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Brillouin light scattering from periodic multilayers composed of very thin magnetic films

J. F. Cochran*
Department of Physics, Simon Fraser University, Burnaby, British Columbia, Canada V5A 1S6

~Received 17 January 2001; published 4 September 2001!

A simple treatment of the dipole-dipole interaction between the magnetic films in a multilayer has been used
to calculate the low-lying spin-wave modes in multilayer structures. It is assumed that in equilibrium the
magnetization in each film is parallel to the applied magnetic field. It is also assumed that the magnetic films
are thin enough so that the magnetization density remains uniform across the thickness of each film when the
magnetization is thermally excited from equilibrium. Surface pinning energies and interlayer exchange cou-
pling are included in the formalism. The calculated spin-wave modes have been used to investigate the
scattered light spectrum in a Brillouin light scattering~BLS! experiment. The method has been applied to the
cases of a surface mode on an infinite multilayer stack and to multilayers containing 5, 10, and 25 magnetic
films having thicknesses up to 50 Å and for nonmagnetic spacer layers having similar thicknesses. The
scattered light spectra for such thin-film structures are very simple for multilayers having a total thickness less
than, or comparable to, the optical decay length for light propagating through the multilayer structure. For such
multilayers only those one or two modes give rise to an appreciable scattered light intensity for which the
magnetization precessional amplitude varies very little from one magnetic film to the next. The frequencies
corresponding to these strong BLS modes are insensitive to the interlayer exchange coupling because the
magnetizations in neighboring films remain nearly parallel as they precess.

DOI: 10.1103/PhysRevB.64.134406 PACS number~s!: 76.50.1g, 75.70.2i, 78.35.1c
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INTRODUCTION

Brillouin light scattering~BLS! experiments have bee
extensively used to probe the behavior of magnetic thin fi
assembled to form a multilayer structure. The experime
and theoretical work done on such structures has been
viewed in the excellent articles by Hillebrands a
Güntherodt1 and by Hillebrands.2 The theory of BLS for pe-
riodic coherent layered structures was initiated by Cam
Rahman, and Mills.3 These authors calculated the mode f
quencies for a semi-infinite stack of identical ferromagne
films of thicknessd1 separated by nonmagnetic spacer film
of thicknessd2 . The static magnetization in each layer w
taken to be uniform and parallel with the applied magne
field. The frequencies of thermally excited spin-wave mod
supported by the multilayer were calculated using the line
ized Landau-Lifshitz equations of motion to describe t
spatial variation of the magnetization deviation from equil
rium. The associated magnetic fields were calculated fr
Maxwell’s equations in the magnetostatic approximatio
curl h50. The intensity distribution of the light scattere
from such a multilayer stack was calculated using the
sumption that each magnetic layer was thick compared w
the optical skin depth of the incident light. The BLS calc
lations were therefore restricted to the case in which
magnetic films were of the order of 200 Å or thicker. How
ever, much of the experimental work on multilayers has b
carried out using structures in which the magnetic lay
were less than 50 Å thick.1,2 The theory for such very thin
magnetic films has been developed for a periodic, se
infinite multilayer by Almeida and Mills4 using an effective-
medium approximation in which the magnetization within
thin film remains uniform as it precesses around the equ
rium magnetization direction. The Almeida-Mills effective
medium theory was extended by No¨rtemannet al.5 to in-
0163-1829/2001/64~13!/134406~13!/$20.00 64 1344
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clude perpendicular anisotropies and interlayer excha
interactions. The last two articles were mainly concern
with the calculation of spin-wave spectra when the static fi
magnetizations were no longer parallel with the applied m
netic field. The case of finite multilayers has been studied
Hillebrands6 and by Stamps and Hillebrands.7 These authors
used the full Landau-Lifshitz equations of motion includin
exchange to study the applied-field dependence of
multilayer mode frequencies for multilayers containing a fe
magnetic films. Perpendicular surface anisotropies and in
layer exchange coupling were included in their calculatio
they did not attempt to calculate the BLS spectra to be
pected for such multilayer specimens.

In a BLS experiment one does not directly measure
frequencies associated with the various spin-wave mode
the specimen. The BLS experiment measures the freque
dependence of the intensity of the light scattered from th
spin-wave modes when the specimen is illuminated by li
of a fixed frequency. It turns out that for a multilayer sta
composed of magnetic films thinner than 50 Å thick most
the modes do not contribute a BLS signal of apprecia
intensity. In this article the frequency distribution of the BL
scattered light intensity will be calculated for a period
multilayer composed of very thin magnetic films separa
by very thin nonmagnetic spacer layers. It will be shown th
for such thin films the BLS spectra basically probe only t
two modes of the multilayer that have the smallest variat
in amplitude from one magnetic film to the next. The BL
spectra for such multilayers are insensitive to the strength
the interlayer exchange coupling because the magnetiza
in neighboring films remain almost parallel as they prec
around the direction of the equilibrium magnetization.

In the following work an approximate but simple metho
for treating the dipole-dipole interlayer and intralayer co
©2001 The American Physical Society06-1



b

ill
b

n
nc

b

it
ng
h
w

w
op

al
en
m
fe

f
-
e
s

. 1
n
ta

to

he
ri
e

s-
e

os

h
o

h
tw

n
y
a
a
e

itive
the
al.
gy

each
his
on

its
of

le
b-

n

c-

e;

.
in
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pling will be described and will be used to treat three pro
lems.

~1! The normal modes for an infinite multilayer stack w
be calculated in the magnetostatic approximation used
Camley, Rahman, and Mills.3 This calculation will establish
the validity of the dipole-dipole coupling approximatio
mentioned above by showing that the resulting freque
spectrum is in substantial agreement with that calculated
Camley, Rahman, and Mills.3

~2! The surface-mode frequency and the BLS intens
will be calculated for an infinite multilayer stack, again usi
the magnetostatic approximation. It will be shown that t
results for the surface-mode frequency are in agreement
the calculation of Camley, Rahman, and Mills.3 The BLS
intensity corresponding to this surface mode will be sho
to depend strongly on the strength of the surface anisotr
parameterKs @see Eq.~1!#.

~3! The mode frequencies and BLS intensities will be c
culated for multilayer stacks consisting of 5, 10, and 25 id
tical magnetic films. It will be shown that the BLS spectru
for a multilayer stack whose total thickness is less than a
hundred angstroms is very simple.

