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The magnetic properties of bilayers of bcc Fe(001) separated by bcec Cu(001) films of variable
thickness have been investigated by means of Brillouin light scattering. For copper thicknesses less
than 9 monolayers (ML) the coupling between the iron films was found to be ferromagnetic; for
thicknesses between 9 and 12 ML the coupling was found to be antiferromagnetic. The data are
compared with the results of a model calculation that assumes a uniform static magnetization across
each film: The magnetizations of the two films, M, and Mp, are assumed to be coupled by an in-
teraction energy of the form JM ,-Mjy /(|M ,||Mg|), where J is a surface energy. For small applied
fields and for antiferromagnetic coupling the magnetizations in the films need not be parallel. The
magnetic-field dependence of frequencies calculated using this model display features that are simi-

lar to the observations.

INTRODUCTION

It has recently been discovered that single-crystal tri-
layers can be prepared by means of molecular-beam epi-
taxy in which two ultrathin iron layers are separated by a
uniform layer of body-centered cubic cooper.! Body-
centered cubic copper [bcc Cu(001)] grows layer by layer
on the (001) surfaces of ultrathin body-centered cubic
iron films [bcc Fe(001)] that have been grown on the (001)
surface of silver; conversely, bcc Fe(001) films grow layer
by layer on the bcc Cu(001) surfaces. This has made it
possible to prepare single-crystal sandwiches in which
two ultrathin iron layers are separated by a uniform bcc
Cu(001) layer whose thickness may be varied at will. The
question then arises as to how the strength of the ex-
change coupling between the two ferromagnetic films is
modified by the presence of the intervening copper layer.
It is clear that this exchange coupling must approach a
value corresponding to the exchange interaction in bulk
iron in the limit of zero copper thickness. It is equally
clear that this exchange coupling must approach zero for
very thick copper layers. We have concluded,' on the
basis of ferromagnetic-resonance (FMR) experiments.
Brillouin light-scattering (BLS) experiments, and surface
magneto-optic Kerr-effect (SMOKE) measurements, that
the interlayer exchange interaction is strongly ferromag-
netic for copper thicknesses of 9 monolayers (ML) or less,
but that the interaction becomes antiferromagnetic for
thicknesses of copper between 9 and 13 ML. It is the
purpose of this report to provide a more detailed descrip-
tion of the BLS results than was possible in the original
publication.! We also wish to describe a model calcula-
tion with which to compare the measured BLS frequen-
cies and scattered light intensities. The model is an ex-
tension of the one used previously to discuss FMR mea-
surements on bilayers of nickel and iron.? It is assumed
that the two ferromagnetic films are uniformly magnet-
ized across their thickness and that they interact with
each other through an interlayer exchange-coupling ener-
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gy of the form used by Hoffman, Stankoff, and Pascard,*
i.e.,

Fx=JMA.MB/(IMA”MB|)’ (l)

where My, M are the magnetization densities of the two
ferromagnetic layers.* This model is equivalent to the
well-known model of exchange-coupled sublattices.> One
expects two eigenmodes for this model: the acoustic
mode in which the magnetizations of the two films oscil-
late in phase around their equilibrium orientation and the
optical mode in which the magnetizations oscillate out of
phase. The previous discussion? of this model considered
only the case in which the equilibrium magnetizations
were parallel. However, for antiferromagnetic coupling
between the two films their equilibrium magnetizations
will, for a range of applied magnetic field, be neither
parallel nor antiparallel. We have therefore extended the
model calculation to include nonparallel equilibrium
magnetizations. We have also included an estimate of the
dipole-dipole interaction between the spin waves in the
two films. This interaction is negligible for the eigen-
modes which are measured in an FMR experiment. In
the FMR experiment the excursions of the magnetiza-
tions from equilibrium are uniform in the plane of the
films: the resulting surface magnetic pole densities are
therefore uniform in the plane and produce no magnetic
fields outside each film. Thus there is no magnetic in-
teraction between the two magnetic layers. The eigen-
mode frequencies that are measured using BLS, on the
contrary, correspond to an in-plane traveling wave
characterized by a wave vector, ¢, which is related to the
wavelength of the light used, to its angle of incidence,
and to the angle at which the scattered light is measured.
The in-plane variation of the surface magnetic pole densi-
ty that results from the in-plane variation of the magneti-
zation components generates an external magnetic field
that couples the magnetizations in the two films even in
the absence of any interlayer exchange coupling.®” As
will be shown later, the magnetic-field dependencies of
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the coupled bilayer magnetic mode frequencies observed
by means of BLS exhibit features that can be understood
on the basis of the preceding simple model of exchange-
coupled magnetizations. The magnetic-field dependen-
cies of the intensities of the scattered light as predicted by
the simple model are not in good agreement with the BLS
observations at small values of the applied field. The ori-
gin of this discrepancy is not known. It may be that a
more complex model is required that takes into account
the spatial variation of the magnetization density across
the thickness of each film.

EXPERIMENTAL DETAILS

A. Film growth

Growth of the epitaxial thin films was carried out in
a Physical Electronics molecular-beam epitaxy system
(® MBE-400). This system was equipped with a
reflection high-energy electron diffraction (RHEED)
apparatus, and an angularly resolved double-pass
cylindrical-mirror analyzer (CMA) for Auger-electron
spectroscopy (AES) and x-ray photoelectron spectrosco-
py (XPS). The quality and character of the film growth
was monitored during deposition by means of RHEED:
the intensity of the RHEED specular spot was measured
by means of a collection lens and a photomultiplier tube.

The ultrathin films were grown on the (001) face of a
bulk silver single crystal 15 mm in diameter and approxi-
mately 3 mm thick spark-cut from a silver single-crystal
boule. The (001) axis was parallel with the normal to the
specimen surface within ;°. The substrate surface was
ground and polished mechanically. It was given a final
electropolish using a cyanide-free solution.® This treat-
ment produced a strain-free, smooth, mirrorlike surface.
The silver substrate surfaces were cleaned and recrystal-
lized using several cycles of argon ion sputtering (2 keV)
at an elevated temperature. The first sputtering period
was performed at 500°C. After approximately 5 min the
sputtering was stopped and the temperature of the sub-
strate was allowed to fall slowly to 450°C, whereupon
sputtering was resumed for a few minutes. This pro-
cedure was repeated several times: the final annealing
temperature used was 350 °C.

Iron films were deposited by evaporation from a
tungsten wire. The copper was evaporated from a resis-
tively heated tantalum boat. During deposition the sub-
strate temperature was maintained at 300 K. Deposition
rates, approximately 2 ML per min, were measured by
means of the oscillations observed in the RHEED specu-
lar spot intensity.? It is estimated that thicknesses were
accurate to within +1 monolayer (ML). Further details
of the crystal growth can be found in Ref. 2.

