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Spin-wave modes and line broadening in strongly coupled epitaxial
FeÕAl ÕFe and Fe ÕSiÕFe trilayers observed by Brillouin light scattering

B. K. Kuanr,a) M. Buchmeier, R. R. Gareev, D. E. Bürgler, R. Schreiber, and P. Grünberg
Institut für Festkörperforschung, Forschungszentrum Ju¨lich GmbH, D-52425 Ju¨lich, Germany

~Received 28 June 2002; accepted 19 December 2002!

We report on the spin-wave excitation frequencies and the broadening of the mode linewidths in
Stokes and anti-Stokes Brillouin light scattering spectra of strongly exchange coupled~2–6.5
mJ/m2), epitaxial trilayers with the following structures: Fe~80 Å!/Si wedge/Fe~100 Å! and Fe~50
Å!/Al wedge/Fe~70 Å!. Both spacer materials yield qualitatively similar spectra which evolve in the
same way when the spacer thickness increases. We determine the type of interlayer coupling and
quantify its strength as a function of the spacer thickness by comparing and fitting the mode
positions to a model calculation. Furthermore, we observe clearly different behaviors of the mode
linewidths as a function of spacer thickness for the optic and acoustic modes. There are also strong
differences between the Stokes and anti-Stokes side of the spectra. The largest linewidths of up to
8 GHz occur at spacer thicknesses between 5 and 8 Å for both spacer materials. Lateral averaging
and two-magnon scattering are qualitatively discussed as possible sources for the line-broadening.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1554758#
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I. INTRODUCTION

Brillouin light scattering~BLS! is a powerful, nonde-
structive dynamic technique to investigate the fundame
parameters of magnetic thin films and multilayers by stu
ing electromagnetic radiation inelastically scattered by th
mal spin waves~magnons!. So far most BLS studies on mag
netic trilayers and multilayers with interlayer coupling ha
been performed with spacers like Cu, Ag, and Cr which yi
interlayer exchange coupling of the order of 1 mJ/m2.1–10

Antiferromagnetic~AF! interlayer exchange coupling lead
ing to antialignment of the film magnetizations can direc
be identified from a BLS spectra because—under cer
geometric conditions given below—antialignment leads
an asymmetry of the mode positions on the Stokes~magnon
creation! and anti-Stokes~magnon annihilation! side of the
spectra.1,11The strength of the coupling can be obtained fro
fitting the mode positions to a model calculation for bo
ferromagnetic~FM! and AF coupling without the need t
remagnetize and saturate the sample in an external field

Here we present a comprehensive BLS study of t
strongly AF exchange coupled (.2 mJ/m2) trilayer sys-
tems, namely Fe/Si/Fe and Fe/Al/Fe first described in R
12 and 13, respectively. We quantitatively evaluate the m
positions to determine the coupling strength. Using a n
type of model calculation we explicitly take into accou
nonuniform magnetization structures in the FM films th
arise due to strong AF interlayer coupling. Moreover,
observe the influence of the interlayer coupling on the m
non linewidths and discuss possible mechanisms for the
served linebroadening.

a!Author to whom correspondence should be addressed; present ad
Department of Physics, University of Colorado Springs, Colorado Sprin
CO 80918; electronic mail: bkuanr@brain.uccs.edu
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II. EXPERIMENT

Brillouin light scattering experiments are performed
room temperature~RT! utilizing p-polarized laser light with a
wavelength ofl5532 nm incident at an anglea545°. The
laser power is less than 60 mW to avoid undesirable sam
heating. Thes-polarized backscattered light is collected by
camera lens (f 51.4) and analyzed with a~233! pass Tan-
dem Fabry–Pe´rot interferometer.1 In this geometry the mag
non wave vector becomes q54p/lsin(a)51.67
3107 m21. The external magnetic field is applied in th
film plane and normal to the scattering plane of the la
light. The cross polarization geometry prevents phonon li
in the spectra. We use an avalanche diode detector an
Oxford MCS-II card connected to a PC for data acquisitio

The surface modes of the acoustic and optic spin-wa
are recorded on both the Stokes and the anti-Stokes sid
the elastic peak. The magnetic film thicknesses are cho
thin enough so that the higher order exchange modes
shifted well outside the free spectral range of 45 GHz u
for the present investigation. The diameter of laser spo
about 40mm and thus small enough compared to the slo
of the wedges~0.7–1.4 Å/mm! to allow precise measure
ments of coupling strength along the wedge, as confirmed
control measurements with flat spacers, i.e., with vanish
wedge slopes.