MODEL

The model system under consideration is composed oM
identical magnetic films, each 2d thick, separated by non
magnetic filmsDnm thick. The repeat unit consists of on
magnetic and one nonmagnetic film and has a thicknesD
5Dnm12d. HereM of these repeat units are deposited on
nonmagnetic substrate that is optically very thick: see Fig
It is assumed that the optical properties of the films a
substrate can be characterized by scalar dielectric cons
«1 , «2 , and«s as indicated in Fig. 1. TheM repeat units are
capped by a nonmagnetic filmDnm thick. Each magnetic film
is characterized by a uniform magnetization densityMs , and
at equilibrium it is assumed that these magnetization vec
are all parallel with the applied magnetic fieldH and directed
along thex axis as indicated in Fig. 1. It is assumed that t
magnetic films are isotropic in plane. Real multilayers fab
cated by sputtering have been shown to be isotropic, or v
nearly isotropic, in plane;1,2 moreover, this nonessential a
sumption simplifies the calculations. It is, however, assum
that each magnetic film is subject to an anisotropy wh
axis lies along the multilayer normal~the z axis shown in
Fig. 1!. It is also assumed that the magnetic films are so t
that the magnetization remains uniform across the width
the film as it precesses around the equilibrium direction. T
means that the state of each film can be specified by the
magnetization componentsmY

n andmZ
n wheren specifies the

film in question. With this assumption the perpendicular a
isotropy energy can be specified by a volume density or b
surface density or by a combination of both. In any re
system both volume and surface energy density terms
present.8 In this article the perpendicular anisotropy will b
ascribed entirely to a surface energy term for the sake
simplicity. The surface energy term has the form

Es
n52Ks~mZ

n/Ms!
2 ergs/cm2. ~1!
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Ks is a phenomenological surface energy parameter. Pos
Ks corresponds to a torque density that tends to rotate
magnetization into the direction of the specimen norm
Note that the contribution of this term to the total free ener
per unit area of a magnetic film will be double Eq.~1! be-
cause each film has two interfaces and it is assumed that
interface contributes equally to the total surface energy. T
surface energy term gives rise to an effective field acting
the magnetization density in thenth film whose components
are8

hY
n50, ~2a!

hZ
n5S 2Ks

dMs
2DmZ

n . ~2b!

It is assumed that each magnetic film interacts with
neighbors through an exchange coupling energy. The form
this interaction between thenth and the (n11)st films is
given by

EX
n52

J

Ms
2 ~mX

nmX
n111mY

nmY
n111mZ

nmZ
n11! ergs/cm2.

~3!

In Eq. ~3! the coupling energy has been written for a sing
pair of films: the total interlayer exchange energy is o
tained as the sum over terms like Eq.~3! for n51 to
M21. Equation~3! can be rewritten using the approximatio

mx5Ms2
1

2Ms
~mY

21mZ
2!. ~4!

The exchange coupling energy between thenth and (n
11)st films then takes the form

EX
n52J1

J

2Ms
2 @~mY

n2mY
n11!21~mZ

n2mZ
n11!2#. ~5!

This interfilm exchange coupling energy gives rise to effe
tive fields whose components in thenth film are8

hY
n5

J

2dMs
2 ~22mY

n1mY
n211mY

n11!. ~6a!

hZ
n5

J

2dMs
2 ~22mZ

n1mZ
n211mZ

n11!. ~6b!

Notice that film No. 1 has no other film on its left-hand sid
therefore, forn51,

hY
15

J

2dMs
2 ~mY

22mY
1 !, ~7a!

hZ
15

J

2dMs
2 ~mZ

22mZ
1!. ~7b!

Similarly, there is no magnetic film to the right of film No
M, so that the effective-field components for the last film
the stack are given by
6-2
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hY
M5

J

2dMs
2 ~mY

M212mY
M !, ~8a!

hZ
M5

J

2dMs
2 ~mZ

M212mZ
M !. ~8b!

The magnetic films in a multilayer stack interact wi
each other through dipole-dipole coupling. A deviation of t
magnetization density from the direction of the applied m
netic field potentially produces both internal and exter
magnetic fields. Assuming that any rotation of the magn
zation density is uniform across the film thickness, the
fields can be calculated in the magnetostatic limit, curlh50,
using the method described by Cochranet al.9 or by using
the generalization described by Hurben and Patton.10 In this
article the calculations assume an in-plane spatial dep
dence of the magnetization components proportional
exp(iqy). The spatial dependence alongy ~see Fig. 1! comes
about because we are concerned with an experimental
scattering geometry in which the plane of incidence of
incident laser light is oriented perpendicular to the appl
magnetic field; in terms of the coordinate system shown
Fig. 1 the reflected and incident laser beams lie in they-z
plane. We are also interested in the backscattering confi
ration in which the scattered light is collected along the
rection of the incident light beam. The backscattering c
figuration is very commonly used for BLS experiments.11,12

The intensity of the scattered light is the same for boths- and
p-polarized incident light for the backscattering geometry.
the present article the incident light is taken to
p-polarized; i.e., the incident optical electric-field vector li
in the plane of incidence. This means that the incident opt
magnetic vector is oriented perpendicular to the plane of
cidence and therefore has only anx component in the coor
dinate system of Fig. 1. For an incident optical field havin
circular frequencyV and having a unit amplitude in the cg
system, one has

HX5exp~2 iQy1 ikvz2 iVt !, ~9!

whereQ5(V/C)sinu, kv5(V/C)cosu, andu is the angle
of incidence of the light. This incident light sets up an optic
electric field in each magnetic film that gives rise to scatte
light whose frequency is shifted up and down by a spin-wa
frequencyv. Because of the boundary conditions~continuity
of the tangential components of the optical electric and m
netic fields!, the optical electric field in a magnetic film mu
have a spatial variation alongy proportional to exp(2iQy).
The outgoing scattered light must have a spatial varia
along y proportional to exp(1iQy) because in the back
scattering configuration only that light is collected that
emitted along the direction of the incident beam. It turns
that for the backscattering configuration the light that h
been frequency upshifted has been scattered from a s
wave having a spatial dependence alongy proportional to
exp(iqy), where q52Q: light that has been frequenc
downshifted has been scattered by a spin-wave proporti
to exp(2iqy). As a result, one is led to investigate the ma
netic fields set up by a precessing magnetization that is
13440
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form across the film, but that has a spatial dependence in
film plane proportional to exp(iqy) where q may be either
positive or negative. In a typical experiment using visib
laser light incident on the specimen at 45°, the wave vec
q;23105 cm21. The fields set up by the above spati
variation of the magnetization are as follows~suppressing
the time dependence exp(2ivt) for convenience!

~1! Within a film the spatially averaged dipole-dipole fie
components are

hY52exp~ iqy!4pmYuqud, ~10a!

hZ52exp~ iqy!4pmZ~12uqud!, ~10b!

where 2d is the thickness of the magnetic film. The expre
sions~10! neglect terms of order (qd)2 or higher.

~2! The dipole-dipole fields outside the film are given b

hY52exp~ iqy!~4pmYuqud14pmZiqd!exp~2uquz!,
~11a!

hZ52exp~ iqy!~4pmYiqd24pmZuqud!exp~2uquz!,
~11b!

for z.d, wherez is measured from the center of the ma
netic film. On the left of the film,z,2d, the field compo-
nents are

FIG. 1. A schematic diagram of the periodic multilayer geo
etry used in this article.M thin magnetic films, each 2d thick, are
separated by nonmagnetic films eachDnm thick ~shown cross-
hatched!. Dnm5D22d where D is the periodic repeat distance
Each of the identical magnetic layers has a magnetization den
Ms , which in equilibrium is aligned along the applied fieldH. The
optical properties of the films are specified by the dielectric c
stants«1 for the nonmagnetic layers,«2 for the magnetic layers, and
«s for the substrate. The light for the BLS calculations is assum
to be incident in they-z plane.
6-3
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J. F. COCHRAN PHYSICAL REVIEW B 64 134406
hY52exp~ iqy!~4pmYuqud24pmZiqd!exp~1uquz!,
~11c!

hZ5exp~ iqy!~4pmYiqd14pmZuqud!exp~1uquz!.
~11d!