It was known from previous studies®”!! that bcc
Fe(001) films grow layer by layer on a singular fcc
Ag(001) surface: the bcc lattice spacing matches the
fourfold hollows on the silver (001) surface when the iron
cubic axes are rotated 45° with respect to the silver cubic
axes. The slow deposition of Cu on a bulk Fe(001) sur-
face, 1 ML per 3 min, produced films of poor quality ac-
cording to Wang et al.:'? low-energy electron diffraction

(LEED) studies showed that the ordered portions of the
film were formed in a distorted bcc structure. However,
the use of a faster growth rate (~2 ML per min) on an
ultrathin bcc Fe(001) template produced high-quality
single-phase Cu(001) films.! The good quality of the
Cu(001) films was attested by the narrow RHEED streaks
and by the large-amplitude RHEED oscillations that
were observed during the copper deposition.! The result-
ing copper films on Fe(001) exhibited RHEED streak sep-
arations which were approximately 1.2% smaller than
the Fe(001) streak separations; this means that the in-
plane copper lattice spacing was approximately 1.2%
larger than the iron lattice spacing.! RHEED is general-
ly not sensitive to the vertical lattice spacing. The anti-

Bragg angle [RHEED(amp.osc.min.)=0] for Fe growth
on a Fe(001) whisker substrate was very close to the anti-
Bragg condition for bcc Cu grown on Fe(001). That im-
plies that the vertical interference conditions are nearly
the same for both cases.!> One can therefore argue that
the Cu(001) overlayers grow in a nearly perfect bcc struc-
ture. Angular resolved XPS measurements'* show that
the vertical distortion of becc Cu(001) grown on Ag(001)
substrates is small. Ultimately vertical distortions and
surface relaxations of bcc Cu(001) grown on ultrathin
Fe(001) surfaces will be determined from LEED studies.
In this work the term ‘“‘bcc structure” will be used to de-
scribe the growth of the first 10 ML of Cu(001) on
Fe(001) without resolving the question of tetragonality.
One could avoid possible controversy by describing our
structure as a body-centered tetragonal (bct) rather than
as bcc. However, on the basis of current evidence, we be-
lieve that the tetragonal distortion is small. Hopefully,
future structural studies will clarify the extent to which
the vertical spacing corresponding to the square mesh is
distorted from that for simple bcc stacking.

The copper layers maintained the same in-plane sym-
metry as the iron layers for 10-11 ML; for greater
thicknesses the films underwent a structural modification
in which the {10} azimuths developed two additional
symmetrically spaced streaks, and the {11} azimuths
developed superlattice streaks that did not appear to be
commensurate with the lattice periodicity (see Fig. 1 of
Ref. 1). The bec Fe(001) overlayers grew in a good layer-
by-layer mode even when deposited upon lattice modified
Cu(001) films! (i.e., copper films thicker than 10 ML).

All the structures that we studied were capped with 20
ML of Au(001). This gold coverlayer protected the films
against oxidation when they were removed from the ul-
trahigh vacuum system for the FMR and BLS measure-
ments.

B. BLS measurements

Brillouin light-scattering measurements were carried
out on thin-film specimens using approximately 100 mW
of the 5145 A line from an argon ion laser, and in the
backscattering configuration for which the angle of in-
cidence of the light is the same, on average, as the collec-
tion angle for the scattered light.!*”!" The scattered
light was analyzed using a Sandercock tandem inter-
ferometer'® in a four-pass plus two-pass configuration.
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The specimens were mounted between the poles of an
electromagnet such that the magnetic field was oriented
parallel with the plane of the surface. The plane of in-
cidence of the light was oriented perpendicular to the
magnetic field. A polarizing beam-splitter cube'® was
used to discriminate against scattered light having the
same polarization as the incident light. This reduced the
background intensity of light scattered from surface de-
fects, but allowed light scattered from magnetic excita-
tions to reach the interferometer with practically no at-
tenuation. Otherwise the apparatus used was very simi-
lar to that described by Sandercock. !°

All BLS measurements were carried out at room tem-
peratures (approximately 295 K). In all cases the
linewidth of the Stokes and anti-Stokes lines appeared to
be determined by the instrumental resolution rather than
by the intrinsic linewidth of the magnetic excitations that
were responsible for the scattering. The smallest free
spectral range which was used was 12 GHz: the instru-
mental linewidth for this free spectral range was found to
be approximately 0.6 GHz full width at half maximum.

RESULTS

BLS data were obtained for two specimens consisting
of a single iron film grown on Ag(001) and covered with
bee Cu(001), and for four specimens consisting of two bcc
Fe(001) films separated by a bcc Cu(001) spacer layer.
The composition of these films is listed in Table I. The
objective was to measure the magnetic properties of the
individual 5- and 10-ML iron films (S1 and S2 of Table I),
and to use those magnetic properties, along with the
theory to be described below, to extract values for the in-
terlayer exchange-coupling parameter for the magnetic
bilayer systems (specimens 7’1 to T4 of Table I).

A. The single iron films S1 and S2

A spectrum obtained from specimen S2 [5 ML of bce
Fe(001)] is shown in Fig. 1 for a magnetic field of 0.98
kOe applied along an easy fourfold cubic axis. The inten-
sities of the Stokes and anti-Stokes lines due to light scat-
tered from magnetic excitations in the iron film were
weak but well defined. Data were obtained for magnetic
fields ranging from 0.49 to 6.73 kOe—the practical upper
limit placed on the magnetic field for the 30-GHz free
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FIG. 1. Scattered-light intensity vs channel number for the
magnetic monolayer specimen S2 (Table I) obtained using
5154-A light in the backscattering configuration. The free spec-
tral range used was 30 GHz and 452 channels=60 GHz. The
dwell time per channel was 1 msec. The data were collected us-
ing 500 sweeps. The externally applied magnetic field was 0.98
kOe.

spectral range used because the magnon peaks began to
merge with the much more intense Rayleigh peaks. No
hysteresis was observed, within experimental uncertainty,
as the applied field was cycled to the maximum available
(£10 kOe) through zero field.

For A,=5145 A light incident at 6=45°, and for the
backscattering geometry, the frequency-shifted light has
been scattered from magnons whose spatial variation in
the plane of the film is specified by the wave vector

q =(27/X)(25in0)=1.73X10° cm ™' .

For films 5 and 10 ML thick (corresponding to d=7.15
and 14.3 A) the product ¢d is very small (qd=0.025 for
the 10-ML film) and therefore the frequency of the lowest
magnon mode is essentially the same as the frequency of
the homogeneous mode:'®!'7 it is the frequency of the
homogeneous mode that is measured in an FMR experi-
ment. This neglects a small correction for the intralayer

TABLE 1. List of specimens measured by means of Brillouin light scattering (backscattering of
5145-A laser light incident at 45°). The notation (Ag/5.0Fe/11.6Cu/10.3Fe/20Au) means that 5.0
monolayers (ML) of bcc Fe(001) were grown on a bulk single-crystal Ag(001) surface, followed by the
deposition of 11.6 ML of bcc Cu(001) and by 10.3 ML of beec Fe(001); finally, a protective coverlayer
was deposited consisting of 20 ML of epitaxial fcc Au(001).

