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Brillouin light scattering from periodic multilayers composed of very thin magnetic films
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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 scatteritBLS) 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 A 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.
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INTRODUCTION clude perpendicular anisotropies and interlayer exchange
interactions. The last two articles were mainly concerned
Brillouin light scattering(BLS) experiments have been with the calculation of spin-wave spectra when the static film
extensively used to probe the behavior of magnetic thin filmgnagnetizations were no longer parallel with the applied mag-
assembled to form a multilayer structure. The experimentahetic field. The case of finite multilayers has been studied by
and theoretical work done on such structures has been retillebrand$ and by Stamps and Hillebrand3hese authors
viewed in the excellent articles by Hillebrands andused the full Landau-Lifshitz equations of motion including
Gintherodt and by Hillebrand$.The theory of BLS for pe- exchange to study the applied-field dependence of the
riodic coherent layered structures was initiated by Camleymultilayer mode frequencies for multilayers containing a few
Rahman, and Mills. These authors calculated the mode fre-magnetic films. Perpendicular surface anisotropies and inter-
guencies for a semi-infinite stack of identical ferromagnetiqayer exchange coupling were included in their calculations:
films of thicknessd; separated by nonmagnetic spacer films»[hey did not attempt to calculate the BLS spectra to be ex-
of thicknessd,. The static magnetization in each layer WaSpacted for such multilayer specimens.
t_aken to be uniform and parallel with _the applied magnetic | a BLS experiment one does not directly measure the
field. The frequencies of thermally excited spin-wave mOdeﬁrequencies associated with the various spin-wave modes in

iszue%p?_r;?\((j}l;g-gi]fi mgltgaﬁzrti\évﬁsreocfaﬁzlﬁéid tgs'ggs?r?bgnfﬁéfhe specimen. The BLS experiment measures the frequency
4 dependence of the intensity of the light scattered from those

spatial variation of the magnetization deviation from equilib- in-wave modes when the specimen is illuminated by liaht
rium. The associated magnetic fields were calculated frortP P y Iig

Maxwell's equations in the magnetostatic approximation,Of a fixed frequency. _It turns out that for a muItiI_ayer stack
curl h=0. The intensity distribution of the light scattered COMPosed of magnetic films thinner than 50 A thick most of

from such a multilayer stack was calculated using the ast’® modes do not contribute a BLS signal of appreciable

sumption that each magnetic layer was thick compared witfntensity. In' this .article.the frequency distribution of the .BL.S
the optical skin depth of the incident light. The BLS calcu- scattered light intensity will be calculated for a periodic
lations were therefore restricted to the case in which thénultilayer composed of very thin magnetic films separated
magnetic films were of the order of 200 A or thicker. How- Dby very thin nonmagnetic spacer layers. It will be shown that
ever, much of the experimental work on multilayers has beeffor such thin films the BLS spectra basically probe only the
carried out using structures in which the magnetic layerswo modes of the multilayer that have the smallest variation
were less than 50 A thick? The theory for such very thin in amplitude from one magnetic film to the next. The BLS
magnetic films has been developed for a periodic, semispectra for such multilayers are insensitive to the strength of
infinite multilayer by Almeida and MillSusing an effective- the interlayer exchange coupling because the magnetizations
medium approximation in which the magnetization within ain neighboring films remain almost parallel as they precess
thin film remains uniform as it precesses around the equilibaround the direction of the equilibrium magnetization.

rium magnetization direction. The Almeida-Mills effective-  In the following work an approximate but simple method
medium theory was extended by Memannet al® to in-  for treating the dipole-dipole interlayer and intralayer cou-
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pling will be described and will be used to treat three prob-K ¢ is a phenomenological surface energy parameter. Positive
lems. K, corresponds to a torque density that tends to rotate the
(1) The normal modes for an infinite multilayer stack will magnetization into the direction of the specimen normal.
be calculated in the magnetostatic approximation used byote that the contribution of this term to the total free energy
Camley, Rahman, and Mil§This calculation will establish per unit area of a magnetic film will be double Ed) be-
the validity of the dipole-dipole coupling approximation cause each film has two interfaces and it is assumed that each
mentioned above by showing that the resulting frequencynterface contributes equally to the total surface energy. This
spectrum is in substantial agreement with that calculated byurface energy term gives rise to an effective field acting on

Camley, Rahman, and Milfs. the magnetization density in theth film whose components
(2) The surface-mode frequency and the BLS intensitygr

will be calculated for an infinite multilayer stack, again using

the magnetostatic approximation. It will be shown that the hy=0, (2a)
results for the surface-mode frequency are in agreement with

the calculation of Camley, Rahman, and Mill§he BLS n [ 2K

intensity corresponding to this surface mode will be shown hz:(w mz. (2b)

to depend strongly on the strength of the surface anisotropy S

parametekK [see Eq(1)]. It is assumed that each magnetic film interacts with its

(3) The mode frequencies and BLS intensities will be cal-neighbors through an exchange coupling energy. The form of

culated for multilayer stacks consisting of 5, 10, and 25 identhis interaction between theth and the A+ 1)st films is
tical magnetic films. It will be shown that the BLS spectrum given by

for a multilayer stack whose total thickness is less than a few

hundred angstroms is very simple. ne1 M1 n+1

J
Ex=— W(QOx +mymy t+mim3 Y ergs/cnd.
S

MODEL (3

The model system under consideration is composed of In Eq. (3) the coupling energy has been written for a single
identical magnetic films, eachd2thick, separated by non- pair of films: the total interlayer exchange energy is ob-
magnetic filmsD,, thick. The repeat unit consists of one tained as the sum over terms like E@) for n=1 to
magnetic and one nonmagnetic film and has a thickiless M — 1. Equation(3) can be rewritten using the approximation
=D+ 2d. HereM of these repeat units are deposited on a
no_nmagnetic substrate that 'is optically very thick: see Fig. 1. me=M— i(m$+ m%). (4)

It is assumed that the optical properties of the films and 2M

substrate can be characterized by scalar dielectric consta

€1, €7, andeg as indicated in Fig. 1. Thil repeat units are

capped by a nonmagnetic filb, ,, thick. Each magnetic film

is characterized by a uniform magnetization denbfity, and J

at equilibrium it is assumed that these magnetization vectors ~ E%=—J+ W[(mﬁ}— my H2+ (mi-mi*H2]. (5

are all parallel with the applied magnetic fi¢lidand directed s

along thex axis as indicated in Fig. 1. It is assumed that theThis interfilm exchange coupling energy gives rise to effec-

magnetic films are isotropic in plane. Real multilayers fabri-tive fields whose components in tingh film aré

cated by sputtering have been shown to be isotropic, or very

nearly isotropic, in plané? moreover, this nonessential as-

sumption simplifies the calculations. It is, however, assumed

that each magnetic film is subject to an anisotropy whose

axis lies along the multilayer norméthe z axis shown in J

Fig. 1. It is also assumed that the magnetic films are so thin sz(—ZmQJr m2’1+ mg“). (6b)

that the magnetization remains uniform across the width of s

the film as it precesses around the equilibrium direction. ThifNotice that film No. 1 has no other film on its left-hand side;

means that the state of each film can be specified by the tw@erefore, fom=1,

magnetization components, andm} wheren specifies the

film in question. With this assumption the perpendicular an- 1 9 1

isotropy energy can be specified by a volume density or by a hY:W(mY_ my), (78)

surface density or by a combination of both. In any real s

system both volume and surface energy density terms are 3

present In this article the perpendicular anisotropy will be h§=2d—Mz(m§—m§). (7b)

ascribed entirely to a surface energy term for the sake of s

simplicity. The surface energy term has the form Similarly, there is no magnetic film to the right of film No.
M, so that the effective-field components for the last film in