Equations~11! neglect terms of order (uqud)3 or higher. The
total dipole-dipole contribution to the magnetic field acti
on the magnetization in a given film will be the sum of
own internal field, Eq.~10!, plus contributions from all of its
neighbors calculated using Eqs.~11!. This treatment of the
dipole fields will be adequate for a multilayer composed
metallic films providing thatuqud!1 and providing either
that the total thickness of the multilayer stack is much l
than the electromagnetic skin depth corresponding to
spin-wave frequency~a microwave frequency! or that the
microwave skin depth is much larger than 1/uqu. The latter
conditions are required because conduction currents h
been neglected in using curlh50. In a typical case in which
the multilayer is composed of metallic films, the electroma
netic skin depth is of the order of 1024 cm at microwave
frequencies. Thus the magnetostatic approximation u
which Eqs.~10! and ~11! are based can be expected to
valid for metallic multilayers as thick as 1000 Å in total.

The frequencies and amplitudes of the modes suppo
by the magnetic multilayer can be calculated using the
earized Landau-Lifshitz equations of motion8 written for a
time dependence exp(2ivt):

iv

g
m5~M3Heff!, ~12!

where g5(g/2)(ueu/mC) is the gyromagnetic ratio,M
5M s1m wherem is the deviation from equilibrium of the
magnetization density in a particular film, andHeff is the
effective magnetic field acting on that particular film. The
effective fields include the applied magnetic fieldH, the sur-
face anisotropy field, Eq.~2!, the interlayer exchange cou
pling fields, Eqs.~6!, ~7!, and ~8!, and the dipole-dipole
fields, Eqs.~10! and~11!. Exchange fields due to the in-plan
spatial variation of the magnetization proportional
exp(iqy) have been neglected for the reasons set forth be
in more detail. In essence, if the exchange fields due to
spatial variation of the magnetization across the film~the z
dependence! are to be neglected, then it is consistent also
neglect the contribution of the in-plane spatial variation
the exchange fields. It turns out that the small freque
shifts due to in-plane and out-of-plane exchange fields
comparable for films up to 100 Å thick and forq
;105 cm21.

Effective-field components arising from magnetic dam
ing have also been neglected. Damping in magnetic syst
is normally very small and results in a resonant line bro
eningDv such that the ratiovR /Dv;50– 100, wherevR is
the mode frequency andDv is the full linewidth at half
maximum intensity. The influence of the damping on t
frequency of such high-Q resonances can be be safely i
nored.

Application of the Landau-Lifshitz equations to
multilayer containingM magnetic films results in a set o
13440
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2M homogeneous coupled equations for the magnetiza
componentsmY

n andmZ
n . These equations can be solved n

merically using standard procedures. One obtains solut
corresponding toM positive frequencies and toM negative
frequencies for a given value ofq greater than zero. TheM
positive frequencies correspond to spin-wave modes that
proportional to exp(1iqy) and hence are propagating alon
the 1y direction. These spin waves result in backscatte
light that is upshifted in frequency by the spin-wave fr
quency v. The M negative frequencies can be associa
with backscattered light that is downshifted in frequency
v: the magnetization amplitudes corresponding to th
modes are the complex conjugates of the negative-freque
mode amplitudes. In other words, it is not necessary to so
the equations of motion once forq.0 and then a second
time for q,0. The spin-wave frequencies and mode amp
tudes for both directions of propagation~for both6q! can be
obtained from a single calculation.

The effective fields discussed above can be used to ca
late the precessional frequency for a single magnetic fi
The frequency for a single film having a magnetization th
is uniform across the film thickness can be calculated fro

~v/g!25~H14pMsuqud!S H14pMs2
2Ks

dMs

24pMsuqudD . ~13!

It is interesting to compare frequencies calculated from
simple expression~13! with frequencies calculated using th
coupled Landau-Lifshitz equations including exchange p
Maxwell’s equations.13 The results of such a comparison a
shown in Fig. 2 forq51.7273105 cm21 ~green argon lase
light at 5145 Å incident on the specimen at 45°!, for a satu-
ration magnetization 4pMs521.0 kG, and for an exchang
parameterA52.0331026 ergs/cm. The difference in fre
quency between the full calculation13 and frequencies calcu
lated from Eq.~13! is shown in Fig. 2 for applied magneti
fields of 1 and 6 kOe and for surface pinning paramet
Ks50 and 0.5 ergs/cm2. The frequency difference is les
than 0.5 GHz for film thicknesses ranging from 5 to 140
A frequency shift of 0.5 GHz corresponds to an appli
magnetic-field change of approximately 0.17 kOe. If the e
change effective fields were to be included in the express
~13!, one would have to add the effective field

h5
2Aq2

Ms
~14!

to each of the two factors in Eq.~13!. For iron h50.07 kG
for q51.7273105 cm21 and A52.0331026 ergs/cm, Ms
51.7 kG. The addition of this effective field to Eq.~13!
would result in a graph similar to Fig. 2, but one in which t
curves were shifted down so that the frequency shift w
approximately zero for a 5-Å-thick film, but corresponding
larger for the thicker films. The neglect of exchange entir
in Eq. ~13! results in frequencies that are correct within 0
GHz for thicknesses ranging from 5 to 140 Å: this discre
6-4
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BRILLOUIN LIGHT SCATTERING FROM PERIODIC . . . PHYSICAL REVIEW B 64 134406
ancy is comparable with the line broadening associated w
a typical Fabry-Perot interferometer operating with a fr
spectral range of 50 GHz.

The scale of the mode amplitudes calculated from theM
set of coupled equations described above is fixed by the
quirement that each thermally excited mode must contain
average, an energy ofkT greater than the ground-state e
ergy. For convenience, it is explicitly assumed that one
dealing with a multilayer stack having an in-plane area o
cm2. In addition to the surface energy contributions, Eq.~1!,
and the interlayer exchange contributions, Eq.~3!, it is nec-
essary to include the Zeeman energy for each film,14

EZ
n52HmX>22dMsH1

dH

Ms
@~mg

n!21~mZ
n!2#, ~15!

plus the dipole-dipole energy for each film,14

Ed
n52d~hY

nmY
n1hZ

nmZ
n!. ~16!

~Remember that the magnetic film thickness is 2d and that
the specimen area is 1 cm2.! In the work described below
no attempt is made to calculate absolute BLS intensit
only relative intensities are of interest. Therefore the mo
amplitudes have been normalized so that each mode con
an excited state energy of 1 erg per cm2. This normalization
procedure gives mode amplitudes that are conveniently
the order of 1 kG.

