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Simulations of spin dynamics in cobalt-based magnetic multilayers
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A model of a magnetic multilayer structure in the micromagnetic approximation is outlined and applied to
the study of cobalt-based multilayers with nonmagnetic spacers. The field swept ferromagnetic resonance is
studied in athermal simulations with continuous cobalt layers and with granular cobalt layers with nonmagnetic
grain boundaries. Results are obtained which agree qualitatively with recent experimental observations. The
response of the systems are analyzed in terms of the elementary excitations by introducing a Hamiltonian
formalism and spectral decomposition. The eigenfrequencies of the continuous magnetic medium are found to
differ dramatically as compared to the granular magnetic medium confirming the break up of the intralayer
symmetry produced by the nonmagnetic grain boundaries.@S0163-1829~98!03741-2#
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I. INTRODUCTION

Recently, attention has focused upon the use of ferrom
netic resonance~FMR! as a tool of analysis for investigatin
magnetic recording thin films and multilayers. The obser
tion of multiple resonances in metallo-organic chemical
por deposition~MOCVD! deposited cobalt thin films1 indi-
cates the importance of internal interactions a
microstructure even at large external fields on the FMR ch
acteristics.

The FMR response can be characterized by two qua
ties, the reversible transverse susceptibility~RTS! and the
FMR absorption. These describe the in-phase and 90° ou
phase response to a high frequency harmonic perturba
applied transverse to a quasistatic control field. Resonan
observed when the perturbation frequency approaches
natural precession frequency of the magnetization at
given value of the control field.

A model of the RTS has been used by Suhl, Van Uite
and Davies,2 and Aharoniet al.3 to determine the depen
dence of the FMR on the control field of an assembly
noninteracting Stoner-Wohlfarth particles. It is found th
discontinuities in the magnetization curve coincide with d
continuities in the reversible susceptibility tensor.3 Chen and
Bertram4 and Klik and Chang5 have studied analytically a
pair of Stoner-Wohlfarth particles interacting via dipol
dipole coupling. It has been found that configuration sp
symmetry can suppress resonances in the RTS. Comp
simulation makes it possible to study many degrees of fr
dom systems with internal interactions. A computer simu
tion model has been developed by Dean and co-workers6,7 to
simulate a periodic array of Stoner-Wohlfarth particles int
acting via dipole-dipole interactions, and results have b
obtained for a 53535 lattice of particles.

Continuous distributions of magnetization have been l
extensively studied for FMR response. Netzelmann8 has de-
veloped an analytical model based on the assumption tha
magnetization remains uniform. We have previously dev
oped a micromagnetic model based on a Hamilton
formalism9 which admits the possibility of nonuniform mag
netization distributions, and this has been applied to
simulation of FMR in a single cubic particle.10 Here, in Sec.
PRB 580163-1829/98/58~18!/12207~9!/$15.00
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II of the present communication we describe a model
magnetic-nonmagnetic multilayers based on a unit comp
tional cell consisting of a regular rectangular computatio
lattice with periodic boundary conditions.

In Sec. III, the model is applied to the athermal simulati
of the ~a! demagnetization-remagnetization process and~b!
FMR in perpendicular magnetic multilayer thin films an
simulated magnetization and FMR response curves are
tained. The FMR response curves exhibit multiple re
nances consistent with the experimental observations c
above. We attempt to gain insight into the dynamics by
veloping a model of the elementary excitations of the s
tem.

If all atoms experience identical exchange, Zeeman
anisotropy interactions, only the uniform~Kittel! mode will
be excited.11 Moreover, the Kittel uniform mode is only a
normal mode if the internal field is uniform. For a finite film
the main resonance is shifted slightly from that of the Kit
mode for an infinite film by the presence of the microwa
demagnetization field.12

However, atoms at the surface experience a different
vironment from those in the bulk of the sample due to t
different crystalline symmetry and the possibility of oxid
and impurities that radically change the exchange interac
strength.11 This induces pinning conditions of the magne
zation at the surface, which in turn introduce different sel
tion rules according to whether the magnetization is pinn
or unpinned.12 The normal modes are very sensitive to slig
changes in the sample shape, which lead to a suppressio
spin wave lines.

