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In this work, we introduce a computer model and theoretical approach based on the matching
technique to investigate the spin precession and the magnetic properties of an ordered magnetic
interface joining two ferromagnetic multilayers of type AB, made of 10 spin slabs, obtained by
alternative two spin layers A and B. We simulate, particularly, the coherent magnon transmission
through spins' interface, in multilayered thin ¯lms, obtained by shearing a part of the ¯lm from
the other at an angle of 30�. The individual and total transmittance of bulk magnons of the thin
¯lm, scattering coherently at the shearing interface zone and the localized magnonic spin states,
are calculated and analyzed. The transmission and re°ection spin modes are derived as elements
of a Landauer–Büttiker type scattering matrix. The results highlight the localized spin states
on the interface shear domain and their interactions with incident magnons. The evolutions of
the magnonic spectra can be presented for arbitrary directions of the incident magnons on
the boundary zone, for all accessible frequencies in the propagating bands as well as for
the magnetic exchange coupling between each spin A(B) and its adjacent sites and their
spin intensity. The results demonstrate the dependence of the magnonic spectra for the perfect
multilayered ¯lms and at the inhomogeneous domain of the interface shear. The analysis of the
spectra illustrates the °uctuations, related to Fano resonances, due to the coupling between
travelling magnons and the localized modes in the shear interface domain. The calculated spectra
could yield useful information concerning the magnetic parameters of such interface slabs in
multilayered ¯lms.
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1. Introduction

In the last decades, technological progress and the
development of deposition techniques have led to
the creation of miniaturized arti¯cial magnetic lay-
ers and multilayers.1,2 It is stated that the thickness
of the ¯lms, which is composed of arti¯cial lattices,
is at the origin of their extraordinary magnetic
properties.3 The objective of the miniaturized sys-
tems is to increase the storage capacity of memories,
while consuming much less energy.4 Moreover, be-
fore making applications in di®erent domains,5 it is
necessary to understand the fundamental char-
acteristics of the arti¯cial ¯lms and to advise means
to control their magnetic behavior. This could be
achieved by studying the spin waves' propagation
and scattering phenomena.

The spin excitations, magnon dispersions and
spinwaves' behavior are very di®erent from those of
the conventional massif structures. Consequently,
magnons' spectra and magnetic properties depend
on the details of their structure at the atomic scales.6

The study of spin dynamics and precessional
motion in perturbed small-scale lattice requires,
imperatively, knowledge of spin excitations in its
perfect ¯lm, to satisfy the periodic boundary
condition.

The singularity of spin excitations in ¯lm minces
and superlattices are at the basis of their uses in
modern applications.7 Restricting the dimensions or
disturbing the geometry of such systems can ac-
centuate the peculiarities of the spins' behavior and
the motion of precession, resulting in very interest-
ing magnetic properties.8,9 It is reported that the
spin scattering process and localization magnons'
phenomena in mesoscopic lattices have interested
several authors from a long time.10 Two funda-
mental elements in undertaking any theoretical in-
vestigation of spin motion are required to process:
Spin precession description and spinwave disper-
sions in ferromagnetic nanostructured layers or
multilayers. The ¯rst one is the knowledge of the
magnetic exchange, between spin sites in the unit
cell. The second is essential to build the spin dy-
namics matrix, by developing an appropriate
scheme allowing us to describe the scattering phe-
nomena by inhomogenous spin sites and defect
zones. To deal with the problem of spin dynamics in
thin magnetic ¯lms, in the presence of inhomoge-
neous spin sites or disturbed zones, we use one of the
three theoretical approaches that are available in

the literature, allowing to point out the defect
impacts and the breaking symmetry e®ects. Espe-
cially, the Slab method, the green functions and the
matching method. The last technique has been ap-
plied successfully, by our research team, to study
several structures with breaks in symmetry,11–13

furthermore isolated nanostructures,14,15 in phononic,
magnonic and electronic domains.

In this work, we report the impact of the spin
interface sites on the collective excitation of the
spins in ferromagnetic multilayers made from 10
parallel spin layers. The purpose is to understand
the mechanisms that govern the precession motion
of spins at the interface zone in the composite AB
thin ¯lm, in the presence of perturbed region by
using the matching approach.16–18 For the simulated
model, we symbolize the ¯lm by the succession of
two di®erent spin planes A and B, distanced by an
interatomic distance a. We determine, particularly,
the magnonic spectra (transmission/re°ection, lo-
calized spin states and spin transmittance) gener-
ated by the interface domain, obtained by shearing a
part of the ¯lm from the other at an angle of 30�,
along x-direction.

The magnonic spectra, along a particular direc-
tion (30�), have not been studied until now. On the
other hand, if the shear angle is 45�, we obtained a
stepped structure which is discussed by some
authors.12,16,19,20

The structural form of this paper is as follows. In
Sec. 2, we describe the multilayer ¯lm considered to
compute the suggested model calculations.

In Sec. 3, we give the matching technique prin-
ciple, applied in our study to deal with the locali-
zation phenomena and spinwaves' scattering.

In Sec. 3.1, we start with a reminder of the theory
that governs the spin excitations in ferromagnetic
multilayered perfect ¯lm, which permit access to
dispersion relations and the group velocities of the
multilayered slabs of the type AB.