BLS INTENSITIES

Brillouin scattered light intensities have been calcula
following the procedure for thin films described by Cochr
and Dutcher15 and by Cochran.16 The procedure is divided
into two steps. In step~1! the driving electric field amplitude
within each magnetic film is calculated. In this step both t
nonmagnetic and magnetic films are treated as if they w
isotropic and describable by a scalar dielectric constant;
the dependence of the optical dielectric tensor elements
the magnetization is ignored. In step~2! the driving optical
electric field amplitude within each magnetic film is com
bined with the oscillating magnetization components to c
culate the optical electric dipole density oscillating at t
frequenciesV6v, whereV is the frequency of the inciden
laser light andv is the magnetization precessional frequen
The electric dipole densities oscillating atV6v are then
used to calculate the amplitude of the scattered light.

Step ~1!. It is necessary to calculate the optical electr
field amplitudes in each of theM magnetic layers. For sim
plicity, it is assumed that the optical properties of each fi
as well as those of the substrate, can be specified by com
scalar dielectric constants. This necessarily requires
these materials exhibit cubic symmetry. The off-diagonal
electric tensor components induced in the magnetic layer
the presence of a magnetization are very small and ma
neglected for purposes of calculating the optical electric-fi
distribution set up in the multilayer structure. It turns out th
BLS intensities calculated for the backscattering configu
tion are the same for boths- andp-polarized incident light; in
this work, the incident laser beam has been taken to bp
13440
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polarized~E in the plane of incidence!. This means that the
light scattered as a result of magnetic excitations in
multilayer structure will bes polarized~E perpendicular to
the plane of incidence!. The plane of incidence of the lase
light has been assumed to be they-z plane~see Fig. 1!, and
therefore all the incident field amplitudes in the multilay
must be proportional to the factor

exp~2 i @Qy1Vt# ! ~17!

in order to satisfy the boundary conditions thatE andh must
be continuous across any surface of discontinuity. In
~17!, Q5k0 sinu where the angle of incidence isu and the
vacuum wave vector of the incident light isk0 . Within a
given film the magnetic field has only anx component, and
the spatial variation across the film of that component can
written

hX5an exp~ ikz!1bn exp~2 ikz!, ~18!

where

k21Q25«k0
2. ~19!

The electric-field components can be obtained from the M
well equation

curlh52 i S «V

C DE. ~20!

The coefficientsan andbn are fixed by the boundary cond
tions at each interface plus the condition that the subst
contain only a wave propagating along the1z direction.
Numerical calculation of the field amplitudes in each fil
can be readily carried out using a computer.

Step ~2!. The calculation of the BLS amplitudes. In th
presence of an electric field a precessing magnetization
duces an electric polarization density 4pP that to lowest
order inm is proportional to (E3m).17 In the present case
thep-polarized optical electric field has only the compone
Ey andEz , and these components interact with the mag
tization componentsmy andmz to generate a fluctuating po
larization density

4pPX}EYmZ2EZmY . ~21!

This optical polarization density oscillates at the frequen
vs5(V1v) for spin waves propagating along1y and at
vs5(V2v) for spin waves propagating along2y: V is
the circular frequency of the incident light, andv is the
spin-wave circular frequency. The electric polarization de
sity oscillating atvs generates the scattered light, and t
scattered light electric vector is polarized alongx.15,16 In the
present article we are interested in magnetic films that
thin compared with the optical skin depth. For such films t
electric field is very nearly constant over the film thickne
and therefore the polarization density 4pPx calculated from
Eq. ~21! can also be taken to be constant over the film thi
ness. Moreover, for such a thin magnetic film, one can tr
the electric dipole density distribution as if it were ad func-
tion having the strengthS5(2d)(4pPx) and embedded in
the nonmagnetic material. It can be shown15 that ad-function
6-5
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J. F. COCHRAN PHYSICAL REVIEW B 64 134406
polarization density having only anx component generate
outgoing optical fields such thatEx is continuous at thed
function, buthy is discontinuous, whereDhy5 ivs /C. Ap-
plication of these boundary conditions to the present prob
results in

EX
R2EX

L50, ~22a!

hY
R2hY

L5S ivs

C DS, ~22b!

where S5(2d)(4pPx) is the strength of the equivalentd
function,EX

R andhY
R are the electric and magnetic field com

ponents evaluated at the right-hand interface of the magn
slab, andEX

L and hY
L are the field components evaluated

the left-hand magnetic film interface. The boundary con
tions~22! plus the requirement that there be only an outgo
wave propagating to the left in the vacuum and an outgo
wave propagating to the right in the substrate determine
scattered light amplitude. The vacuum amplitude of the s
tered light can be readily calculated using a computer
follow the propagation of the light from its source in a pa
ticular magnetic film through the complex multilayer stru
ture to the vacuum on the left and to the substrate on
right.

The scattered light amplitudes generated by the differ
magnetic films are phase coherent for a given magn
mode. The amplitudes at the vacuum/multilayer interfa
must be added together in order to calculate the BLS in
sity corresponding to a given mode. The different magne

FIG. 2. The difference in frequencies plotted as a function
film thickness for a single magnetic film in which the lowest res
nant frequency was calculated in two ways:~1! using the full
Landau-Lifshitz formalism plus Maxwell’s equations and~2! using
the simple theory based on the approximation of a uniform mag
tization and no exchange, Eq.~13!. Parameters used in the calcul
tion were 4pMs521.0 kG, g52.09, exchange parameterA52.03
31026 ergs/cm,q51.7273105 cm21, resistivity 1025 V cm, and a
Gilbert damping parameterG5107 Hz. d H51.0 kOe,Ks50; m

H51.0 kOe, Ks50.5 ergs/cm2; s H56.0 kOe, Ks50; h H
56.0 kOe,Ks50.5 ergs/cm2.
13440
m

tic

i-
g
g
e
t-
o

e

nt
ic
e
n-
ic

modes are uncorrelated in phase; consequently, the total
intensity is just the sum of the intensities calculated se
rately for each mode.

The BLS intensities calculated using the above presc
tion are integrated intensities: i.e., they correspond to i
nitely sharp frequencies. In any real system the magn
modes will be damped and therefore the scattered light
have a spectral distribution whose width in frequency is p
portional to the strength of the damping. Moreover, the
sponse of the Fabry-Perot interferometer used to analyze
scattered light will introduce an additional line broadenin
In fact, for most metallic magnetic thin films the observ
BLS linewidths are predominantly due to the interferome
resolution. Typically,v/Dv;50. Both sources of line broad
ening can be approximately described by a Lorentzian dis
bution

I ~ f !5S I 0

p D D

@~ f s2 f !21D2#
, ~23!

whereI 0 is the integrated intensity,f s is the incident optical
frequency shifted up or down by the magnetic mode f
quency, and 2D is the width of the frequency distribution a
half maximum intensity.

APPLICATION TO AN INFINITE MULTILAYER: BULK-
MODE FREQUENCIES

Solutions of the Landau-Lifshitz equations for the infini
multilayer problem can be constructed by means of the s
stitutions

mY
n115mY

n exp~ if!, ~24a!

mZ
n115mZ

n exp~ if!. ~24b!