Specimen Composition
S1 (one magnetic layer) (Ag/9.0Cu/10.0Fe/20Au)
S2 (one magnetic layer) (Ag/5.0Fe/12.0Cu/20Au)

T1 (two magnetic layers)
T2 (two magnetic layers)
T3 (two magnetic layers)
(

T4 (two magnetic layers)

(Ag/5.0Fe/6.0Cu/11.0Fe/20Au)
(Ag/9.5Fe/8.7Cu/5.0Fe/20Au)
(Ag/5.0Fe/11.6Cu/10.3Fe/20Au)
(Ag/4.8Fe/12.6Cu/9.0Fe/20Au)
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exchange, 249%/M,, due to the spatial variation of the
magnetization in the plane of the film ( 4 is the exchange
stiffness parameter and M, is the saturation magnetiza-
tion). The correction for room-temperature iron is ap-
proximately 70 Oe corresponding to 0.2 GHz; shifts of
this magnitude are smaller than the resolution of the
Fabry-Perot interferometer —approximately 0.8 GHz full
width at half maximum for a 30-GHz free spectral range.
Data obtained for the 5- and 10-ML single iron films were
therefore analyzed using the well-known FMR formula
for fields directed along a cubic axis:?

lo/y*=[H+Q2K,/M,)][H +47M 4+ (2K, /M,)] ,

(2)
where H is the applied magnetic field, K, is the cubic
magnetocrystalline anisotropy constant, ¥ =gle| /2mc is
the spectroscopic splitting factor, and 47M g is the
effective magnetization density. The effective magnetiza-
tion density differs from the actual magnetization density,
47M,, due to the presence of a uniaxial magnetic energy
associated with the broken cubic symmetry at the sur-
faces of the film.!® Such a surface-energy term becomes
very important for thin films because it contributes an
effective magnetic field that is inversely proportional to d,
the thickness of the layer:® %2

4nM o=47M,— (2K, /dM,) , (3)

where K, is the uniaxial surface anisotropy constant
which gives a surface energy E, =K, (M, /M )2 ergs/cm?
and M, is the magnetization component perpendicular to
the surface.

We had hoped that the BLS data (a total of 12 field
values equally spaced between O and 7 kOe), together
with the FMR data point at 36.3 GHz, would enable us
to deduce unambiguous values for the three parameters
associated with Eq. (2): g, 4mM 4, and 2K, /M,. Howev-
er, given a particular value of g ranging from 2.0 to 2.2
we could adjust the other two parameters to obtain a sa-
tisfactory fit of Eq. (2) to the data. We have, therefore,
used a value g=2.09. This value of g has been measured
for ultrathin films of bec Fe(001) grown on Ag(001) and
covered with Au(001), and ranging in thickness from 5 to
14 ML.%!%20 Magnetic parameters so determined are
listed for the 5- and 10-ML iron films in Table II.

It should, perhaps, be mentioned explicitly that we ex-
pected to observe only one magnetic mode for the single
ultrathin iron films, that corresponding to the homogene-
ous mode. The mode next highest in frequency, corre-
sponding to a standing spin-wave mode having a wave-
length of twice the film thickness, was expected to occur
at a frequency that was very much larger than the max-
imum free spectral range (200 GHz) available in our ap-
paratus. For example, the first standing spin-wave fre-
quency for a 10-ML iron film occurs at 3300 GHz corre-
sponding to an effective field (24 /M, )(m/d)>.

B. The magnetic bilayer films T1-T4

The magnetic bilayer films corresponding to the thin-
nest copper layers separating the iron films (7’1 and 72 of
Table I) behaved very much like a single iron film: they
exhibited a single FMR resonance line at 36.3 GHz and a
single pair of scattered-light peaks in the BLS experi-
ments. A careful search was carried out over the fre-
quency range 2—-200 GHz but revealed only a single pair
of Stokes anti-Stokes lines. It is estimated that a second
mode having an intensity as small as 2% of the observed
mode could have been detected (see Fig. 2). It is natural
to assume that the observed mode corresponded to the
low-frequency acoustic mode for two iron films coupled
through a ferromagnetic exchange interaction that was
sufficiently strong to drive the frequency, or the intensity,
of the optical magnetic mode!’ out of the range of our ap-
paratus.

The magnetic sandwiches corresponding to the thicker
copper spacer layers (73 and 74 of Table I) exhibited two
pairs of Stokes anti-Stokes lines in the BLS experiments,
and they also exhibited two 36.3-GHz FMR resonance
signals.! The FMR and BLS data were found to be in ex-
cellent agreement. BLS data for specimen 73 are shown
in Fig. 3. Stokes and anti-Stokes frequencies were found
to be the same within the experimental uncertainty ex-
cept for fields less than 1 kOe. The two points at each
field for the low-frequency branch shown in Fig. 3 were
obtained using a 12-GHz free spectral range, and show
very clearly a difference of approximately 1.2 GHz in fre-
quency between the Stokes and anti-Stokes lines for fields
less than 1 kOe (see Fig. 4). A shift in frequency between
Stokes and anti-Stokes lines at small magnetic fields is ex-

TABLE II. Room-temperature magnetic parameters for the individual iron films 10 monolayers
(ML) and 5 ML thick (specimens S1 and S2 of Table I) deduced from combined BLS and FMR data us-
ing Eq. (2). Values of 47M . and 2K, /M, have been obtained using g=2.09. The anisotropy constants
K, and K, have been calculated assuming a magnetization density 47M,=21.55 kQe, the value for
room-temperature bulk bcc iron. K, has been calculated using Eq. (3) of the text. For bcc Fe(001) 1

ML=143 A.
Thickness 47M 5 2K, /M? K, K,
Specimen (ML) (kOe) (kOe) (ergs/cm’®) (ergs/cm?)
S1 10.0 13.53 0.259 2.22X10° 0.98
S2 5.0 3.08 0.113 0.97 X 10° 1.13

*These values of 4mM s and 2K, /M, are the same as those listed in Ref. 1, and were deduced from
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FIG. 2. Scattered-light intensity vs channel number for the
magnetic monolayer specimen 71 (Table I) obtained using
5145-A light in the backscattering configuration. The free spec-
tral range used was 100 GHz and 226 channels=400 GHz. The
dwell time per channel was 2 msec except for the intervals be-
tween the outer Rayleigh peaks indicated on the figure for
which the dwell time per channel was increased to 20 msec.
The data were collected using 868 sweeps. The externally ap-
plied magnetic field was 1.93 kOe.

pected for magnetic bilayers having oppositely oriented
magnetizations. %!

The variation of the scattered-light intensities with
magnetic field was strong at low fields, see Fig. 5. Inten-
sities are not very reproducible because any small motion,
of the order of a wavelength of light, of the specimen rel-
ative to the collecting lens causes a large change in the in-
tensity of the scattered light collected. However, the data

T T

FMR data point

40

Frequency ( GHz )

Magnetic Field ( kOe )

FIG. 3. The variation of magnetic excitation frequencies
with applied magnetic field observed using the magnetic bilayer
specimen 73 (Table I). This bilayer specimen exhibited two
magnon frequencies at each value of the magnetic field. The
solid lines were calculated using the theory described in the
text. The double data points shown for the low-frequency
branch, and for small magnetic fields, are a consequence of the
unequal frequencies exhibited by the Stokes and anti-Stokes
lines. The Stokes and anti-Stokes frequencies were the same,
within experimental uncertainty, for all measurements corre-
sponding to the high-frequency branch.
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FIG. 4. Scattered-light intensity vs channel number for the
magnetic monolayer specimen 73 (Table I) obtained using
5145-A light in the backscattering configuration and zero ap-
plied magnetic field. The free spectral range used was 30 GHz
and 454 channels=60 GHz. The dwell time per channel was 1
msec. The data were collected using 500 sweeps. This figure
shows that the intensities of the low-frequency lines are stronger
than the intensities of the high-frequency lines. It also illus-
trates the slightly different frequencies that were observed for
the low-frequency Stokes and anti-Stokes lines: the frequency
difference is approximately 1.2 GHz.

shown in Fig. 5 were obtained for both an increasing and
a decreasing magnetic-field sweep and indicated very
clearly that the intensity corresponding to the high-
frequency mode reached a maximum at approximately 2
kQe, and that the intensity of the low-frequency mode fell
off with increasing magnetic field. For fields larger than 3
kOe the ratio of the BLS intensities for the two modes
was found to be approximately 3:1, with the high-
frequency mode having the greater intensity.