Eg=—Ks(m}/My)? ergs/cn. (1) the stack are given by

nﬁﬁe exchange coupling energy between tith and
+1)st films then takes the form

J _
hQ=—2dM§(—2m$+m’\} Tem)th. (63
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J . X
Y= ez (MY = mY). (8a
g & §
I -
Y=z (e ). (80)

The magnetic films in a multilayer stack interact with
each other through dipole-dipole coupling. A deviation of the
magnetization density from the direction of the applied mag-
netic field potentially produces both internal and external
magnetic fields. Assuming that any rotation of the magneti-
zation density is uniform across the film thickness, these
fields can be calculated in the magnetostatic limit, berD,
using the method described by Cochmnal?® or by using
the generalization described by Hurben and P&ftdn.this
article the calculations assume an in-plane spatial depen-
dence of the magnetization components proportional to
exp(qy). The spatial dependence alongsee Fig. 1 comes
about because we are concerned with an experimental light
scattering geometry in which the plane of incidence of the
incident laser light is oriented perpendicular to the applied
magnetic field; in terms of the coordinate system shown in FIG. 1. A schematic diagram of the periodic multilayer geom-

Fig. 1 the reflected and incident laser beams lie in{F® oy ised in this articleM thin magnetic films, eachcthick, are
plane. We are also interested in the backscattering conflg%—eparated by nonmagnetic films eabh,, thick (shown cross-
ration in which the scattered light is collected along the di-patcheq. D,m=D—2d whereD is the periodic repeat distance.
rection of the incident light beam. The backscattering congach of the identical magnetic layers has a magnetization density
figuration is very commonly used for BLS experimehits Mg, which in equilibrium is aligned along the applied figid The

The intensity of the scattered light is the same for sthnd  optical properties of the films are specified by the dielectric con-
p-polarized incident light for the backscattering geometry. Instantse, for the nonmagnetic layers, for the magnetic layers, and
the present article the incident light is taken to bee, for the substrate. The light for the BLS calculations is assumed
p-polarized; i.e., the incident optical electric-field vector liesto be incident in the/-z plane.

in the plane of incidence. This means that the incident optical

magnetic vector is oriented perpendicular to the plane of inform across the film, but that has a spatial dependence in the
cidence and therefore has only mmomponent in the coor- film plane proportional to exji{y) whereq may be either
dinate system of Fig. 1. For an incident optical field having apositive or negative. In a typical experiment using visible
circular frequency() and having a unit amplitude in the cgs laser light incident on the specimen at 45°, the wave vector

Substrate

7
%
]
.
.
.
%
.
.
.
%

N

system, one has q~2x10cm L The fields set up by the above spatial
_ _ _ variation of the magnetization are as followsuppressing
Hx=exp(—iQy+ik,z—iQt), (9 the time dependence expiwt) for convenience

(1) Within a film the spatially averaged dipole-dipole field

where Q= (Q/C)siné, k,=(Q/C)cosé, and 6 is the angle components are

of incidence of the light. This incident light sets up an optical
electric field in each magnetic film that gives rise to scattered
light whose frequency is shifted up and down by a spin-wave
frequencyw. Because of the boundary conditiof@®ntinuity .
of the tangential components of the optical electric and mag- h,=—expiqy)4mm;(1—|q|d),

netic fields, the optical electric field in a magnetic film must where 21 is the thickness of the magnetic film. The expres-
have a spatial variation alongproportional to exp{iQy). sions(10) neglect terms of orderg(d)? or higher.

The outgoing scattered light must have a spatial variation (2) The dipole-dipole fields outside the film are given by
along y proportional to exptiQy) because in the back-

scattering configuration only that light is collected that is —_ i i _

emitted along the direction of the incident beam. It turns out v expliqy)(4mmy|qld-+ 4mmziqd)ex |Q|ZZ’113)
that for the backscattering configuration the light that has

been frequency upshifted has been scattered from a spin- h,= —exp(iqy)(4mmyiqd— 4mm,|q|d)exp(—|q|2),
wave having a spatial dependence algngroportional to (11b
explqy), where q=2Q: light that has been frequency

downshifted has been scattered by a spin-wave proportionédr z>d, wherez is measured from the center of the mag-
to exp(-iqy). As a result, one is led to investigate the mag-netic film. On the left of the filmz<—d, the field compo-
netic fields set up by a precessing magnetization that is unihents are

hy=—expiqy)47my|q|d, (10a

(10b)
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hy=—exp(iqy)(47my|q|d—4mmsiqd)exp +|q|z), 2M homogeneous coupled equations for the magnetization
(119 componentsny andm3. These equations can be solved nu-
merically using standard procedures. One obtains solutions
h,=expliqy)(4mmyiqd+4mm;|qg|d)exp +|q|2). corresponding tdV positive frequencies and el negative
(11d  frequencies for a given value ofgreater than zero. Thigl
Equations(11) neglect terms of order|d)? or higher. The positivg frequencies porrespond to spin-wave mers that are
total dipole-dipole contribution to the magnetic field acting ProPortional to exptiqy) and hence are propagating along
on the magnetization in a given film will be the sum of its the +Y direction. These spin waves result in backscattered
own internal field, Eq(10), plus contributions from all of its  ight that is upshifted in frequency by the spin-wave fre-
neighbors calculated using Eqd.1). This treatment of the 9dUency . The M negative frequencies can be associated
dipole fields will be adequate for a multilayer composed ofWith backscattered light that is downshifted in frequency by
metallic films providing thaig|d<1 and providing either " the magnetization amplltudes correspondl_ng to these
that the total thickness of the multilayer stack is much lesgnodes are the complex conjugates of the negative-frequency
than the electromagnetic skin depth corresponding to thghode amphtudes. In qther words, it is not necessary to solve
spin-wave frequencya microwave frequengyor that the e equations of motion once fg>0 and then a second
microwave skin depth is much larger tharfgl/ The latter ~ time for g<<0. The spin-wave frequencies and mode ampli-
conditions are required because conduction currents haJddes for both directions of propagaticfor both = q) can be
been neglected in using clir=0. In a typical case in which ©Ptained from a single calculation.
the multilayer is composed of metallic films, the electromag- | N€ effective fields discussed above can be used to calcu-
netic skin depth is of the order of 16cm at microwave ate the precessional frequency for a single magnetic film.
frequencies. Thus the magnetostatic approximation upofin€ frequency for a single film having a magnetization that
which Egs.(10) and (11) are based can be expected to be'S uniform across the film thickness can be calculated from
valid for metallic multilayers as thick as 1000 A in total.