In Sec. 3.2, we are interested in the interface
spins' dynamics and scattering in the shearing in-
terface domain itself. We determine, principally, the
localized magnon branches, the transmission
and re°ection coe±cients as well as the magnonic
transmittance.

In Sec. 4, numerical applications are presented
and discussed for the studied shearing interface
zone, in ferromagnetic multilayered ¯lm, made by 10
atomic spin layers, constructed from alternate two
types of layers A and B. The spinwaves propagating
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through shear spins in multilayered ferromagnetic
slab is examined by using all parameters describing
the interface domain. The conclusion of this work is
presented in the last section.

2. Ferromagnetic Multilayer Film
Description

The model ferromagnetic thin ¯lm, studied in this
article, is made up of 10 spin layers, obtained by
alternating two types of layers A and B. The mul-
tilayer ¯lm exhibits a spin interface resulting from
shearing one part of the ¯lm relative to the other at
an angle of 30�. Our main interest is to study the
behavior of spin waves in lamellar magnetic multi-
layers A and B. The motivation comes from the fact
that this type of ¯lm constitutes the geometric basis
of magnonic crystals. They can be expected to be
used as elements of sensors and magnetic valves.
The behavior of spin waves in monatomic multilayer
has been widely studied in recent years. The pres-
ence or the arrangement of two types of atoms (or
more) in a lattice or thin ¯lm generates interesting
phenomena; we can mention the following:

—More multiple re°ections are to be expected by
the second type of atom B, thus leading to the
observation of several resonators, and this is less
evident in a monatomic lattice.
In this ¯gure, the dimensions of the ¯lm in the x
and y directions are considered su±ciently large
(in¯nite), while its thickness is ¯nite along the
z-axis; therefore, it presents a broken symmetry.
In the perfect region of the multilayered ferro-
magnetic ¯lm, each atomic site p is occupied by

the spin vector ~Sp, interacting with its nearest

neighbors, by the magnetic exchange constants
JAA and JBB, respectively, in

— In the A and B layers, the number and the nature
of the branches of the localized spin states are
very important.

—By mastering the di®erence between the intensity
vectors of spins A and B, we are able to control
the width of the magnon forbidden band in the
structure.

The two slabs located on either side of the interface
are envisaged as perfect waveguides for incident and
scattered magnons; whereas, the interface zone is
treated as a scattering region. A typical 2D cross
section of the studied model is shown in Fig. 1.
The same type of spin layers A and B.

In addition, the interactions between the nearest
and next nearest spin neighbors of the two types
of spin layers A and B are labeled J1AB and J2AB,
respectively.

For the spin sites located in the shearing region of
the ¯lm, the magnetic interactions can be di®erent
from those of the perfect zones. They are charac-
terized by the exchange constants JAAd, JBBd, J1ABd

and J2ABd, as indicated in the schematic represen-
tation given in Fig. 1.

To simplify the notation of the normalized
frequencies of the studied model ¯lm, we introduce
the following ratios:

rB ¼ JBB

JAA

; r1 ¼
J1AB

JAA

;

r2 ¼
J2AB

JAA

; rAd ¼
JAAd

JAA

;

rBd ¼
JBBd

JAA

; r1d ¼
J1ABd

JAA

;

r2d ¼
J2ABd

JAA

; S ¼ SB

SA

:

8>>>>>>>>>>><
>>>>>>>>>>>:

ð1Þ

To perform the simulations and numerical calcula-
tions for the ferromagnetic multilayer ¯lm, we ex-
amine three possibilities of the ratio S of spin
intensities in multilayer ¯lm (SA < SB, SA ¼ SB,
SA > SB).

In addition, for each S value, we consider three
probabilities of magnetic coupling between spin sites
in the ¯lm. These possibilities are as follows:

(i) Softening coupling (corresponds to the case
where the magnetic exchanges in the interface
domain are smaller than those of perfect slabs
located on both sides of the scattering zone).

(ii) Homogenous interactions (the spin interactions
are taken identical everywhere).

(iii) Hardening situation (the exchange integrals in
the interface domain are greater than those of
perfect slabs).

For the numerical simulations, we have chosen
variations of the order of 10% between the physical
parameters which characterize the perturbed ¯lm
compared to the perfect one.

Explicitly, the numerical analysis is carried out
for three possibilities of the spin intensity (S greater
or smaller about 10%) and the magnetic coupling
that determine a choice of the spin environment of
the sheared atomic sites (10% higher or 10% lower),
which is a reasonable situation.
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Although the possibilities (spin intensity and the
interaction environment values (softening, homo-
geneous and hardening)) do not correspond to exact
values, which may be signi¯cant in some magnetic
metals, each choice is a reasonable working value to
illustrate our calculations.

3. Matching Technique Principle

Historically, the matching method was introduced
in the sixties by Feuchtwang.21 Later, it was revis-
ited by Szeftel et al. in two di®erent articles,22,23

which deal with the surface phonon problems:

(i) The ¯rst paper is entitled \Calculation of sur-
face phonons and resonances: the matching
procedure revisited: I", published in 1987.