Epitaxial wedge-type Fe~80 Å!/Si~0–22 Å!/Fe~100 Å!
and Fe~50 Å!/Al ~0–11 Å or 0–20 Å!/Fe~70 Å! trilayers are
grown by thermale-gun evaporation in an ultrahigh vacuu
~UHV! system with a background pressure better than 10210

mbar. A 150-nm-thick Ag~001! buffer layer is first grown on
UHV-annealed GaAs~001! substrates according to the recip
used in Refs. 14 and 15. In order to minimize segregation
Ag the first 4 ML of the bottom Fe layers are grown at R
and the remaining at 200–250 °C. The growth temperat
for the interlayer are RT in the case of Si and 80 °C for A

ss:
s,
7 © 2003 American Institute of Physics
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The top Fe layer and a ZnS cover layer are grown at RT.
deposition rates are controlled by calibrated quartz-cry
monitors. In situ characterization is performed with Auge
electron spectroscopy~AES!, low energy electron diffraction
~LEED!, and reflection high energy electron diffractio
~RHEED!. AES spectra and well defined RHEED and LEE
diffraction patterns of all layers indicate epitaxial grow
throughout both systems.

III. COUPLED SPIN-WAVE MODES

In a BLS experiment the frequency of spin-waves~mag-
nons! n is measured via inelastic scattering of monoch
matic light. The frequency of the scattered photons can
shifted either down or up byn corresponding to the creatio
~Stokes condition! or annihilation~anti-Stokes condition! of
a magnon, respectively. As the in-plane momentum is c
served, the in-plane wave vector of the probed magnonsq is
well defined by the scattering geometry.

In analogy to coupled harmonic oscillators~e.g.,
phonons!, the magnon modes in two magnetic films coupl
via a non-magnetic interlayer can be classified into acou
~A! and optic~O! modes depending on whether the two fil
magnetizations precess in-phase or 180°-out-of-phase
spectively. This assignment is straightforward when the fi
magnetizations are in parallel~P! alignment. For the antipar
allel ~AP! alignment the two magnetizations precess in o
posite directions, and hence their relative phase changes
tinuously. However, the precessional motions are stron
elliptical because the thin film geometry gives rise to stro
shape anisotropy, which forces the magnetization into
film plane. The long axis of these precessional ellipses lie
the film plane. Considering only the dominant in-plane co
ponent of the dynamic magnetization which performs a p
dulum motion it is possible to distinguish in-phase, acous
and out-of-phase, optic modes.

The frequency of the optic spin-wave modes stron
depends on the interaction, i.e., the interlayer coupli
whereas the acoustic spin-wave modes are almost inde
dent of the coupling strength, again in analogy to coup
harmonic oscillators. However, the acoustic mode freque
depends on the alignment~AP or P! of the film magnetiza-
tions. Dipolar interaction between the dynamic magneti
tions leads to a lower mode frequency for the AP alignme
Hence, the mode frequency of the acoustic mode can so
be used to determine the AF coupling strength via
switching from AP toP alignment, similar to the situation fo
remagnetization measurements as for instance in a mag
optical Kerr effect~MOKE! experiment. In contrast, the op
tic mode allows a determination of the sign and strength
the interlayer coupling without applying a saturating fie
With increasing AF coupling strength the optic mode fr
quency shifts up for AP alignment and down forP alignment
because the AF coupling represents a restoring force for
AP but not for the P alignment. For FM coupling the beha
ior is the opposite: The optic mode frequency shifts up foP
alignment and down for AP alignment.

When the static parts of the magnetizations have com
nents perpendicular to the magnon wave vectorq and oppo-
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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site in direction, then the dipolar interaction gives rise to t
Stokes anti-Stokes asymmetry for AP alignment. ForP align-
ment such an asymmetry never does occur~Fig. 1!. In order
to make sure that the above condition is fulfilled we use t
different ferromagnetic~Fe! layer thicknesses. Even for AP
alignment this results in a non-zero net magnetization wh
aligns the film magnetizationsP and AP, respectively, to the
external field which we apply perpendicular to magnon wa
vector q defined by the scattering plane of the light~Voigt
geometry!.

Measuring at a fixed external magnetic field allows us
study the magnetic excitations when the film magnetizati
are in P, AP, or in a canted alignment at different spac
thicknesses, i.e., for different coupling conditions. The co
pling is parameterized by the bilinear (J1) and biquadratic
(J2) coupling parameters defined via the phenomenolog
energy density expression

EJ52J1cos~Du!2J2cos2~Du!, ~1!

where Du is the angle between the static film magnetiz
tions.

