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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 bounda&3163-18208)03741-2

[. INTRODUCTION Il of the present communication we describe a model of
magnetic-nonmagnetic multilayers based on a unit computa-
Recently, attention has focused upon the use of ferromagional cell consisting of a regular rectangular computational
netic resonancé~MR) as a tool of analysis for investigating lattice with periodic boundary conditions.
magnetic recording thin films and multilayers. The observa- In Sec. lll, the model is applied to the athermal simulation
tion of multiple resonances in metallo-organic chemical va-of the (a) demagnetization-remagnetization process @nd
por deposition(MOCVD) deposited cobalt thin filntsindi-  FMR in perpendicular magnetic multilayer thin films and
cates the importance of internal interactions andsimulated magnetization and FMR response curves are ob-
microstructure even at large external fields on the FMR chartained. The FMR response curves exhibit multiple reso-
acteristics. nances consistent with the experimental observations cited
The FMR response can be characterized by two quantiabove. We attempt to gain insight into the dynamics by de-
ties, the reversible transverse susceptibilRTS) and the veloping a model of the elementary excitations of the sys-
FMR absorption. These describe the in-phase and 90° out aém.
phase response to a high frequency harmonic perturbation If all atoms experience identical exchange, Zeeman and
applied transverse to a quasistatic control field. Resonance @isotropy interactions, only the unifor(Kittel) mode will
observed when the perturbation frequency approaches thee excited:! Moreover, the Kittel uniform mode is only a
natural precession frequency of the magnetization at theormal mode if the internal field is uniform. For a finite film,
given value of the control field. the main resonance is shifted slightly from that of the Kittel
A model of the RTS has been used by Suhl, Van Uitertmode for an infinite film by the presence of the microwave
and Davied and Aharoniet al® to determine the depen- demagnetization fieltf
dence of the FMR on the control field of an assembly of However, atoms at the surface experience a different en-
noninteracting Stoner-Wohlfarth particles. It is found thatvironment from those in the bulk of the sample due to the
discontinuities in the magnetization curve coincide with dis-different crystalline symmetry and the possibility of oxides
continuities in the reversible susceptibility tend@hen and  and impurities that radically change the exchange interaction
Bertranf and Klik and Changhave studied analytically a strengtht* This induces pinning conditions of the magneti-
pair of Stoner-Wohlfarth particles interacting via dipole- zation at the surface, which in turn introduce different selec-
dipole coupling. It has been found that configuration spacdion rules according to whether the magnetization is pinned
symmetry can suppress resonances in the RTS. Computer unpinned:? The normal modes are very sensitive to slight
simulation makes it possible to study many degrees of freechanges in the sample shape, which lead to a suppression of
dom systems with internal interactions. A computer simula-spin wave lines.
tion model has been developed by Dean and co-wdtkeos One may also designate spin waves as magnetostatic
simulate a periodic array of Stoner-Wohlfarth particles inter-modes or exchange modes according to which contributions
acting via dipole-dipole interactions, and results have beedominate the dispersion relatidh The magnetostatic mode
obtained for a X 5X 5 lattice of particles. problem is usually solved by putting the exchange constant
Continuous distributions of magnetization have been lesto zero, assuming the unperturbed magnetization is uni-
extensively studied for FMR response. Netzelnfanas de-  formly saturated and hence using linearized equations of mo-
veloped an analytical model based on the assumption that th®n generally in the Landau-Lifshitz form, and solving for
magnetization remains uniform. We have previously develthe magnetostatic potential due to the perturbations. Magne-
oped a micromagnetic model based on a Hamiltoniartostatic frequencies have been calculated for a variety of
formalisn? which admits the possibility of nonuniform mag- sample geometrieé By considering the ratio between the
netization distributions, and this has been applied to theyroup velocities for exchange and magnetostatic contribu-
simulation of FMR in a single cubic particl8 Here, in Sec.  tions, Fletcher and Kittéf were able to arrive at a demarca
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tion line between the magnetostatic modes and the exchangdl. DESCRIPTION OF THE MICROMAGNETIC MODEL
modes.
The general expressions for the dispersion relation in th%i