In other words, one looks for solutions in which the magn
tization amplitudes are the same for each film, but there
constant phase shiftf from one film to the next.3 A band of
bulk-mode frequencies is generated asf runs from 0 top.
Using Eqs.~24! and the expressions~10! and ~11! for the
dipole-dipole fields, it can be shown that the total dipo
dipole field components acting on each magnetic film are
same for each film and are given by

hY524pmYuquda24pmZqdb, ~25a!

hZ524pmZ14pmZuquda24pmYqdb, ~25b!

where

a5
exp~2uquD !21

exp~2uquD !22 cos~f!exp~ uquD !11
, ~26a!

b5
2 exp~ uquD !sin~f!

exp~2uquD !22 cos~f!exp~ uquD !11
. ~26b!

D is the periodic repeat distance (Dnm12d). The problem
has been reduced to that of solving the Landau-Lifshitz eq

f
-

e-
6-6
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BRILLOUIN LIGHT SCATTERING FROM PERIODIC . . . PHYSICAL REVIEW B 64 134406
tions for a single film because the effective fields acting
each film are the same. The required frequencies can be
tained from

S v

g D 2

5HeffBeff2~4pMsqdb!2, ~27!

where

Heff5H1
J

dMs
~12cosf!14pMsuquda, ~28a!

Beff5H14pMs2
2Ks

dMs
1

J

dMs
~12cosf!24pMsuquda.

~28b!

Equation ~27! can be compared with the exact express
derived by Camley, Rahman, and Mills,3 their Eq.~2.25!, if J
and Ks are set equal to zero. It can be seen that the
expressions bear no resemblance to one another: nor
Eq. ~27! resemble their Eq.~2.28!, the uqud!1, uquD!1
limit of their exact expression~2.25!.18 Nevertheless, Eq
~27! yields frequencies that are in agreement with their ex
expression to within 2% forq51.7273105 cm21, for H
51 kOe, and for magnetic film thicknesses up to 50 Å. T
agreement improves for larger applied magnetic fields. O
can conclude that the approximate treatment of the dip
dipole fields contained in Eqs.~10! and ~11! is adequate to
describe the dipole-dipole interaction between thin magn
films.

APPLICATION TO AN INFINITE
MULTILAYER: SURFACE MODE

The approximate treatment of the dipole-dipole inter
tion between magnetic layers in a multilayer can also be u
to provide a relatively simple description of the surface mo
in a multilayer containing an infinite number of films. At firs
sight it appears that the dipole fields acting on a surface fi
or on a near-surface film, must be quite different from tho
acting on a film deep within the multilayer stack because
films near the surface are not subject to dipole-dipole fie
from the missing films on the left of the surface. However,
examination of Eqs.~11a! and ~11b! shows that if, forq
.0, one sets

mZ51 imY , ~29!

then this film will generate no external magnetic field on
right-hand side;19 it will, however, generate an external fie
on its left-hand side. Thus, if Eq.~29! is satisfied for every
magnetic film in the multilayer stack, a film near the surfa
will experience the same dipole field due to the infinite nu
ber of neighbors on its right-hand side as will a film buri
deep in the stack. In effect, the surface discontinuity w
have been eliminated. Notice that this cancellation of
surface discontinuity does not occur forq,0: this asym-
metry gives rise to the well-known fact that the surface mo
is nonreciprocal.3,20 One looks for a surface-mode solution
which the magnetizations in each film precess in phase,
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for which the amplitude decays towards the interior
exp(2D) from one film to the next. The dipole-dipole fiel
components become

hY524pmYqdS, ~30a!

hZ524pmZ14pmZqdS, ~30b!

where

S5
1

tanh~@D1uquD#/2!
. ~31!

The Landau-Lifshitz equations are the same for every film
the stack if one neglects the fact that the exchange torqu
the surface film is different from that on the other films b
cause of the absence of a magnetic film on its left. Trying
take this surface discontinuity into account would introdu
a great deal of complication into an otherwise simple pro
lem. In most systems of interest the interlayer exchange
teraction is sufficiently weak that the frequency shift caus
by the surface exchange discontinuity can be safely igno
With this approximation the Landau-Lifshitz equations b
come

S iv

g DmY5FH14pMs2
2Ks

dMs
1

J

dMs
~12coshD!

24pMsqdSGmZ , ~32a!

S iv

g DmZ52FH1
J

dMs
~12coshD!14pMsqdSGmY .

~32b!

These two equations must be compatible with the condit
mz5 imy . This requirement fixes the allowed value of th
parameterS and, therefore, through Eq.~31! determines the
parameterD which describes the amplitude decay towar
the interior of the multilayer stack. From the required co
patibility between Eqs.~32a! and ~32b!, one obtains

8pMsqdS54pMs2
2Ks

dMs
54pMeff . ~33!

Thus, from Eq.~31!, the decay parameterD is to be deter-
mined from

tanhS D1qD

2 D52qdS Ms

Meff
D , ~34!

and the surface-mode frequency is given by

S v

g D5H12pMeff1
J

dMs
~12coshD!. ~35!

This is a remarkably simple result, as has been pointed
by Camley, Rahman, and Mills3 who derived the same ex
pression for the caseJ50, Ks50.

Equation~34! can be solved for allKs,0 for which Meff
is greater thanMs . For positive values ofKs one hasMeff
,Ms, and therefore the ratio of (Ms /Meff) cannot exceed
6-7
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1/2qd because the tanh function cannot exceed 1. This
plies that the assumed ground state of the system in whic
static magnetization vectors are parallel cannot be stabl
4pMeff→0. ForKs50 andqd!1, Eq. ~34! becomes

D5q~4d2D !, ~36!

and no solution corresponding toD.0 exists ifD becomes
larger than 4d. HereD is the periodic repeat distance and 2d
is the thickness of a magnetic film; therefore, in this limit
surface mode can only exist if the thickness of the nonm
netic films is less than the thickness of the magnetic film
this feature has been discussed by Camley, Rahman,
Mills.3 This condition is relaxed for a positive-surfac
energy parameterKs , as has been pointed out by Stamps a
Hillebrands.7