One may also designate spin waves as magnetos
modes or exchange modes according to which contributi
dominate the dispersion relation.13 The magnetostatic mod
problem is usually solved by putting the exchange cons
to zero, assuming the unperturbed magnetization is u
formly saturated and hence using linearized equations of
tion generally in the Landau-Lifshitz form, and solving fo
the magnetostatic potential due to the perturbations. Mag
tostatic frequencies have been calculated for a variety
sample geometries.14–16By considering the ratio between th
group velocities for exchange and magnetostatic contri
tions, Fletcher and Kittel13 were able to arrive at a demarc
12 207 ©1998 The American Physical Society
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12 208 PRB 58M. A. WONGSAM AND R. W. CHANTRELL
tion line between the magnetostatic modes and the exch
modes.

The general expressions for the dispersion relation in
linearized, circular precession approximation12 have been ex-
tended by Benson and Mills,17 and solutions have been ob
tained for a variety of sample geometries and media. In or
to calculate the contribution from scattering processes18–24to
the relaxation phenomena such as linewidth,24 one has to
consider a formulation of the problem in terms of magn
variables. This necessitates a Hamiltonian formulati
which in turn has led to the introduction the Holstei
Primakov transformations,25 which produce infinite perturba
tion series. However, the Holstein-Primakov formalis
which treats the nonquadratic part of the Hamiltonian
perturbation theory is only possible in large external fields26

In general, the nonquadratic part of the Hamiltonian, rep
senting spin-wave interactions is large, and dominates
quadratic part at low frequencies in weak external fiel
This difficulty arises because of the appearance of a metr
the Hamiltonian in square root form.26

We propose to introduce a scheme which retains so
features of the macroscopic approach while incorpora
some of the features of the description in terms of mag
variables. In particular, we propose to calculate the inter
fields from the micromagnetics of the problem and introdu
them into the Hamiltonian as functions of the equilibriu
state. One thereby obtains a completely diagonalizable
scription in terms of independent magnon variables. This
ables one to obtain the normal frequencies and extract a
scription in terms of ideal gas magnons. The drawbacks
~i! the dispersion relation cannot be obtained, and hence
spin waves cannot be directly reconstructed,~ii ! magnon in-
teractions cannot be incorporated, and therefore the des
tion of relaxation phenomena in terms of scattering proces
will be outside the scope of the model. However, the f
quencies determined by this method will be exact, and
will be able to investigate the effect of making small pertu
bations of the normal modes about the equilibrium inter
field distribution. Moreover, one can work perfectly we
with highly nonuniform internal fields.

The normal mode wave vectors will in general be co
plex, and so many modes will be localized either at the
terfaces between magnetic and nonmagnetic layers, or w
the bulk. Recently, the possibility of single and multiple so
ton modes have been reported in one-dimensional
chains,27 whose frequencies lie outside and above the us
spin wave band. Since a multilayer is a realization of a o
dimensional spin chain, it is possible that some of our mo
are indeed localized excitations. However, since we can
obtain the wave vectors we cannot comment on which, if a
of our modes lie in this category.

In Sec. IV we present an analysis of the dynamics of
system in terms of the spin density fluctuation element
excitations. These are determined directly from the Ham
tonian formalism via a semiclassical quantization procedu
resulting in a system of independent excitation modes.
response of the elementary excitations under small harm
perturbations is determined, and the analysis applied to
case of the multilayer thin films previously considered in t
FMR simulation.
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II. DESCRIPTION OF THE MICROMAGNETIC MODEL