The frequencies and amplitudes of the modes supported I2=(H+47MJlald)| H+47M.— 2Ks
by the magnetic multilayer can be calculated using the lin- (wl7)"=( mMsla|d) ST dM
earized Landau-Lifshitz equations of motfowritten for a
time dependence exp{wt): —47TMS|C]|d). (13
iw
7m=(M X Het), (12 It is interesting to compare frequencies calculated from the

simple expressiofil3) with frequencies calculated using the

where y=(g/2)(|le|/mC) is the gyromagnetic ratioM coupled Landau-Lifshitz equations including exchange plus
=M,+m wherem is the deviation from equilibrium of the Maxwell's equations? The results of such a comparison are
magnetization density in a particular film, amtly is the  shown in Fig. 2 forg=1.727<10° cm * (green argon laser
effective magnetic field acting on that particular film. Theselight at 5145 A incident on the specimen at 45or a satu-
effective fields include the applied magnetic fielgdthe sur-  ration magnetization #M,=21.0kG, and for an exchange
face anisotropy field, Eq2), the interlayer exchange cou- parameterA=2.03<10 ®ergs/cm. The difference in fre-
pling fields, Egs.(6), (7), and (8), and the dipole-dipole quency between the full calculatibhand frequencies calcu-
fields, Eqs(10) and(11). Exchange fields due to the in-plane lated from Eq.(13) is shown in Fig. 2 for applied magnetic
spatial variation of the magnetization proportional tofields of 1 and 6 kOe and for surface pinning parameters
exp(ay) have been neglected for the reasons set forth belows=0 and 0.5 ergs/cfn The frequency difference is less
in more detail. In essence, if the exchange fields due to ththan 0.5 GHz for film thicknesses ranging from 5 to 140 A.
spatial variation of the magnetization across the fite z A frequency shift of 0.5 GHz corresponds to an applied
dependengeare to be neglected, then it is consistent also tonagnetic-field change of approximately 0.17 kOe. If the ex-
neglect the contribution of the in-plane spatial variation tochange effective fields were to be included in the expression
the exchange fields. It turns out that the small frequency13), one would have to add the effective field
shifts due to in-plane and out-of-plane exchange fields are
comparable for films up to 100 A thick and foq 2AG?
~10Pcm L, h= M.

Effective-field components arising from magnetic damp-
ing have also been neglected. Damping in magnetic systente each of the two factors in E¢13). For ironh=0.07 kG
is normally very small and results in a resonant line broadfor q=1.727x10°cm ! and A=2.03x10 ®ergs/cm, M4
eningAw such that the ratimg /A w~50-100, wherevgis  =1.7kG. The addition of this effective field to Egl3)
the mode frequency andw is the full linewidth at half  would result in a graph similar to Fig. 2, but one in which the
maximum intensity. The influence of the damping on thecurves were shifted down so that the frequency shift was
frequency of such higl® resonances can be be safely ig- approximately zero for a 5-A-thick film, but correspondingly
nored. larger for the thicker films. The neglect of exchange entirely

Application of the Landau-Lifshitz equations to a in Eg.(13) results in frequencies that are correct within 0.5
multilayer containingM magnetic films results in a set of GHz for thicknesses ranging from 5 to 140 A:  this discrep-

(14)
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ancy is comparable with the line broadening associated witpolarized(E in the plane of incidenge This means that the

a typical Fabry-Perot interferometer operating with a freelight scattered as a result of magnetic excitations in the

spectral range of 50 GHz. multilayer structure will bes polarized(E perpendicular to
The scale of the mode amplitudes calculated from thie 2 the plane of incidende The plane of incidence of the laser

set of coupled equations described above is fixed by the rdight has been assumed to be the plane(see Fig. 1, and

quirement that each thermally excited mode must contain, otherefore all the incident field amplitudes in the multilayer

average, an energy &T greater than the ground-state en- must be proportional to the factor

ergy. For convenience, it is explicitly assumed that one is

dealing with a multilayer stack having an in-plane area of 1 exp(—i[Qy+Qt]) 17
cn?. In addition to the surface energy contributions, Bd, i order to satisfy the boundary conditions tEaandh must
and the interlayer exchange contributions, £}, Jlrtﬂls NeC-  pe continuous across any surface of discontinuity. In Eq.
essary to include the Zeeman energy for each film, (17), Q=Kk, sin @ where the angle of incidence #&and the

dH vacuum wave vector of the incident light kg . Within a
EJ=—Hmy=—-2dM¢H+ —[(m';)2+ (mD)?], (15  given film the magnetic field has only ancomponent, and
M the spatial variation across the film of that component can be

plus the dipole-dipole energy for each fifth, written

EN= —d(hm{+himg). (16) hy=a, expikz)+ b, exp —ikz), (19
- . _ where
(Remember that the magnetic film thickness & &nhd that

the specimen area is 1 ém In the work described below, k2 + szskg. (19

no attempt is made to calculate absolute BLS intensities; o _

only relative intensities are of interest. Therefore the modé Ne electric-field components can be obtained from the Max-
amplitudes have been normalized so that each mode contaiié!l equation

an excited state energy of 1 erg perZifhis normalization Q

procedure gives mode amplitudes that are conveniently of curlh=—i(8—)E. (20)

the order of 1 kG. c

The coefficients, andb,, are fixed by the boundary condi-
BLS INTENSITIES tions at each interface plus the condition that the substrate
ontain only a wave propagating along thez direction.
umerical calculation of the field amplitudes in each film
can be readily carried out using a computer.