The intensity of the light scattered from the surface mo
has been calculated as a function of nonmagnetic layer th
ness for three values of the surface pinning parameterKs .
The results of the calculation are shown in Fig. 3 for
multilayer composed of 10-Å-thick iron films separated
silver films and for an applied field of 1 kOe and for 5145
laser light incident at 45° (q51.7273105 cm21). The inter-
layer exchange coupling parameterJ has been set equal t
zero. The intensity of the light scattered from the surfa
mode has been normalized relative to the light intensity s
tered from a single 10-Å-thick iron film mounted on a silv
substrate and covered by a 10-Å-thick silver layer. It can
seen from Fig. 3 that the scattered light intensity depe
strongly on both the nonmagnetic layer thickness and u
the strength of the surface energy parameter. For the
Ks50.5 ergs/cm2, a surface energy appropriate for the iro
silver system,8 the BLS intensity in the limit of very thin
nonmagnetic layers becomes approximately 14 times la
than that calculated for a single iron film. However, for i
creasing nonmagnetic layer thickness the intensity falls
and becomes zero at 36 Å. The decrease in intensity w
increasing nonmagnetic film thickness,Dnm , occurs prima-
rily as a result of the decrease in the value of the de
parameterD with increasingDnm . As D becomes smaller
the mode energy, which must remain equal tokT, becomes
distributed over an ever larger number of magnetic t
films, with the result that the mode amplitudes must decre
with increasingDnm . Eventually, the decay parameter b
comes zero, and at that point the surface mode has b
transformed into a volume mode and the light scattering a
plitude has become almost zero. For example, in the pre
case in which the magnetic film thickness is 10 Å one fin
D50.0614 for Ks50.5 ergs/cm2 and for Dnm51 Å. This
means that the precessional amplitude in the 16th film
fallen to e21 of the surface film amplitude so that the mo
energy is distributed in effect over something like 32 film
On the other hand, forDnm510 Å the decay factor decrease
to D50.0458, corresponding to an amplitude decrease
e21 at the 22nd film so that the mode energy is then dist
uted over approximately 44 magnetic films with a cor
sponding decrease in the mode amplitude and a decrea
BLS intensity of 3.6. Note that the frequency of the surfa
mode is independent of the nonmagnetic layer thicknes
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that the effect of increasingDnm is a reduction in BLS scat-
tering intensity with no shift in frequency.

The result of decreasing the surface energy parameter
reduce the BLS intensity for fixed nonmagnetic layer thic
ness and to decrease the value ofDnm corresponding to the
transition from a surface mode to a bulk mode. This behav
is illustrated in Fig. 3 forKs50 and20.5 ergs/cm2.

APPLICATION TO FINITE MULTILAYERS: KsÄJÄ0

Consider a multilayer having the structure shown in Fig
and composed ofM magnetic films. TheM modes of such a
system can be visualized by plotting the magnetization co
ponentsmy andmz in each film as a function of film num
ber: No. 1 is the magnetic film nearest the vacuum int
face and No.M is the film nearest the substrate. Examples
such mode diagrams are shown in Fig. 4 using the exam
of 25 iron films, each 5 Å thick, separated by 15-Å-thick
silver films and subject to an applied magnetic field of 1
kOe. Themz components arep/2 out of phase with themy
components so that the magnetization in any given film
scribes an elliptical precession around the direction of
applied magnetic field. The highest frequency mode, F
4~a!, corresponds to the case in which all 25 film magneti
tions precess in phase. This is the uniform mode, and
frequency is relatively large because the dipole-dipole c
tribution to the effective field acting on each film is a max
mum. The next-highest frequency corresponds to the c
figuration shown in Fig. 4~b!. As can be seen from the figure
there is a reversal in the phase of the magnetization pre
sion from the first film to the last film. The frequency for th
mode is less than the uniform mode frequency because
dipole-dipole field contributions at a particular film tend
cancel when summed over all films in the stack. The num
of phase reversals in a given mode increases with mode n
ber until finally the phase changes byp from one film to the
next as is illustrated in Fig. 4~c!. In this extreme case, thep
mode, the magnetizations in neighboring films oscillate 18
out of phase so that the dipole-dipole field contributions fro
all the neighbors essentially sum to zero. In consequence
p mode shown in Fig. 4~c! corresponds to the lowest fre
quency of all the multilayer modes. One feature of t
multilayer modes is worthy of particular notice. The lowes
order mode, the uniform mode of Fig. 4~a!, displays maxi-
mum amplitudes in the outermost filmsN51 andN525. As
the mode number increases, the amplitudes of the two ou
most films gradually decrease relative to the maximum a
plitude of the interior films until for thep mode the outer-
most two films have almost zero amplitude as shown in F
4~c!. If one were dealing with the modes of a single thi
uniform slab, one would describe the uniform mode as be
unpinned and thep mode as being pinned even though the
are no surface pinning energies becauseKs50.

The modes shown in Fig. 4 have been calculated for
particular caseM525, but the patterns illustrated are simil
for any number of films. In all instances the high-frequen
mode corresponds to the case in which all film magneti
tions oscillate in phase and the lowest-frequency mode
responds to the case in which successive magnetization
6-8
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cillate 180° out of phase. Of course, mode frequenc
explicitly depend on the number of magnetic films in t
multilayer as well as upon their thicknesses, the thicknes
of the spacer layers, and the strength of the applied magn
field.

The frequency distribution of the intensity of the lig
backscattered from a finite multilayer stack depends upon
total stack thickness,MD, relative to the characteristic am
plitude decay length of the light in the multilayer structur
here, M is the number of films in the stack andD is the
thickness of the repeating unit composed of one magn
film plus one nonmagnetic film~see Fig. 1!. The calculated
amplitude of the driving optical electric field in each ma
netic film falls off nearly exponentially with distance in
very thick multilayer stack. The characteristic distanceL cor-
responding to a decrease of 1/e in amplitude is insensitive to
the optical properties of the nonmagnetic spacer layers
multilayer stack composed of iron films and depends o
weakly on the ratio of iron thickness 2d to the multilayer
repeat distanceD for d, D both very small compared with th
optical skin depths in the iron and spacer materials. For
ample, ifD54d, the decay length for silver spacers@dielec-
tric constant«5210.710.33i ~Ref. 21!# is L5289 Å, for
copper spacers@dielectric constant«525.4316.19i ~Ref.
21!# is L5296 Å, and for vacuum spacers («51) is L
5470 Å, all for 5145-Å incident radiation. For the rati
D/d516 the decay lengths becomeL5284 Å for silver,L
5283 Å for copper, andL5309 Å for vacuum spacers
Thus, for a typical multilayer based on iron films, the optic
decay length is approximately 300 Å. It turns out that fo
multilayer stack having a total thickness comparable toL, or
less thanL, the calculated BLS spectrum is very simple. F
a total stack thickness comparable toL, the spectrum consist
of two upshifted lines and two downshifted lines. The u
shifted and downshifted lines have similar intensities; this

FIG. 3. Relative BLS intensity vs nonmagnetic layer thickne
for an infinite stack of iron films 10 Å thick separated by silv
layers and for an applied magnetic field of 1.0 kOe. BLS intensi
were calculated relative to the BLS intensity calculated for a sin
10-Å-thick iron film covered by a 10-Å-thick silver film and
mounted on an infinitely thick silver substrate. Parameters use
the calculation were 4pMs521.0 kG,g52.09, interlayer coupling
parameterJ50, q51.7273105 cm21, «15210.710.33i @silver
~Ref. 21!#, «2520.4116.4i @iron ~Ref. 22!#. s Ks