(ii) The second, published in 1988, under the
title \Calculation of surface phonon dispersion
on Ni(100) and Nið100Þ þ cð2� 2Þ along
the (010) direction by means of the matching
procedure: II".

In the magnonic domain, Tamine applied the
method,24 in 1996, to determine the localized spin

states generated by spin precessions at the surface
of antiferromagnetic simple cubic structure with
frustrations.

Eight years later,25 the matching technique
was extended to deal with spinwaves' scattering
phenomena.

In both domains (phononic and magnonic), the
matching method returns account in a satisfactory
way for the phonons and magnons' dispersion
curves, the localized states generated by the surface
and the scattering phenomena. Moreover, the
method gives a more precise de¯nition of the reso-
nance concept and permits an easy analysis of the
behavior of the elementary excitations near the
disturbed zones.

However, its implementation necessarily involves
the subdivision of the crystal into three di®erent
zones (perfect, inhomogenous and matching).

In this work, with a view to simplify under-
standing, we present a 2D cross section of the
studied multilayered thin ¯lm, in Fig. 1. The illus-
tration de¯nes the three regions according to the
matching procedure. For more information and
details, refer to Refs. 21–23.

Fig. 1. A schematic representation showing a 2D cross section of the multilayered thin ¯lm with a spin interface, according to the
matching method concept. The interface domain is the cry area; whereas, the matching regions are colored yellow. The interface, identi¯ed
as an inhomogenous zone, is obtained by shearing a part of the multilayered ¯lm from the other at an angle of 30� (Color online).
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3.1. Spin excitations in ferromagnetic
multilayered perfect ¯lm

3.1.1. Spin precession and magnons' dispersion
relations

For Heisenberg ferromagnetic exchange interactions

between adjacent spins ~Sp and ~Sp 0 , located at the

spin sites p and p 0, respectively, the Hamiltonian is
given by the following expression:

H ¼ �
X
p 6¼p 0

Jpp 0 ~Sp
~Sp 0 : ð2Þ

The quantities ~Spð~Sp 0 Þ are vectors, and the constant

Jpp 0 is the exchange integral coupling between

magnetically nearest neighbor spins p (p 0). It is
strongly depending on the position of the spin site in
the considered ¯lm. The exchange integrals are
uniform, in two perfect slabs located on either side of
the interface space, except in the interface domain
itself, where the exchange integrals can take a dif-
ferent value from the rest of the perfect slabs.

To determine the spin dynamics of the multilayer
¯lms, either the perfect one or the one containing the
scattering region, we apply Eq. (2).

If we consider that the spin positions p and p 0 are
inside the semi-in¯nite perfect slabs, far from the
interface region, all the equations of the spin pre-
cessions' motion can be grouped together in the
following matrix form:

½�I �DðS; rB; r1; r2; �; expði� �yÞ�jui ¼ j0i: ð3Þ
In Eq. (3), jui is a vector that regroups all spin
precession amplitudes in a unit cell, I designs an
identity matrix and D denotes the spin dynamics
matrix of the ferromagnetic perfect multilayer.

The quantities � � ei�x and ei�y constitute Bloch
phase factors that liaise neighboring sites, respec-
tively, in x and y directions. Over the ¯rst Brillouin
zone, the normalized dimensionless wavevectors are
given by �x ¼ qxa and �y ¼ qya, where a is the lat-

tice parameter. The doublet (qx; qy) constitutes the

reciprocal lattice wavevector associated with
(�x; �y). The ration � ¼ !

!0
de¯nes the dimensionless

frequency of the ferromagnetic ¯lm, where ! repre-
sents the pulsation of spin ¯lm precession and !0 is
its characteristic pulsation.

Note that !0 is not identical for A and B spin

layers, !0A ¼ ½ }

JAASA
��1 and !0B ¼ ½ }

JBBSB
��1.

By resolving Eq. (3), we get access to the eigen-
frequencies �� as well as the corresponding eigen-
vectors ~u� of the perfect multilayer ¯lms.

In order to illustrate the spin dynamics in the
considered multilayer model ¯lm, we have pre-
sented, in Fig. 2, the spin dispersion curves �ð�xÞ.
These curves are plotted as a function of the nor-
malized wavevector �x and at a given value of �y.

In the perfect ¯lms, the spin magnon modes are
propagating and verify the generic phase factor
condition j�j ¼ 1, between adjacent spin sites.

Furthermore, to analyze the localized magnonic
branches, the scattering process and the spinwaves'
transmission via the spin sites located in the shear-
ing zone, we need all solutions of Eq. (3). The latter
represents the propagating or the evanescent
eigenmodes of the spin dynamics matrix.

Additionally, in all cases, the two types of spin
modes may be described by the doublet ð�; ��1Þ. To
determine them, di®erent procedures are proposed
in the literature.26,27

Having a nontrivial solution for the matrix of
Eq. (3), it is imperative to take its determinant
equal to zero,

det½�I �DðS; rB; r1; r2; �; expði� �yÞ� ¼ 0: ð4Þ

Therefore, we obtain a secular equation of degrees
10 in � that is expressed in the polynomial form

X10
s¼1

Cs�
s ¼ 0: ð5Þ

The coe±cients Cs are expressed in �, �y and �z.