linearized, circular precession approximatiohave been ex- ered. The model uses afi=N*x NYx NZ rectangular com-

tended by Benson and Mills,and solutions have been ob- putational lattice, with periodic boundary conditions applied
tained for a variety of sample geometries and media. In ordeg|ong all faces of the computational unit cell. The magnetic
to calculate the contribution from scattering proce¥sésto layers are modeled by allocating nonzero magnetization on
the relaxation phenomena such as ||n_ew?dthnne has 10 |attice planes=1,, and the nonmagnetic layers are mod-
consider a formulation of the problem in terms of magnong|eg by allocating zero magnetization to lattice plaives
variables. This necessitates a Hamiltonian formulation+ 1, N2 Jis taken to be greater than 2, since nonuniform
which in turn has led to the introduction the Holstein- magnetization through the thickness of the magnetic layers is
Primakov transformations,which produce infinite perturba- expected to occur. With the periodic boundary conditions
tion series. However, the Holstein-Primakov formalism,assumed in all directions, the model represents a continuous
which treats the nonquadratic part of the Hamiltonian bymultilayer film with an infinite number of alternating mag-
perturbation theory is only possible in large external fiéftls. netic and nonmagnetic layers. The volume of the computa-
In general, the nonquadratic part of the Hamiltonian, repretional cell is designate¥, and comprises the magnetic vol-
senting spin-wave interactions is large, and dominates theme Vi, and the nonmagnetic volum¥,,; with common
quadratic part at low frequencies in weak external fieldsboundary JV. The reduced magnetization isn(x,t)
This difficulty arises because of the appearance of a metric iff M (x,t)/Ms, whereMj is the saturation magnetization at 0
the Hamiltonian in square root forffi. K. The scalar potential arising out of the internal interactions
We propose to introduce a scheme which retains somi designatedp(x). _ _ _
features of the macroscopic approach while incorporating The effective field formalisnA standard micromagnetic
some of the features of the description in terms of magnofiescription of the system is used incorporating exchange,
variables. In particular, we propose to calculate the interna"@dnetocrystalline anisotropy and magnetostatic internal in-

fields from the micromagnetics of the problem and introducd€ractions and an externally ap_pll_ed COﬂ'FI’0| fie(X).
them into the Hamiltonian as functions of the equilibrium The exchange and magnetostatic interactions are calculated

state. One thereby obtains a completely diagonalizable dea_ccordmg o a Fourier transform technique applied to the
magnetization and scalar potential. Therefore, one uses the

scription in terms of independent magnon variables. This en- .
. : representation formulas

ables one to obtain the normal frequencies and extract a de-

scription in terms of ideal gas magnons. The drawbacks are

(i) the dispersion relation cannot be obtained, and hence the D (Xypw) = 2, Ppgre"<parXum, (2.19

spin waves cannot be directly reconstruct@id, magnon in- par

teractions cannot be incorporated, and therefore the descrip-

tion of relaxation phenomena in terms of scattering processes M (Xypw) = 2 mpqre'kpqr'xuvw, (2.1b

will be outside the scope of the model. However, the fre- par

quencies determined by this method will be exact, and onghere k=(Kp.kq.k), kp=2mp/L%, kq=2mq/LY, k,

will be able to investigate the effect of making small pertur-— /.2 and wherep,q,r are integersLX,LY,L? are the

bations of the normal modes about the equilibrium internalyimensions of the computational cetl,,,= (X,.Y, .zy) is a

field distribution. Moreover, one can work perfectly well position vector of a point on the computational lattice, and

with highly nonuniform internal fields. Kpqr is @ position vector of a point in the reciprocal of the
The normal mode wave vectors will in general be com-computational lattice.

