
PHYSICAL REVIEW B VOLUME 52, NUMBER 1 1 JULY 1995-I

Brillouin scattering in Co/Cu/Co and Co/Au/Co trilayers:
Anisotropy fields and interlayer magnetic exchange
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Magnetic anisotropies and interlayer exchange interaction are derived from Brillouin-scattering spec-
tra of various thin films with one or two Co magnetic layers, evaporated in ultrahigh vacuum. The oscil-
latory behavior of the interlayer exchange interaction is observed in Co/Au/Co sandwiches; the mea-

0 0
sured values of the pseudoperiod (9.6 A) and of the attenuation length (12 A) agree well with recent
determination by magneto-optical and magnetoresistive measurements and with theoretical predictions.

INTRODUCTION

Brillouin-scattering spectroscopy is one of the most
powerful methods to derive the parameters which moni-
tor the physical properties of thin films containing mag-
netic layers. Qn the one hand, among these parameters
the anisotropy and, for multilayered structures, the inter-
layer magnetic exchange play a major role and a proper
choice of these quantities allows one to develop various
devices based on magneto-optics and magnetoresistance.
The volume and the surface anisotropies show a large
variety of behaviors depending upon the crystallographic
structures, their orientation, their thickness, and their
roughness, and they have given rise to a number of exper-
imental and theoretical publications where the demagnet-
izing, magnetocrystalline, and magnetoelastic contribu-
tions are analyzed. ' On the other hand, the interlayer
exchange depends upon the interlayer spacer in a non-
trivial way: in many cases an oscillatory variation has
been observed. ' '" It is often interpreted in terms of a
Ruderman-Kittel-Kasuya- Yosida (RKKY) mechanism. '

Up to now, the most studied magnetic layers are prob-
ably Fe and Co films and the determination of an oscilla-
tory behavior of the exchange by Brillouin scattering was
evidenced on Fe/Cu/Fe and Fe/Cr/Fe sandwiches. '

The present Brillouin study deals with textured mag-
netic Co layers evaporated in ultrahigh vacuum: the sub-
layers and/or the interlayers (in the case of sandwiched
composites) consist of Cu or Au films; the cobalt layers
show crystallographic characteristics approaching a fcc
(or a hcp) structure with a (111) (or a (0001) ) axis nor-
mal to the surface. Concerning these types of Co films,
the published experimental data, derived from various
techniques, are subject to a large dispersion which is not
completely understood. The anisotropy is generally
found as uniaxial and easy axis, ' ' ' ' but its value
and the relative contributions of the surface and of the
volume terms are controversial. Particularly, the mea-
sured volume anisotropy suffers large variations depend-
ing upon the crystallographic structure and upon the
magnetoelastic contribution. The oscillatory variation of

the interlayer exchange energy in Co/Cu/Co structures
was clearly observed through the magneto-optical Kerr
effect on sandwiches and through magnetoresistance
studies in superlattices; however, pinhole defects can easi-
ly prevent its observation. ' In the case of Co/Au/Co
structures, a clearly oscillatory exchange was evidenced
only recently. '

There are several Brillouin studies of Co layers or mul-
tilayers. ' ' . They often involve superlattices, which
complicates the interpretation of the observed spectra: up
to now, the oscillatory variation of the interlayer ex-
change was measured in Co/Ru multilayers. ' Finally,
accurate Brillouin measurements of the anisotropy of Co
layers have been performed ' but generally they only in-
volve ultrathin films.

The study presented in this paper is restricted to sam-
ples consisting of one or two magnetic layers and of ap-
propriate nonmagnetic sublayers and/or spacer, in order
to allow an optimal determination of the anisotropies and
of the exchange interaction. In the next section we
present the studied structures and the experimental set-
up. Section II deals with the calculation of the shapes of
the Brillouin spectra. In the last section we present the
experimental data and we discuss the results concerning
anisotropy and interlayer exchange.

I. SAMPLE PREPARATION
AND EXPERIMENTAL SETUP

Co/Cu/Co and Co/Au/Co trilayers have been
prepared by ultrahigh vacuum evaporation. The sub-
strates consisted of oxidized Si or Goat glass plates. In
this last case, the roughness, as measured by atomic force
microscopy, is lower and the results can be more directly
compared with measurements by other methods but un-
fortunately, due to the low thermal conductivity of glass,
the Brillouin study has to be performed using very low il-
luminating powers (100 mW or less) in order to avoid un-
desirable heating and, due to this experimental difhculty,
only few spectra have been obtained.

The substrates are plated with a 250 A annealed Au
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buffer. When Co is directly evaporated on such Au
buffers, a quasihexagonal epitaxy of the deposited mag-
netic layer is obtained. ' ' ' In contrast, with an inter-
mediate thin Cu film (30 A), the epitaxy approaches the
fcc structure. A more detailed analysis includes structur-
al defects, the density of which depends upon the condi-
tions of preparation and increases with the Co thickness.
Such behavior was confirmed by NMR measurements
and, as discussed below, is indirectly verified through our
Brillouin results. Taking advantage of these differences,
we have then studied various available combinations of
the structures of the magnetic layers. In all cases, the
samples were finally top protected by a thin Au layer (30
A).