IV. MODEL CALCULATION

The main goal of a model calculation is to calculate t
mode positions as a function of the coupling strengths s
that we can derive the coupling parameters as a functio
spacer thickness. Previously, BLS spectra were calcula
based on the model described in Refs. 8 and 16. This m
assumes thin ferromagnetic layers and weak coupling s
that a single domain state with homogeneous magnetiza
can be considered. Furthermore, the~bilinear and biqua-
dratic! interlayer exchange is treated as a volume effect
fact, however, this interaction only applies a torque to
moments at the interfaces which is then transferred by di
exchange coupling to neighboring layers into the bulk of
ferromagnetic material. Thus, a partial domain wall para
to the interface may form due to competitive torques exer
at the interface by the coupling and in the bulk by the ext
nal field.17 Furthermore, strong coupling gives rise to no

FIG. 1. Calculated acoustic~dashed line! and optic~solid line! spin-wave
frequencies of a Fe~001!~80 Å!/spacer/Fe~100 Å! system in zero field as a
function of effective couplingJeff defined in Eqs.~3! and ~4!. Insets show
the precession directions of the magnetizations. The dominant in-plane
ponents lie in the plane of the drawing and perform in-phase or out-of-ph
pendulum motions. The dotted, vertical line indicatesJeff for a 8-Å-thick Si
spacer and yields mode frequencies in good agreement with spectrum~f! in
the right part of Fig. 2.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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uniform mode profiles with nodes or peaks at the interfa
depending on the alignment of the film magnetizations a
the sign of the coupling.18,19 For strong coupling the critica
thickness where these effects become significant decre
For these reasons the standard ultrathin film approxima
used to calculate BLS spectra,8,16 which assumes both homo
geneous static magnetizations and uniform spin-wave m
profiles perpendicular to the layers, cannot be applied to
samples with too strong coupling.

We use an extended method to calculate the spin-w
frequencies. We virtually divide the ferromagnetic layers in
n thin sublayers with in-plane magnetization anglesu i ( i
51 . . .n). The intralayer exchange energy density can
written as an effective interlayer coupling between the s
layers

Eex52 (
i 51

n21

2A
n

d
cos~u i2u i 11!, ~2!

whereA is the exchange constant andd the thickness of the
ferromagnetic film. This form holds for small sublayer-t
sublayer increments of the angle (uu i2u i 11u!1) which can
be achieved by an appropriate choice ofn. This expression
has the same form as the bilinear interlayer coupling i
multilayer. Thus, the ultrathin film approximation genera
ized for a multilayer system can readily be used to calcu
the spin-wave frequencies. The formation of a twisted st
magnetization structure is taken into account by compu
the minima of the total free energy of the virtual multilay
as a function of the in-plane magnetization anglesu i . The
twisted state appears due to a torque of the external fi
Therefore, the inclusion of the twisted state is of importan
for the correct description of field dependent experimen
The determination of coupling constants under the assu
tion of uniform static and dynamic magnetizations leads
systematic errors, in particularJ2 is overestimated by about
factor 3 in regions with strong coupling. In cases with ve
strong coupling and/or thicker FM layers, satisfactory fi
without considering nonuniform magnetizations are not at
possible. Details of the model and calculation procedu
will be published elsewhere.20

The total free energy is composed of the Zeeman ene
of each sublayer due to the external field, the fourfold cu
anisotropy, intralayer exchange@Eq. ~2!#, the interlayer ex-
change with bilinear and biquadratic contributions accord
to Eq.~1!, and the dipolar energy. Dipolar contributions ari
from to the shape anisotropy forcing the magnetizations
the plane of the sample and from the dynamic dipolar c
pling of the layers that is treated in the lowest order
single-layer magnon modes.16

Figure 1 depicts the calculated mode positions of
optic and acoustic modes inP and AP alignment at zero
external fieldversusthe effective coupling strengthJeff de-
fined as

Jeff5J112J2 ~3!