Brillouin scattered light intensities have been calculate
following tr;]elsprocedure for thIiJIrg films described by Cochran
and Dutcher’ and by Cochran? The procedure is divided . .
into two steps. In stefll) the driving electric field amplitude Step (2). The calcu!atu_)n of the BLS_amplltudes_. In_ the_
within each magnetic film is calculated. In this step both thePresence of an glectnc 'f|e|q a precessing magnetization in-
nonmagnetic and magnetic films are treated as if they Werguces an electric polarization densityrR that to lowest

; ; ; 17
isotropic and describable by a scalar dielectric constant; i.eorder inm is proportional ta EXm).™ In the present case

the dependence of the optical dielectric tensor elements 0E1ep-polarized optical electric field has only the components

the magnetization is ignored. In stép) the driving optical t'y ?nd E., and th?se CO:jnpor:ents Inte:act ¥|\"tht thte_ magne-
electric field amplitude within each magnetic film is com- #atlon components, andm, 1o generate a fluctuating po-

bined with the oscillating magnetization components to Cal_lanzatlon density

culate the optical electric dipole density oscillating at the 4Py Eym,—E,m, . (21)
frequencieqd) = w, where() is the frequency of the incident
laser light andw is the magnetization precessional frequency.This optical polarization density oscillates at the frequency
The electric dipole densities oscillating &+ » are then ws=(Q+ w) for spin waves propagating alongy and at
used to calculate the amplitude of the scattered light. ws=(Q— w) for spin waves propagating alongy: € is
Step(1). It is necessary to calculate the optical electric-the circular frequency of the incident light, and is the
field amplitudes in each of thiel magnetic layers. For sim- spin-wave circular frequency. The electric polarization den-
plicity, it is assumed that the optical properties of each film,sity oscillating atwg generates the scattered light, and the
as well as those of the substrate, can be specified by complecattered light electric vector is polarized alont?*°In the
scalar dielectric constants. This necessarily requires thagiresent article we are interested in magnetic films that are
these materials exhibit cubic symmetry. The off-diagonal di-thin compared with the optical skin depth. For such films the
electric tensor components induced in the magnetic layers bglectric field is very nearly constant over the film thickness
the presence of a magnetization are very small and may bend therefore the polarization densityrB, calculated from
neglected for purposes of calculating the optical electric-fieldEq. (21) can also be taken to be constant over the film thick-
distribution set up in the multilayer structure. It turns out thatness. Moreover, for such a thin magnetic film, one can treat
BLS intensities calculated for the backscattering configurathe electric dipole density distribution as if it weresdunc-
tion are the same for both andp-polarized incident light; in  tion having the strengtl$=(2d)(4#P,) and embedded in
this work, the incident laser beam has been taken tg be the nonmagnetic material. It can be shdwhat as-function
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N modes are uncorrelated in phase; consequently, the total BLS
o 0.5 A P UEEERERERERE REAE R RN intensity is just the sum of the intensities calculated sepa-
o % e ] rately for each mode.

’oog; L . ~ koo . The B]_S intensiti_es ca!qulated using the above presqrip—
i8] [ oo = o 5 f H=6.0 kOe; tion are integrated intensities: i.e., they correspond to infi-
f:‘ =) = g K 1 nitely sharp frequencies. In any real system the magnetic
i) s % e ; modes will be damped and therefore the scattered light will
U 0 e f 9 : ] have a spectral distribution whose width in frequency is pro-
>~ r 2 8 9 i portional to the strength of the damping. Moreover, the re-
8 3 ; / SN . sponse of the Fabry-Perot interferometer used to analyze the
) [ H=l.é kOe | | scattered light will introduce an additional line broadening.
3 i i o 3 In fact, for most metallic magnetic thin films the observed
g H al. BLS linewidths are predominantly due to the interferometer
G 0.5 —me e resolution. Typicallyw/A w~50. Both sources of line broad-

P 0 20 40 60 80 100 120 140 ening can be approximately described by a Lorentzian distri-
Thickness (Angstroms) bution
FIG. 2. The difference in frequencies plotted as a function of 1(f)= I_O) A ' (23)
film thickness for a single magnetic film in which the lowest reso- 7 [(fs—f)2+A?]

nant frequency was calculated in wo waysl) using the full wherel is the integrated intensity is the incident optical

Landau-Lifshitz formalism plus Maxwell’s equations af®) using - -
the simple theory based on the approximation of a uniform magnefrequency shifted up or down by the magnetic mode fre-

tization and no exchange, E(.3). Parameters used in the calcula- guency, and 2 IS the _W'dth of the frequency distribution at
tion were 47M.=21.0 kG, g=2.09, exchange parametar=2.03  half maximum intensity.

x 10" % ergs/cm,q=1.727x 10° cm ™, resistivity 10 °Q cm, and a

Gilbert damping parameteé® =10’ Hz. ® H=1.0 kOe, Ks=0; A APPLICATION TO AN INFINITE MULTILAYER: BULK-
H=1.0kOe, K;=05ergs/cthi O H=6.0kOe, K;=0; O H MODE FREQUENCIES

=6.0kOe,K,=0.5 ergs/crf . o . o
Solutions of the Landau-Lifshitz equations for the infinite

multilayer problem can be constructed by means of the sub-

olarization density having only ax component generates '~ .
P y g onty P 9 stitutions

outgoing optical fields such thd&, is continuous at thes

function, buth, is discontinuous, wherdh,=iw¢/C. Ap- n+1i_ .n :

h . ’ y ' y S — , 24
plication of these boundary conditions to the present problem My My expli ) (243
results in M2+ 1= mD exp(i ). (24b)

ER—EL=0, (223  In other words, one looks for solutions in which the magne-

tization amplitudes are the same for each film, but there is a
i wg constant phase shit from one film to the next.A band of
h§—hy= <?) S, (22b)  bulk-mode frequencies is generatedgasuns from 0 tor.
Using Egs.(24) and the expressiond0) and (11) for the
where S=(2d)(47P,) is the strength of the equivaled dipole-dipole fields, it can be shown that the total dipole-
function, E andh are the electric and magnetic field com- dipole field components acting on each magnetic film are the
ponents evaluated at the right-hand interface of the magnet®@me for each film and are given by
slab, andEy andh; are the field components evaluated on
the left-hand magnetic film interface. The boundary condi- hy=—4mmy|q|da—4mm,qdg, (253
tions(22) plus the requirement that there be only an outgoing
wave propagating to the left in the vacuum and an outgoing
wave propagating to the right in the substrate determine the
scattered light amplitude. The vacuum amplitude of the scatwhere
tered light can be readily calculated using a computer to
follow the propagation of the light from its source in a par- exp(2|g/D)—1

hy=—4mm,+4mmy|g|da—4mmyqdB,  (25b

ticular magnetic film through the complex multilayer struc- a= , (263
ture to the vacuum on the left and to the substrate on the exp(2|q|D)—2 cog ¢)expl(|q|D) +1
right.
The scattered light amplitudes generated by the different 2 exp(|q|D)sin( ¢)
magnetic films are phase coherent for a given magnetic B= exp(2]qID)—2 cog ¢)exp([qD) + 1° (26b)

mode. The amplitudes at the vacuum/multilayer interface
must be added together in order to calculate the BLS intenb is the periodic repeat distanc® {,,+2d). The problem
sity corresponding to a given mode. The different magnetidhas been reduced to that of solving the Landau-Lifshitz equa-
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tions for a single film because the effective fields acting orfor which the amplitude decays towards the interior by
each film are the same. The required frequencies can be obxp(—A) from one film to the next. The dipole-dipole field

tained from components become

w)? ) hy=—-4mmyqdS (303

—| =HeiBer— (47MqdB)", (27)