Concerning the thicknesses of the magnetic layers and
of the nonmagnetic spacer, they were carefully adapted
to insure appropriate measurements of the anisotropies
and of the interlayer exchange. In order to measure the
anisotropy field, samples showing a set of steplike varia-
tions of the magnetic layers were prepared (see Fig. 1).
The interlayer magnetic exchange was studied using sam-
ples showing a set of steplike variations of the interlayer
thickness.

The Brillouin magnetic back-scattered polarized spec-
tra were studied using a conventional 5-pass or a (2 X 3)-
passes tandem Fabry-Perot interferometer. The samples
were illuminated by a single-mode Ar+ laser, using
powers ranging from 20 to 500 mW at a wavelength of

FIG. 2. Geometrical arrangement for the in-plane com-
ponent of the incident-light wave vector (k~~) and the applied
magnetic field (H).

5145 A. Reliable spectra were obtained with recording
times varying from 2000 to 10000 s. A magnetic field H
up to 0.7 T was applied parallel to the films.

The following notations are used in this paper. H is
applied along the e, axis (see Fig. 2) and the in-plane
component k~~ of the wave vector k' of the incident light
is parallel to the c axis. With our geometrical arrange-
ment k'= —k' where k' is the wave vector of the observed
scattered light. The observed magnetic excitations then
propagate along the films with a wave vector
+Ql=+2kI~, its amplitude Ql =2k'sin8 (where 8 is the
angle between k' and the direction e, normal to the sam-
ple) can be varied by rotating the sample around the e,
axis. Most of the spectra were taken using 0=45, which
leads to Q l

= 1.73 X 10 cm
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II. MODELS FOR FREQUENCY
AND INTENSITY CALCULATIONS

A. Frequencies of the magnetic excitations
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They are calculated in the usual way from the linear-
ized Landau-Lifshitz equation, taking into account the
Maxwell equations in the magnetostatic approximation
and the appropriate boundary conditions at the interfaces
of the layers. ' One writes

lCO m=At XH,f
y
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where co is the angular frequency and m is the oscillating
magnetization around its static value M (At=M+m). y
is an effective gyromagnetic factor. In the studied case
the applied static field H is high enough to insure that M
is parallel to the film and that, consequently, the static
demagnetizing field vanishes. With these conditions the
effective field H, f is written as

FIG. 1. Typical studied structures. (a) Samples with variable
thickness of the magnetic layer(s) (steplike variation with 10 A

0
steps: 20 & e & 100 A) designed in order to study the anisotro-
py. (b) Samples with variable thickness of the nonmagnetic

0 0
spacer (steplike variation with 2 A steps: 4& d &40A) designed
in order to study the interlayer exchange. The substrate is oxi-
dized Si [Si/Si02 (2000 A)] or fioat glass.

H,f=h~ —V~U"+ V m+H, (2)

V (h~+4vrm)=0, VXh„=0. (3)

U" is the volume anisotropy energy density and

where h& is the oscillating demagnetizing field subject to
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is the ferromagnetic exchange energy density.
The boundary conditions derive from the Maxwell

equations [continuities of the tangential components of
hd and of the normal component of (hz+4vrm)] and
from the Rado-Weertman relation

For the studied thicknesses only the two lowest modes
lie in the Brillouin frequency range: both are sensitive to
the anisotropy values, but only one of them significantly
depends upon A, z (quasiuniform mode).

As numerically verified on our data, an alternative
simplified treatment provides nearly identical results: it
consists in suppressing U" in (4) or (5) and in replacing
U" by an e6'ective anisotropy energy density U" in each
layer, such as

AfX , —V~U" + — =0 .
Bn

(4) Uau Uau+ [ Uas++ U.as —
] Uau+ Uas1 2

e e

i,j =1,2 (jWi),
where Af, and Af2 are the surface magnetizations of the
interacting layers and where —(2A, 2/At )At, &z is the
exchange surface energy density.

The solutions of the linearized equations were numeri-
cally calculated assuming the following forms for the an-
isotropy energies:

Ugs (6a)

k and K are the surface and the volume anisotropy con-
stants, respectively. Concerning the magnetocrystalline
contribution to anisotropy the Af dependence is certain-
ly appropriate for a hexagonal structure with its (0001)
axis along the normal of the film: such a situation is gen-
erally observed for a Co layer deposited on a Au film nor-
mal to a cubic (111) axis. ' ' ' When Au is replaced
by Cu, the Co layer shows a structure approaching the
fcc arrangement with a ( 111) axis normal to the layer: a
more accurate description leads to a "mixed" behavior
between a purely fcc and a purely hexagonal layer. This
leads to the form (6b) for the volume magnetocrystalline
contribution rather than to a purely cubic biquadratic
form, but with a value of K significantly reduced com-
pared to the Au-Co situation, as confirmed by our experi-
ments. On the other hand, the magnetoelastic lower-
order terms can be shown to vary as JR . It is also
noteworthy that higher-order uniaxial terms ( cc A,„)
have been reported to be non-negligible. However, the
expected values of anisotropy in the studied structures
lead to a static magnetization M parallel to the applied
field H and it can be proved that, for these studied
configurations, the higher-order uniaxial terms do not
inAuence the frequencies of the magnetic excitations; con-
sequently, they have been omitted in (6a) and (6b).