A model of a magnetic multilayer structure with perpe
dicular uniaxial anisotropy in the magnetic layers is cons
ered. The model uses anN5Nx3Ny3Nz rectangular com-
putational lattice, with periodic boundary conditions appli
along all faces of the computational unit cell. The magne
layers are modeled by allocating nonzero magnetization
lattice planesi 51,J, and the nonmagnetic layers are mo
eled by allocating zero magnetization to lattice planesi 5J
11, Nz. J is taken to be greater than 2, since nonunifo
magnetization through the thickness of the magnetic layer
expected to occur. With the periodic boundary conditio
assumed in all directions, the model represents a continu
multilayer film with an infinite number of alternating mag
netic and nonmagnetic layers. The volume of the compu
tional cell is designatedV, and comprises the magnetic vo
ume Vint and the nonmagnetic volumeVext with common
boundary ]V. The reduced magnetization ism(x,t)
5M (x,t)/Ms , whereMs is the saturation magnetization at
K. The scalar potential arising out of the internal interactio
is designatedF(x).

The effective field formalism. A standard micromagnetic
description of the system is used incorporating exchan
magnetocrystalline anisotropy and magnetostatic interna
teractions and an externally applied control fieldHext(x).
The exchange and magnetostatic interactions are calcu
according to a Fourier transform technique applied to
magnetization and scalar potential. Therefore, one uses
representation formulas

F~xuvw!5(
pqr

fpqre
ıkpqr•xuvw, ~2.1a!

M ~xuvw!5(
pqr

mpqre
ıkpqr•xuvw, ~2.1b!

where k5(kp ,kq ,kr), kp52pp/Lx, kq52pq/Ly, kr
52pr /Lz, and wherep,q,r are integers.Lx,Ly,Lz are the
dimensions of the computational cell,xuvw5(xu ,yv ,zw) is a
position vector of a point on the computational lattice, a
kpqr is a position vector of a point in the reciprocal of th
computational lattice.

(1) Exchange interactions. Simply applying the negative
Laplacian multiplied by the exchange constantA in Eq.
~2.1b! gives the exchange contributionHexch as

Hexch~x!5A(
pqr

ukpqru2mpqre
ıkpqr•x, ~2.2!

where, the indices for the position in the computational l
tice have been suppressed.

(2) Magnetostatic interactions. The scalar potentialF sat-
isfies the following boundary value problem:

¹2F int54p¹•M ; xPVint , ~2.3a!

¹2Fext50; xPVext, ~2.3b!

~F int2Fext!uxP]V50, ~2.3c!

~¹F int2¹Fext!•n̂uxP]V54pM•n̂, ~2.3d!
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PRB 58 12 209SIMULATIONS OF SPIN DYNAMICS IN COBALT- . . .
Fextu uxu→`50. ~2.3e!

Here, F is defined overVintøVext, where ;xPVint , F
5F int and;xPVext, F5Fext.

Using the representation formulas Eqs.~2.1a! and ~2.1b!,
and appropriately chosen complementary functionscpq and
hpq , which satisfy the homogeneous problem with the sa
boundary conditions, the solution for thefpqr , cpq , and
hpq can be expressed in terms of themlmn simply by substi-
tution into Eqs.~2.3a!–~2.3e!. The final solution can be writ-
ten down in the form28

F~x,y,z!5(
pqr

fpqrexp$ı~kpx1kqy1krz!%

1(
pq

@cpqexp$2kpqz%1hpq

3exp$2kpq~Lz2z!%#exp$ı~kpx1kqy!%

~2.4!

and the internal fields due to magnetostatic interactions
given byHmagn52¹F.

(3) Magnetocrystalline interactions. The effect of the
spin-lattice coupling is accounted for phenomenologically
the usual fashion by introducing a magnetocrystalline ene
density function of the appropriate symmetry and retain
only the lowest order terms, as in for instance Ref. 29. T
components of the magnetocrystalline anisotropy fi
Hcryst(x) are then determined as the components of the
dient of this density function.

(4) Free surface interactions. The system as describe
represents a multilayer structure infinite in extent in the fi
plane, and periodic in magnetic-nonmagnetic layer alter
tions perpendicular to the film plane with an infinite numb
of such alternations. For a magnetization distribution with
sizeable perpendicular component, the periodic chara
means that surfaces of positive magnetic charge distribu
will be partially compensated by surfaces of negative m
netic charge from the adjoining virtual cell in the perpe
dicular direction.