Y h,= —47m,+47m,qdS (30b)
where where

Ho=H+ o (1—cosg)+ 4nMq|da, (283 !
= -7 (1—CO0s ™ gda, =
o dM ° S~ tanh[A+]q[D12) 3
Ks J The Landau-Lifshitz equations are the same for every film in
Beg=H+47M¢— W+ m(l—cos¢)—4stlq|da. the stack if one neglects the fact that the exchange torque on
S S

(28b) the surface film is different from that on the_other filmg be-
cause of the absence of a magnetic film on its left. Trying to

Equation (27) can be compared with the exact expressiontake this surface discontinuity into account would introduce
derived by Camley, Rahman, and Miflsheir Eq.(2.25, if J  a great deal of complication into an otherwise simple prob-
and K are set equal to zero. It can be seen that the twdem. In most systems of interest the interlayer exchange in-
expressions bear no resemblance to one another: nor dotgaction is sufficiently weak that the frequency shift caused
Eq. (27) resemble their Eq(2.29), the |g|d<1, |g/D<1 by the surface exchange discontinuity can be safely ignored.
limit of their exact expressiori2.25.2® Nevertheless, Eq. With this approximation the Landau-Lifshitz equations be-
(27) yields frequencies that are in agreement with their exaccome
expression to within 2% fog=1.727x10°cm™ %, for H

=1 kOe, and for magnetic film thicknesses up to 50 A. The '_“’ _ _ Ks _
agreement improves for larger applied magnetic fields. One y my=| H+4mM, dMSJr dMS(1 coshA)
can conclude that the approximate treatment of the dipole-
dipole fields contained in Eq$10) and (11) is adequate to —47M ds}m 32
describe the dipole-dipole interaction between thin magnetic mVsd z (329
films.
(iw) = —|H+ =~ (1-coshA) + 47MqdS
APPLICATION TO AN INFINITE ¥ mz= dMS( cosha) +4mMsqdSmy .
MULTILAYER: SURFACE MODE (32b

The approximate treatment of the dipole-dipole interac-Thes_e two equation_s must b_e compatible with the condition
tion between magnetic layers in a multilayer can also be usef,=imy . This requirement fixes the allowed value of the
to provide a relatively simple description of the surface modeParametetS and, therefore, through E¢31) determines the
in a multilayer containing an infinite number of films. At first ParameterA which describes the amplitude decay towards
sight it appears that the dipole fields acting on a surface filmthe interior of the multilayer stack. From the required com-
or on a near-surface film, must be quite different from thosePatibility between Eqs(32a and(32b), one obtains
acting on a film deep within the multilayer stack because the oK
films near the surface are not subject to dipole-dipole fields 87MqdS=47M— ——— =47M 4. (33
from the missing films on the left of the surface. However, an dM;
examination of Eqs(11g and (11b shows that if, forq

Thus, from Eq.(31), the decay parametet is to be deter-
>0, one sets

mined from
mZ:+imy, (29) A+qD MS

. : . . tan =2qd : (34)
then this film will generate no external magnetic field on its 2 M et
right-hand sidé? it will, however, generate an external field and the surface-mode frequency is given b
on its left-hand side. Thus, if Eq29) is satisfied for every q yisg y
magnetic film in the multilayer stack, a film near the surface P J
will experience the same dipole field due to the infinite num- (— =H+27Meg+ - (1—-coshA). (39

S

ber of neighbors on its right-hand side as will a film buried
deep in the stack. In effect, the surface discontinuity will This is a remarkably simple result, as has been pointed out
have been eliminated. Notice that this cancellation of theoy Camley, Rahman, and Miflsvho derived the same ex-
surface discontinuity does not occur fQr0: this asym-  pression for the casé=0, K;=0.

metry gives rise to the well-known fact that the surface mode Equation(34) can be solved for alK <0 for whichM .4

is nonreciprocat:?° One looks for a surface-mode solution in is greater tharM,. For positive values oK one hasM o
which the magnetizations in each film precess in phase, but Mg, and therefore the ratio ofMs/M.5) cannot exceed
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1/2qd because the tanh function cannot exceed 1. This imthat the effect of increasinB ,, is a reduction in BLS scat-
plies that the assumed ground state of the system in which aléring intensity with no shift in frequency.
static magnetization vectors are parallel cannot be stable as The result of decreasing the surface energy parameter is to

47M —0. ForK,=0 andgqd<1, Eq.(34) becomes reduce the BLS intensity for fixed nonmagnetic layer thick-
ness and to decrease the valueDgf,, corresponding to the
A=q(4d—D), (36) transition from a surface mode to a bulk mode. This behavior

is illustrated in Fig. 3 folK,=0 and—0.5 ergs/crh

and no solution corresponding to>0 exists ifD becomes
larger than 4. HereD is the periodic repeat distance and 2
is the thickness of a magnetic film; therefore, in this limit a
surface mode can only exist if the thickness of the nonmag- Consider a multilayer having the structure shown in Fig. 1
netic films is less than the thickness of the magnetic filmsand composed d¥1 magnetic films. TheVl modes of such a
this feature has been discussed by Camley, Rahman, argstem can be visualized by plotting the magnetization com-
Mills.® This condition is relaxed for a positive-surface- ponentsm, andm, in each film as a function of film num-
energy parameté€, as has been pointed out by Stamps ancher: No. 1 is the magnetic film nearest the vacuum inter-
Hillebrands’ face and NoM is the film nearest the substrate. Examples of