U" is the surface anisotropy energy density and n is nor-
mal to the film and directed from the nonmagnetic to the
magnetic material (n=+e ).

More specifically, an additional index (1 or 2) has to be
used in order to label each magnetic layer and, for sur-
faces submitted to an interlayer magnetic exchange, Eq.
(4) has to be replaced by the Hoff'mann relation, ' i.e. ,

D BJK; 2A i2
Af. ; X —V~U;"+ + Af, j =0,

Af, Bn,

where U"+ and U" are the surface anisotropy energies
on each side of the layer of thickness e. The uncertainties
arising from our experimental data do not allow us to
make a distinction between the two models. Indeed, in
the last term of expression (7) the localization of the ener-

gy terms varying as 1/e is completely lost. Such an ap-
proach may be more realistic since the localization of the
strain-induced magnetoelastic terms, which significantly
contribute to this dependence when using rather thick
films, is not clearly specified. ' ' Consequently, we write

(8a)

where in large intervals of thicknesses, K(e) often takes
the form

(8b)

But, as discussed in the next section, it is generally not
possible to assume that 2k =k++k, where k+ and k
refer to two di6'erent interfaces: such a partition between
k+ and k is probably correct only for very thin samples
where the magnetoelastic contribution to k vanishes and
where the "surface" term k has a Neel-type magnetocrys-
talline origin. The numerical results are calculated versus
E and A, 2, assuming that y, M, and D keep the values
found in bulk Co ( y = 1.90 X 10 Hz G ', 4m M = 17 600
G, D =2.6X10 Gcm ). It is also convenient to in-
troduce an e6'ective anisotropy field

H, (e) =2K(e)/M .

As pointed out at the end of the preceding section the
calculated frequencies correspond to excitations propaga-
ting along the surface with a wave vector Q~~. For identi-
cal layers (H„=H,2) the frequencies do not change when
changing Q~~ into —

Q~~. A.s a result, the observed Stokes
and anti-Stokes lines have the same frequency (it can be
easily seen that the positive solutions for co refer to Stokes
or anti-Stokes spectra for

Q~~
or —

Q~~, respectively; alter-
natively, Stokes and anti-Stokes frequencies are, respec-
tively, the positive and the negative solutions for the fre-
quencies at a given Q~~). In contrast, with nonidentical
layers (H„AH,2) one finds diff'erent values for the Stokes
and the anti-Stokes frequencies. This difFerence will be
exploited in the next section in order to calculate sepa-
rately H, &

and H, 2 and we shall show that H,
significantly depends upon the substrate (Cu or Au) on
which the layer has been evaporated.
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B. Shapes and intensities of the spectra

As experimentally verified, the shapes and the intensi-
ties of the spectra strongly depend upon the magnetic,
optic, and geometrical parameters characterizing the
studied layered structure. In order to predict and to ana-
lyze the spectra, it is necessary to proceed to a rather
complete calculation which, indeed, involves the evalua-
tion of the Fourier transforms of the correlation func-
tions of various magnetization components.

The modulation of the electric polarization (or,
equivalently, of the permittivity) by the exciting electric
field E' is written as

(m„'m,&~ ~
II

(15)

X m, (x', rll 0't 0) &

Xexp[i( —Qllrl'I'+cot")] (14)

with co =co' —m'. The fluctuation-dissipation theorem
provides (for fico«k~T, which is the case in Brillouin-
scattering experiments)

4' =A prJRrzp (10)
is an appropriate susceptibility'

where the symmetry properties of A
& depend upon the

crystal structure. In the isotropic and in the cubic cases
A pr

= A e pr, where A is a (light-frequency-dependent)
constant and where e & is the totally antisymmetric
(Levi-Civita) tensor. Such a form leads to well-known
selection rules for the scattered light: with the experi-
mental arrangement used, the scattered light is polarized
perpendicularly to the incident beam. For a hexagonal
uniaxial structure the form of the A &z tensor is less sim-
ple and depends upon two distinct constants: as a result,
the selection rules for the scattered light are modified.
From our experimental data it appears that a discrepancy
from cubic selection rules does exist with some studied
samples but, in all cases, it remains very small: conse-
quently, in the following we shall use the cubic approxi-
mation which will be shown to provide a good agreement
with the experiments. The Fourier transform of the elec-
tric scattered field can be written

m ~(x,Qll, co ) —gv~( x,x,Q ll, co )hp~( x, 'Q
ll,

co )

Stokes anti-Stokes

where h~5(x" —x') is a spatial Fourier transform of a
probe magnetic field. D only depends upon the optical
properties and upon the thicknesses of the layers: it is
easily calculated, taking into account continuity condi-
tions.

y„,is derived from the equation of motion and from
the boundary conditions discussed in Sec. IIA. More
specifically, we introduce a phenomenological damping
term a (and, indeed, the probe field) in addition to the
effective field. (1) is then replaced by

E'(x, kll, co') =4m

X fd r'dt'D(x, x', kll, co')p(r', t')

X exp( i k
II

rll+ t co't—

-1 1 -1 -0 9 -0 8 -0 7 0.7 0.8 0.9 1

Brillouin shift (cm-&)

where the components D & of D are the Green functions
associated with the operator Stokes anti-Stokes

E(x)—VXVX with V= e +ERII (12)