terfaces between magnetic and nonmagnetic layers, or withingpjacian multiplied by the exchange constahtin Eq.

the bulk. Recently, the possibility of single and multiple soli- (2.1b gives the exchange contributioty,, as
ton modes have been reported in one-dimensional spin

chains?’ whose frequencies lie outside and above the usual
spin wave band. Since a multilayer is a realization of a one Hexcr X) =AY, [Kpgrl2Mpq.e'kpar, (2.2
dimensional spin chain, it is possible that some of our modes par
are indeed localized excitations. However, since we cannothere, the indices for the position in the computational lat-
obtain the wave vectors we cannot comment on which, if anyice have been suppressed.
of our modes lie in this category. (2) Magnetostatic interactiong he scalar potentiab sat-
In Sec. IV we present an analysis of the dynamics of thasfies the following boundary value problem:
system in terms of the spin density fluctuation elementary

A model of a magnetic multilayer structure with perpen-
cular uniaxial anisotropy in the magnetic layers is consid-

excitations. These are determined directly from the Hamil- V20 =47V -M;  Xe Vi, (2.39
tonian formalism via a semiclassical quantization procedure,
resulting in a system of independent excitation modes. The V20 =0;  Xe Ve, (2.3b
response of the elementary excitations under small harmonic
perturbations is determined, and the analysis applied to the (Pint— Pex) Ixe =0, (2.309

case of the multilayer thin films previously considered in the ) .
FMR simulation. (VOii— VPe) - N|ycjy=47M -, (2.3
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® g 1= 0. (2.30 IIl. SIMULATING THE MAGNETIZATION
AND FMR RESPONSE

Here, ® is defined overV;UVe,, where Vxe Vi, ®
=d,; andVxe Vgy, =Dy

Using the representation formulas E¢2.13 and(2.1b),
and appropriately chosen complementary functiggsg and
7pq, Which satisfy the homogeneous problem with the sam
boundary conditions, the solution for thg,,., #,q, and
7pq Can be expressed in terms of tmg,,, simply by substi-
tution into Eqs(2.33—(2.39. The final solution can be writ-
ten down in the forrff

Using the micromagnetic model described in the previous
section, a demagnetization/remagnetization simulation may
be conducted by starting with a saturated sample in a large

ositive external field applied perpendicular to the film in a
irection designatef,0,1]. The field is then reduced incre-
mentally until it attains a large negative value sufficient to
saturate the sample in the opposite sense. At each field step,
the sample is allowed to evolve to static equilibrium. At each
stationary state, the FMR response is simulated by applying
a small plane polarized perturbing field transverse to the qua-

_ sistatically applied control field in the directid@,0,0. The
= +k,y+ ; . :
P(xy.2)= 2, PoarXB1 (kpXTkay Tke2)} FMR response is then determined according to the method
outlined in Ref. 6 in conjunction with equations of motion
hosen to exhibit the precession and relaxation of the mag-
+ — Kk, Z}+ chosen P T he mag
2 [¥pq®XB ~KpaZ} + 70 netization. The nonzero component of the perturbing field is
denoted by
xexp{ —Kyq(L,—2)}lexp{1(kpx+Kqy)}
(2.4) h=Rd —1hgexplwt] (3.0
while the component of total magnetic moment in fhe,0]

rection is decomposed into contributions in phase a2l
out of phase with the perturbing field according to

and the internal fields due to magnetostatic interactions arg,
given byHpagi= —V@.

3) Magnetocrystalllne interactionsThe effect of the
spin-lattice coupling is accounted for phenomenologically in M,=Rd (ay—b,)expiwt], (3.2
the usual fashion by introducing a magnetocrystalline energy
density function of the appropriate symmetry and retainingvhere
only the lowest order terms, as in for instance Ref. 29. The
components of the magnetocrystalline anisotropy field — (T )j
Hcys{(X) are then determined as the components of the gra- sim
dient of this density function.