for P alignment, and

Jeff5J122J2 ~4!
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for AP alignment. In zero field the sign ofJeff determines the
alignment of the magnetizations. For nonzero fields this
not necessarily the case, e.g., at fields larger than the sa
tion field the films are always inP alignment, even for AF
coupling. Thus, it is important to carefully distinguish b
tween the magnetization alignment at a certain field and
type ~FM, AFM, or 90°) of the coupling. We assume F
layers of 80 and 100 Å thickness with a 10-Å-thick interlay
and use the following parameters: Saturation magnetiza
of Fe MS51.653106 A/m, four-fold anisotropy constan
K1545 kJ/m3, gyromagnetic ratiog/2p529.4 GHz/T (g
52.1), exchange constantA5231011 J/m, and q51.67
3107 m21. The insets show the precession of the magn
zations. The in-plane components lie in the plane of
drawing and perform an in-phase or out-of-phase pendu
motion. Based on these motions we denote the modes ac
tic and optic, respectively~see Sec. III!. At external fields
much lower than the saturation field and foruJ1u.u2J2u both
film magnetizationsM1 and M2 align either parallel to the
external field forP alignment~right side! or antiparallel to
each other with the larger magnetizationM2 in field direction
for AP alignment~left side!. For uJ1u,u2J2u and J2,0 the
film magnetizations are in a canted state, and Fig. 1 can
be applied for the interpretation of experimental spectra. T
acoustic mode only shows a jump when the alignment ofM1

and M2 changes, whereas the optic modes additiona
strongly depend on the magnitude ofJeff as discussed in Sec
III. For P alignment the optic mode can have a lower or
higher frequency than the acoustic mode depending on
value of Jeff . A separation ofJ1 and J2 is only possible in
special cases, for example for clear noncollinear alignm
However, the separation is readily feasible using the fi
dependence of the BLS mode positions as has been don
Refs. 12 and 13 for Fe/Si/Fe and Fe/Al/Fe, respectively.
example for the field dependence of BLS spectra will
given in Sec. VI for a Fe~80 Å!/Al ~12 Å!/Fe~130 Å! sample.
For most of the spectra presented in Sec. V,P or AP align-
ment can be directly determined from the position of t
acoustic mode. Only few spectra show a canted alignme

Figure 1 also shows the asymmetry between the Sto
and anti-Stokes side of the spectra for AP alignment. It ari
from dipolar interactions and has first been observed
identified as an indicator for AP alignment by Gru¨nberg
et al.1

V. LINE POSITIONS

BLS spectra including both the Stokes and the an
Stokes sides for different spacer thicknesses are present
Fig. 2 for both types of wedge-type trilayers, Fe/Al/Fe~left!
and Fe/Si/Fe~right!. Acoustic modes identified by thei
higher intensity and by comparison with the model calcu
tions discussed in Sec. IV are gray colored. A small exter
field ~compared to the saturation field! of 30 mT was applied
during the measurement in order to obtain the desired m
netic alignment specified in Sec. III. This field is kept co
stant such that we can exclude different external fields a
source of the linewidth variations presented in Sec. VI. T
evolution of the spectra with spacer thickness for the t
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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systems is qualitatively very similar and can be discus
together. The comparison with Fig. 1 immediately allows
qualitative interpretation.

For very thin interlayers of 1 Å thickness the optic peak
is observed at much higher frequency than the acoustic p
@spectra~a!, the optic peaks of the Fe/Al/Fe system are o
side the frequency range#, and the Stokes and anti-Stoke
sides are symmetric. Therefore, the film magnetizations
in P alignment, which is the result of strong FM couplin
Direct exchange of the two magnetic layers giving rise
FM coupling must be expected at this very small spa
thickness, although pinholes are another possible reason
With the increase of the interlayer thickness to 3 Å@spectra
~b!# the acoustic modes remain unchanged, whereas the
mode comes down in frequency indicating a decrease of
coupling strength. At this spacer thickness direct excha
becomes small, and the still rather strong FM coupling co
be attributed to pinholes whose number decreases
spacer thickness. The next spectra~c! show a shift of the
optic mode to a lower frequency than the acoustic mo
This is due to a further, sharp decrease of the FM coup
strength and corresponds toP alignment with a small, posi-
tive effective couplingJeff ~see Fig. 1!. For Al there appears
a weak Stokes anti-Stokes asymmetry which contradicts
P alignment. Therefore, a canted alignment is the most lik
interpretation of the Al spectrum~c!. In spectra~d! at tAl

55 Å and tSi56 Å there is an abrupt jump of the acoust
mode frequency to a much lower value. This jump refle
the transition of the magnetization alignment fromP to AP.
Additionally, the peak separation on the Stokes and a
Stokes side becomes different and thus asymmetric as
pected for AP or canted alignment of the magnetizatio
Therefore, attAl55 Å and tSi56 Å FM coupling is over-
come by AF or 90° interlayer coupling. In spectra~e! the
Stokes anti-Stokes asymmetry further increases to bec
maximal in spectra~f! for tAl57.5 Å andtSi58 Å. In these
regions the AF coupling is dominant and the magnetizati
are AP aligned. The vertical, dotted line in Fig. 1 yields,
an example, the mode frequencies for the Si spectrum~f! at