Owing to the Hermitian nature of the spin dy-
namics of the perfect ¯lm, the phase factors � and
their inverses ��1 verify the polynomial of Eq. (5).

The evanescent spin modes are determined by the
condition j�j � 1. The inverse condition, j�j � 1,
de¯nes nonphysical divergent modes. To describe
spin dynamics in sheared multilayer ferromagnetic
¯lm, we consider, only, physically acceptable solu-
tions obtained from the roots of Eq. (5).

3.1.2. Magnon group velocity

At the movement of a packet of waves, in a medium,
we associate a speed that allows describing the cir-
culation of information and the transport of energy
in this medium. This is called the group speed,
denoted as Vg. It depends on the variation of the real
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wavenumber, in direct relation with the frequency.
It is expressed by

Vg ¼
@�

@�x

����
�y

: ð6Þ

If �x is not a real number, we impose Vg ¼ 0.

To determine the group velocities, several calcu-
lation techniques can be employed.28,29

When the wavevector modulus is of the order of
the inverse of the lattice parameter (1/a), and due to
the breaking symmetry of the ¯lm (interface zone),
the dispersion relation �ð�x; �y) increases less

quicker with �x.
In the studied interface, given in Fig. 1, we report

that the energy °ux of magnons per unit area is due
to spin waves moving from left to right through a
spin layer (yz).

The curves of the group velocities for the perfect
multilayer waveguides are plotted in Fig. 3, as a
function of the normalized energy �.

3.2. Interface spins' dynamics and
scattering

The spin precessions at the interface domain of the
studied ¯lm generate in¯nite number of coupled
equations on either side of the scattering zone.

To deal with the problem and describe the dy-
namics of the disturbed ¯lm spins, it is mandatory to
decouple the dynamics of a set of irreducible spin
sites, which are connected to the boundary sites,
from the rest of the system.

The motion of each spin depends on the co-
ordination and the number neighbor sites.
Consequently, the shearing angle must be taken into

(a) (b)

(d)(c)

Fig. 2. Magnons' dispersion curves on a multilayer waveguide composed of 10 atomic planes, with ferromagnetic order, presented
over the ¯rst Brillouin zone, de¯ned by the interval �x ¼ ½��=a;þ�=a�. (a) The spin intensity ratio S ¼ 0:9 and the normal incidence
�y ¼ 0, (b) the spin intensity ratio S ¼ 1:1 and the normal incidence �y ¼ 0, (c) the spin intensity ratio S ¼ 1:0 and the normal

incidence �y ¼ 0, (d) the spin intensity ratio S ¼ 1:0 and the oblique incidence �y ¼ �=4.
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consideration when writing the equations of motion
of the spin precessions located on either side of
the sheared zone (these equations constitute the
dynamic matrix of the disturbed system).

3.2.1. Coherent magnon transmission across
the interface

To speci¯cally examine the spin scattering phe-
nomena via the interface zone, schematized in Fig. 1,
we use the propagating and evanescent solutions of
Eq. (5). They are given by j�j 	 1. The analysis is
carried out by the matching procedure.16–18

The evanescent spin modes do not transport any
energy, but they are essential for mathematically
describing the scattering problem and for making a
correspondence between the solutions on both sides
of the interface zone.

Since the multilayer perfect ¯lms do not couple
between the spin eigenmodes, we can therefore
treat the scattering process for each spin eigenmode
individually.

For a given spin mode, denoted by �i, incident at
a frequency � and propagating from the left ¯lm to
the right one, via the interface zone, in the x-direc-
tion, the spin scattering due to the interface domain
could be considered as coherent re°ected and
transmitted parts.

For the spin sites belonging to the perfect wave-
guide located at the left of the nanojunction, the
Cartesian components � of the precession ¯eld,
denoted as u�Aðn;m; lÞ, can be expressed as the
sum of an incident propagating spinwave and a

superposition of the re°ected eigenmodes, moving in
opposite sense, in the left perfect waveguide, at
frequency � and ¯xed direction �y. We can write

them as follows:

u�Aðn;m; lÞ ¼ �ni ui þ
X
i 0

Rii 0�
�n
i 0 ui 0 ; n 	 �2:

ð7Þ
For a spin site belonging to the perfect multilayer
¯lm, at the right of the interface domain, the rota-
tion spin amplitude u�Bðn;m; lÞmay be expressed as
a superposition of the eigenmodes of the perfect
waveguide, as follows:

u�Bðn;m; lÞ ¼
X
j

Tij�
n
juj; n 
 3: ð8Þ

The vectors uj and ui 0 are the eigenvectors of the

spin dynamics matrix of perfect multilayer wave-
guide ¯lms at the dimensionless energy �. The
notations Rii 0 and Tij designate, respectively, the

re°ection and transmission amplitudes describing
the scattering process of an incident spinwave i to
the eigenmodes i 0 (for the re°ection) and the
eigenmodes j (for the transmission).