(4) Free surface interactionsThe system as described Tsim
represents a multilayer structure infinite in extent in the film bx:(ln-sim)J My(t)sinw t dt, (3.3b
plane, and periodic in magnetic-nonmagnetic layer alterna- 0

tions perpendicular to the film plane with an infinite numberand whereT, is the duration of the simulation over which
of such alternations. For a magnetization distribution with aaverages are taken. Normally, the system is allowed to settle

sizeable perpendicular component, the periodic charactefown for two complete cycles df prior to taking averages.
means that surfaces of positive magnetic charge distribution The susceptibility is defined to be

will be partially compensated by surfaces of negative mag-
netic charge from the adjoining virtual cell in the perpen- X:(llhg)h* M,=x"—1x", (3.9
dicular direction.

In a real sample, sufficiently far from edges the systenivhere in Eq.(3.4) x' is the in phase component of the sus-
will appear locally to be infinite within the film plane. How- ceptibility giving the transverse susceptibility, agd is the
ever, for magnetization distributions with components per-7/2 out of phase component, giving the FMR absorption.
pendicular to the film plane there will be uncompensated The existence or otherwise of correlated magnetization
surfaces at the top and bottom extreme magnetic layers dfuctuations is expected to be strongly dependent on the
the system. These will produce uncompensated magnet[@h){SiCﬁ' microstructure. In order to include this factor in our
charge distributions and hence an additional mean demagn#vestigations we have concentrated our computational stud-
tizing field to that calculated from the unit computational celli€s on structured films consisting of magnetic multilayers of

«(t)cosw t dt, (3.39

according to the potential problem as posed in Egs8g—  Co separated by a nonmagnetic material. The effect of dis-
(2.38. This has to be added to the local effective field in theorder was also studied by introducing a granular microstruc-
form ture. The aim is to elucidate the role of magnetization fluc-
tuations in the dynamic response and, if possible, to relate

Vi A this to the _bulk magn_etic behavior. _
Hree surfaces _4WW<M -n), (2.5 The choice of continuous and granular microstructures re-
int T Vext flects two extreme cases which were expected to illuminate

any microstructural effects. In this section, we present a set
wheren is a unit normal at the magnetic-nonmagnetic inter-of computational results which demonstrate the importance
face and(M - n> denotes the average taken across the wholef correlated magnetization fluctuations on the static and dy-
interface of the unit cell. The prefactor represents the packnamic magnetic behavior, and the role of the physical micro-
ing density, and the demagnetization factor is set#o 4 structure in this phenomenon. The nature of the magnetiza-
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FIG. 1. Magnetization curves fda) continuous andb) granular FIG. 2. FMR responsétransverse susceptibilityand (absorp-
magnetic film layers. tion) for (a) continuous andb) granular magnetic layers.