FIG. 2. Examples of BLS spectra taken at different interlayer thicknesst
along wedge-type Fe~50 Å!/Al wedge/Fe~70 Å! ~left part! and Fe~80 Å!/Si
wedge/Fe~100 Å! ~right part! samples. An external field of 30 mT is applie
along a@100# easy axis of Fe. Gray colored peaks are assigned to aco
modes.
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tSi58 Å: 239, 210, 16, and 32 GHz. The increase of inte
layer thickness to 13 Å@spectra~g!# leads for both systems to
a drop of the optic mode frequency accompanied by a red
tion of the Stokes anti-Stokes asymmetry. At the largest
terlayer thickness of 15 Å shown in spectra~h! we observe a
distinct material related difference: In the case of Si there
a interchange of optic and acoustic mode positions such
the optic mode lies below the acoustic. As can be seen in
1, this situation may occur forP alignment and weak FM
coupling or for the decoupled state (Jeff50 in Fig. 1!. In the
case of Al, however, there is no interchange of the mo
positions, and there still exists a weak Stokes anti-Sto
asymmetry. Thus, for the Al interlayer the AF coupling has
long tail to rather large spacer thicknesses.

In Fig. 3 we plot the mode frequencies of both th
Stokes and anti-Stokes sides measured in an external fie
30 mT applied along Fe@100# easy axis for a Fe~50 Å!/Al
wedge!/Fe~70 Å! trilayer and a Fe~80 Å!/Si wedge!/Fe~100
Å! trilayer. Note that these data originate partly fro
samples other than the spectra in Fig. 2. The solid lines
fits to the data which allow the determination of the coupli
type and strength. The Fe/Al/Fe system shows FM coup
up to an Al thickness of abouttAl'5 Å and AF coupling for
larger thicknesses in agreement with Fig. 2, where we
serve AF coupling even fortAl515 Å. In contrast, the Fe
Si/Fe system exhibits three different coupling regions, F
for small thicknesses up totSi'5 Å, dominating AF coupling
for 5 Å,tSi,14 Å, and a very weakly FM coupled or de
coupled part fortSi.14 Å. A very narrow region of canted
alignment appears for both sample types at the transi
from FM to AF coupling at about 5 Å. The fits of the spect
yield a clearly higher effective couplingJeff for the Fe/Si/Fe
trilayers compared to the Fe/Al/Fe system. In Figs. 4~a! and
5~a! we plot the fittedJeff as stars for all thicknesses whe

tic
FIG. 3. Mode frequencies for wedge-type Fe~50 Å!/Al wedge/Fe~70 Å! ~a!
and Fe~80 Å!/Si wedge/Fe~100 Å! ~b! trilayers as a function of the interlaye
thicknesses. An external field of 30 mT is applied along a@100# easy axis of
Fe. Squares (h) represent acoustic modes and diamonds (L) optic modes.
Solid lines are fits based on the model calculation using the parame
given in Sec. IV. Regions with different dominant coupling types are labe
and indicated by dashed lines.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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the alignment is eitherP or AP. Additionally, we plot the
thickness dependence ofJ1 and J2 that we have obtained
from fitting the field dependent BLS spectra of Refs. 12 a
13 with our extended model calculation. Using Eqs.~3! and
~4! we find good agreement betweenJeff and the correspond
ing J1 andJ2 values.

The FM coupling strength at smallest thicknesses
ceeds16 mJ/m2 for both systems and then decreases rap
and passes through zero at about 5 Å. An AF peak deve
for both sample types at 7 Å with maxima ofJ1'22 mJ/m2

for Al and J1'26.5 mJ/m2 for Si. The onset of AF cou-
pling is accompanied by biquadratic couplingJ2 which gives
rise to a canted alignment in the transition regions wh
J1'J2 . J2 always remains smaller thanJ1 (uJ2u
,0.5 mJ/m2 for Al and uJ2u,3 mJ/m2 for Si!, andJ2 also
decays quicker thanJ1 . This confirms our interpretation o
the spectra that there is only a narrow thickness range
canted alignment of the film magnetizations.

