpz(leg)/ - 81@1281[\)/23- (A.36)

Thus the contribution of these kind of loops in the denominator is

Z byrbyrh?,.
V4



12858 V Paltoglou et al

When the two active SF vertices are on different sides the contribution is

D bpr fibor fiss: (A37)
P
Considering also the two loops with Andreev scattering at the interfaces y; is

— h h A P b 7 r i P
V2 = —8Lfyi2SN12 — 8RS N23 Sz — ZbPLbPRhNFNl - prLlezbf)RfNB
P P
e e N~ N e o ~o o o N fmp N\~~~
+ e (71) (735) ATty + aer (I55) (155) anwisits- (A.38)
When three SF interfaces are active for the path, where both SF vertices are active the
intermediate vertices can either both be double or both single linked, and for the remaining SF

vertex one intermediate vertex is single linked and the other is either double or single linked.
Thus the contribution to the denominator is

v =D (@ebprh} f31) + 3 (&kbyih} 1753)- (A.39)
P P
Finally, the contribution in the denominator when all SF vertices are active is

ya = —gLgrhS My (A.40)

The summation of the diagrams seems at first to risk errors. While it is true that care
is required, we would like to persuade the reader that it is systematic. To this effect we
will eliminate the F; /F, and F,/F5 interface scattering amplitudes in favor of the compound
scattering amplitudes for F; /F, /F3. To this effect we note the following relations:

P P n?
= _ JNI2 (flp';), _ I gl = N
137 p 2 3) =7 P NI3 ™ p
Iy i Iy
with the analog definition
P _ =P (2P _ 7P (7P
gvis = () —T5() - (A4l

These relations easily follow from the consideration of a structure with three normal layers,
but can also be verified directly from their definitions and the iterative relations presented in
the appendix. From the first approach it is clear that the quantity F,’z,l in the denominator
gives the multiple scatterings for a p particle in the center ferromagnetic layer. The first
two expressions are easily seen from the definitions of fy,,, fx,; and 'y, in (A.33), (A.34)
and (A.35) correspondingly. For the third relation again we start from the definitions of /4,
and g,f,l 5 in (A.36) and (A.41) separately and compare them.

Thus using the above relations we can rewrite the y; contributions as

==y Y b+ (=70 Y bpr(F) (A42)
P P

where we divided by
er\nrflw ==y
and
2

Ty = &Pty = 8r () (F5) = D_Borborgins = D boboaly (7Y
P

P
~ ~h \/ ~ ~ ~ ~ ! ~h
+Cl/1L(l13) aeRtf3+aeL(tf3) aprtyz, (A.43)
where we factored out (1 — y4) and in the last two terms we used the relations

i = (). (D) (3) = () T,
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from the iteration relations for the scattering amplitudes in the intermediate layers.

_n_  _
(I —yo0)

V4
(l—J/)

ZngNBb Rr13 +ZgRgNnpr(r13) (A.44)
P

ngRgN13gN13 (A.45)

Thus the denominator for the S/F/F/F/S case (I'g3) is simply related to the one for
S/F/E/S (I's,, with the amplitudes 73 etc.) by the following I'g3 = (1 — y9)'s2-

A.6. Scattering matrix method

A.6.1. Scattering amplitudes of the Si/F1/F, /S, junction. The scattering matrix of the
multiferromagnetic junction can be obtained as a function of the scattering amplitudes of FS
barriers (a, b, ¢, d, a*, b*, ¢*, d*) and F;F;,1-barriers (i is1, tiis1, 7 415 1 141)-

The problem one has to solve is the S;/F;/F,/S, junction. First we express the
reflection and transmission coefficients (A, B, C, D, A’, B’, C’, D) of the whole junction
in terms of the scattering amplitudes (a, b, ¢, d, a*, b*, ¢*, d*) at the S/F interfaces and the
Fi/--- /F, interface scattering amplitudes (71, ti,, r{,, t;,). Then we use the composition
procedure for the n-non-superconducting regions, as described in the following section,
and substitute the results for ry,,t1,, 71, 2], by the amplitudes ry;,t;,ry;, 1, for i =
1,2,...(n — 1) which must be evaluated consecutively. This means that we replace the
interior sequence of the F-layers (F,/F,/ ... /F,) which is characterized by the amplitudes
P12s s Faetns 1125 s I lins Plgs oo Ty g s oo oo o tr/lfl,n with the sequence (F; /F,)) which
is characterized by r1,, tin, 71, ],

A.6.2. Scattering matrix of the SFFS junction. The matching conditions at the three interfaces
of the S| /F,/F, /S, gives the following set of equations

K R 7A"2*> <X,f+)
) = (S22 A.46)
( f) (Tz #7) \yr (
Xff — fl" f{n X1r+ A 47
(i) = CGetim) ()
L 5 a L
<‘/’l—> - <1§1 T)) <1/’,+ > , (A.48)
X1+ T | R \Xi-

where x;(x,) is the spinor vector of the region Fy(F,), X (y®) the spinor vector of the
left(right) superconductor S;(S;), the subscript +(—) stands for right(left) moving particles
and the superscript /(r) for the left(right) side of the segment 1 or n. Expressing all spinors
with respect to the incoming quasiparticles, the equations for the outgoing quasiparticles can

be written as
L R L
(ve) = (Gerta) (56):

where R;_, r, 11, r contains the elements

o B, | A A C. | Dy
Rir= (A B;h) , Tr g = <D4‘?:,> . (A.50)
e 1 e
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After some calculations we derive from equations (12)—(14) for the Ty r (for example) the
following:

A & A 5 A -1 5 A 5 A -1 5 A -1
T g = —Drti,t (1l — (Rottiy,m) ™ (1 = Rt 1) (Ri Tty , 7)™ (1 — RiTi71,T1))
a N 1 A A A A _14 A A
X (RZTntlnTI) (1 - RZan{nTn)(lelt{ntn) T1/ - TZaninTn
> 2 -1 > ~ > 2 -1 > ~ -1
X (1 - (lelt{ntn) (1 - erlrlnfl)(RZtntlnTI) (1 - RZtnrinTn))

A s
X (Rytity,t)” 17,

eiqg]d] ei‘hndn
= ( e 1qnd1 ’ Tn = e 1qnndn (ASI)

are the propagation matrices of regions F; and F, correspondingly. That means for the right-
and left-going particles

where

1 1
X+ = T X1+ Xi— = T1m X1 (-

Defining the tilde matrices as the product of an scattering event matrix and a propagation
matrix of a region before the event happens

S =31, (A.52)
where § stands for r, ¢, R, T etc and using the identity

(1—AB) '=—-B'1—-A"'BH, (A.53)
we derive after some simple algebra the formula
Tror =T —F,R) ™ '1,(1 = (RiF,) (1 = RoF,) ' (Rofi) (1 = RiF) ™D 7Y (A54)
In a similar manner we derive

T, p=T( =7, R)7'E, (1 — (Rof1,) (1 — RyF1,) " (RiT,)(1 — Roy, ) "D (A55)

Rig = Ry + T\ (Fip + 7, Ro(1 — 7}, R2) "F1,) (1 — RyFy,) ™"
x (1 — (Rif;,)(1 = Rof},) " (Rafi) (1 — Ryf) ™ H 'Y (A.56)

R, p=Ri+TF, +TiuRi(1 —F,R)7'E,)(1 — RoF, )
x (1 — (Raf1y) (1 — Ry1) " (Ri7},) (1 = Rofiy )" 7' T (A.57)

In the evaluation of the inverse matrices in (A.56) and (A.57) we obtain two determinants,
which turn out to be equal, i.e.

r - L L
7 =dei(l - (Ri71,)(1 = Rofy, )" (Raf1n) (1 — RyFi)™h)
D

=det(1 — (Raf1,) (1 — Ry71,) ' (RiF;, ) (1 — Roffy,) ™),

~e 7h (% ’ ~h /

where FD = ngRtfntln(tlen) (tln) :
This determinant is the one that includes all the important closed paths, as discussed in the
text, and is proportional to the denominator I', whose vanishing give us the Andreev spectrum.
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Figure 20. Basic processes corresponding to (A.58) and (A.59).

A.6.3. Composition of the scattering matrix of the ferromagnet multilayer. At an F; /F;
interface ( of barrier strength Z;) between two neighboring normal regions i and i + 1 the
amplitudes y; and x;,; are related by the following equations:

r P | 1 4
< X )z (5,51 1)( Xis > (A.58)
XG+1)+ i+l | Ty X(i+)—

where the superscripts r or [ denote the amplitude at the left end or the right end of each
layer. The two are related by the corresponding diagonal propagation matrices as shown in
figure 20, with the electron or hole propagation phase.

If we consider the next region i + 2, we write

r 7 ! "
<X(Ii+l)_> _ <':i+1,i+2 fi,+1 i+2> <X§i+1>+) ) (A.59)
X2y livviv2 | Tigriv2) \Xis2)—

Combining these sets of equations we can relate the statevector x; of region i with the
statevector x;., of region i + 2:

r Fiiva | T i
< ?(lf ) — <?ll+2 Al/l+2) ( IXH— > (A60)
X(i+2)+ Li+2 | Tiivn/) \X(i+2)—

~ ~ o N _1s
tiivo = (GivrinnTis) (1= (] Tiv) Pivnis2Tin) ™ iivn

where

N N ~ A~/ ~ —1 /a7 2
Fiivo =Figinn* (Tir1i2Tie) (1 — (ri,i+1Ti+1)(ri+1,i+27i+1)) (ri,,'+1fi+1)t,'+1,i+2
A A A A ~ A —13
Fiiva = Fiivt + (] 1 Tie) FivrinaTis) (L= (B 1y Tin) FisinnTiv)) ™ it
~r ~r A A/ —17
Ly = (t',,'+1fi+1)(1 - (Vi+1,i+2fi+1)(r,',,'+1Ti+1)) Livtis2
Thus we have an iterative scheme to obtain consecutively from the (12) — (13) —

- — (1n) scattering matrices for the total scattering matrix from the ferromagnetic layers.
It should be remarked that one can treat a very general ferromagnetic layer whose physical
parameters can be approximated piecewise constant.
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