tion fluctuations is then further investigated in detail in themain walls. There is a clear feature in the form of a large
following section in which we consider spin density fluctua- Barkhausen jump at an external field of aroufd. Essen-
tion elementary excitations. tially, as the external field is lowered the magnetization de-
Simulations have been conducted on Cobalt layers alterreases from saturation via a fanning mode which is nonuni-
nated with a nonmagnetic spacer, using &32x8 com- form close to the magnetic-nonmagnetic interface due to the
putational lattice with a cubic unit cell having lattice constanthighly nonuniform fields. The feature close t, corre-
equal to 50 A. The cobalt is represented in the lower sixsponds to an irreversible change in the layer closest to the
lattice planes, and the nonmagnetic spacer is represented iimerface. Propagation of this reversed nucleus of magnetiza-
the upper two lattice planes. For the FMR simulations, &ion is quickly hindered by a reduction in the demagnetizing
plane polarized perturbing field of frequency 9.5 GHz wasfield leading to a relatively stable magnetization structure
applied in the[1,0,0 direction. Results are given fdg) a  which proceeds via reversible magnetization processes into
system composed of continuous Co magnetic layers witmegative fields where further irreversible transitions occur.
strictly perpendicular easy directions ario) granular Co Figure 2 shows the in phase and 90° out of phase re-
layers with nonmagnetic grain separation and easy directionsponse of the system to a small harmonic perturbation for the
dispersed within a 1° cone about the perpendicular directiontwo systems. This is essentially the FMR response of the
The different behavior of these systems is very revealing asystem. The response of the continuous system is larger than
regards the existence of correlated magnetization fluctuatiorfer the granular system. One would expect the uniform pre-
(spin waves and their effect on the magnetization reversalcession mode for a sample saturated in the bias field direc-
process. tion to be around 14.5 kOe. However, due to the strong de-
Figure 1 shows the magnetization curves betweemagnetizing effects the sample is no longer saturated at this
+30 kOe for the two systems. They show pronouncedvalue of the external field. In order to demonstrate the exis-
skewing due to the easy plane anisotropy originating frontence of a uniform precession mode we have carried out a
partially compensated magnetic-nonmagnetic layer interswept frequency absorption simulation between 40 and 50
faces plus the free surface contributiolgee suitaces The ~ GHz in an external field of 30 kOe, which is sufficient to
continuous magnetic layer simulation is characterized by saturate the system. Resonance occurs around 45(B#glz
magnetization curve containing large Barkhausen jumps, in3). According to a calculation based on a straightforward
dicating that entire regions are coupled and rotating collecestimate of the demagnetizing field the resonance should oc-
tively, whereas the granular layer simulations show a smootlur at 48.61 GHz. However, this calculation does not take
development of the magnetization curve with decreasingiccount of partially compensated internal interfaces in the
field. Both curves have small remanent magnetizations omultilayer structure, which might be expected to accentuate
13.6 and 10 % of the saturation value for the continuous anthe demagnetizing effect, and may explain the discrepancy.
granular systems, respectively. The coercivities are 1.8 and Consequently, in Fig. 2 the response of the system occurs
2.2 kOe, respectively. Therefore, the demagnetizing effect iat fields far distant from the resonant field of the system. The
slightly greater in the granular case than for the continuousontinuous material is characterized by a gradual increase in
case. response as the material moves away from saturation, which
The reduced remanence in the granular system presurmve will show later, arises from the development of rapidly
ably reflects the fact that individual grains find it easier tochanging internal magnetic fields as the fanning mode devel-
reverse in the absence of exchange coupling. The increasegs. The granular system remains relatively featureless with
coercivity reflects a combination of the fact that there isa small response. The FMR response in small fields is wor-
some additional shape anisotropy perpendicular to the plarthy of further study. The response of the system is complex
and also the reduction in the extent of cooperative reversand is naturally analyzed in terms of dynamic elementary
achieved by the loss of exchange coupling across graigpin density fluctuations. In addition to providing a useful
boundaries which can essentially act as pinning sites for dansight, this approach also has the benefit of providing a
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FIG. 3. ¥ and x? at 30 kOe plotted against frequency for the continuous magnetic layer system, showing the existence of a strong
uniform precession mode at high frequencies.

physical interpretation in terms of the spin wave spectrummow suppressed. Using the definition of with Eq. (4.2
and its relation to the film structure. Consequently, we havene finds the numerical relation between ¢ifeand thep; to
developed an analytical approach to the spin density fluctuase

tions based on equations of motion in the Hamiltonian form

which provide a detailed framework within which we can Qﬁ(t):pﬁ(t)- 4.3
interpret the spin wave behavior. The theory is outlined in

the following section and finally we consider the application Quantization Using Eqg.(4.2) in Eq. (4.1) enables the