The intensity of the light scattered from the surface modesuch mode diagrams are shown in Fig. 4 using the example
has been calculated as a function of nonmagnetic layer thicksf 25 iron films, eah 5 A thick, separated by 15-A-thick
ness for three values of the surface pinning parami¢ter  silver films and subject to an applied magnetic field of 1.0
The results of the calculation are shown in Fig. 3 for akOe. Them, components arer/2 out of phase with then,
multilayer composed of 10-A-thick iron films separated by components so that the magnetization in any given film de-
silver films and for an applied field of 1 kOe and for 5145-A scribes an elliptical precession around the direction of the
laser light incident at 45°¢(=1.727< 10°cm™ %). The inter-  applied magnetic field. The highest frequency mode, Fig.
layer exchange coupling parametehas been set equal to 4(a), corresponds to the case in which all 25 film magnetiza-
zero. The intensity of the light scattered from the surfaceions precess in phase. This is the uniform mode, and the
mode has been normalized relative to the light intensity scatfrequency is relatively large because the dipole-dipole con-
tered from a single 10-A-thick iron film mounted on a silver tribution to the effective field acting on each film is a maxi-
substrate and covered by a 10-A-thick silver layer. It can benum. The next-highest frequency corresponds to the con-
seen from Fig. 3 that the scattered light intensity dependfiguration shown in Fig. é). As can be seen from the figure,
strongly on both the nonmagnetic layer thickness and upothere is a reversal in the phase of the magnetization preces-
the strength of the surface energy parameter. For the casgon from the first film to the last film. The frequency for this
Ks=0.5ergs/crf, a surface energy appropriate for the iron/ mode is less than the uniform mode frequency because the
silver systenf, the BLS intensity in the limit of very thin dipole-dipole field contributions at a particular film tend to
nonmagnetic layers becomes approximately 14 times largeyancel when summed over all films in the stack. The number
than that calculated for a single iron film. However, for in- of phase reversals in a given mode increases with mode num-
creasing nonmagnetic layer thickness the intensity falls ofber until finally the phase changes yfrom one film to the
and becomes zero at 36 A. The decrease in intensity withext as is illustrated in Fig.(d). In this extreme case, the
increasing nonmagnetic film thickneds,,,, occurs prima- mode, the magnetizations in neighboring films oscillate 180°
rily as a result of the decrease in the value of the decayut of phase so that the dipole-dipole field contributions from
parameterA with increasingD,,,. As A becomes smaller, all the neighbors essentially sum to zero. In consequence, the
the mode energy, which must remain equaki becomes = mode shown in Fig. &) corresponds to the lowest fre-
distributed over an ever larger number of magnetic thinquency of all the multilayer modes. One feature of the
films, with the result that the mode amplitudes must decreaseultilayer modes is worthy of particular notice. The lowest-
with increasingD,,,. Eventually, the decay parameter be- order mode, the uniform mode of Fig(a4, displays maxi-
comes zero, and at that point the surface mode has beenum amplitudes in the outermost fils=1 andN=25. As
transformed into a volume mode and the light scattering amthe mode number increases, the amplitudes of the two outer-
plitude has become almost zero. For example, in the presentost films gradually decrease relative to the maximum am-
case in which the magnetic film thickness is 10 A one findsplitude of the interior films until for ther mode the outer-
A=0.0614 for Ks=0.5ergs/crh and for D,,=1A. This  most two films have almost zero amplitude as shown in Fig.
means that the precessional amplitude in the 16th film had(c). If one were dealing with the modes of a single thick
fallen toe™! of the surface film amplitude so that the mode uniform slab, one would describe the uniform mode as being
energy is distributed in effect over something like 32 films.unpinned and ther mode as being pinned even though there
On the other hand, fdD,,= 10 A the decay factor decreases are no surface pinning energies becaldse 0.
to A=0.0458, corresponding to an amplitude decrease of The modes shown in Fig. 4 have been calculated for the
e ! at the 22nd film so that the mode energy is then distrib-particular casé =25, but the patterns illustrated are similar
uted over approximately 44 magnetic films with a corre-for any number of films. In all instances the high-frequency
sponding decrease in the mode amplitude and a decreasernmode corresponds to the case in which all film magnetiza-
BLS intensity of 3.6. Note that the frequency of the surfacetions oscillate in phase and the lowest-frequency mode cor-
mode is independent of the nonmagnetic layer thickness s@sponds to the case in which successive magnetizations os-

APPLICATION TO FINITE MULTILAYERS: Ks=J=0
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illustrated in Fig. 5 for a stack of 25 iron films, each 5 A
thick, separated by 15-A-thick silver films. The dielectric
constants used for the calculation were the following: sil-
ver, ¢,=—10.7+0.33 (Ref. 2); iron, e,=—0.4+16.4
(Ref. 22; silicon substrateg;=18.05+0.55 (Ref. 23. The
total multilayer thickness in this case is 500 A. As the total
multilayer thickness decreases, the intensities of the down-
shifted BLS peaks diminish relative to the upshifted peaks
and the intensity of the lower-frequency upshifted peak di-
minishes relative to the intensity of the higher-frequency up-
shifted peak. Eventually, when the total multilayer stack
width has become much smaller than the optical decay
length L, the BLS intensity pattern consists of a single up-
) ) ) ) ) shifted peak and a very much weaker downshifted peak. For
FIG. 3. Relative BLS intensity vs nonmagnetic layer th'CkneSSexample, for a multilayer consisting of 25 iron films 1 A
for an infinite stack of iron films 10 A thick separated by silver o\ interleaved with 1-A silver films, a total thickness of 50
layers alnd lfor 3” alpp.“ed migngtl_'gf.'eld of 1.0 kIOel. Blasf'men?'t'?sﬁx, one obtains a single strong upshifted BLS peak and a
were calculated relative to the Intensity calculated for a singléy, , shifted peak having an intensity 44 times weaker. This
10-A-thick iron film covered by a 10-A-thick silver film and : .
mounted on an infinitely thick silver substrate. Parameters used iﬁend.ency tqwards a simplified BLS pattern as the total
the calculation were #M;=21.0 kG, g=2.09, interlayer coupling multllayer width becomes very small compared with the op-
parameterJ=0, q=1.727<10° cm %, &,=—10.7+0.33 [silver tical decay IengtH__ can be _understoo_d as a consequence of
(Ref. 21], s,=—04+16.4 [iron (Ref. 22]. O K, the fact that the driving optical electr!c—fleld amplitude t_ends
=0.5ergsicrf; A K.=0: ® K.=—0.5ergs/crh to become more nearly the same within each magnetic film
as the multilayer width becomes smaller. With reference to
cillate 180° out of phase. Of course, mode frequenciesig. 4, it is apparent that the uniform mode of Figamust
explicitly depend on the number of magnetic films in thegive a very strong signal if the optical electric field is the
multilayer as well as upon their thicknesses, the thicknessesame in each film because the scattered light from each film
of the spacer layers, and the strength of the applied magnetigill add in phase. On the other hand, higher-order modes
field. containing phase reversals will tend to give very small BLS
The frequency distribution of the intensity of the light signals because the light scattered from a film having a par-
backscattered from a finite multilayer stack depends upon théicular phase will be canceled by light scattered from a sec-
total stack thicknessVID, relative to the characteristic am- ond film having a phase shifted by 180°. This is the analog of
plitude decay length of the light in the multilayer structure; the well-known fact that the BLS signal corresponding to the

kOe
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here,M is the number of films in the stack arid is the
thickness of the repeating unit composed of one magneti
film plus one nonmagnetic filnisee Fig. 1L The calculated
amplitude of the driving optical electric field in each mag-
netic film falls off nearly exponentially with distance in a
very thick multilayer stack. The characteristic distahasor-

optical mode(the out-of-phase modgldor a pair of identical,
very thin, coupled ferromagnetic films has virtually zero
intensity*®

The BLS spectrum becomes more complex as the total
multilayer thickness exceeds the optical decay lehgt®ne
obtains spectra containing more and more distinct peaks as

responding to a decrease oélinh amplitude is insensitive to the multilayer thickness increases. Moreover, many low-
the optical properties of the nonmagnetic spacer layers in #equency modes are squeezed together to form a broad peak
multilayer stack composed of iron films and depends onlyanalagous to the spin-wave manifold peak obtained for an

weakly on the ratio of iron thicknessd2to the multilayer
repeat distancB for d, D both very small compared with the

infinitely thick bulk magnetic material’ This thick-stack
limit will not be discussed further.