[e(x) is the permittivity].
If the exciting field in the magnetic material is

E'(r) =E'(x)exp(ikll. rll iso't)— -1.1 -1 -0.9 -0.8 -0.7 0.7 0.8 0.9

Brillouin shift (cm-&)

I ~ ~ ~ ~ I

1 1.1

@ps,or&„fdx'dx "D p(x, x')D*r (x,x")
apy5sgg

XEs(x')E~'(x")(m„'m,&~

where

(13)

the scattered intensity at the frequency cu' is found to be
proportional to

FIG. 3. Examples of calculated Stokes and anti-Stokes spec-
tra compared to experimental results for Cu/Co/Au/Co struc-
tures. Bold lines: calculated spectra. Thin lines: experimental
spectra. The two studied samples were prepared with nominal
identical characteristics but the fits are provided with slightly
different anisotropies [sample (a): H, (Co/Cu) =0.41 T,
H, (Co/Au) =0.69 T; sample {b): H, (Co/Cu) =0.51 T,
M, (Co/Au) =0.76 Tj. The damping factors are identical:
a =0.03.
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m=Af. X h + m+hd —V~U

+ 7 I+8D
M

(16)

Details of the calculation are given in the Appendix. Let
us discuss and comment on some numerical results con-
cerning the calculated intensities which appear in Figs. 3
and 4. First, the anti-Stokes spectrum significantly differs
from the Stokes spectrum: this difference is particularly
marked for the pseudo-Damon-Eshbach (DE) mode as
previously noticed. Secondly, the spectral shape strongly
depends upon the thicknesses and upon the anisotropies
of the layers. Io most cases, the pseudo-Damon-Eshbach
mode is expected to be easily observed; in contrast, it can
be difficult or practically impossible to detect the quasi-
uniform mode in the spectrum. Since the quasiuniform
mode frequency is the most sensitive to the interlayer ex-

change, the geometrical arrangements of the samples
have to be carefully adapted to allow the determination
of this exchange. One also notices that, at least for usual
values of the anisotropy fields, the situation where the an-
isotropy of the upper magnetic layer is significantly
higher than that of the lower layer is the most favorable
in order to clearly observe two distinct lines. Finally, the
experimental spectra are generally well reproduced with
the model used, except in some cases where the nonmag-
netic layer is very thin: this will be briefly commented on
in the next section.

III. RESULTS AND DISCUSSIQN

The following discussion is divided in two parts, deal-
ing with the anisotropy and with the interlayer exchange,
respectively. As pointed out here above, depending upon
the specific information desired, the samples have to be
prepared with different geometrical characteristics.

A. Anisotropies
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FIG. 4. Comparison of the spectra of different structures:
Cu/Co/«/Co (a), Au/Co/Au/Co (b), Au/Co/Cu/Co (c).
Bold lines: calculated spectra; thin lines: experimental spectra.
(a) Si/SiO~/Au(250)/Cu(20)/Co(75)/Au(20)/Co(75)/Au(30)
with H, (Co/Cu) =0.41 T, H, (Co/Au) =0.69 T.
(b) Si/Si02/Au(250)/Co(75)/Au(20)/Co(75)/Au(30) with
H, (Co/Au) =0.81 T for both layers.
(c) Si/SiO~/Au(250)/Co(50)/Cu(20)/Co(50)/Au(30) with
H, (Co/Au) = 1.01 T, H, (Co/Cu) =0.56 T. Applied magnetic
field H =0.4 T for samples (a) and (b); H = —0.4 T for sample
(c). The damping factor is a =0.03 for all the samples.

Anisotropies were systematically investigated for sam-
ples grown on a Si substrate as a function of the thickness
of the magnetic layers and of the succession of interfaces.
First, in all cases, the effective anisotropy fields are nearly
equal if the two magnetic layers are evaporated on identi-
cal sublayers (Cu or Au) while they markedly differ if
they are evaporated on distinct sublayers (e.g. ,
Au/Co/Cu/Co or Cu/Co/Au/Co structures instead of
Cu/Co/Cu/Co or Au/Co/Au/Co). Secondly, for a mag-
netic layer of given thickness, the anisotropy field princi-
pally depends upon the neighboring sublayer on which it
has been evaporated. Our experimental results thus sug-
gest that the surface anisotropy energy only weakly de-
pends upon the nature of the studied interfaces. In con-
trast, the nature of the neighboring sublayer monitors the
volume uniaxial anisotropy energy which, as predicted, is
higher for a pseudohexagonal magnetic layer (grown on
Au) than for a pseudocubic one (grown on Cu).