In a real sample, sufficiently far from edges the syst
will appear locally to be infinite within the film plane. How
ever, for magnetization distributions with components p
pendicular to the film plane there will be uncompensa
surfaces at the top and bottom extreme magnetic layer
the system. These will produce uncompensated magn
charge distributions and hence an additional mean dema
tizing field to that calculated from the unit computational c
according to the potential problem as posed in Eqs.~2.3a!–
~2.3e!. This has to be added to the local effective field in t
form

Hfree surfaces524p
Vint

Vint1Vext
^M•n̂&, ~2.5!

wheren̂ is a unit normal at the magnetic-nonmagnetic int
face and̂ M•n̂& denotes the average taken across the wh
interface of the unit cell. The prefactor represents the pa
ing density, and the demagnetization factor is set to 4p.
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III. SIMULATING THE MAGNETIZATION
AND FMR RESPONSE

Using the micromagnetic model described in the previo
section, a demagnetization/remagnetization simulation m
be conducted by starting with a saturated sample in a la
positive external field applied perpendicular to the film in
direction designated@0,0,1#. The field is then reduced incre
mentally until it attains a large negative value sufficient
saturate the sample in the opposite sense. At each field
the sample is allowed to evolve to static equilibrium. At ea
stationary state, the FMR response is simulated by apply
a small plane polarized perturbing field transverse to the q
sistatically applied control field in the direction@1,0,0#. The
FMR response is then determined according to the met
outlined in Ref. 6 in conjunction with equations of motio
chosen to exhibit the precession and relaxation of the m
netization. The nonzero component of the perturbing field
denoted by

h5Re@2ıh0 expıvt# ~3.1!

while the component of total magnetic moment in the@1,0,0#
direction is decomposed into contributions in phase andp/2
out of phase with the perturbing field according to

Mx5Re@~ax2bx!expıv t#, ~3.2!

where

ax5~1/Tsim!E
0

Tsim
Mx~ t !cosv t dt, ~3.3a!

bx5~1/Tsim!E
0

Tsim
Mx~ t !sinv t dt, ~3.3b!

and whereTsim is the duration of the simulation over whic
averages are taken. Normally, the system is allowed to s
down for two complete cycles ofh prior to taking averages

The susceptibility is defined to be

x5~1/h0
2!h* Mx5x82ıx9, ~3.4!

where in Eq.~3.4! x8 is the in phase component of the su
ceptibility giving the transverse susceptibility, andx9 is the
p/2 out of phase component, giving the FMR absorption

The existence or otherwise of correlated magnetizat
fluctuations is expected to be strongly dependent on
physical microstructure. In order to include this factor in o
investigations we have concentrated our computational s
ies on structured films consisting of magnetic multilayers
Co separated by a nonmagnetic material. The effect of
order was also studied by introducing a granular microstr
ture. The aim is to elucidate the role of magnetization flu
tuations in the dynamic response and, if possible, to re
this to the bulk magnetic behavior.

The choice of continuous and granular microstructures
flects two extreme cases which were expected to illumin
any microstructural effects. In this section, we present a
of computational results which demonstrate the importa
of correlated magnetization fluctuations on the static and
namic magnetic behavior, and the role of the physical mic
structure in this phenomenon. The nature of the magnet
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12 210 PRB 58M. A. WONGSAM AND R. W. CHANTRELL
tion fluctuations is then further investigated in detail in t
following section in which we consider spin density fluctu
tion elementary excitations.