Similar data, but less extensive, were obtained for the
magnetic bilayer specimen T4 of Table I. The magnetic-
field dependencies of the two observed frequencies and
their intensities were similar to the data shown in Figs. 3
and 5. The observation of two frequencies, and their
magnetic-field dependencies, is consistent with the hy-
pothesis that the two iron films were coupled through an
antiferromagnetic exchange interaction, as will be shown
later. No hysteresis effects were observed in any of the
magnetic bilayer films as the applied field was repeatedly
cycled from +10 to — 10 kOe.

MODEL FOR A PAIR OF EXCHANGE-COUPLED
THIN FILMS

Two cubic magnetic thin films, 4 and B, having their
surfaces parallel with the xz plane, and characterized by
thicknesses d , and dg, are separated by a nonmagnetic
spacer layer of thickness d (see Fig. 6). An external mag-
netic field is applied along the z axis. It is assumed that
the coordinate axes are parallel with the cubic axes (easy
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axes) for both magnetic films. It is further assumed that
the equilibrium magnetization densities, M 4, and M, are
uniform within a given film. This model has been treated
by a number of authors for the case in which the equilib-
rium magnetizations are parallel with the direction of the
applied magnetic field.?! “2° We wish to consider explic-
itly cases in which the directions of these equilibrium
densities may not be parallel with the applied magnetic
field and may be different for each film. The direction of
the equilibrium magnetization density in each film de-
pends upon the interplay between torques due to (i) the
external magnetic field H, (ii) the volume magnetocrystal-
line anisotropy energy F_, (iii) internal demagnetizing
fields due to surface poles, (iv) a uniaxial surface energy
term, and (v) the exchange coupling between the two
films (see Refs. 26 and 27, for example). The pole fields
generated by divM are confined entirely within each film
for a uniform magnetization density, therefore dipole-
dipole coupling between the two films play no role in
determining the directions of their equilibrium magneti-
zations. However, dipole-dipole coupling will be taken
into account in calculating the normal modes of the sys-
tem that describe the magnetization oscillations around
the equilibrium configurations.

300
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FIG. 5. Magnetic-field dependence of the BLS intensities ob-
served using specimen T3 (Table I): the magnetic-field depen-
dence of the corresponding frequencies is shown in Fig. 3. (a)
field dependence for the low-frequency branch intensities; (b)
field dependence for the high-frequency branch intensities.

Let the equilibrium positions of the magnetizations be
specified by the angles 6 , and 0 as shown in Fig. 6(b).
It is assumed that the magnetizations lie in the xz plane;
the validity of this assumption will be examined later. It
is convenient to refer the nonequilibrium components of
the magnetization in each layer to its own rotated coordi-
nate system such that the § direction is parallel with the
equilibrium magnetization and &,y specify directions
which are orthogonal to the equilibrium magnetization.
The magnetic free-energy contribution from each film
can then be expanded to second order in the small vari-
ables M, M. As a further simplification we assume that
the spatial variation of the magnetization density across
the thickness of each film can be ignored for purposes of
calculating the normal modes of the coupled two-layer
system. This assumption, which corresponds to an
infinite exchange stiffness along the y direction, enor-
mously simplifies the dynamic problem. The state of the
two films can be specified by four dynamic amplitude
variables: it is convenient to take these to be the mag-
netizations per unit area of film m,.=d M,
m,,=d,M,,, mge=dgMp; and mp,=dgMpy, The
amplitudes m ,, and so on depend upon time and may de-
pend upon position in the xz plane. As will be seen later,
the assumption of uniform magnetization within each
film along the specimen normal is probably not adequate
for the calculation of BLS intensities.

In order to avoid extra complications with the notation
we have used the same subscript symbols for the local
axes in films 4 and B. It must always be borne in mind
that the components m ,. and my, are parallel only if the
angles 6 4 and 0y are equal. The components m ,, and
mp, are always parallel.

The free energy per unit area for the coupled bilayer

2[001]
T
2[001]
A B
y[010]
— da det—
d

(a)

FIG. 6. Coordinate system used to describe the normal
modes of thin exchange-coupled magnetic bilayers. In (a) the
axes are assumed to be parallel with the cubic crystalline axes in
each film. (b) illustrates the use of a local coordinate system
which has been chosen so that the § axis lies along the direction
of the equilibrium magnetization: the local coordinate axes are
different for the two films 4 and B.
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system can be written as F=Fy+F.+Fy+Fs+Fy,
where the individual terms are discussed in sections
(i)=(v). Only terms which are quadratic in small quanti-
ties have been kept and constant terms that are of no in-
terest here have been suppressed.

(i) The free energy of interaction with the applied mag-
netic field,

Fy= —HM ,d scos0 , —HMpgdzcosby + H sinb ym 4,
+H sinfpmp,+(H cosf , /2M 4d  Nm%,+m%)
+(H cos6p /2Mpdp)mge +mg,) . 4)

(ii) The free energy per unit area due to the magneto-
crystalline anisotropy,

F.= (K 4,d 4/8)(1—cos40 ;) +(Kpdg /8)(1—cosd40p)+(K ,,/2M ,)sind6 ym ,,

+(Kp/2Mp)sind0gmp.+(K 4,/d 4M? )cos40 ym% +(K g, /dpM3)cosd6pm g,
+(K 4,/4d 4M%)(3+cosd6 . )m?, +(Kp, /4dg M} )(3+cos46p)m3, . (5)

(iii) The free energy per unit area due to surface poles
when the magnetization is tipped uniformly out of the
plane,

Fy=2m/d /)m},+Q2w/dg)mp, . (6)

In writing Eq. (6) it has been assumed, for simplicity,
that the appropriate demagnetizing factor is 4w corre-
sponding to a film that is thick compared with its atomic
spacing. For a discussion of this point, see the Appendix
of Heinrich et al.?

(iv) Surface free energies due to the broken cubic sym-
metry at the film surfaces

Fs=—(K 4, /d3M%)m%, —(Kp, /dFM5)m3, . ()
J

K ,,,Bp, are uniaxial surface-energy parameters hav-
ing units of ergs per unit area. Positive K 4,,Kp, corre-
sponds to effective fields that tend to rotate the magneti-
zations out of the plane.