As shown in Fig. 5, for each layer, eK varies linearly
with e, where e is the magnetic layer thickness. For a
given sample with a steplike variation of e [more
specifically the studied structure corresponds to
Au(250)/Co(e)/Cu(20)/Co(e)/Au(30) where the numbers
in parentheses specify the thicknesses in A and e varies
from 20 to 70 A], the slope provides K =3. 1 X 10
erg cm for a layer evaporated on Au and K =3.6 X 10
erg cm for a layer evaporated on Cu. The more pro-
nounced hexagonal character expected with Co grown on
Au explains this marked difference. Notice that the value
3. 1X10 erg cm approaches the anisotropy found in
bulk hcp Co (4.5 X 10 erg cm ). Various values of k
ranging from a nearly vanishing contribution to 1

erg cm and even more can be found in the literature. '

From the above-defined linear variation shown in Fig. 5,
we derive a k value of 0.83 ergcm, identical for both
films. Previously published determinations * ' of kc„
and kA„concerning films grown in comparable condi-
tions, but generally significantly thinner than those used
in the present study, provide rather smaller values of
kc„(-0.2 erg cm ) and k~„(-0.4 ergcm ). In very
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FIG. 5. Variation of eE versus the magnetic layer thickness e
for a Si/Si02/Au(250)/Co(e)/Cu(20)/Co(e)/Au(30) structure. ~
Experimental values for the inner layer (Au/Co}. 0 Experimen-
tal values for the outer layer (Cu/Co). Full lines: fitted linear
variations assuming 4~M =1.76 T, y=1.90X10 HzOe '. Fit-
ted parameters: k =0.83 ergcm, K =3.6X10' ergcm for
Cu/Co, K =3. 1 X 10 erg cm for Au/Co.

thin samples, the magnetoelastic energy does not affect
the surface anisotropy and, consequently, these low
values are more or less explicitly identified as purely mag-
netocrystalline contributions. In contrast, we think that
in our rather thick samples the magnetoelastic terms are
predominant or, at least, comparable to the magnetocrys-
talline ones in the evaluation of the surface anisotropy.
Such a hypothesis agrees with the small volume anisotro-
py which is found in our samples, proving that the mag-
netoelastic contribution to the volume anisotropy is small
or negligible, in contrast with the observed behavior of
thinner films. We have recently obtained additional re-

0
suits involving rather thin (down to 10 A} "symmetric"
single magnetic layers (Cu/Co/Cu or Au/Co/Au) grown
on oxidized silicon substrates: in the case of Cu/Co in-
terfaces, we obtain a linear variation of eE(e) with a k
value lying around 0.4 erg cm, which is closer to the
0.2 erg cm determination mentioned above; in the case
of Au/Co interfaces, eK(e) does not obey a linear varia-
tion. Up to now a comparison with the experiments in-
volving two magnetic layers is not straightforward. But
it is clear that in the last case a surfacelike magnetoelastic
contribution is present and that one observes a linear
variation of eK(e) in the 20—70 A interval of magnetic
thicknesses. The values of k and K derived from the
above-described study of films containing two magnetic
layers provide a reasonable estimation of the anisotropy
fields of all the other samples designed for the study of
the oscillatory exchange (see below), as shown in Fig. 6.
Indeed, some non-negligible discrepancies remain and to
give account of the observed spectra one has to find the
values of the anisotropies for each sample which provide
the most appropriate fit. Notice, for instance, that with a
sample consisting of two magnetic layers evaporated on
identical sublayers (Cu or Au) the two corresponding an-
isotropies can show small but not completely negligible
differences.

The results concerning samples grown on a glass sub-

FIG. 6. Comparison of the measured anisotropy fields in
various studied structures, with the expected values derived
from. the linear variations shown in Fig. 5. The residual
discrepancies presumably derive from uncontrollable volume
anisotropy variations. Notice on sample 0 that the two mag-
netic layers show slightly different anisotropies. 0,
Si/Si02/Au(250)/Co(75)/Au(d)/Co(75)/Au(30), +, 0: Si/SiO2/
Au(250)/Cu(20)/Co(75)/Au(d)/Co(75)/Au(30), X: Si/
SiO,/Au(250)/Co(100)/Cu(d)/Co(100)/Au(30), o: Si/SiO, /
Au(250)/Co(50)/Cu(d)/Co(50)/Au(30), $: Si/Si02/Au(250}/
Co(30)/Cu(d)/Co(30)/Au(30), and ~: Si/Si02/Au(250)/
Co(30)/Au(d)/Co(30)/Au(30).
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FIG. 7. Variation of eE versus the magnetic layer thickness e
for a float glass/Au(250}/Co(e}/Au(30) structure. $: Experi-
mental values (assuming 4~M=1.76 T, y=1.90X10 Hz G ').
Full line: fitted linear variation. Fitted parameters: for low
thicknesses k =0.81 erg cm, K =3.2X 10 erg cm: for high
thicknesses k = 1.26 erg cm, K =7.7 X 10 erg cm