Simulations have been conducted on Cobalt layers a
nated with a nonmagnetic spacer, using a 3233238 com-
putational lattice with a cubic unit cell having lattice consta
equal to 50 Å. The cobalt is represented in the lower
lattice planes, and the nonmagnetic spacer is represent
the upper two lattice planes. For the FMR simulations
plane polarized perturbing field of frequency 9.5 GHz w
applied in the@1,0,0# direction. Results are given for~a! a
system composed of continuous Co magnetic layers w
strictly perpendicular easy directions and~b! granular Co
layers with nonmagnetic grain separation and easy direct
dispersed within a 1° cone about the perpendicular direct
The different behavior of these systems is very revealing
regards the existence of correlated magnetization fluctuat
~spin waves! and their effect on the magnetization revers
process.

Figure 1 shows the magnetization curves betwe
630 kOe for the two systems. They show pronounc
skewing due to the easy plane anisotropy originating fr
partially compensated magnetic-nonmagnetic layer in
faces plus the free surface contributionsHfree surfaces. The
continuous magnetic layer simulation is characterized b
magnetization curve containing large Barkhausen jumps,
dicating that entire regions are coupled and rotating col
tively, whereas the granular layer simulations show a smo
development of the magnetization curve with decreas
field. Both curves have small remanent magnetizations
13.6 and 10 % of the saturation value for the continuous
granular systems, respectively. The coercivities are 1.8
2.2 kOe, respectively. Therefore, the demagnetizing effec
slightly greater in the granular case than for the continu
case.

The reduced remanence in the granular system pres
ably reflects the fact that individual grains find it easier
reverse in the absence of exchange coupling. The incre
coercivity reflects a combination of the fact that there
some additional shape anisotropy perpendicular to the p
and also the reduction in the extent of cooperative reve
achieved by the loss of exchange coupling across g
boundaries which can essentially act as pinning sites for

FIG. 1. Magnetization curves for~a! continuous and~b! granular
magnetic film layers.
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main walls. There is a clear feature in the form of a lar
Barkhausen jump at an external field of aroundHk . Essen-
tially, as the external field is lowered the magnetization d
creases from saturation via a fanning mode which is nonu
form close to the magnetic-nonmagnetic interface due to
highly nonuniform fields. The feature close toHk corre-
sponds to an irreversible change in the layer closest to
interface. Propagation of this reversed nucleus of magnet
tion is quickly hindered by a reduction in the demagnetizi
field leading to a relatively stable magnetization structu
which proceeds via reversible magnetization processes
negative fields where further irreversible transitions occu

Figure 2 shows the in phase and 90° out of phase
sponse of the system to a small harmonic perturbation for
two systems. This is essentially the FMR response of
system. The response of the continuous system is larger
for the granular system. One would expect the uniform p
cession mode for a sample saturated in the bias field di
tion to be around 14.5 kOe. However, due to the strong
magnetizing effects the sample is no longer saturated at
value of the external field. In order to demonstrate the ex
tence of a uniform precession mode we have carried o
swept frequency absorption simulation between 40 and
GHz in an external field of 30 kOe, which is sufficient
saturate the system. Resonance occurs around 45 GHz~Fig.
3!. According to a calculation based on a straightforwa
estimate of the demagnetizing field the resonance should
cur at 48.61 GHz. However, this calculation does not ta
account of partially compensated internal interfaces in
multilayer structure, which might be expected to accentu
the demagnetizing effect, and may explain the discrepan

Consequently, in Fig. 2 the response of the system oc
at fields far distant from the resonant field of the system. T
continuous material is characterized by a gradual increas
response as the material moves away from saturation, w
we will show later, arises from the development of rapid
changing internal magnetic fields as the fanning mode de
ops. The granular system remains relatively featureless w
a small response. The FMR response in small fields is w
thy of further study. The response of the system is comp
and is naturally analyzed in terms of dynamic element
spin density fluctuations. In addition to providing a use
insight, this approach also has the benefit of providing

FIG. 2. FMR response~transverse susceptibility! and ~absorp-
tion! for ~a! continuous and~b! granular magnetic layers.
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FIG. 3. x1 and x2 at 30 kOe plotted against frequency for the continuous magnetic layer system, showing the existence of a
uniform precession mode at high frequencies.
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physical interpretation in terms of the spin wave spectr
and its relation to the film structure. Consequently, we h
developed an analytical approach to the spin density fluc
tions based on equations of motion in the Hamiltonian fo
which provide a detailed framework within which we ca
interpret the spin wave behavior. The theory is outlined
the following section and finally we consider the applicati
of the results to our computer simulations.