optical skin depths in the iron and spacer materials. For ex- A series of BLS backscattering calculations have been

ample, ifD=4d, the decay length for silver spacédielec-
tric constante = —10.7+0.33 (Ref. 2] is L=289A, for
copper spacergdielectric constant = —5.43+6.19 (Ref.
21)] is L=296A, and for vacuum spacers£1) is L
=470A, all for 5145-A incident radiation. For the ratio
D/d=16 the decay lengths becorhe=284 A for silver, L
=283 A for copper, andL.=309A for vacuum spacers.
Thus, for a typical multilayer based on iron films, the optical

carried out for iron film thicknesses ranging from 1 to 25 A
and for multilayers containing 5, 10, and 25 magnetic films.
The optical properties of silver and copper at 5145 A have
been used for the nonmagnetic films. On the basis of these
computer experiments, it can be concluded that the intensity
of the upshifted peak corresponding to the uniform mode, the
maximum intensity peak, is not very dependent on the mag-
netic film thickness @, on the repeat perio®, or on the

decay length is approximately 300 A. It turns out that for anumber of magnetic films in the multilayevl, provided that

multilayer stack having a total thickness comparablé,tor
less tharL, the calculated BLS spectrum is very simple. For
a total stack thickness comparabld_tdhe spectrum consists
of two upshifted lines and two downshifted lines. The up-

the total thickness of the multilayer is less than, or compa-
rable to, the optical decay length For example, for the case
of 25 magnetic films and a repeat peridd- 15 A a variation

of d from 1.5 b 7 A resulted in a twofold increase in the

shifted and downshifted lines have similar intensities; this ismaximum BLS signal strength. For a given thicknesistRe
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strength as the signal calculated for a single film having the

2 E (@ 1 same thickness as each magnetic film in the multilayer.
1 [6990000008000000000000ssi The pattern of the BLS spectrum shown in Fig. 5 persists
o N Y YV VY PPE to high applied magnetic fieldsee Fig. 6 calculated for a
E ‘ ] stack of 25 iron filns 5 A thick and separated by 15-A-thick
-1 F 1 silver films. The variation of the largest frequency with field
. F =21.67 GHz » ] is very nearly linear. This is reminiscent of the surface-mode
£ ] behavior expected for an infinite multilaysee Eq(35)] or
Q 0 5 10 15 20 25 for a bulk magnetic specimen. However, the slope of the
:% 2 Foooc 3 straight line shown in Fig. 6 corresponds to a valge
ot : ‘ee, (b) =2.727 rather than to the value=2.09 measured for bulk
- e, ] iron.?®
g ot i Lpgaassrrrrines
o fananntt e, . ] EFFECT OF A UNIAXIAL NORMAL ANISOTROPY AND
- r °e } INTERLAYER EXCHANGE COUPLING
IB) 2 F2=L5.l3 GHz “‘O-e
i E R 3 The presence of a surface energy, B0, causes a shift in
2 0 5 10 15 20 25 the mode frequencies because the magnetization enters the
. o © o o 3 Landau-Lifshitz equations through the effective magnetiza-
: .« | * L, 0@ tion
1t . (3 9
T S 2K,
il T S O S . 1 A7Mg=4mMg— (N) . (37
l: . .Fmir;=13.73 GHz . ] °
-2 b K ] An increase in the surface enerf§y results in a reduction of
0 5 10 15 20 25 the effective magnetization. As the effective magnetization
Film Number becomes small, the mode frequencies become smaller and

the spread between the maximum and minimum mode fre-
guencies becomes smaller. The simple relation between
mode number and frequency characteristic ofkhe- 0 case
becomes more complex. F&r,=0 the uniform mode corre-

FIG. 4. Magnetization amplitudes vs film number calculated for
a multilayer stack consisting of 25 iron films, &&8 A thick, sepa-
rated by 15-A-thick silver films and for an applied magnetic field of
1.0 kOe.®@ m,; A m,. Note thatm, andm, are 7/2 out of phase.

mode. Magnetic parameters used wereMi,=21.0kG, g=2.09, Phase shift ofr from one film to the next, corresponds to the

J=K.=0. (@ The mode corresponding to the largest frequency andMinimum frequency. This distribution of mode frequencies is
to the strongest BLS signalb) The mode corresponding to the NO longer valid for negative effective magnetizations: for
second largest frequency and to the second largest BLS sighal. 47M <0 the uniform mode becomes the minimum fre-
The 7 mode corresponding to the smallest frequency and to thgluency and ther mode becomes the maximum frequency.
smallest BLS signal. This inversion of the mode frequency distribution has been
discussed by Stamps and Hillebrariddowever, if the total
multilayer thickness is less than the optical decay lerigth
maximum BLS signal strength remained the same withinthe upshifted and downshifted BLS spectra simply consists
25% forM =5, 10, and 25. of one or two lines. Typical behavior is illustrated in Fig. 7
The maximum BLS signal strength calculated for iron/for a 25-magnetic-film multilayer composed of 5-A-thick
silver and iron/copper multilayers was observed to be withiniron films separated by 15-A-thick silver films and subjected
a factor of 2 or 3 the same as that calculated for a single iroio an applied field of 6.0 kOe. The interlayer exchange cou-
film of thickness 2 mounted on a thick silver or copper pling was assumed to be zero. As the surface energy param-
substrate. This is illustrated in Fig. 5 fat=2.5A, D eter increases at fixed applied field, the frequencies of the
=20A, andM =25. The BLS intensity has been normalized two upshifted BLS peaks decrease and converge to the same
relative to a single 5-A iron film mounted on a silver sub- value forKg near the value corresponding to zero effective
strate and covered by a 15-A silver layer. For the extremenagnetization(The downshifted peaks exhibit a similar be-
cases mentioned in the paragraph above, one finds(that havior) As K is further increased, the effective magneti-
for M=25,d=1.5A, andD=15A the maximum BLS sig- zation becomes negative, and ultimately the ground state cor-
nal for the multilayer was 2.4 times that for the single 3-A-responding to all static magnetizations parallel becomes
thick iron film; (2) for M=25,d=7 A, andD=15A the unstable and some, or all, of the static magnetizations tilt
maximum BLS signal was the same for the multilayer andaway from the direction of the applied fieldn the example
the single 14-A-thick iron film. Evidently, the complex fac- shown in Fig. 7 in which the applied field is 6 kOe, the
tors that influence the strength of the light scattering tend tgarallel ground state becomes unstable for a valu& of
cancel so that the multilayer signal exhibits roughly the saméetween 0.5 and 0.525 ergsfcm
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FIG. 5. Relative BLS intensity vs frequency shift calculated for FlG_' 6. Frequency shift vs .applit_ed magnetic fi(_eld calculated for
a 25-iron-film multilayer in an applied field of 1.0 kOe. Each iron a multllaye_r corr_lposet_:i of 25 iron fllms, ¢ub A thick, se_parated
film was 5 A thick and was separated from its neighbors by 15-A-by 15-A-thick silver films. The upshifted anq downshifted B.LS
thick silver films. BLS intensities were calculated relative to that for peaks correspond to the same frequency shifts. The magngtlc pa-
a single 5-A-thick iron film covered by a 15-A-thick silver film and rameters used weremM=21.0kG,g=2.09,J=K.=0. The solid
mounted on an infinitely thick silver substrate. Parameters used iHne Is a least-squares fit to the high-frequency points: its equation
the calculation were #M=21.0kG, g=2.09, J=K,=0, ¢ IS F=18.03+3.81H.
=1.727x10°cm™%, &;,=—10.7+0.33 [silver (Ref. 2))], &,=
—0.4+16.4 [iron (Ref. 22], andes=18.05+0.55 [silicon (Ref.  parameters the shift in the lower-frequency peak is approxi-
23)]. An instrumental line broadening of 0.5 GHz has been assumeghately 0.3 GHz. These shifts are not sensitive to the values
[see Eq(23)]. of the applied field or to the value &f. The frequencies of
the BLS peaks are insensitive to the strength of the exchange