(v) An exchange-coupling energy between the two fer-
romagnetic films having the form used by Hoffman
et al.’ [this is just Eq. (1) rewritten using the new vari-
ables],

szj(mA‘mB)/(dAMAdBMB)- (8)

For convenience the sign of this interaction has been
chosen so that positive J corresponds to an antiferromag-
netic coupling. When expanded to second order in small
variables this expression becomes

FX=J[ COS(OB—‘GA )+[Sin(93—0A )/dAMA ]mA§+[Sin(6A —93)/dBMB]mB§
+[COS(63-6A )/dAMAdBMB]mAgmB§+(1/dAMAdBMB )mAymBy
—[cos(05— 0 4)/2d3M% N(m%+m%,)—[cos(65—6 4)/2dzME(mp+mj,)} . (8a)

A. The equilibrium configuration

For a stable equilibrium, it is required that (1) the sum
of the terms linear in m 4., mp, in the total free energy F
vanish, and that (2) F has a positive-definite quadratic
form in the variable pairs m 4, mg, and m ,,,mp,. Both
of these conditions are algebraically complex. For films
having the magnetic properties listed in Table II the free
energy increases when the magnetizations are rotated out
of the film plane for any value of the exchange-coupling
parameters J, if the angles 6 4,05 are chosen so as to
satisfy condition (1) i.e., so that the coefficients of the
linear terms in the total free energy vanish. This means
that for this model and for a pair of films having the
properties listed in Table II the equilibrium magnetiza-
tions remain parallel with the plane for all values of the
applied magnetic field and for all values of the coupling
parameter J.

For applied fields larger than a critical value H, the
equilibrium magnetizations of each film remain parallel
with the direction of the applied field (along a cubic axis)
i.e.,, 8 ,=05=0. It is straightforward to show (from the

f
condition that the derivatives of the free energy with
respect to 6 4,05 vanish) that for our model this critical
field satisfies the condition

2K, 2K 5,
H + H +
<M, <M,
2K 4, 2K,
H +—4L H +
=J - M, +J - M 9)
dBMB dAMA ’

For films made of identical materials (i.e., M , =Mpg=M,
and K, =Kz, =K,) this inelegant equation becomes
much simpler:

BN

=(J/M
H,=(J/M,) it

—(2K,/M,) . (9a)

For applied fields less than the critical value the magneti-
zations M, and My do not remain oriented along the
direction of the external field and they do not remain
parallel with each other because of the antiferromagnetic
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coupling energy (8). The dependence of the equilibrium
angles on the strength of the applied field can be quite
complicated and depends explicitly on the properties of
the two individual films. For example, for two identical
films one must have 8;=—0 , by symmetry so that as
the strength of the external field is reduced the magneti-
zations rotate in opposite directions and finally in zero
field become oriented at right angles to the field direction
along an easy axis.”® For comparison with FMR and
BLS measurements we are interested in the asymmetrical
case of two unequal films: the FMR absorption and the
BLS scattering intensities vanish by symmetry for the op-
tical mode in identical ultrathin films.?® As an example,
consider two iron films for which film A4 has twice the
thickness of film B, but the films are otherwise very simi-
lar (see Table II), the magnetic-field dependence of the
equilibrium angles is shown in Fig. 7(a) and the com-
ponent along the field direction of the total moment per

2 T
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FIG. 7. (a) The applied magnetic-field variation of the equi-
librium direction of the magnetizations for films 4 and B calcu-
lated for an antiferromagnetic exchange coupling between the
films, J=0.18 ergs/cm®. The model films are characterized by
the parameters listed for specimen 73 in Table III. (b) The
magnetic-field variation of the total component of magnetiza-
tion along the applied field direction calculated for two films
characterized by the parameters listed for specimen 73 in Table
III. The films are assumed to be coupled by an antiferromagnet-
ic exchange interaction having the strength J=0.18 ergs/cm?.
By definition My =M ,cos6 , + Mzcos6p, where the field varia-
tion of 6 4,0 is shown in (a).

unit area is shown in Fig. 7(b). These results were ob-
tained numerically and for fields decreasing from a start-
ing magnetic field that was greater than the critical field
H_ given by Eq. (9): Thus the magnetizations were ini-
tially parallel with each other and with the applied field.
In this case the variation of the magnetization angles
with field strength is quite complicated. At zero field the
magnetization of the thickest film becomes aligned with
the field direction, whereas the magnetization of the thin-
nest film rotates into a direction antiparallel with the field
directions: both, of course, lie along an easy axis. The
angles 6 ,,0p for a given field strength were determined
from preceding condition (1), i.e., that the derivatives of
the free energy with respect to these angles vanish at
equilibrium. The search for the equilibrium angle was
conducted by following the free-energy contours along
the paths corresponding to steepest descent.?’

B. Oscillation around the directions
of the equilibrium magnetizations

The magnetization waves measured in our BLS experi-
ments can be characterized by a space and time variation
of the form exp[i(gx —wt)]. This is because the plane of
incidence of the laser light was chosen to be perpendicu-
lar to the magnetic-field direction, as shown in Fig. 8.
For the backscattering geometry'®!” the wave vector in
the plane is given by ¢ =*(2w,/c)sinf, where w, is the
frequency of the light, 6 is its angle of incidence, and c is
the velocity of light. Each magnetization component
must satisfy a Landau-Lifshitz equation of motion of the
form

with similar equations for m ,,, Mp,, and mg.. In Eq.

X 4
K=/ela | |B| @
€, H
0 q R
0 y
€r
k°= w,/c

FIG. 8. This diagram illustrates the relationship between the
optical scattering plane, the applied magnetic field H, and the
magnon wave vector g, in the bilayer films 4,B. The wave vec-
tor of the scattered light for the backscattering configuration is
parallel with the wave vector of the incident light but reversed
in direction.
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(10) T 4¢ is the component of torque along the £ direction
[Fig. 6(b)] and y =gle| /2mc is the spectroscopic splitting
factor. Damping will not be included in the equations of
motion: we are interested in integrated light-scattering
intensities rather than in the spectral distribution of the
scattered light. The torques that enter the equations of
motion (10) can be attributed to the action of effective
magnetic fields.?’ The most important of these effective
fields are due to the variation of the free-energy terms,
Egs. (4)—(8), as the magnetization in each film is rotated
away from equilibrium

with similar terms associated with the other three magne-
tization components. In addition one has intralayer ex-
change fields*® and dipole fields due to the spatial varia-
tion of the magnetization along the x direction. For film
A the intralayer exchange field components are given by

24 ,4q°
hye=— |——5— |m4e, (12a)
AE Mi A€
24 ,4q°
hgy=— Yo my, , (12b)
with similar expressions for film B. The dipole

magnetic-field components have been written in Appen-
dix A. Explicit expressions for the linearized Landau-
Lifshitz equations of motion in which only terms linear in
the magnetization amplitudes have been retained have
been written in Appendix B.