Note that the knowledge of coe±cients Rii 0 and
Tij allows entire determination of the solutions of

Eqs. (7) and (8).
By considering a Hilbert space for the scattering

zone and denoting by ½j~Ri; j~T i� the basis vectors
related to the re°ection and transmission coe±cients
and by j~uinti the spin °uctuations of the irreducible
sites of the interface region, the equations of motion
for the scattering spin sites, coupled to the rest of

(a) (b)

Fig. 3. Curves of the group velocities (Vg) of the perfect multilayer thin ¯lm, as function of the scattering frequency �. (a) For the

normal incidence �y ¼ 0, (b) for the oblique incidence �y ¼ �=4.
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the spins of the ferromagnetic ¯lm, may be expressed

as terms of the vector ½j~uinti; j~Ri; j~T i�.
By introducing appropriate transformations,

which relate to the spin rotation amplitudes in
Eqs. (7) and (8), we obtain an inhomogeneous
square matrix, of the perturbed ¯lm, expressed in
the following form:

½�I �DðS; rB; r1; r2; rBd; r1d; r2d; �; expði� �yÞ�
� ½j~uinti; j~Ri; j~T i� ¼ �j ~inhi; ð9Þ

where the vector �j ~inhi contains the inhomoge-
neous terms, describing the penetrating spin waves
into interface domain when appropriately decom-
posed onto the basis vectors.

Moreover, the scattering matrix elements give
easy access to the relative re°ection and transmis-
sion probabilities rii 0 and tij of the ¯lm, at the ¯xed

variables (�; �y). These are obtained by the follow-

ing relations:

rii 0 ð�; �yÞ ¼ ðVgi 0=VgiÞjRii 0 j2;
tijð�; �yÞ ¼ ðVgi=VgjÞjTijj2:

(
ð10Þ

In the above equations, the group velocities of the
magnons normalize the unitarity of the scattering
matrix and the scattering cross sections.

To determine the total re°ection and transmis-
sion cross sections in an eigenmode i, for a given
doublet (�; �y), we add all the contributions of

the scattered magnons leading to the following
equation:

rið�; �yÞ ¼
X
i 0

rii 0 ð�; �yÞ;

tið�; �yÞ ¼
X
j

tijð�; �yÞ:

8>><
>>: ð11Þ

3.2.2. Magnonic transmittance

To obtain the total transmission of spinwaves
through the interfacial domain of the system studied,
we de¯ned the magnonic conductance or transmit-
tance across the interface. It simply requires the
addition of all the individual transmission coe±cients
generated by the di®erent magnon modes, at a
speci¯c frequency � and a given direction (�y).

Therefore, concretely we obtain,

�ð�; �yÞ ¼
X
i

X
j

tijð�; �yÞ: ð12Þ

The sum is extended to all propagating modes of
magnons. The transmittance spectra �ð�; �yÞ can be

determined experimentally.

3.2.3. Localized magnon states

In this work, Eq. (9) connects the spin excitations
and equations of motion on the boundary to the spin
sites in the two perfect multilayer ¯lms joined by the
interface zone.

We remind that the components of the vector
juinti are given by the amplitudes of all spin sites
contained in the interface region. Furthermore, the
vector connects the two subset of spin sites for the
matching zones, one in the semi-in¯nite multilayer
¯lm on the left and the second in the semi-in¯nite
multilayer ¯lm on the right.

A nontrivial solution of Eq. (9) means that the
following determinant must be zero:

det½�I �DðS; rB; r1; r2; rBd; r1d; r2d; �; expði� �yÞ� ¼ 0:

ð13Þ
This condition permits us to establish the energies of
the localized spin branches on the interface domain.
They correspond to spinwaves that propagate across
the shear spins joining the two semi-in¯nite ¯lms.
The spectra are spatially localized because the pre-
cession amplitudes and the spin excitations decrease
exponentially as we penetrate into the perfect mul-
tilayer ¯lms, along the x-direction.

4. Numerical Applications and
Discussions

The magnon dispersion branches for the spinwaves
in the multilayer perfect waveguides are presented
in Fig. 2. They are plotted over the ¯rst Brillouin
zone, for the alternate ferromagnetic slabs. The
magnon dispersion modes are given in some direc-
tion �, as indicated in the legend. We remind that
�� ¼ q�a de¯nes the normalized wave vector.

In this study, the spin dispersion curves are de-
termined and presented along the x-direction.

To identify the impact of the nature of the spin
layers that make up the ¯lm, we investigated three
values of the spin ration S. In addition, to examine the
e®ect of the spin excitation direction, we considered
two di®erent incidence angles �y. The parameters used

to plot the magnon dispersion curves are as follows:

— In Fig. 2(a), we considered the ration S ¼ 0:9, the
normal incidence �y ¼ 0.
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— In Fig. 2(b), we take the ration S ¼ 1:1, the
normal incidence �y ¼ 0.

— In Fig. 2(c), we take the ration S ¼ 1:0, the
normal incidence �y ¼ 0.

— In Fig. 2(d), we take the ration S ¼ 1:0, the oblique
incidence �y ¼ �=4.

In all simulated cases, each magnon eigenmode labeled
i is propagating in its speci¯c frequency interval.

We point out that the numbering of the indices of
the spin modes is performed from the bottom to the
top, as indicated in the legend of Fig. 2. Moreover,
while in the frequency intervals some modes are
propagated, the others are evanescent modes.