As the surface energy parameter increases, the BLS peaoupling because the most intense light scattering is associ-
intensities become stronger, and K= 0.5 ergs/crhand for  ated with those modes for which the amplitude of precession
an applied field of 6 kOe, they are approximately 10 times ass very nearly the same for neighboring films, and therefore
strong as for the cagés=0. As K increases from zero, the the effective interlayer exchange fields are small.
mode corresponding to the maximum BLS intensity becomes The above discussion has been concerned with the par-
more like a surface mode in that the magnetization precesicular example of a stack of 25 iron films, éa6 A thick
sion in each film becomes more nearly circularly polarized:and separated by 15-A-thick silver films. Calculations car-
i.e., [m,| approachegm,|, and the amplitudesn, andm, ried out for systems composed of 5 and 10 magnetic films,
decay away from the surface. Fi§i, near the value where for film thicknesses up to 50 A and for multilayer thick-
the two BLS peaks convergl= 0.4 ergs/criin Fig. 7, all  nesses less than, or comparable to, the optical decay length
the modes become circularly polarized or very nearly circud, have given similar results. The quantitative details of the
larly polarized. WherK; is increased to values greater than variation of BLS frequencies and intensities with applied
the crossover value, the mode corresponding to maximurmagnetic-field strength and with the strength of the surface
BLS scattering approaches a 1/4 wavelength with a node a&nergy parameter depend upon the magnetic parameters of
the surface, the mode is no longer circularly polarized, andhe films, upon their thicknesses, and upon the thicknesses of
its frequency becomes the minimum frequency. At the samé#&e nonmagnetic films. However, in all cases examined the
time, the rapidly oscillating mode characterized by a phas®8LS spectra exhibited the following features
shift of 77 from one film to the next becomes the maximum (1) Either one or two intense BLS frequencies depending
frequency. This inversion of the mode frequencies for largaupon the number of magnetic films, the total multilayer
values of the pinning parameter has been described hthickness, and the strength of the surface energy parameter
Stamps and HillebrandsThese authors have also discussedK.
the effect of interlayer exchange coupling on the mode spec- (2) The frequencies of the upshifted and downshifted lines
trum. The frequency dependence of the modes becomes veaye the same fak,=0. The intensities of the upshifted BLS
complex in the presence of ferromagnetic interlayer coupeaks may be considerably stronger than the intensities of
pling. Despite that complexity, the BLS spectrum remainsthe downshifted peaks, especially for small applied fields and
very simple; one observes either one or two intense upshiftefbr a small total multilayer thickness.
peaks depending upon the value & and the total (3) The intensities of the BLS peaks are comparable to the
multilayer thickness. The frequencies and intensities of thosetensity of the BLS peaks calculated for a single magnetic
BLS peaks are very insensitive to the strength of the exfilm having the same thickness and magnetic properties as
change coupling. For the example of Fig. 7, for an appliedhe films in the multilayer.
field of 6 kOe andK =0 the shift in the high-frequency peak  (4) The frequencies calculated for the intense BLS peaks
is less than 0.1 GHz as the exchange coupling parandater, are insensitive to the presence of interlayer exchange cou-
Eq. (3), is increased from O to 0.5 ergs/énfor the same pling.
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80 multilayer structure give rise to an appreciable BLS signal.
N ; ] The weakness of the BLS signal for the higher-order modes
Ejg 40 | ] is analogous to the case of a bilayer structure consisting of
= i ] two identical thin magnetic films. Such films support an
L>)w 30 ¢ acoustic mode in which the magnetizations in the two films
a . precess in phase and an optic mode in which the two mag-
g 20 | netizations precess in antiphase. The acoustic mode gives
8 i rise to a strong BLS signal, whereas the optic mode yields
g 10 ¢ practically no scattered light because the contributions from
s i ] each film are in antiphase and cancel. Similarly, the light
0 — scattered by the uniform mode in a multilayer composed of
‘0.4 -0.2 0 02 04 086 identical magnetic thin films is strong and the BLS intensi-

K_ (ergs/cm?) ties corresponding to the higher-order modes become pro-
gressively weaker due to an increasing number of amplitude
FIG. 7. Calculated BLS upshifted frequencies vs surface energphase reversals across the multilayer stack. The frequencies
parameteK for a multilayer composed of 25 iron fils A thick  associated with strong BLS signals are insensitive to the ex-
and separated by 15-A-thick silver films in an applied magneticchange coupling between the magnetic films because the
field of 6.0 kOe. Parameters used wereM;=21.0kG,9=2.09,  magnetization vectors in neighboring films remain very
and exchange coupling parameder 0. The two BLS peaks overlap nearly parallel.
at K =0.4 ergs/crfi corresponding to #M =185 kG. It should be noted that the treatment of the dipole-dipole
interaction described above and encapsulated in Ed3.
and (11) is not restricted to periodic multilayers. It can be
CONCLUSIONS easily applied to any planar multilayer system including non-

An approximate method has been used to study the Br”perio_dic systems ir_1 which the magnetic Ia_yers are composed
louin scattered light spectrum to be expected from multilay0f different materials, have different thicknesses, or are
ers consisting of a periodic repetition of a unit consisting ofSPaced apart by nonmagnetic films having variable thick-
a thin magnetic layer, 50 A or less thick, and a comparably'¢SS€s-
thin nonmagnetic layer. In particular, the dipole-dipole inter-
action between magnetic films has been treated using an ex-
tension of the methods described by Cocheaal?® used to
treat pairs of interacting thin films. The most interesting con- The author would like to thank Dr. Milton From for mak-
clusion drawn from the present study is that the scatterethg available the results of his BLS experiments on iron/
light spectrum for multilayers having a total thickness lesssilver and on iron/copper multilayers. His work stimulated
than the optical decay length is very simple in that only the present study of light scattering by periodic multilayer
two of the many modes associated with the periodicstructures.
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