The integrated intensity of the light scattered from a
given magnetization mode has been calculated using a
modification of the procedure described by Cochran and
Dutcher.®! In this approach the magnetization ampli-
tudes associated with a given mode are calculated from
the requirement that the mode energy be equal to the
thermal average for a harmonic oscillator having the
same frequency; in the present case this thermal average
is just the value kT corresponding to approximately 300
K (4.14X 107 ' ergs). The precession of the thermally
excited magnetization around its equilibrium position
modulates the optical dielectric constant of the material.
A p-polarized incident optical field which has x,y com-
ponents of the electric field (see Fig. 8) generates optical
polarization densities given, in lowest order, by32

arP.=KE,M, (13a)
47P,=—KE.M, , (13b)
47P,=KE,M,—KE,M, , (13¢)

where K is the first order magneto-optic coupling param-
eter,'>*? and where M,,M,, M, are time-dependent mag-
netization densities referred to the cubic axes of the crys-
tal system that, in the present case, correspond to the
x,y,z laboratory axes (Figs. 6 and 8). The metal films
with which we are concerned are very thin compared
with the optical skin depths of iron, copper, and gold and
therefore the spatial variation of the optical electric field
can be ignored—not only within a given iron film but

also between the two iron films.* Also relative scatter-
ing intensities rather than absolute intensities are of in-
terest, therefore one can ignore the factors that describe
the effect of optical interference on the amplitudes of the
incident and scattered optical electric fields: these factors
are in any case independent of the applied magnetic field
in the approximation that we are using. With these
simplifications, the ratio of the scattered-light amplitude
to the incident-light amplitude can be written (for the
backscattering configuration) (see Appendix C),

E;/Ey~ m 4,—[(sin6/cosf)m ,c0s0 , ]+ mp,
—[(sin6/cos@)mgcosbp] , (14)

where m 4.,mge,m 4,,mp, are the magnetization ampli-
tudes associated with the energy k7. For p-polarized in-
cident light the scattered light is s polarized, and for s-
polarized incident light the scattered light is p polarized.
It can be shown by direct calculation that the ratio of the
backscattered electric-field amplitude to the incident op-
tical electric-field amplitude is proportional to the factor
on the right-hand side of Eq. (14) independent of the po-
larization of the incident light (Appendix C).

COMPARISON OF THE CALCULATIONS
WITH EXPERIMENT

The calculation outlined in the previous section was
compared with the results of experiments for the two
magnetic bilayer specimens that exhibited two spin-wave
modes: specimens 73 and 74 of Table I. The magnetic
parameters listed for the iron films S1 and S2 of Table II
were used for the individual iron films in the bilayers. It
was found that a value for the exchange parameter could
be found for which the calculated and measured field
dependencies of the two spin-wave frequencies were in
reasonable agreement. Small adjustments of the two uni-
axial surface-energy parameters, K 4, and Kp,, together
with a small adjustment of the exchange parameter, J,
were used to procure a better agreement between theory
and experiment. The results of this fitting procedure for
specimen T3 are shown by the solid lines in Fig. 3. The
three fitting parameters J, K 4, and Kp, are interdepen-
dent but it was found that the magnetic-field scale of the
low field variation shown in Fig. 3, as well as the frequen-
cy separation of the two modes, was particularly sensitive
to the value chosen for J, whereas the other two parame-
ters mainly affected the slopes of the high field frequency
versus field curves: K ,, affected primarily the high-
frequency branch (the acoustic mode) whereas Kp,
affected mainly the low-frequency branch (the optical
mode). The same calculation was used to fit the data for
bilayers 71 and 72, but using a negative value for the
exchange-coupling parameter corresponding to ferromag-
netic exchange. The frequency of the acoustic mode (the
low-frequency branch in this case) is insensitive to the
value of J for large values of the coupling parameter. We
were therefore not able to provide an estimate of J for T'1
and T2 from our data. For purposes of analysis we arbi-
trarily used the value J = — 10 ergs/cm>. This is a large
coupling in the sense that the effective fields (~J/d /M)
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TABLE III. Parameters deduced from a comparison of theory with BLS data for the magnetic bilayer films T'1-T4 of Table I.
The saturation magnetization density has been taken to be that of bec bulk iron at room temperature, 47M, =21.55 kOe. The factor
1 ML=1.43 A has been used to calculate the iron film thicknesses, d. 4TM s=4mM,—2K, /dM,. FM means ferromagnetic ex-
change coupling between the two films; AM means antiferromagnetic coupling. To obtain the effective interlayer exchange stiffness
parameter A4 “% multiply J by a/4=7.14X107° [Heinrich et al. (Ref. 2)]. The in-plane magnetic anisotropy fields are
2K 4,/M ,=0.259 kOe for film A4 and 2Kz,/Mz=0.113 kOe for film B.

Film A4 Film B
J d 4Tch“' KAu d 477Meﬂ' Kﬂu
Specimen (ergs/cm?) (ML) (kOe) (ergs/cm?) (ML) (kOe) (ergs/cm?)
T1 —10.0* (FM) 11.0 14.28 0.98° 5.0 —1.28 1.40
T2 —10.0* (FM) 9.5 13.14 0.98° 5.0 —0.47 1.35
73 0.18° (AF) 10.3 12.84 1.10 5.0 2.30 1.18
T4 0.14¢ (AF) 9.0 13.39 0.90 4.8 3.03 1.09

*This value is arbitrary; it represents a large exchange coupling.

®This value is that found for the single layer S1; it is not possible for strongly coupled films to obtain 47M g independently for each

film. See the text.
¢J=0.22 ergs/cm’ from FMR data (Ref. 1)
4J=0.14 ergs/cm’ from FMR data (Ref. 1)

produced by it are of the order of 40 kOe for a 10-ML-
thick film. Magnetic parameters deduced for the four
magnetic bilayer films that we studied are listed in Table
III. Notice that the values for the effective magnetiza-
tions for films T3 and T4 required to fit the data are not
very different from the effective magnetizations required
to fit the single iron films (Table II). This indicates that
the structure and quality of the films grown in the bilayer
structures are very similar to the structure and quality of
the single iron films.

The magnetic-field dependence of the scattered-light
intensities for the two magnetic modes corresponding to
sample T3 has been calculated: the results are displayed
in Fig. 9. This figure should be compared with the exper-
imentally observed intensities shown in Fig. 5. It is obvi-
ous that there are discrepancies between the observed and
calculated intensities. The most obvious differences are
(1) The intensity of the high-frequency mode was ob-
served to become weak at small magnetic fields contrary
to the calculation shown in Fig. 9. (2) The intensity of
the low-frequency mode decreased rapidly with increas-
ing field over the interval 0—2 kOe contrary to the predic-
tions of the model.

The origin of these discrepancies is not known. It is
very probable that our model, which assumes a uniform
rotation of the equilibrium magnetizations, is too simple.
It is interesting to note that if, for some reason, the mag-
netizations at zero applied field should become oriented
along the easy axis that is perpendicular to the field direc-
tion (along the x axis of Fig. 6), the calculated intensity of
the BLS peak corresponding to the high-frequency mode
would be reduced by the factor ;5 over the intensity at
H=0 shown in Fig. 9. The intensity of the low-frequency
mode would be reduced by only 30%. The frequencies at
H=0 of the two modes would be slightly reduced (11.95
and 4.20 GHz versus the values 12.69 and 4.88 GHz
shown in Fig. 3). However, the Kerr-effect measurements
show that the total magnetization at low fields has pre-
cisely the value corresponding to magnetizations in the
two films that are antiparallel but aligned along the ap-

plied field direction (see the inset of Fig. 4 of Heinrich
et al.'). A comparison of the SMOKE results with the
calculated field dependence of the magnetization shown
in Fig. 7(b) reveals that the onset of the low field plateau,
which is predicted to occur at 1 kOe, is observed to occur
at a much smaller magnetic field—between 0.1 and 0.2
kOe. This indicates that the detailed manner in which
the magnetizations in the two films transform from a
parallel configuration at high fields to an antiparallel
configuration at low fields is not described accurately by
our simple model of exchange-coupled bilayers. Presum-
ably the details of the transformation depend upon the
distribution of surface irregularities that may affect the
local value of the exchange-coupling parameter.