50.5 ergs/cm2; m Ks50; d Ks520.5 ergs/cm2.
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illustrated in Fig. 5 for a stack of 25 iron films, each 5
thick, separated by 15-Å-thick silver films. The dielectr
constants used for the calculation were the following: s
ver, «15210.710.33i ~Ref. 21!; iron, «2520.4116.4i
~Ref. 22!; silicon substrate,«s518.0510.55i ~Ref. 23!. The
total multilayer thickness in this case is 500 Å. As the to
multilayer thickness decreases, the intensities of the do
shifted BLS peaks diminish relative to the upshifted pea
and the intensity of the lower-frequency upshifted peak
minishes relative to the intensity of the higher-frequency u
shifted peak. Eventually, when the total multilayer sta
width has become much smaller than the optical de
length L, the BLS intensity pattern consists of a single u
shifted peak and a very much weaker downshifted peak.
example, for a multilayer consisting of 25 iron films 1
thick interleaved with 1-Å silver films, a total thickness of 5
Å, one obtains a single strong upshifted BLS peak an
downshifted peak having an intensity 44 times weaker. T
tendency towards a simplified BLS pattern as the to
multilayer width becomes very small compared with the o
tical decay lengthL can be understood as a consequence
the fact that the driving optical electric-field amplitude ten
to become more nearly the same within each magnetic
as the multilayer width becomes smaller. With reference
Fig. 4, it is apparent that the uniform mode of Fig. 4~a! must
give a very strong signal if the optical electric field is th
same in each film because the scattered light from each
will add in phase. On the other hand, higher-order mo
containing phase reversals will tend to give very small B
signals because the light scattered from a film having a p
ticular phase will be canceled by light scattered from a s
ond film having a phase shifted by 180°. This is the analog
the well-known fact that the BLS signal corresponding to t
optical mode~the out-of-phase mode! for a pair of identical,
very thin, coupled ferromagnetic films has virtually ze
intensity.16

The BLS spectrum becomes more complex as the t
multilayer thickness exceeds the optical decay lengthL. One
obtains spectra containing more and more distinct peak
the multilayer thickness increases. Moreover, many lo
frequency modes are squeezed together to form a broad
analagous to the spin-wave manifold peak obtained for
infinitely thick bulk magnetic material.24 This thick-stack
limit will not be discussed further.

A series of BLS backscattering calculations have be
carried out for iron film thicknesses ranging from 1 to 25
and for multilayers containing 5, 10, and 25 magnetic film
The optical properties of silver and copper at 5145 Å ha
been used for the nonmagnetic films. On the basis of th
computer experiments, it can be concluded that the inten
of the upshifted peak corresponding to the uniform mode,
maximum intensity peak, is not very dependent on the m
netic film thickness 2d, on the repeat periodD, or on the
number of magnetic films in the multilayer,M, provided that
the total thickness of the multilayer is less than, or com
rable to, the optical decay lengthL. For example, for the cas
of 25 magnetic films and a repeat periodD515 Å a variation
of d from 1.5 to 7 Å resulted in a twofold increase in th
maximum BLS signal strength. For a given thickness 2d the
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J. F. COCHRAN PHYSICAL REVIEW B 64 134406
maximum BLS signal strength remained the same wit
25% for M55, 10, and 25.

The maximum BLS signal strength calculated for iro
silver and iron/copper multilayers was observed to be wit
a factor of 2 or 3 the same as that calculated for a single
film of thickness 2d mounted on a thick silver or coppe
substrate. This is illustrated in Fig. 5 ford52.5 Å, D
520 Å, andM525. The BLS intensity has been normalize
relative to a single 5-Å iron film mounted on a silver su
strate and covered by a 15-Å silver layer. For the extre
cases mentioned in the paragraph above, one finds tha~1!
for M525, d51.5 Å, andD515 Å the maximum BLS sig-
nal for the multilayer was 2.4 times that for the single 3-
thick iron film; ~2! for M525, d57 Å, and D515 Å the
maximum BLS signal was the same for the multilayer a
the single 14-Å-thick iron film. Evidently, the complex fac
tors that influence the strength of the light scattering tend
cancel so that the multilayer signal exhibits roughly the sa

FIG. 4. Magnetization amplitudes vs film number calculated
a multilayer stack consisting of 25 iron films, each 5 Å thick, sepa-
rated by 15-Å-thick silver films and for an applied magnetic field
1.0 kOe.d my ; m mz . Note thatmy andmz arep/2 out of phase.
Mode amplitudes correspond to the same excitation energy in
mode. Magnetic parameters used were 4pMs521.0 kG, g52.09,
J5Ks50. ~a! The mode corresponding to the largest frequency
to the strongest BLS signal.~b! The mode corresponding to th
second largest frequency and to the second largest BLS signa~c!
The p mode corresponding to the smallest frequency and to
smallest BLS signal.
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strength as the signal calculated for a single film having
same thickness as each magnetic film in the multilayer.

The pattern of the BLS spectrum shown in Fig. 5 persi
to high applied magnetic fields~see Fig. 6! calculated for a
stack of 25 iron films 5 Å thick and separated by 15-Å-thic
silver films. The variation of the largest frequency with fie
is very nearly linear. This is reminiscent of the surface-mo
behavior expected for an infinite multilayer@see Eq.~35!# or
for a bulk magnetic specimen. However, the slope of
straight line shown in Fig. 6 corresponds to a valueg
52.727 rather than to the valueg52.09 measured for bulk
iron.25

EFFECT OF A UNIAXIAL NORMAL ANISOTROPY AND
INTERLAYER EXCHANGE COUPLING

The presence of a surface energy, Eq.~1!, causes a shift in
the mode frequencies because the magnetization enter
Landau-Lifshitz equations through the effective magneti
tion

4pMeff54pMs2S 2Ks

dMs
D . ~37!