In addition, there are frequency intervals where
several magnon modes can be excited simulta-
neously. This corresponds to the zones of overlap of
the modes.

For the normal incidence, de¯ned by �y ¼ 0, in

Figs. 2(a)–2(c), only the ¯rst two magnon modes are
acoustics; they are characterized by a limiting be-
havior, tending to zero frequency when �x tends to
zero; the eight other modes are optics, with branches
that di®er from zero in the Brillouin zone.

For the oblique incidence, de¯ned by �y ¼ �=4,

plotted in Fig. 2(d), there are no acoustic spin
modes, but all the 10 modes are optics. In this di-
rection, the magnon modes become more energetic.

Consequently, the orientation of the ¯lm or the
incidence excitation can be used to ¯lter the spin
waves at low frequency and prevent acoustic modes.

By increasing the spin intensity S, we observe
that the frequency intervals of the 10 magnon modes
become wider.

To highlight the link between the group velocities
(Vg) and the dispersion curves in the studied ¯lm, we

have plotted, in Fig. 3, the Vg corresponding to two

examples of speci¯c parameters, indicated in Fig. 2.
In Fig. 3(a) (at the right), we have examined the

case where S ¼ 1:0 and �y ¼ 0.

In Fig. 3(b) (at the left), we simulated the situ-
ation where S ¼ 1:0 and �y ¼ �=4.

It can be seen that the frequency interval where

each group speed (Vgi, with i ¼ 1; . . . ; 10) is di®erent

from zero relates well to the propagation interval of

its corresponding magnon mode (i), as indicated by

the dispersion curves. Furthermore, the quantity Vgi

is equal to zero for evanescent spin modes.
Analytically, the group velocities are obtained by

determining the slope of the tangent of the magnon

dispersion branches plotted in the corresponding
curves in Fig. 2. In order to obtain unitarity condi-
tion and the energy conservation in the waveguide,
we remind that the group velocities are important to
determine because they allow the normalization of
the coe±cients of the scattering cross sections.

From the obtained results, we can say that the
magnon dispersion spectra and the group velocities
depend totally on the following parameters:
Exchange integral, spin intensities SA and SB and
the incidence direction.

The main objective of this work is to study the
propagation of spin waves in a multilayer ¯lm
through sheared spin sites and to simulate their
e®ects on the transmittance according to the para-
meters which characterize the disturbed zone.

We point out that the programs developed for
our numerical calculations can be executed for all
possible values of the magnetic exchange ratios de-
¯ned in Eq. (1). It is important to mention that the
parameters which in°uence the transmission and the
magnonic conductance are those which characterize
the interface zone itself; they are those which
carry the index \d", and the others are already
present for the ideal thin ¯lm without the shear.

The results of the numerical applications of the
spin scattering model are presented, in Figs. 4–9, for
the ordered magnetic interface zone in multilayered
ferromagnetic thin ¯lm, obtained by shearing a part
of the ¯lm from the other at an angle of 30�.

The spin multilayer is made of 10 slabs, achieved
by alternate two spin layers A and B.

The shearing zone can be treated as an interface
domain, which can signi¯cantly impact the spin
excitation spectra. This is due to the fact that
inhomogenous space, formed by juxtaposition of two
surfaces, leads to localized interface excitations
(surface magnons) and generates multiple re°ec-
tions. We note that the results of the localized spin
states are not presented in this paper.

In Figs. 4 and 5, we have determined, respec-
tively, the magnon transmission, re°ection spectra
and its sum (Fig. 4) and the spinwave transmittance
via the interface (Fig. 5), as a function of the ration
of the spin intensity and magnetic exchange in the
interface domain.

In the ¯rst step, we considered that the values of the
spins of sites A and B are close, giving a ratio S ¼ 1:0.

To simulate the impact of the magnetic coupling
on the magnonic spectra, we have varied the
magnetic exchange, in the boundary domain, from

Spinwaves Scattering Through Shear Spins
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(a)

(b)

Fig. 4. The curves of transmission (dashed lines) and re°ection coe±cients (dotted lines) and their sum (solid lines) of the magnon
modes, for the studied multilayer ¯lm. The simulations are carried out for the ratio S ¼ 1:0. (The spin intensities are similar
everywhere) and at the given direction �y ¼ 0. The spectra are plotted in the frequency interval �, which covers the

interval propagation of all magnon modes of the perfect multilayer ¯lm. (a) The spectra describe a softening case of the spin coupling.
(b) The spectra describe a hardening case of the spin coupling.
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softening (Fig. 4(a)) to hardening (Fig. 4(b)). To do
this, all the parameters which have the index \d" are
increased (lowered) by 10% compared to those of the
perfect ¯lm and this was made to study the impact
of the sheared sites (the rBd ratio is also taken into
consideration; it has been varied in relation to the rB

of the perfect zone with the proportions 10% greater
and 10% smaller and comparable values).

In Fig. 5, the shear angle has an impact on the
propagation of spin waves and it conditions the
magnon transmittance. Quantized transmittance
can be expected for an ideal system without any
geometric deviation or defect.