The ratio of the BLS intensities for the high- and low-
frequency modes predicted for small applied fields, and
therefore for antiparallel magnetizations aligned along
the field direction, Fig. 9, is inverted relative to the ob-
served intensity ratio. Specimens T3 and T4 (Table III)
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FIG. 9. The calculated magnetic-field dependence of BLS in-
tensities for both the high- and low-frequency modes for two an-
tiferromagnetically exchange-coupled thin films having the pa-
rameters listed for specimen 73 in Table III.
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displayed two magnetic modes for each value of applied
field: in each case in the limit of small fields the intensity
of the low-frequency mode was found to be three to four
times larger than the intensity of the high-frequency
mode. We would like to understand the origin of the
difference between calculated and observed low field BLS
intensities because, in principle, these intensities carry in-
formation concerning the relative orientations of the stat-
ic magnetizations in the two films. Moreover, the light-
scattering experiment provides a probe that is only 20 um
in diameter: it could therefore be used to examine the
magnetization distributions across the specimen.

It may be that the neglect of the spatial variation of the
magnetization across each film is unwarranted. We have
compared the simple rigid magnetization model with a
more sophisticated calculation in which the magnetiza-
tion in each film is allowed to vary across the thickness of
the film.?? Similar calculations have been described by
Griinberg and co-workers?"?3 and by Hillebrands and
co-workers.?#? These complex theories are only valid
when the equilibrium magnetizations are parallel with
each other and with the applied magnetic field. A com-
parison between the simple calculation, which assumes a
rigid magnetization density across each film, and the
complex calculation, which takes into account the finite
exchange stiffness across each film, could only be carried
out for fields larger than the critical value, Eq. (9). When
applied to the case of bilayer T3 this implies that the
comparison could only be carried out for fields larger
than 2.03 kOe. For this example, frequencies calculated
using the simple model were in agreement with those cal-
culated using the complex model within 0.05 GHz for
g =1.73X10° cm™! (corresponding to 5145 A light in-
cident at 45°). For fields greater than 3 kOe both models
predict a slow decrease of BLS intensities with increasing
field. The complex model predicts a ratio of intensities
for the two modes of 3:1 at 3 kOe (in agreement with ex-
periment), whereas the simple model predicts an intensity
ratio of 4:1.

It should also be mentioned that a detailed comparison
of the two models indicates that the simplified treatment
of dipole-dipole coupling between the two magnetic films
is not adequate. Frequencies for both the high- and low-
frequency modes calculated for ¢ =+1.73X10° cm™!
were in agreement within 0.05 GHz for both the simple
and the complex models.’” However, for ¢ =—1.73
X 10° cm ™!, the high-frequency-mode frequencies calcu-
lated using the simple model were found to be approxi-
mately 2 GHz lower than frequencies calculated using
the complex model for fields near 2 kOe: the discrepancy
decreased with increasing magnetic field. The low-
frequency-mode frequencies calculated using the two
models were in agreement within 0.05 GHz. Frequencies
calculated for wave vectors +g¢g and for —gq using the
complex model were the same within 0.05 GHz: this re-
sult is in agreement with experiment since no difference
in Stokes and anti-Stokes frequencies were observable for
fields greater than 2 kOe. (The experimental uncertainty
was approximately 0.8 GHz.)

The magnetic-field dependence of the mode frequencies
calculated using the simple model of exchange-coupled

magnetic bilayers previously described exhibits features
that are very similar to those measured in the BLS exper-
iments. This gives us confidence that the model can be
used together with the experimental data to deduce
meaningful values for the interlayer exchange-coupling
parameter J. The excellent agreement between frequen-
cies measured using BLS and the FMR data! for 36.3
GHz should be emphasized. The FMR measurement
samples the specimens over dimensions of approximately
1 cm (the diameter of the resonant microwave cavity)
whereas the BLS experiment samples the specimens over
a length of approximately 1073 cm (the diameter of the
focused laser beam). The agreement between measure-
ments made using these two very different length scales
indicates that the magnetic properties of these films
prepared by means of molecular-beam epitaxy are uni-
form. There is some evidence for a slow spatial variation
of the exchange-coupling parameter J from a comparison
of FMR linewidths with the BLS linewidths. The FMR
optical-mode linewidth was found to be approximately
four times as large as the acoustic-mode linewidth' for
specimen 73 (830 Oe versus 210 Oe). The BLS linewidths
were observed to be approximately the same for both
modes, and were equal to the instrumental resolution—
approximately 0.8 GHz for a free spectral range of 30
GHz (see Fig. 4): this resolution is equivalent to an FMR
linewidth of 270 Oe. The acoustic-mode frequency is in-
sensitive to the value of the exchange-coupling parameter
J, but the optical-mode frequency is very sensitive to the
value of J. It appears, therefore, that the FMR optical-
mode linewidth observed for specimen 73 was inhomo-
geneously broadened due to the spatial variation of J over
the specimen width: a 10% variation across the 1-cm-
diam specimen would entirely account for the observed
FMR linewidth. Such a slow spatial variation would not
have any observable consequences for the BLS linewidths
because of the small dimensions of the area sampled by
the incident-light beam (~ 1072 cm).
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APPENDIX A: THE DIPOLE-DIPOLE COUPLING
BETWEEN THE TWO THIN FILMS

Consider a single semi-infinite film of thickness d
whose surfaces are located at y =—d /2 and y =+d /2.
Let the equilibrium magnetization be uniform and lie in
the xz-plane, the plane of the film; it produces no poles.
Let the components of the magnetization density which
specify the deviation of the magnetization from equilibri-
um be

M, (x)=M,expligx) and M,(x)=M,expligx) . (A1)

This magnetization distribution produces magnetic poles,
and these poles generate a magnetic field. If one uses a
scalar potential such that h=—gradV then

V2V =4m divM =4migM  exp(igx) (A2)
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inside the film, and V2V =0 outside the film.3* The solu-
tion of this standard boundary value problem gives the
following field distributions.

(1) Inside the film,

h,=[27M e "X e?+e™P)

—47M, —2miMye "1 (P —e )], (A3a)
h,=[—2miM,e TP —e D)
—2mM,e 9 He?+e )] . (A3b)
(ii) To the right of the film (y 2d /2),
h, =2m(M,+iM,)(e ~9/2—¢9/2)e(~ @ Tigx) (Ada)
L, =2m(iM, —M,)(e 9?2 — g9/ 2)e " Fiax) (A4b)
(iii) To the left of the film (y < —d /2),
h,=2m(M,—iM,)(e 9%/2—e4/2)e'w *igx) (A5a)
h,=—2m(iM,+M,)(e 9> —g/2)e w +itx) (A5b)

These equations can be expanded in the small parame-
ters qy,qd. Since gd <<1 it is sufficient to keep only the
first-order terms. The terms in (A3) which are linear in y
give rise to magnetic torque terms which, to lowest order,
average to zero when integrated across the film: they
may therefore be ignored. With this simplification, one
obtains to lowest order in gd the following.