of the results to our computer simulations. Hamiltonian to be written
IV. SPIN DENSITY FLUCTUATION ELEMENTARY _ By —ati B3
EXCITATIONS w f f L"MS‘S 7 HE M d X
Here we describe an analysis of the spin density fluctua- ;
tion elementary excitations based on equations of motion in =f f f YM PP HAV LY p (). (1)
the Hamiltonian form introduced in Ref. 10. Such a formal- v Kk’
ism leads naturally to a quantization of the magnetization x exp{u(k’ —K) - x}d3x

using only postulated commutation relations. Thereafter, the
spin density fluctuation elementary excitations follow from a -1 @By Bl I\ mat gy v
determination of the normal modes of the system of equa- =V % (klyM e “P"HPK ) pi (D" (1), (4.4)
tions of motion expressed in the Heisenberg form.

The Hamiltonian density introduced in Ref. 10 for the where
description of classical ferromagnetic systems in the micro-

magnetic approximation can be written as <k|yM58a5VHﬁ|k,>:f J J' yM s “BYHA
\%
W= yMe*P"H*mP 77, (4.2
. . . xexp{u(k'—Kk)-x}d3x. (4.
wherem?, ¥, andH* are all at least piecewise continuous A )X “9

functions of the spatial coordinates and continuous function¥he inverse relations forr® andm® are given by
of the timet. The numerical relation betweer* andm® is

taken to ber®=m?, the constant of proportionality with the @ :V71/2f f f a — k' xhd3
dimensions of tim&energy density being numerically equal G (V) J (X Dexpt— k- xpd,
to unity. (4.6)

We now use the representation formulas

Py (1) :V_MJ f fvwa(x,t)exp{— k- xyd3x.

me=V 12> qi(t)exp(tk-X),
; Aic(t)expuk-x) Now, define the commutator of the operatar§ and = by

a Bty — af !
77“=V*1’22 b2 (t)explek-X). 42 [me(x,t), 7" (X", 1) = (RIV)5*PS(x—X"). (4.7)
k Then, on using the inverse relations for the coefficients, Eq.
wherex is a position vector of a point on the computational (4-6) in conjunction with the commutator relation E€t.7)
lattice andk is a position vector of a point in the reciprocal ©ne finds that
of the computational lattice. Here, explicit reference to par- w st oB
ticular sites on the computational lattice or its reciprocal are [k (1), Py (D)1= 5% 5 - (4.8
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o [ 1 Figure 4 shows the frequency spectra for continuous and
2L granular multilayers in a field of 20 kOe and at remanence.
o The plot is obtained by numbering the modes in order of
© increasing frequency. It can be seen that high frequency
Ea modes exist. The frequency carries information about the
< &7 Fourier components of the internal fields and therefore rep-
resents an important probe of the micromagnetic structure.
=L The mode frequencies and their variation with field give an
- interesting link between the magnetic and physical micro-
structure.
First, the presence of high frequency modes implies the

existence of large, inhomogeneous fields. In the case of con-
tinuous magnetic layers these are entirely associated with the
Mode multilayer structure and, in particular, with the rapidly vary-
ing fields close to the magnetic-nonmagnetic interfaces.
FIG. 4. Frequency spectrum plotted in ascending order at 2@ |ose to saturation it can be seen that the frequencies are
kOe and remanence for continuous and granular magnetic laygfigher in the granular system, reflecting the increased spatial

systems. Solid: granular layers at 0 Oe, dashed: granular layers Fﬁhomogeneity arising from the nonmagnetic intergranular
20 kOe, dash-dotted: continuous at 20 kOe, dotted: continuous at t%gions