An increase in the surface energyKs results in a reduction of
the effective magnetization. As the effective magnetizat
becomes small, the mode frequencies become smaller
the spread between the maximum and minimum mode
quencies becomes smaller. The simple relation betw
mode number and frequency characteristic of theKs50 case
becomes more complex. ForKs50 the uniform mode corre-
sponds to the maximum frequency, and thep mode, having a
phase shift ofp from one film to the next, corresponds to th
minimum frequency. This distribution of mode frequencies
no longer valid for negative effective magnetizations: f
4pMeff,0 the uniform mode becomes the minimum fr
quency and thep mode becomes the maximum frequenc
This inversion of the mode frequency distribution has be
discussed by Stamps and Hillebrands.7 However, if the total
multilayer thickness is less than the optical decay lengthL,
the upshifted and downshifted BLS spectra simply cons
of one or two lines. Typical behavior is illustrated in Fig.
for a 25-magnetic-film multilayer composed of 5-Å-thic
iron films separated by 15-Å-thick silver films and subject
to an applied field of 6.0 kOe. The interlayer exchange c
pling was assumed to be zero. As the surface energy pa
eter increases at fixed applied field, the frequencies of
two upshifted BLS peaks decrease and converge to the s
value for Ks near the value corresponding to zero effecti
magnetization.~The downshifted peaks exhibit a similar b
havior.! As Ks is further increased, the effective magne
zation becomes negative, and ultimately the ground state
responding to all static magnetizations parallel becom
unstable and some, or all, of the static magnetizations
away from the direction of the applied field.7 In the example
shown in Fig. 7 in which the applied field is 6 kOe, th
parallel ground state becomes unstable for a value ofKs
between 0.5 and 0.525 ergs/cm2.
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As the surface energy parameter increases, the BLS p
intensities become stronger, and forKs50.5 ergs/cm2 and for
an applied field of 6 kOe, they are approximately 10 times
strong as for the caseKs50. As Ks increases from zero, th
mode corresponding to the maximum BLS intensity becom
more like a surface mode in that the magnetization prec
sion in each film becomes more nearly circularly polariz
i.e., umzu approachesumyu, and the amplitudesmy and mz
decay away from the surface. ForKs near the value where
the two BLS peaks converge,Ks50.4 ergs/cm2 in Fig. 7, all
the modes become circularly polarized or very nearly cir
larly polarized. WhenKs is increased to values greater th
the crossover value, the mode corresponding to maxim
BLS scattering approaches a 1/4 wavelength with a nod
the surface, the mode is no longer circularly polarized, a
its frequency becomes the minimum frequency. At the sa
time, the rapidly oscillating mode characterized by a ph
shift of p from one film to the next becomes the maximu
frequency. This inversion of the mode frequencies for la
values of the pinning parameter has been described
Stamps and Hillebrands.7 These authors have also discuss
the effect of interlayer exchange coupling on the mode sp
trum. The frequency dependence of the modes becomes
complex in the presence of ferromagnetic interlayer c
pling. Despite that complexity, the BLS spectrum rema
very simple; one observes either one or two intense upsh
peaks depending upon the value ofKs and the total
multilayer thickness. The frequencies and intensities of th
BLS peaks are very insensitive to the strength of the
change coupling. For the example of Fig. 7, for an appl
field of 6 kOe andKs50 the shift in the high-frequency pea
is less than 0.1 GHz as the exchange coupling parameterJ in
Eq. ~3!, is increased from 0 to 0.5 ergs/cm2. For the same

FIG. 5. Relative BLS intensity vs frequency shift calculated
a 25-iron-film multilayer in an applied field of 1.0 kOe. Each iro
film was 5 Å thick and was separated from its neighbors by 15
thick silver films. BLS intensities were calculated relative to that
a single 5-Å-thick iron film covered by a 15-Å-thick silver film an
mounted on an infinitely thick silver substrate. Parameters use
the calculation were 4pMs521.0 kG, g52.09, J5Ks50, q
51.7273105 cm21, «15210.710.33i @silver ~Ref. 21!#, «25
20.4116.4i @iron ~Ref. 22!#, and«s518.0510.55i @silicon ~Ref.
23!#. An instrumental line broadening of 0.5 GHz has been assu
@see Eq.~23!#.
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parameters the shift in the lower-frequency peak is appro
mately 0.3 GHz. These shifts are not sensitive to the val
of the applied field or to the value ofKs . The frequencies of
the BLS peaks are insensitive to the strength of the excha
coupling because the most intense light scattering is ass
ated with those modes for which the amplitude of precess
is very nearly the same for neighboring films, and theref
the effective interlayer exchange fields are small.

The above discussion has been concerned with the
ticular example of a stack of 25 iron films, each 5 Å thick
and separated by 15-Å-thick silver films. Calculations c
ried out for systems composed of 5 and 10 magnetic film
for film thicknesses up to 50 Å and for multilayer thick
nesses less than, or comparable to, the optical decay le
L, have given similar results. The quantitative details of
variation of BLS frequencies and intensities with appli
magnetic-field strength and with the strength of the surf
energy parameter depend upon the magnetic paramete
the films, upon their thicknesses, and upon the thicknesse
the nonmagnetic films. However, in all cases examined
BLS spectra exhibited the following features

~1! Either one or two intense BLS frequencies depend
upon the number of magnetic films, the total multilay
thickness, and the strength of the surface energy param
Ks .

~2! The frequencies of the upshifted and downshifted lin
are the same forKs50. The intensities of the upshifted BLS
peaks may be considerably stronger than the intensitie
the downshifted peaks, especially for small applied fields a
for a small total multilayer thickness.

~3! The intensities of the BLS peaks are comparable to
intensity of the BLS peaks calculated for a single magne
film having the same thickness and magnetic properties
the films in the multilayer.

~4! The frequencies calculated for the intense BLS pe
are insensitive to the presence of interlayer exchange c
pling.

-
r

in

d

FIG. 6. Frequency shift vs applied magnetic field calculated
a multilayer composed of 25 iron films, each 5 Å thick, separated
by 15-Å-thick silver films. The upshifted and downshifted BL
peaks correspond to the same frequency shifts. The magnetic
rameters used were 4pMs521.0 kG,g52.09,J5Ks50. The solid
line is a least-squares fit to the high-frequency points: its equa
is F518.0313.817H.
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CONCLUSIONS

An approximate method has been used to study the B
louin scattered light spectrum to be expected from multil
ers consisting of a periodic repetition of a unit consisting
a thin magnetic layer, 50 Å or less thick, and a compara
thin nonmagnetic layer. In particular, the dipole-dipole int
action between magnetic films has been treated using an
tension of the methods described by Cochranet al.9 used to
treat pairs of interacting thin films. The most interesting co
clusion drawn from the present study is that the scatte
light spectrum for multilayers having a total thickness le
than the optical decay lengthL is very simple in that only
two of the many modes associated with the perio

FIG. 7. Calculated BLS upshifted frequencies vs surface ene
parameterKs for a multilayer composed of 25 iron films 5 Å thick
and separated by 15-Å-thick silver films in an applied magne
field of 6.0 kOe. Parameters used were 4pMs521.0 kG, g52.09,
and exchange coupling parameterJ50. The two BLS peaks overlap
at Ks50.4 ergs/cm2 corresponding to 4pMeff51.85 kG.
n

ki
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multilayer structure give rise to an appreciable BLS sign
The weakness of the BLS signal for the higher-order mo
is analogous to the case of a bilayer structure consisting
two identical thin magnetic films. Such films support a
acoustic mode in which the magnetizations in the two fil
precess in phase and an optic mode in which the two m
netizations precess in antiphase. The acoustic mode g
rise to a strong BLS signal, whereas the optic mode yie
practically no scattered light because the contributions fr
each film are in antiphase and cancel. Similarly, the lig
scattered by the uniform mode in a multilayer composed
identical magnetic thin films is strong and the BLS inten
ties corresponding to the higher-order modes become
gressively weaker due to an increasing number of amplit
phase reversals across the multilayer stack. The frequen
associated with strong BLS signals are insensitive to the
change coupling between the magnetic films because
magnetization vectors in neighboring films remain ve
nearly parallel.

It should be noted that the treatment of the dipole-dip
interaction described above and encapsulated in Eqs.~10!
and ~11! is not restricted to periodic multilayers. It can b
easily applied to any planar multilayer system including no
periodic systems in which the magnetic layers are compo
of different materials, have different thicknesses, or
spaced apart by nonmagnetic films having variable thi
nesses.
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