strate do not markedly differ from the above determina-
tions. %"e performed a systematic study for a Co layer
evaporated on a Au buffer, a situation where the Co film
structure is predicted to be approximately hexagonal:
more precisely the sample consisted of a
glass/Au(250)/Co(e)/Au(30) system with a steplike varia-
tion of the Co thickness e. The results are shown in Fig.
7. For e ranging from 40 to 90 A, eK varies quasilinearly
with e, providing an effective value of k of about 1.26
erg crn higher than in the case of a Si substrate. Figure
7 allows one to derive a value of K of about 7.7 X 10
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erg cm . This value is smaller than the obtained one us-
ing a Si substrate, which seems to indicate a more pro-
nounced hexagonal character in the last case. However,
the above-mentioned linear variation does not hold for
the lowest studied values of e (20 and 30 A) where the ob-
served behavior well fits the measured one using a silicon
substrate: due to the rather small number of experimen-
tal results concerning our thinner films, the last data have
to be commented only speculatively. The apparent oc-
currence in Fig. 7 of two different slopes depending upon
the Co thicknesses can be due to a change in the relaxa-
tion mechanisms related to two distinct regimes of strains
in the films, as previously observed, giving rise to
different magnetoelastic contributions; it can also derive
from the fact that the quasihexagonal structure which
generates a large volume anisotropy does not persist
above e =40 A; such hexagonal~cubic transformations
have been reported previously. In any case the
"effective" k determinations lie between 0.8 and 1.3
erg cm, which is significantly higher than most of the
previously published ones and undoubtedly related to
magnetoelastic effects. Concerning the volume contribu-
tion, the comparison of all the experimental results
strongly suggests that it varies significantly from sample
to sample and, up to now, cannot be completely con-
trolled. Consequently, the above study provides good in-
formation about the behavior of the anisotropy but does
not allow a precise prediction of its value which, in each
sample, has to be measured.

As mentioned above, the shapes of the Brillouin spec-
tra strongly depend upon the anisotropy. Figures 3 and 4
show some of the fits obtained for samples with two mag-
netic layers: in addition to the anisotropy fields the Gil-
bert damping factor a [see (16)] has to be adjusted. We
found &x=0.03 using Si substrates and a=0.02 with glass
substrates. u is probably strongly dependent on textural

' defects and on the layer roughness: using atomic force
microscopy measurements we have observed that the
roughness is significantly higher in samples grown on Si
substrates than in samples grown on glass substrates,
which could explain the differences in a.

Finally, a careful theoretical study of the intensity
profiles shows that, in order to observe two well-
separated distinct lines in samples containing two mag-
netic layers, the most favorable situation corresponds to a

Cu/Co/Au/Co/ arrangement where the first Co
is the inner magnetic layer and the second one is the
upper magnetic layer. Consequently, we conclude that
the oscillatory interlayer magnetic exchange is easier to
observe with a Au spacer than with a Cu spacer.

To summarize, our results concerning the anisotropy
show that, as a first approximation, the surface anisotro-
py energy density does not depend upon the investigated
growing conditions while the volume anisotropy energy
density is strongly sample dependent and tends to be
larger for magnetic layers evaporated on a Au sublayer
than for magnetic layers grown on a Cu sublayer, in con-
nection with the less pronounced hexagonal character ex-
pected in the last case: these results agree with previous
observations. The obtained value of k is comparable to
the other published ones and with theoretical expecta-

tions. ' ' However, the measured anisotropy suffers
non-negligible individual variations from sample to sam-
ple.

B. Interlayer oscillatory exchange
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FIG. 8. Variation of the interlayer magnetic exchange versus
the spacer thickness for a sample grown on an oxidized silicon
substrate Si/Si02/Au(250)/Cu(20)/Co(75)/Au(d)/Co{75)/
Au(30). Fitted anisotropy fields: H, (Co/Cu) =0.51 T,
H, (Co/Au) =0.76 T.

The variation of the interlayer exchange versus the
thickness of a Au spacer is put in evidence in our Bril-
louin spectra for samples grown on Si and for samples
grown on glass. However, small differences have been
observed. In order to derive the value of A, 2, a precise
experimental protocol has to be defined.

In the case of a Si substrate we used various samples
with 2 or 4 A steplike variations of the spacer thickness.
As assumed in the preceding subsection, the best results
were obtained with an inner magnetic layer evaporated
on Cu. More precisely, the chosen structure was defined
as Si/Si02/Au(250)/Cu(30)/Co(75)/Au(d)/Co(75)/
Au(30). To extract the A i2 value, we assume that the an-
isotropies do not depend upon the spacer thickness d and
then that they can be derived from the spectra obtained
with the largest values of d (e.g. , 28 A) where A, 2 is van-
ishingly small. The estimated uncertainty on A, 2 is
=0.01 erg cm . As shown in Fig. 8, A &2 is clearly fer-
romagnetic for d = 16 A while it is undoubtedly antiferro-
rnagnetic for d =12 A. For d) 12 A the experimental
shapes of the spectra agree well with the calculated ones,
as evidenced in Figs. 3 and 4. Unfortunately, for
thicknesses varying from 4 to 10 A, the observed shapes
completely change and cannot be fitted using the formal-
ism derived in Sec. II. Only one line which corresponds
to the DE peak appears in the spectra (Fig. 9). This
behavior is probably related to pinhole defects which pro-
vide direct exchange bridges between the two magnetic
layers with, consequently, the disappearance of the quasi-
uniform mode but not of the pseudo-DE one. Figure 8
suggests an oscillation with a pseudoperiod of about 10
0

A, i.e., of about 4 monolayers, in agreement with recently
published values derived from magneto-optical and mag-
netoresistive measurements. ' The amplitude of this os-
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FIG. 10. Variation of the interlayer magnetic exchange
versus the spacer thickness for a sample grown on a glass sub-
strate, Goat glass/Au(250)/Cu(20)/Co(75)/Au(d)/Co(75)/
Au(30). ~: experimental determinations [with the fitted values
H, (Co/Cu) =0.33 T, H, (Co/Au) =0.42 T]. Full line: fit of the
experimental data with expression (17) using A =4.9 erg cm
d