Oe. The variation of the frequencies with field is also illumi-

. b - nating as regards the micromagnetic behavior. This is illus-
In general, since the Hamiltonian is expressed b|||nearly,[rated in Fig. 4 by the inclusion of data for the remanent

in terms of theqk(t)afmdpk(lt) with coefficients given by the state. The decrease of the characteristic frequencies for the
frequency matriHy,, =V~ (k| yMse“*"HP|K"), then a so-  continuous material is perfectly consistent with the reduction
lution of the dynamical problem reduces to the diagonalizain the inhomogeneous field distribution achieved by the on-
tion of Hg . The equations of motion in the Heisenberg set of a well defined fanninglike nonuniform magnetization
form have been solvetf.Upon diagonalization, one is able state as referred to earlier. Essentially, the fanning mode

to express the normal modafé(t) in the form leads to a decrease of the interface free pole density at the
cost of the establishment of a volume-free pole distribution
Qe =ud(D) &, (4.9 related to the local magnetization divergence and a spatial

variation of the exchange field. It can be concluded that the
whereuy is a unit polarization vector executing precessionalnet result of the micromagnetic energy minimization process
motion according tauf(t) =ufexpiwit), where o is the is to give rise to less rapidly varying local fields leading to

frequency of the mode designatedk), and the net reduction in the frequencies as observed in the simu-
lated results.
|&2=[a2(0)]1Tq(0). (4.10 In contrast, the frequencies associated with the granular

systemincreasewith decreasing field. We recall that the

This is consistent with the assumption that each Fourier comgranular multilayer is simulated by the inclusion of nonmag-
ponentqy(t) executes precessional motion with constant amnetic lattice planes perpendicular to the film plane, resulting
plitude in accordance with the form of the equations of mo-in complete magnetic segregation in this extreme case. This
tion. has two important effects. First, it introduces some shape

The response of the system to a small harmonic perturbanisotropy in addition to the crystalline effect. Secondly, it
tion of the formngn: hiﬁexplﬂt whereh is the amplitude  introduces additional interfaces into the problem, whose free
pole density might be expected to contribute to the micro-

magnetic state. This microstructure with its removal of the
exchange coupling between grains can potentially allow

u3* U2 neighboring grains to order antiparallel which is less likely

b (t)=1 7M5h§k—Qk “exg1(Q—w)t], (4113 for a strongly exchange coupled system.
Wk The behavior of the granular multilayer differs qualita-
tively from the continuous structure insofar as the frequency
increasess the field is removed. This implies an increase in
the spatial frequencies of the internal field distribution. It
(4.11b might be expected that the increased anisotropy would allow
larger local field variations by supporting more rapid spatial

b3 (t)=0. (4.119  variation of the magnetization. In addition, it is experimen-

tally established for longitudinal magnetic layer films that

The magnetization configuration at various values of thghe introduction of grain isolation gives rise to decreased
external field for the continuous and granular systems demagnetic correlation lengths due to a reduction in the long
scribed previously have been subjected to the foregoingange order resulting from the exchange decoupling. This
analysis and data for the frequency distributions, amplitudeeffect is also likely to contribute to the increased frequencies
spectra and response spectra obtaifféds. 4, 5, and b on removal of the external field observed in Fig. 4. This is a

of the perturbing field and= (1,0,0)" have been determined
to be (see Ref. 28

) U™ Ui
by (t)=—WMshka_—wkexF[l(Q—wk)t],



PRB 58 SIMULATIONS OF SPIN DYNAMICS IN COBALT- ... 12 213

9 e e LA A e —— T T T T
0
continuous layers at 20 kOe. j i granular layers at 20 kQe.
o
Q o+ -
S L - &
©
w3 =3
ll
o o
& I l &
L L L i L I L I L L " L L ! I 1 A L L f L 1 H ) 1
500 1000 1500 2000 500 1000 1500 200C
(a) Mode (c) Mode
=) 7 T
Sk i
- continuous layers at O Oe. i L granular layers at O Oe.
o
S

£
£,

500

I
I
|
1

50

L

500 1000 1500 2000 500 1000

(b) Mode (d) Mode

R L
1500 2000

FIG. 5. Amplitude spectrum in order of ascending frequency for continuous and granular layers at 20 kOe and remanence.