The AF coupling across Al decays rather slowly as p
viously reported in Ref. 13. This behavior is still unclear a
could be due the fact that for Al the Fermi wave vectorkF

almost reaches the boundary of the first Brillouin zo
(K/2). Therefore, the caliperkC5u2kF2Ku is small and the
resulting oscillation period21,22l52p/kC is big such that the
second oscillation maximum occurs at a large spacer th
ness beyond the thickness range studied here. Another e
nation could be a Stranski–Krastanov-type growth mode
Al on Fe. Due to the initial wetting of the Fe substrate t

FIG. 4. Coupling constantsJeff , J1 , andJ2 ~a! and linewidthDn ~b! of a
wedge-type Fe~50 Å!/Al wedge/Fe~70 Å! trilayer vs interlayer thickness
Horizontal dashed lines in~b! indicate the instrumental linewidth limit. The
vertical dashed line corresponds to the FM to AF coupling transition of F
3~a!.
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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FM coupling is efficiently suppressed and the coupling b
comes AF for small Al thickness. The subsequent thr
dimensional~3D! growth then leads to the slow decay of th
AF coupling because the ‘‘valleys’’ between the growth hi
ocks mediate relatively strong AF coupling even for lar
nominal Al spacer thicknesses. This mechanism also s
presses possibly present intrinsic oscillations of the coupl

The coupling in Fe/Si/Fe decays quickly and becom
small for tSi*14 Å in agreement with the results in Ref. 1
derived from MOKE loops and field dependent BLS. In pa
ticular, there is no oscillatory component of the coupling.
this case the absence of oscillations is related to the h
resistivity of the nominally pure Si spacer.12,23

VI. MODE LINEWIDTHS

In addition to the variation of mode frequenciesn, the
linewidths (Dn) measured as the full width at half maximu
are observed to vary along the wedges in a dramatic ma
@Figs. 4~b! and 5~b!#. The two types of samples show qua
tatively similar behavior and will be discussed together.
first inspection of the data reveals that the linewidths for
acoustic and optic modes as well as for the Stokes and a
Stokes sides behave significantly differently.

The linewidth of the optic mode is larger~up to almost 8
GHz! than for the acoustic mode except for the FM coup
region at spacer thicknesses smaller than 5 Å, where both
linewidth of the optic mode (DnO) and the linewidth of the

.

FIG. 5. Coupling constantsJeff , J1 , andJ2 ~a! and linewidthDn ~b! of a
wedge-type Fe~80 Å!/Si wedge/Fe~100 Å! trilayer vs interlayer thickness
Horizontal dashed lines in~b! indicate the instrumental linewidth limit. The
vertical dashed lines correspond to the coupling regions of Fig. 3~b!.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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acoustic mode (DnA) drop to the instrumental resolutio
limit of about 1 GHz. In the case of Si the acoustic linewid
in this region is slightly larger. Both linewidths becom
clearly larger at the onset of biquadratic coupling and
alignment ~5 Å!. DnO remains larger for the whole AF
coupled region with a distinct maximum attAl56 Å or tSi

57 Å, respectively. In contrast,DnA shows peaks exactly in
the region of canted alignment at the transition fromP to AP
and then quickly drops to the instrumental linewidth. A
linewidths are larger and all effects are much more p
nounced on the Stokes side of the spectra. The direct c
parison with the coupling parameters in Figs. 4~a! and 5~a!
does not show a direct correlation betweenDn andJ1 or J2

neither for the acoustic nor the optic branch. There is also
simple scaling between mode frequenciesn and linewidths
Dn. For instance, the maximum ofnO always occurs at
larger spacer thicknesses than the peak inDnO .

Similar conclusions can be drawn for the behavior of
quantitynDn plotted in Fig. 6 for the Si case. If we plotnDn
for the Al sample we obtain qualitatively similar curves. T
maximum ofnODnO coincides with the coupling maximum
but the peak shapes are clearly different. The quantitiesnDn
show a direct correlation to the alignment:nODnO and
nADnA are equal forP alignment. For AP alignmentnADnA

is slightly lower and constant, whereasnODnO is larger and
shows a pronounced peak. Again, these effects are m
stronger on the Stokes side of the spectra.