&

=9.6 A d& = 12 A, and ((p= 0.78 rad.
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FIG. 9. Two experimental spectra for a sample grown on an
oxidized silicon substrate, Si/Si02/Au(250)/Cu(20)/Co(75)/
Au(d)/Co(75)/Au(30). DE refers to the Damon-Eshbach mode.
QU refers to the quasiuniform mode. Lines without index are
associated with phonons: their shift does not depend upon H.
(a) d=14 A (all the lines appear on this spectrum). (b) d =8 A
(only the Damon-Eshbach line exists in this spectrum).

cillation exceeds by about a factor of 2 the previously
published one. The oscillating behavior of A, z was
confirmed by a Brillouin study of four different samples,
including samples with magnetic layers showing nearly
equal anisotropies (Au/Co/Au/Co/Au structures) where
the variation of A&z is significantly more dificult to
detect. In all cases Aiz is found antiferromagnetic for
d = 12 A and ferromagnetic for d = 16 A.

In the case of a glass substrate, we used the same pro-
tocol with a glass/Au(250)/Cu(30)/Co(75)/Au(d)/
Co(75)/Au(30) sample. Here, the A, 2 variation can be

0
followed down to d = 8 A; an antiferromagnetic
minimum is clearly observed for d =10 A, as shown in
Fig. 10. The better quality of the films which is
confirmed by roughness measurements and by the smaller
value of the Gilbert damping coefFicient explains that
smaller d values can provide significant results with this
substrate. However, below d = 8 A the spectra behave as
above described in samples grown on Si for small d
values. The A, z oscillation can be fitted with the expres-
sion

where do is the distance between two Au atomic planes.
Bruno and Chappert calculated di =11.4 A (i.e, 4.83
monolayers) and d2=11.8 A (i.e., 5 monolayers) re-
cently, Grolier et aI. found d

&
=10.6 A and dz =11.8 A

from magneto-optical and magnetoresistive measure-
ments. ' In Fig. 10 we present a fit to our Brillouin re-
sults: it provides d] =9.6 A and dz =12 A. Due to ex-
perimental uncertainties, these values do not differ from
the previous determinations and the Brillouin study
confirms the existing theoretical predictions. Up to now,
the A and q& values cannot be directly evaluated in the
Bruno and Chappert model. Experimentally our deter-
minations are significantly different from the results of
Grolier et al. : we find A. =4.9 ergcm and y =0.78
rad, to compare to the Grolier et al. determinations
A=2.7 ergcm and tp =0.11 rad. It is interesting to
notice that, here again, as in the case of a Si substrate, we
find an amplitude of oscillation larger than the previously
published one.

Our experimental data concerning the Si substrate do
not really allow us to fit the behavior of A &z with expres-
sion (17): however, it seems that the phase y is
significantly different with a Si substrate, which leads to a
shift of the first ferromagnetic maximum ( = 17 A instead
of 15 A in the case of a glass substrate).

The oscillatory behavior of the interlayer exchange
with a Cu spacer has been reported but it is strongly sam-
ple dependent and very different values have been found
for its amplitude. ' It seems admitted that, in samples
evaporated in ultrahigh vacuum, pinhole defects easily
appear and that they prevent observation of the oscillat-
ing exchange interaction. ' In our Brillouin measure-
ments we were not successful in putting this oscillation in
evidence. As discussed above, the situation where the
upper magnetic layer is evaporated on Cu is not favorable
from the point of view of the shape of the spectra induced
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by the anisotropy. From a detailed analysis of our exper-
imental data, we can only derive an upper limit of 0.01
«gcm '«r

I ~i21.
To summarize, we did not observe any measurable

variation of the interlayer exchange in Co/Cu/Co struc-
tures. In contrast, we confirm the existence of an oscilla-
tory variation of the interlayer exchange versus the
spacer thickness for Co/Au/Co structures: the pseudo-
periodicity and the attenuation length agree, within the
experimental uncertainties, with the published experi-
mental determinations and with theoretical calculations.
Finally, we have evidenced the importance of a proper
choice of adjustable parameters like the thickness of the
magnetic layers and the applied field, in order to get
significant information about the interlayer exchange.

sion for m or hd with given values of
Q~~ and co is a linear

combination of six different exp[i ( Q~~y +Qxjx ~—t) ]
terms. The total number of independent coefBcients
describing a spin wave in each layer is reduced to six by
introducing a potential P such as hd=VP as deduced
from (3),

y C' "Pl. (Q~~y+Q r)] .

The oscillating part of the magnetization
6

m = g miexp[ i ( Q~~y +Q Jx —co ]
i=&

is then obtained from (1) as a function of
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APPENDIX

hd = g hjexp[i (Qlly +Qx~x cot)]—

since for each allowable value Q~

H+D IIQ II'

H —H. +Dllgll'
(A2)

Calculation of the Brillouin frequency shifts

Assuxning that I is proportional to
exp[i(g~~y+Q x —cot)], Eqs. (1)—(3) enable one to obtain
the dispersion relation (A 1) for a layer where
U'"= (I /At )A—f, .