dramatic effect in relation to the reduction in spatial frequen-quency features of the continuous layer in terms of the do-
cies from the rather ordered magnetic structures in the comain structure.
tinuous system. This is consistent with the bulk magnetic Importantly, a comparison of the remanent state spectra
properties of the films in the sense that the Barkhauseghows that the lowest and highest frequency modes are about
jumps resulting from highly correlated switching processesan order of magnitude larger in the continuous layer sample
in continuous multilayers are not observed when the strucas compared to the granular layer sample, while the ampli-
ture is exchange decoupled within each layer. _tudes of the continuous layer sample are larger throughout
Further detail relating to the magnetic microstructure isihe entire spectrum. It is these large amplitudes that may
obtained by consideration of the amplitudes of the spin dengyp|ain the differences between the FMR characteristics be-
sity quctua_tion elementary excitation;. Figure 5 shows .thes't:'ween the two cases. As the field is reduced to zero, the FMR
as a function of mode number again ordered according t?esponse of the system must arise from the excitation of the

increasing frequency. elementary spin density fluctuations. The increase in ampli-

There is evidence of structure in the high field Sp(_:‘Ctrum‘tude of these modes for the continuous material gives rise to
presumably reflecting the periodicity of the multilayer struc-_— . ~._ . 9
a significantly larger FMR response relative to the granular

ture and the uniform magnetic state at this field. At rema- il dicted by th ical simulati Gi
nence the magnetization is no longer saturated and the cofffateral as predicted by the numerical simulations. Given

sequent reduction in symmetry reduces the periodicity. In th&hat these elementary excitations are likely to be intimately
remanent state, there is a peak at low frequencies corréonnected to the mode of magnetization reversal, this sug-
sponding to the longer wavelength spin density fluctuationgests that an experimental study of the spin wave spectra as
associated with the domain structure. In addition, it is internagnetization reversal is approached can potentially provide
esting to note that high frequency components are prominerfiportant information relating to the micromagnetics of re-
in the continuous film at remanence. This arises from rapidlyersal.
varying magnetization components associated with domain Figures §a)—6(d) show the response of the normal modes
boundaries. to small microwave perturbation at 9.5 GH59.7

The granular system exhibits a spectrum with signifi-rads sec® at the same values of external field as in Figs.
cantly reduced periodicity at large fields. The zero field con5(a)—5(d) as calculated from Eq$4.118—(4.119. This data
figuration is essentially featureless. Given the absence afombined with the frequency vs mode number mapping al-
long range magnetic order in this configuration this is condows one to determine which normal modes are being excited
sistent with the interpretation of the high field and low fre- 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 remanence.

V. CONCLUSIONS In its present form, the analysis does not allow for the
The field swept ferromagnetic resonance in magnetic mul£:onstru_ction of t_he profiles of the elementary excita_tions to
tilayers with strong perpendicular magnetocrystalline anisotp N cqrrled out, since we are not able to extract the dispersion
ropy and easy plane shape anisotropy has been simulated r.elathn. Ir_1 ord_er to do this, we have_to .express.the chal
. ) T e ective field in terms of the magnetization configuration
the micromagnetic approximation. Qualitative agreemen

: ; : X efore decomposition and diagonalization. This will be the
with experimental observations has been reproduced, inclu opic of future work
ing multiple resonances. The magnetization configurations The foregoing analysis does, however, present the possi-

have k_)een subjectgd to a_modal a”"?"ys's and the e'ger.]fr%ﬂity of deducing the thermodynamics of the system in terms
guencies of the spin density fluctuation elementary excita-

tions have been obtained, This has allowed the response % its elementary excitations, thus enabl'ing a description of
- ) The thermal response of the system. This is the subject of a

the system to small harmonic perurbations to be deduced 'erarate paper

terms of the elementary excitations. The distribution of fields '

from internal sources is found to be markedly different be-

tween the continuous and granular magnetic layer systems,

reflected in the frequency and amplitude spectra of the re- The financial support of the UK EPSRC is gratefully ac-

spective sample data. knowledged.
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