Even if the values of the coupling constants are
homogeneous and identical to those of the perfect
system but the geometry is not similar (in particular,
the number of nearest neighbors for the sheared sites
is 7, unlike the perfect ¯lm which is 6); therefore, the
lack of strong transmission is justi¯ed by the multiple
re°ections and shifting of the ¯lm con¯guration.

Similarly, in Figs. 6 and 7, we analyzed the con-
¯guration where the spin intensity of a spin site A is
greater than the spin intensity of the site B about
10% (SA > SB).

In Figs. 8 and 9, we examined the situation when
the spin intensity of a spin site A is smaller than the
spin intensity of the site B about 10% (SA < SBÞ.

For all introduced parameters, in the simulation
cases, it is observed that the transmission and re-
°ection cross sections satisfy the unitarity condition

Fig. 5. Magnonic transmittance vs magnon frequency for
di®erent types of interactions: softening (dash-dotted lines),
homogenous (dashed lines) and hardening case (dotted lines).
The spectra are determined for the similar spin value of spin
intensities SA ¼ SB ðS ¼ 1:0Þ.

(a)

Fig. 6. As in Fig. 4, for the ratio S ¼ 0:9 and the direction �y ¼ 0. (a) The spectra describe a softening case of the spin

coupling. (b) The spectra describe a homogenous case of the spin interactions. (c) The spectra describe a hardening case of the
spin coupling.

Spinwaves Scattering Through Shear Spins
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of the scattering matrix (ti þ ri ¼ 1). This condition
is used to control our numerical calculations.

By comparison between the magnonic spectra,
plotted in Figs. 4, 6 and 8, we con¯rm the strong
dependence of the transmission/re°ection coe±cients

on the magnetic exchange integrals. In other
words, the obtained results of magnonic spectra
depend mainly on the integral of exchange, the
spins SA and SB parameters and B and the incidence
angle �y.

(b)

(c)

Fig. 6. (Continued)
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In addition, when the magnetic coupling constants,
in the semi-in¯nite ¯lm (before the zone ensuring the
scattering of the spin waves), are lower than those of
the second space (located after the sheared zone),
the magnons cross weakly the interface domain.

The obtained results are in conformity with our
expectation, since the spinwaves cross a magnetic
interface and propagate better in a slab medium
with soft exchange constants. The process is re-
versed in the case where the magnetic interactions in
the multilayer ¯lm are hard.

Due to the fact that, in any type of waves (also
valid for spin waves), to cross the solid–solid inter-
faces more easily, it is necessary that the forces
brought into play between the two subspaces
located on either side of interface are weak. This
situation corresponds to the softening case of the
interaction constants. On the opposite case, if
the medium in which the waves are di®used
exhibits harsher constants than the di®using medi-
um, the waves are transmitted less because of
energy considerations. The hardness of the coupling
forces generates more re°ections when crossing
the zone ensuring the junction, thus leading to
the decrease in transmission and conductance
spectra.

It is useful to mention that, in the perfect ¯lm,
the magnetic exchange constants between di®erent
spins are often expressed as a function of the con-
centrations of the A and B atomic sites that make
up the multilayer ¯lm. Here, we consider a homog-
enous concentration A0:5B0:5.

It is reported that, in our simulations, we
have opted for the ratios (normalization of the
physical quantities) because at the interface
domain, the magnetic exchanges are unavailable
experimentally.

(a)

Fig. 8. As in Fig. 4, for the ratio S ¼ 1:1 and the direction �y ¼ 0. (a) The spectra describe a softening case of the spin

coupling. (b) The spectra describe a homogenous case of the spin interactions. (c) The spectra describe a hardening case of the spin
coupling.

Fig. 7. As in Fig. 5, for the ratio S ¼ 0:9 and the direction
�y ¼ 0. The spin intensity of a spin site A is greater than that of

the spin site B about 10% (SA > SB).
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Furthermore, the observed oscillations, in the

three simulated possibilities of the magnetic coupling,

come from the attenuation of the spin amplitude,

which is generated by penetrating into the second

system (in a few spin layers).
In summary, the results show that the magnonic

spectra are strongly a®ected by the breakdown

of the propagation spinwave direction. This implies
the possibility of a nanometric procedure to organize
the spin excitation and the magnon heat transfer
from a coherent source, preferentially, into di®erent
branches of a mesoscopic system.

It is speci¯ed that we have developed computer
programs which can operate with all the values entered.

(b)

(c)

Fig. 8. (Continued)
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5. Conclusion

We presented a theoretical model for the study of
the magnetic properties of a ferromagnetic ordered
interface in multilayer ¯lms. Accurately, we exam-
ined an interface zone obtained by shearing a part of
the ¯lm from the other at an angle of 30�.

The magnon transmission and re°ection spectra
via the magnetic nanojunction and its spin trans-
mittances are calculated and analyzed for di®erent
values of the intensity of spin ratio and the magnetic
coupling in the interface region. The objective of
changing the ratio of spin intensity is to discuss the
sensitivity of the magnonic properties to the nature
of the spin layer that compose the ferromagnetic
¯lm. Furthermore, our aim by varying the inter-
atomic magnetic exchange on the interface region is
to investigate the consequences of magnetic soften-
ing and hardening for the calculated properties. The
results demonstrate the characteristic interference
e®ects between incident magnons and the re°ected
and localized spin states on the interface zone, and
the results highlight the localized spin states on the
domain containing the nanojunction and their
interactions with incident magnons.