IV. SPIN DENSITY FLUCTUATION ELEMENTARY
EXCITATIONS

Here we describe an analysis of the spin density fluct
tion elementary excitations based on equations of motio
the Hamiltonian form introduced in Ref. 10. Such a form
ism leads naturally to a quantization of the magnetizat
using only postulated commutation relations. Thereafter,
spin density fluctuation elementary excitations follow from
determination of the normal modes of the system of eq
tions of motion expressed in the Heisenberg form.

The Hamiltonian density introduced in Ref. 10 for th
description of classical ferromagnetic systems in the mic
magnetic approximation can be written as

W5gMs«
abnHambpn, ~4.1!

wheremb, pn, andHa are all at least piecewise continuou
functions of the spatial coordinates and continuous functi
of the timet. The numerical relation betweenpa andma is
taken to bepa5ṁa, the constant of proportionality with th
dimensions of time2/energy density being numerically equ
to unity.

We now use the representation formulas

ma5V21/2(
k

qk
a~ t !exp~ik•x!,

pa5V21/2(
k

pk
a~ t !exp~ik•x!, ~4.2!

wherex is a position vector of a point on the computation
lattice andk is a position vector of a point in the reciproc
of the computational lattice. Here, explicit reference to p
ticular sites on the computational lattice or its reciprocal
e
a-

n

-
in
-
n
e

-

-

s

l

-
e

now suppressed. Using the definition ofpa with Eq. ~4.2!
one finds the numerical relation between theqk

a and thepk
a to

be

q̇k
a~ t !5pk

a~ t !. ~4.3!

Quantization. Using Eq. ~4.2! in Eq. ~4.1! enables the
Hamiltonian to be written

W5E E E
V
gMs«

abnpa†Hbmnd3x

5E E E
V
gMs«

abnHbV21(
kk8

pk
a†~ t !qk8

n
~ t !

3exp$i~k82k!•x%d3x

5V21(
kk9

^kugMs«
abnHbuk8&pk

a†~ t !qn
k8~ t !, ~4.4!

where

^kugMs«
abnHbuk8&5E E E

V
gMs«

abnHb

3exp$i~k82k!•x%d3x. ~4.5!

The inverse relations forpa andma are given by

qk8
a

~ t !5V21/2E E E
V
ma~x,t!exp$2ik8•x%d3x,

~4.6!

pk8
a

~ t !5V21/2E E E
V
pa~x,t !exp$2ik8•x%d3x.

Now, define the commutator of the operatorsma andpa by

@ma~x,t!,pb†~x8,t !#5i~\/V!dabd~x2x8!. ~4.7!

Then, on using the inverse relations for the coefficients,
~4.6! in conjunction with the commutator relation Eq.~4.7!
one finds that

@qk
a~ t !,pk8

b†
~ t !#5i\dabdkk8 . ~4.8!
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In general, since the Hamiltonian is expressed bilinea
in terms of theqk(t) andpk(t) with coefficients given by the
frequency matrixHkk9

an
5V21^kugMs«

abnHbuk9&, then a so-
lution of the dynamical problem reduces to the diagonali
tion of Hkk9

ab . The equations of motion in the Heisenbe
form have been solved.30 Upon diagonalization, one is abl
to express the normal modesq̃k

n(t) in the form

q̃k
a~ t !5uk

a~ t !jk , ~4.9!

whereuk
a is a unit polarization vector executing precessio

motion according touk
a(t)5uk

aexp(ıvk
at), wherevk

a is the
frequency of the mode designated (ak), and

ujku25@ q̃k
a~0!#†q̃k

a~0!. ~4.10!