(i) Inside the film,

h,=—2nM, qde'" (A6a)
h,=—47M,[1—(qd /2)]e'> . (A6b)
(ii) For y >d /2,
h,=—2mqd(M,+iM,)e"" , (A7a)
h,=—2mqd (iM, —M,)e'" . (A7b)
(ii1) Fory < —d /2,
h,=—2mqd (M, —iM,)e'" , (A8a)
h,=2mqd (iM, +M,)e'" . (A8b)

In applying these equations to the bilayer system of Fig. 6
it must be remembered that for film 4 M ,, =M ,.cos6 ,
and for film B My, =Mpy.cosfz. Moreover, the small os-
cillatory fields of Egs. (A6)-(A8) must be resolved into

J

components in the (§,y,{) system for the appropriate
film. Thus, dropping the term e'?* for convenience, one
finds the following.

(a) Within film A4,

h 4= —2mqd 4M 4¢(cosO 4 )2
—2mqdg(Mpecost 4cos0p —iMp,cosb ) ,
h4y=—47M ,,+2mqd ;M ,, +27qdg(iMg,cosOp +Mp,) .
(b) Within film B,
hpe= —2mqdpMp(cosOp )?
—2mqd 4(M 4cos6 4cos0p +iM 4,cos0p) ,
hg,=—47Mp, +2mqdy M, —2mqd ,(iM 4.c0860 4, —M ,,) .

These fields produce the following first-order contribu-
tions to the torques per unit area:

T e=4rM m ,,—27M 4qd ym 4,
—27M ,qd 4(imgecosbp +mp,) , (A9)
T,,=-—2mM ,qd 4(cosb , )2mA§
—27M 4qd 4(mpgcosO cosOp —imp,cosb ) ,
(A10)
Tge=4mMpmpg, —2mMpqdgmp,
+27Mpgqdg(im 4.c080 ,—m ,,) , (A11)
Tp, = —2wMpqdp(cosfp )ZmBg
—2mMpgqdg(m 4086 4cos0p +im 4 cos0p) .
(A12)

In the preceding expressions m,.=d M,
mps=dgMpg,, and so on. It should be noted that the first
terms in (A9) and in (A11) are also given by the effective
fields calculated from the free-energy contribution (6):
these torque contributions should not be counted twice.

APPENDIX B: LINEARIZED EQUATIONS
OF MOTION

The linearized equations of motion for the small mag-
netization amplitudes that specify the displacements of
the magnetizations from equilibrium are given by

; K K qd Jcos(B,—6,) 24,q°

iw Al Au 4 B Y4 4

— = |H cosb 4+ 3+cos46 ,)— +4rM , |1— -

v, m ¢ cosf , M, (3+cos46 ,) .M, T™ , > d.M, M, m 4,
—2mM ,qd 4c0805(impg,)+ M, —27M 4qd 4 \mp, , (B1)

; K Jcos(0g—6,) 24 ,4°

iw Al B Y4 4

do = — |Hcosf ,+ +27M 4qd 0,47~

v m g, cosf , M, cos46 , +27M ,qd 4(cosO 4) a.M, M, m e

JCOS(GB—OA)
T +27M 4qd 4cos0 4cos0p |mpe+i2mM 4qd 4c080 ymp, , (B2)
sMp
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10 | = 20Myqdycosd 4 (im 1)+ |2 —2mMpqdy |m
BE B94g 4 A€ d .M, B94p Ay
KB] KBu qu JCOS(GB"GA) ZABqZ
— 1__ -_— ,
+ |H cosfg + lZMB (3+cos46p) M, +47Mpy 2 M, M, By
(B3)
iCL) JCOS(OB“GA) .
7— mg, = ——(—1——M——~+2erBqucos9Acos(98 m .—i2mMgqdgcosbym 4,
B My
ZKBI JCOS(QB_'QA) 2ABq2
— |H cosfg + M, cos40y +2mMpqdg(cosfy ) — M, M, mpe . (B4)

It must be remembered that these magnetization com-
ponents have been referred to local coordinate systems
that are different for the two films (see Fig. 6).

APPENDIX C: INTENSITY OF LIGHT
SCATTERED FROM A THIN FILM

The polarization density induced in a thin film by an
incident optical plane wave will be uniform if the film is
very thin compared with the optical skin depth (typically
~100 A). The time variation of the polarization density,
4P, constitutes a current sheet that radiates an optical
wave, i.e., the scattered light. For a film that is very thin
compared with a wavelength of light, all parts of this
current sheet radiate in phase. One can estimate the in-
tensity of the radiated light by treating the polarization
sheet like a §-function source of strength 47Pd, where d
is the film thickness. The fields radiated by a §-function
current sheet can be written as follows (Cochran and
Dutcher®!):

(a) We write

47P, =58(y)expli (Qx —owt)] .

This generates a p-polarized wave whose magnetic vector
is polarized along z, Fig. 8. Its amplitude is given by

h{F=(iw/2c)exp[i (Qx —ky —wt)] .
(b) We write
4mP,=5(y)exp[i (Qx —wt)] .

(C1)

This generates a p-polarized wave whose magnetic vector
is given by

sin@
cosé

hY'=(iw/2c) exp[i(Qx —ky —wt)], (C2)

where 6 is the angle of incidence (Fig. 8).
(c) We write

4mP,=8(y)exp[i (Qx —wt)] .

This polarization generates s-polarized light whose elec-
tric field is polarized along z, and whose amplitude is
given by

E,=(iw/2c)(1/cosOexpli(Qx —ky —wt)] . (C3)

In the preceding expressions o is the frequency of the
scattered light: it is very nearly equal to the frequency of
the incident light so that one may write with very little
error Q =(w/c)sinf and k =(w/c)cosb.

For p-polarized incident light the electric-field com-
ponents are related to the angle of incidence of the light
by (see Fig. 8)

E =—EcosO,
E,=—Egsin0 .

(C4a)
(C4b)

It follows from (13a) and (13b) and from (C1) and (C2)
that the amplitude of the p-polarized scattered light must
vanish for any angle of incidence. For p-polarized in-
cident light it is only the z component of polarization
density, see (13c), that generates a scattered wave, and
this wave is s polarized. According to (C3) and (C4), and
using (13c), the amplitude of this s-polarized wave can be
written

sin@
cosf

E.~M,—M,

) (CS)

or making use of the proportionality between M, ,M, and
m,=M,d, m,=M,d for a film uniformly magnetized
across its thickness, one can write

sin@
cosf

E.~m,—m, . (C6)

All that is now required in order to obtain Eq. (14) is to
express the magnetization components in each film in
terms of the natural variables m om, (see Fig. 6) and to
sum the contributions from film A4 and from film B. Of
course, one retains only terms which are linear in the
small amplitudes m,,m,.

For s-polarized incident light the electric field is polar-
ized along z in the coordinate system of Fig. 8. In lowest
order, this electric field generates x,y components of the
polarization density given by

4nP,=—KM,E, , (CT7a)
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47P,=KM,E, , (C7b)

47P,=0, (C70)

From (C1) and (C2) the scattered light resulting from
these polarizations will be p polarized, and it will have an
amplitude

sin@
h,=E,~m,—m,_ |——
2 p Y * | cos@

. (C8)

Relation (C8) has the same form as (C6), which describes
the amplitude of the s-polarized electric field generated
by an incident p-polarized electric field.
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