The spin oscillations, observed in magnonic
spectra, are attributed to the variation of the spin S
and the magnetic exchange parameters at the
interface domain.

Acknowledgments

The authors would like to thank S. Djebala for
proofreading this paper.

This work is supported by MESRS, under the
registration: PRFU-B00L02UN150120200001.

References

1. K. Ariga, Y. Yamauchi, G. Rydzek, Q. Ji, Y.
Yonamine, K. C.-W. Wu and J. P. Hill, Chem. Lett.
43, 36 (2014).

2. S. Srivastava and A. Kotov, Acc. Chem. Res. 41,
1831 (2008).

3. A. H. Aly, H.-T. Hsu, T.-J. Yang, C.-J. Wu and C. K.
Hwangbo, J. Appl. Phys. 105, 083917 (2009).

4. A. L. Lacaita and A. Redaelli, Microelectron. Eng.
109, 351 (2013).

5. X. Chen, Y. Zhou, V. A. L. Roy and S. T. Han, Adv.
Mater. 30, 1703950 (2018).

6. C. A. F. Vaz, J. A. C. Bland and G. Lauho®, Rep.
Prog. Phys. 71, 056501 (2008).

7. S. Zhang, Phys. Rev. B 51, 3632 (1995).
8. T. Yu, H. Yu, Y. M. Blanter and G. E. W. Bauer,

Phys. Rev. B 99, 134424 (2019).
9. Q. Fu, Y. Li, L. Chen, F. Ma, H. Li, Y. Xu, B. Liu,

R. Liu, and Y. Du, Chin. Phys. Lett. 37, 087503 (2020).
10. F. Guinea, Phys. Rev. B58, 9212 (1998); L. J.

Heyderman and R. L. Stamps, J. Phys. Condens.
Matter 25, 363201 (2013).

11. G. Belkacemi and B. Bourahla, Int. J. Mod. Phys. B
31, 1750155 (2017).

12. F. Chelli, B. Bourahla and A. Khater, Int. J. Mod.
Phys. B 34, 2050080 (2020).

13. A. Belayadi, B. Bourahla and A. Mogari, Spin 9,
1950005 (2019).

14. B. Bourahla, O. Nafa, A. Khater, J. Supercond.
Novel Magn. 28, 1843 (2015).

15. A. Belayadi and B. Bourahla, Comput. Cond. Matter
24, e00493 (2020).

16. M. Abou Ghantous and A. Khater, Eur. Phys. J. B
12, 335 (1999).

17. B. Bourahla, A. Khater, R. Tigrine, O. Ra¯l and
M. Abou Ghantous, J. Phys. Cond. Matter 19,
266208 (2007).

18. A. Khater, L. Saim, R. Tigrine and D. Ghader, Surf.
Sci. 672–673, 47 (2018).

19. L. Barbier, A. Khater, B. Salanon and J. Lapujoulade,
Phys. Rev. B 43, 14730 (1991).

20. L. J. Jiang and M. G. Cottam, J. Appl. Phys. 85,
5495 (1999).

21. T. E. Feuchtwang, Phys. Rev. 155, 731 (1967).
22. J. Szeftel and A. Khater, J. Phys. C. Solid State

Phys. 20, 4725 (1987).
23. J. Szeftel, A. Khater, F. Mila, S. d'Addato

and N. Auby, J. Phys. C. Solid State Phys. 21, 2113
(1988).

24. M. Tamine, J. Magn. Magn. Mat. 153, 366 (1996).

Fig. 9. As in Fig. 5, for the ratio S ¼ 1:1 and the direction
�y ¼ 0. The spin intensity of a spin site A is smaller than that of

the spin site B about 10% (SA < SB).

Spinwaves Scattering Through Shear Spins

2150028-15



25. M. Belhadi and R. Chadli, Surf. Rev. Lett. 11, 321
(2004).

26. A. Khater, B. Bourahla, M. Abou Ghantous,
R. Tigrine and R. Chadli, Eur. Phys. J. B 82, 53
(2011).

27. M. Belhadi and A. Khater, Surf. Rev. Lett. 16, 55
(2009).

28. B. Bourahla and O. Nafa, Spin 6, 1650007 (2016).
29. D. Ghader and A. Khater, J. Magn. Magn Mat. 482,

88 (2019).

L. Ferrah, B. Bourahla & S. Blizak

2150028-16


	Modeling and Simulation of Magnons Scattering Across Shear Spins in Multilayered Ferromagnetic Slabs
	1. Introduction
	2. Ferromagnetic Multilayer Film Description
	3. Matching Technique Principle
	3.1. Spin excitations in ferromagnetic multilayered perfect film
	3.1.1. Spin precession and magnons&rsquo; dispersion relations
	3.1.2. Magnon group velocity

	3.2. Interface spins&rsquo; dynamics and scattering
	3.2.1. Coherent magnon transmission across the interface
	3.2.2. Magnonic transmittance
	3.2.3. Localized magnon states


	4. Numerical Applications and Discussions
	5. Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 900
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