This is consistent with the assumption that each Fourier c
ponentqk(t) executes precessional motion with constant a
plitude in accordance with the form of the equations of m
tion.

The response of the system to a small harmonic pertu
tion of the formHpert

b 5hx̂bexpıVt whereh is the amplitude

of the perturbing field andx̂5(1,0,0)T have been determine
to be ~see Ref. 28!

bk
~1!~ t !5ıgMshjk

uk
3* uk

2

V2vk
exp@ ı~V2vk!t#, ~4.11a!

bk
~2!~ t !52ıgMshjk

uk
2* uk

3

V2vk
exp@ ı~V2vk!t#,

~4.11b!

bk
~3!~ t !50. ~4.11c!

The magnetization configuration at various values of
external field for the continuous and granular systems
scribed previously have been subjected to the forego
analysis and data for the frequency distributions, amplitu
spectra and response spectra obtained~Figs. 4, 5, and 6!.

FIG. 4. Frequency spectrum plotted in ascending order at
kOe and remanence for continuous and granular magnetic l
systems. Solid: granular layers at 0 Oe, dashed: granular laye
20 kOe, dash-dotted: continuous at 20 kOe, dotted: continuous
Oe.
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e
e-
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Figure 4 shows the frequency spectra for continuous
granular multilayers in a field of 20 kOe and at remanen
The plot is obtained by numbering the modes in order
increasing frequency. It can be seen that high freque
modes exist. The frequency carries information about
Fourier components of the internal fields and therefore r
resents an important probe of the micromagnetic struct
The mode frequencies and their variation with field give
interesting link between the magnetic and physical mic
structure.

First, the presence of high frequency modes implies
existence of large, inhomogeneous fields. In the case of c
tinuous magnetic layers these are entirely associated with
multilayer structure and, in particular, with the rapidly var
ing fields close to the magnetic-nonmagnetic interfac
Close to saturation it can be seen that the frequencies
higher in the granular system, reflecting the increased sp
inhomogeneity arising from the nonmagnetic intergranu
regions.

The variation of the frequencies with field is also illum
nating as regards the micromagnetic behavior. This is ill
trated in Fig. 4 by the inclusion of data for the remane
state. The decrease of the characteristic frequencies for
continuous material is perfectly consistent with the reduct
in the inhomogeneous field distribution achieved by the
set of a well defined fanninglike nonuniform magnetizati
state as referred to earlier. Essentially, the fanning m
leads to a decrease of the interface free pole density at
cost of the establishment of a volume-free pole distribut
related to the local magnetization divergence and a spa
variation of the exchange field. It can be concluded that
net result of the micromagnetic energy minimization proc
is to give rise to less rapidly varying local fields leading
the net reduction in the frequencies as observed in the si
lated results.

In contrast, the frequencies associated with the gran
system increasewith decreasing field. We recall that th
granular multilayer is simulated by the inclusion of nonma
netic lattice planes perpendicular to the film plane, result
in complete magnetic segregation in this extreme case. T
has two important effects. First, it introduces some sh
anisotropy in addition to the crystalline effect. Secondly,
introduces additional interfaces into the problem, whose f
pole density might be expected to contribute to the mic
magnetic state. This microstructure with its removal of t
exchange coupling between grains can potentially all
neighboring grains to order antiparallel which is less like
for a strongly exchange coupled system.

The behavior of the granular multilayer differs qualit
tively from the continuous structure insofar as the frequen
increasesas the field is removed. This implies an increase
the spatial frequencies of the internal field distribution.
might be expected that the increased anisotropy would al
larger local field variations by supporting more rapid spa
variation of the magnetization. In addition, it is experime
tally established for longitudinal magnetic layer films th
the introduction of grain isolation gives rise to decreas
magnetic correlation lengths due to a reduction in the lo
range order resulting from the exchange decoupling. T
effect is also likely to contribute to the increased frequenc
on removal of the external field observed in Fig. 4. This is
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FIG. 5. Amplitude spectrum in order of ascending frequency for continuous and granular layers at 20 kOe and remanen
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dramatic effect in relation to the reduction in spatial freque
cies from the rather ordered magnetic structures in the c
tinuous system. This is consistent with the bulk magne
properties of the films in the sense that the Barkhau
jumps resulting from highly correlated switching process
in continuous multilayers are not observed when the str
ture is exchange decoupled within each layer.