We have additionally examined the field dependence
the linewidth as shown in Fig. 7 for a Fe~80 Å!/Al ~12 Å!/
Fe~130 Å! sample. Open symbols in Fig. 7~a! are the experi-
mental mode frequencies shown together with the excel
fit to our model ~solid and dotted lines!. Pairs of arrows
indicate the magnetization alignment which passes thro
the following states: AP aligned with the external fiel
canted, and saturated. The spin–flop transition between
and canted at about 50 mT and saturation at about 250
can clearly be recognized by discontinuities of both mo
and a dip of the optic mode, respectively. The fit yiel
the coupling constants J1521.1 mJ/m2 and J2

520.3 mJ/m2. There is a strong increase ofDnO in the
region of saturation with maximum values of almost
GHz, but no strong dependence on the external field and

FIG. 6. Frequency times linewidthnDn of a wedge-type Fe~50 Å!/Si
wedge/Fe~70 Å! trilayer vs interlayer thicknesses. Vertical dashed lines c
respond to the coupling regions of Fig. 3~b!.
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magnetization alignment in all other parts of the curve.DnA

is rather constant for all fields and insensitive to the alig
ment, even at the spin–flop transition where the magnet
tion directions change abruptly.

We can exclude direct damping of the spinwaves due
structural interface roughness as the dominant source for
line broadening because interface roughness gradu
changes along the wedge. Furthermore, it should have
equal effect on acoustic and optic modes. Similar argume
apply for the scattering from additional spin wave mod
associated with geometrical defects suggested in Ref. 24

Another possibility for the line broadening is scatterin
from dipolar stray fields of defects. However, we expect t
contribution to depend on the magnetization alignment, a
thus we can exclude it as a main origin of line broaden
because the linewidths are found in Fig. 7 to be largely
dependent of the alignment. Furthermore, the interla
thicknesses considered here are much smaller than the d
length of the dipolar interaction~given byq), such that this
effect should not vary as a function of spacer thickness.
we observe strong variations with the spacer thickness
Figs. 4~b! and 5~b!.

A more likely reason for the broadening is magnetic
homogeneities giving rise to nonuniform local coupling. O
course, these can arise from structural inhomogeneities,
thickness fluctuations of the spacer layer. First we estim
the line broadening due to the wedge shape of the interla
which results in a variationDt of the spacer thickness within
the laser spot of diameterD l . The variationDnwedge over
which the laser spot averages is given by

-

FIG. 7. ~a! Field dependence of the mode frequencies for a Fe~80 Å!/Al ~12
Å!/Fe~130 Å! sample. The external field is applied in the film plane a
normal to the scattering plane of the laser light. Solid and dotted lines
fits according to our model calculation.~b! Field dependence of the mod
linewidth. Lines are guides to the eyes.
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Dnwedge5
]n

]t
Dt5

]n

]t
wD l , ~5!

where w is the wedge slope. Estimating]n/]t,5 GHz/Å
from Fig. 3 and usingD l 540 mm andw51.4 Å/mm, we
obtainDnwedge,0.3 GHz, which is about 1 order of magn
tude smaller than the actually observed linewidths. This is
agreement with the fact that we observe similar linewid
for different samples with wedge slopes in the range fr
0.7 to 1.4 Å/mm and also for control samples with flat sp
ers, i.e.,w50 @compare Fig. 4~b! for tAl512 Å with Fig.
7~b! at 30 mT#.

Next we consider variations of the local coupling yiel
ing different mode frequencies which are then avera
within the laser spot. Since the optic mode is sensitive to
coupling strength, whereas the acoustic mode is only in
rectly sensitive to the coupling via the magnetization alig
ment, this mechanism could explain the different behavio
DnO andDnA . If the coupling variations~e.g., due to thick-
ness fluctuations! occur on a small lateral length scale, th
they can give rise to biquadratic coupling.25 In this case the
linewidth should be correlated toJ2 . For larger lateral length
scales we proceed similarly to Eq.~5! and estimate the varia
tion of the mode frequency due to interface roughnesss

DnJ5
]n

]J
DJ5

]n

]J

]J

]t
s. ~6!

The roughnesss is a smooth function of the spacer thickne
t and cannot account for the observed peaks. The aco
mode is not sensitive to the coupling strength, hence]n/]J
is vanishing except for the thicknesses whereJeff changes
sign, i.e., where the magnetization alignment changes~Fig.
1!. There,nA jumps abruptly. Therefore, the peaks ofDnA at
the transition fromP to AP or canted and vice versa@e.g.,
Fig. 5~b!# are compatible with this mechanism.