[H H+ D ( g
(~

+ g—„)][H +D ( g
~~

+g„)](g„+g
~)

)

—(~/y) (Q„+Qii)

+4™IQ~~[H H, +D(Q —
+Q~~ ]

+Q [H+D(g~i+Q )]]=0 (Al)

with H, =2K/M. Q„is a solution of a polynomial equa-
tion of degree 3; consequently, the most general expan-

Calculations of the Brillouin line intensities

Since k~~ =k~e~, the operator

2
COL„=
C

e(x) —VXVX

can be written as

and mJ=O with IIQII =(Q~) +Q~~, h~=ig~~@, and
h J =igj@J

In the case of two coupled layers, the 2X6 coefficients
@~ are solutions of 12 linear homogeneous equations de-
duced from the boundary conditions. The eigenfrequen-
cies are obtained by canceling the associated determinant.

2
a—ik

a—ik
2

, CO a'
8+

Bx
(A3)

a2
e+ —k

ax

Since by definition L„D(x,x') =I5(x —x') where I is the identity operator, one finds D„=D„=Ofor a =x or y.
With, for instance, p-polarized light 4+I', = A (E„'m~ E'm ). From (13) and —(15), it thus results for this polariza-

tion that

I(k~~, ') — d 'd "D„(,')D,*,(, ")1

X [E„'(x')E„"(x")Imp (x",x', q~~, co)+E'(x') "(x")Imp (x,x, q~~, co)

—E„'(x')E"(x")Imp„~(x",x',
Q~~, co) —E~(x')E„*'(x")Imp~„(x",x',

Q~~, co)] . (A4)
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(i) D„(x,x') has to be known only for x' values belong-

ing to a magnetic layer and for x outside of the sample.
However, in order to determinate D„(x,x'), one needs to
write continuity relations for D„and (a/ax)D„at each
interface; it is then necessary to consider values of x
sweeping every domain. Notice that if x and x' do not
belong to the same domain, the Dirac term is absent and
that D„is a simple combination of two exponentials;
when x and x ' belong to the same domain the Dirac term
induces an additional particular solution. Knowing the
general solution for any above-mentioned (x,x') pair, the
D„(x,x') functions of interest can be calculated using the
boundary conditions.

(ii) The exciting fields E' is a linear combination of
damped plane waves and is obtained in each layer versus
the outside incident electric field by writing the usual
boundary conditions between domains of di6'erent per-
mittivities

(iii) In order to derive the susceptibilities required for
the calculation of the scattered intensity, one introduces a
probe field hz. From hd =V/, (16) and (3) transform as

m=&X h~+ m+VP V~U"—
y ~ My

(b) With h (x)=0 and h (x)=5(x —x'),

y„(x,x', QIIe, co) =m, (x),

y~~(x, x', QIIe, co) =m~(x) .

It turns out that the convenient boundary conditions to
be applied to the g,b functions are deduced from those
for m and VP.

Let us denote y as y», y~~ as y2, , and N as g3„Eqs.
(A5) and (A6) can then be written as follows:

H' H, +D—Q
2

a'
y, i(x,x')

a+(ice/y )y2, (x,x') —M g3, (x,x') =5(x —x'),

MiQ—IIy (3XX')=0,
a

4m. y„(x,x')+4~iQIIy2, (x,x')

(A7b)

(A7a)

2—(it/oy )pi i(x, x ') + H'+D Q
II

—
2 y2i(x, x ')

X

+ +2m+ H
M

V (4nm).+V /=0 .

(A5)

(A6)

a'
2+ —Q
II

y3i(x, x') =0,
Bx

(AS)

The susceptibilities g,b(x'x 'Qll'co are defined for an

f (x)exp(iQllrll i tot) dependence of p and m. Writing
with H'=H aito/y —On the. other hand, Eqs. (A7b)
and (AS) are always verified if we assume

p =@(x)exp( iQ IIy i~t), —

m=[m (x)e +m~(x)e~]exp(iQIIy icot), — H+D Qll z
2

a'

h =[h (x)e +by(x)e&]e"p('Qlly i'cot),

one calculates from (A5) and (A6) the appropriate suscep-
tibilities assuming that h (x)=5(x —x') and h~(x) =0 or
that h„(x)=0 and h (x)=5(x —x'). More precisely, one
finds the following:

(a) With h, (x)=5(x —x') and h (x)=0,

g~~(x)x, QII ey, co) = m~(x)

(x,x',
QII e, to) =my(x) .

+4m.MQII 'A,

4mMiQII . +(iso/y ) Q
a 2

a'

2
a'

4 —( /y)Q„+ H+D QII

On the other hand, relation (A7a) leads to the equation

2 a2
H' H, +D Q-

Bx
H'+D Q

II

2
a' a2

2

B2
+4aM Q H' H, +D Q—

II

a2 a2H'+D Q II— A=5(x —x') . (A9)

The method to find the solution is analogous to the method used for finding D„.A is a linear combination of exponen-
tial functions plus, when x and x belong to the same domain, a particular solution induced by the Dirac term. Writing
the boundary conditions, one finally calculates the appropriate susceptibilities [in order to write the boundary condi-
tions related to the Maxwell equations, one has to take into account the oscillating field existing in the nonmagnetic lay-
ers which is still written as hd =V/ but it now satisfies V /=0, i.e., (Q

II

—8 /Bx )/=0 and is then a combination of
two exponential functions].
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