Further detail relating to the magnetic microstructure
obtained by consideration of the amplitudes of the spin d
sity fluctuation elementary excitations. Figure 5 shows th
as a function of mode number again ordered according
increasing frequency.

There is evidence of structure in the high field spectru
presumably reflecting the periodicity of the multilayer stru
ture and the uniform magnetic state at this field. At rem
nence the magnetization is no longer saturated and the
sequent reduction in symmetry reduces the periodicity. In
remanent state, there is a peak at low frequencies co
sponding to the longer wavelength spin density fluctuati
associated with the domain structure. In addition, it is int
esting to note that high frequency components are promin
in the continuous film at remanence. This arises from rap
varying magnetization components associated with dom
boundaries.

The granular system exhibits a spectrum with sign
cantly reduced periodicity at large fields. The zero field co
figuration is essentially featureless. Given the absence
long range magnetic order in this configuration this is co
sistent with the interpretation of the high field and low fr
-
n-
c
n
s
c-

s
-
e

to

,
-
-
n-
e
e-
s
-
nt
ly
in

-
-
of
-

quency features of the continuous layer in terms of the
main structure.

Importantly, a comparison of the remanent state spe
shows that the lowest and highest frequency modes are a
an order of magnitude larger in the continuous layer sam
as compared to the granular layer sample, while the am
tudes of the continuous layer sample are larger through
the entire spectrum. It is these large amplitudes that m
explain the differences between the FMR characteristics
tween the two cases. As the field is reduced to zero, the F
response of the system must arise from the excitation of
elementary spin density fluctuations. The increase in am
tude of these modes for the continuous material gives ris
a significantly larger FMR response relative to the granu
material as predicted by the numerical simulations. Giv
that these elementary excitations are likely to be intimat
connected to the mode of magnetization reversal, this s
gests that an experimental study of the spin wave spectr
magnetization reversal is approached can potentially prov
important information relating to the micromagnetics of r
versal.

Figures 6~a!–6~d! show the response of the normal mod
to small microwave perturbation at 9.5 GHz'59.7
rads sec21 at the same values of external field as in Fig
5~a!–5~d! as calculated from Eqs.~4.11a!–~4.11c!. This data
combined with the frequency vs mode number mapping
lows one to determine which normal modes are being exc
by the perturbation.
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FIG. 6. Perturbation amplitudes for modes driven at 9.5 GHz for continuous and granular layers at 20 kOe and remanen
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V. CONCLUSIONS

The field swept ferromagnetic resonance in magnetic m
tilayers with strong perpendicular magnetocrystalline anis
ropy and easy plane shape anisotropy has been simulat
the micromagnetic approximation. Qualitative agreem
with experimental observations has been reproduced, inc
ing multiple resonances. The magnetization configurati
have been subjected to a modal analysis and the eige
quencies of the spin density fluctuation elementary exc
tions have been obtained. This has allowed the respons
the system to small harmonic perurbations to be deduce
terms of the elementary excitations. The distribution of fie
from internal sources is found to be markedly different b
tween the continuous and granular magnetic layer syste
reflected in the frequency and amplitude spectra of the
spective sample data.
s

l-
t-

in
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re-
-
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In its present form, the analysis does not allow for t
construction of the profiles of the elementary excitations
be carried out, since we are not able to extract the disper
relation. In order to do this, we have to express the lo
effective field in terms of the magnetization configurati
before decomposition and diagonalization. This will be t
topic of future work.

The foregoing analysis does, however, present the po
bility of deducing the thermodynamics of the system in ter
of its elementary excitations, thus enabling a description
the thermal response of the system. This is the subject
separate paper.
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