For the optic branch the situation is less clear. He
]n/]J does not vanish but it is a rather smooth function ot
with an increase for smallJeff ~Fig. 1!. However, the line-
widths are not enhanced for small coupling. Therefore,]J/]t
is the dominant factor in Eq.~6!, and indeed, it can accoun
for peaks ofDnO at spacer thicknesses of 6–7 Å, whereJ(t)
sharply decreases, but the similarly steep increase ofJ(t)
@e.g., Fig. 5~a!# after the coupling maximum does not sho
up in DnO . Thus, the averaging mechanism@Eq. ~6!# can
explain some but not all features of the linewidths behav

We now turn to another mechanism for line broadeni
namely two-magnon scattering proposed by Arias a
Mills26 and recently applied to exchange-bias systems
Rezendeet al.27 A regular array of pits was assumed at t
ferromagnet/antiferromagnet interface that gives rise t
spatially varying direct exchange interaction. The linewid
Dnscattering due to two-magnon scattering at the fluctuati
local exchange field could be written as27

Dnscattering}
HI

2

n
, ~7!

whereHI is a measure of the local perturbation of the e
change field. The parameters describing the geometry o
interface enter the proportionality factor together with ma
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rial constants. In our case, two-magnon scattering occur
interfaces between the magnetic layers and the spacer w
variations of the coupling strength act as scattering pot
tials. Assuming a similar functional dependence we write
linewidth as

Dnscattering}
DHex

2

n
, ~8!

where DHex is a measure of the local perturbation of th
average exchange field,Jeff /MSd. d is the thickness of the
magnetic layer. The appearance ofn in the denominator of
Eq. ~7! is shown by Rezendeet al.27 to arise from the
strength of the scattering potential. As we deal with a sim
origin of the scattering potential—fluctuations of the e
change field due to variation of the interlayer exchange c
pling strength in our case and due to variations of the in
face exchange coupling in their case— we can assume
the linewidth is inversely proportional ton. Thus,nDn is a
measure of the ‘‘two-magnon scattering strength.’’ This
why we plot this quantity in Fig. 6 for the Fe/Si/Fe structur
As mentioned above, the corresponding curve for Al spac
looks qualitatively similar. The clear correlation ofnODnO

with the presence of AP alignment supports the two-mag
scattering mechanism. At the transition fromP to AP align-
ment there is a pronounced competition between strong
coupling probably across pinholes and strong AF coupl
across the interlayers. Therefore,DHex becomes large and
gives rise to the peak inDnO . At the second transition from
AP to P alignment there are also competing couplings b
their strengths are much weaker, and hence the fluctuat
DHex are smaller. The two-magnon scattering mechan
leads to Lorentzian line shapes, whereas the avera
mechanisms@Eqs. ~5! and ~6!# are expected to produc
Gaussian line shapes. Unfortunately, the statistics of
spectra do not allow a definite statement about the p
shape. Most likely, the peaks must be described by mixt
of Gaussian and Lorentzian curves, indicating that both
averaging and the scattering mechanism are operative.

From these qualitative considerations we find that b
lateral averaging@Eq. ~6!# and two-magnon scattering@Eq.
~8!# show up as features of the linewidth curves. Howev
neither of them can account for all observed features or
plain the strongly different linewidths on the Stokes and an
Stokes sides of the spectra. Qualitatively, the linewidths
particularDnO , are rather sensitive to magnetic inhomog
neities arising:~i! from competing couplings as in the tran
sitions regions and~ii ! from fluctuations of the interlaye
coupling, in particular in the region of AP alignment, whic
both give rise to fluctuations of the magnetization directio
Directional fluctuations are also a likely origin of th
strongly enhanced optical linewidths near saturation in F
7.

VII. CONCLUSIONS

We present BLS spectra of magnetic trilayer structu
with strong AF interlayer exchange coupling. The line po
tions of the BLS spectra~Stokes and anti-Stokes side! are
well understood and are successfully calculated using an
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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tended model calculation that is especially suited for stro
interlayer coupling. The variation of the line position alon
the wedge-shaped spacer of the trilayers is interprete
terms of different coupling regimes, and the coupli
strengths are quantitatively derived from the spectra.

The linewidths of the modes as a function of the spa
thickness— and hence the coupling—show a rich struc
with significant differences between Stokes and anti-Sto
sides as well as between acoustic and optic modes. La
averaging and two-magnon scattering are qualitatively
cussed as two possible mechanisms for the line broaden
The measured linewidth curves show features of both me
nisms. A quantitative description of the linewidths is mu
more complex than for the line positions because the li
widths in both mechanisms are related to fluctuations of
coupling, whereas the line positions can be described by
eraged coupling constants. The calculation of BLS lin
widths in coupled magnetic trilayers remains a challenge
theory.
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