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The scattering of photons from spin waves [Brillouin light scattering (BLS)] is a well-established technique
for the study of layered magnetic systems. The information about the magnetic state and properties of the
sample is contained in the frequency position, width, and intensity of the BLS peaks. Previously [Phys. Rev. B
67, 184404 (2003)], we have shown that spin wave frequencies can be conveniently calculated within the
ultrathin film approach, treating the intralayer exchange as an effective bilinear interlayer coupling between
thin virtual sheets of the ferromagnetic layers. Here we give the consequent extension of this approach to the
calculation of the Brillouin light scattering peak intensities. Given the very close relation of the BLS cross
section to the magneto-optic Kerr effect (MOKE), the depth-resolved longitudinal and polar MOKE coeffi-
cients calculated numerically via the usual magneto-optic formalism can be employed in combination with the
spin wave precessional amplitudes to calculate full BLS spectra for a given magnetic system. This approach
allows an easy calculation of BLS intensities even for noncollinear spin configurations including the exchange
modes. The formalism is applied to a Fe/Cr/Fe/Ag/Fe trilayer system with one antiferromagnetically cou-
pling spacer (Cr). Good agreement with the experimental spectra is found for a wide variety of spin

configurations.
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I. INTRODUCTION

In a Brillouin light scattering (BLS) experiment spin
waves in a magnetic system are probed via inelastic scatter-
ing of photons. The spin wave mode or magnon appears as a
peak in the recorded spectrum, which is shifted by the mag-
non frequency v, relative to the central peak in the spectrum,
which in turn is caused by elastically scattered photons. The
shift reflects either an energy loss or energy gain correspond-
ing to the creation (Stokes condition) or annihilation (anti-
Stokes condition) of a magnon, respectively. The spectrum
contains three different types of information: (i) the peak
positions, which are determined by the spin wave frequen-
cies, (ii) the peak shapes and especially their widths, which
are related to the lifetime of the magnons, and (iii) the peak
areas, which are proportional to the scattering cross sections.

Most experiments focus on an analysis of the spin wave
frequencies, which contain information about many magnetic
properties such as, for instance, saturation magnetization,
anisotropies, and interlayer coupling. With a suitable experi-
mental geometry and procedure, these properties can be de-
termined solely on the basis of the magnon frequencies. The
peak width or linewidth contains information about the spin
wave lifetime 7 as it results in a linewidth broadening pro-
portional to 1/7. However, in most cases concerning epitax-
ial samples this magnon linewidth is much smaller than the
apparatus broadening of about 1 GHz and cannot be re-
solved. Only when the magnon lifetime is strongly reduced,
e.g., due to extrinsic two-magnon scattering in the case of
exchange bias,' interlayer exchange coupling,? or in poly-
crystalline samples, the magnon linewidth becomes larger
than the apparatus resolution and can be analyzed. On the
other hand, the scattering intensities, which are the topic of
this work, carry information mainly about the precessional
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amplitudes of the spin waves, but also depend on the optic
and magneto-optic properties of the sample. For a full quan-
titative analysis of the BLS spectra, however, peak positions,
linewidths, and peak intensities must be treated on an equal
footing.

It is important to note that very few papers®'® have yet
addressed the issue of the scattering intensities, although
they contain valuable information about the mode types, the
alignment of the magnetic moments, and can even be used to
investigate the magneto-optic coupling.!” This lack of inter-
est is probably due to the fact that the cross sections cannot
be easily analyzed in an intuitive manner, but require a com-
parison with theory. On the other hand, the kind of detailed
information hidden in the peak intensities is of high rel-
evance for many technological applications, such as data
storage and communication technology, because the opera-
tion frequencies of contemporary magnetic devices approach
the GHz regime, where the magnetization dynamics is
closely related to the spin wave modes.

The computation of the scattering intensities is commonly
considered to be very complicated.” There is only a handful
of research groups which have successfully developed and
applied a suitable formalism, although the computation
scheme is now known for more than three decades.® Part of
the computational complexity stems from the so-called par-
tial waves approach,”!'-2! which has been used to calculate
the spin wave cross sections in most papers. To our knowl-
edge this approach has not yet been applied to and solved for
noncollinear alignments of the magnetization and, thus, stud-
ies dealing with BLS intensities in noncollinear states are
rarely available.'®!3!8 However, exactly those noncollinear
states are crucial for the magnetization switching employed
in a large number of devices, such as for instance MRAM. A
detailed understanding of the dynamics of noncollinear states

©2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.75.184436

BUCHMEIER et al.

is therefore highly desirable and a theoretical description of
the spin wave properties of noncollinear states is of high
technological relevance.

Only three papers'®!'!13 employ the much easier ultrathin
film approximation (UTFA),'%?2-2* which has been thought
to be accurate only for the lowest-energy modes of ferromag-
netic films with thicknesses well below the exchange length,
i.e., a few nanometers in the case of Fe. However, in our
previous work (Ref. 25) we have shown that the UTFA ap-
proach can be easily extended in order to accurately describe
the modes in thicker films. We thereby included also the
exchange modes and the twisted ground state found in ex-
change springs and also in the case of very strong interlayer
exchange coupling. In the present contribution, we elucidate
how this calculation scheme can be further extended to de-
scribe BLS cross sections. In fact, the cross-section calcula-
tion using this method only requires a standard treatment of
the light propagation in the multilayer apart from the formu-
las already presented in Ref. 25. As we will show below, the
optics involved is closely related to the magneto-optic Kerr
effect (MOKE). This has the advantage that existing com-
puter codes for the calculation of the MOKE can be reused to
evaluate the BLS intensities.

Section II gives a detailed description of our computa-
tional procedure. In order to demonstrate the accuracy of the
scheme we have recomputed the spectrum of Ref. 7 and find
an excellent agreement with respect to the peak positions and
intensities. An open-source computer program for the calcu-
lation of BLS frequencies, precessional amplitudes, and in-
tensities (although excluding the ground state calculation) as
well as for the calculation of MOKE can be downloaded
from our server, see Ref. 26.

In Sec. III we apply our formalism to a well-characterized
epitaxial spin valve structure of the sequence Fe(14 nm)
/Cr(0.9 nm)/Fe(10 nm)/Ag(6 nm)/Fe(2 nm). While the
bottom Fe/Cr/Fe trilayer couples antiferromagnetically, the
top, thin Fe layer is decoupled and can be switched more
easily by an external field. As a consequence this layer stack
shows a rich variety of different spin configurations as a
function of field strength and orientation. The application of
BLS intensity theory to such a model system with multiple
well-defined spin configurations has, to our knowledge, been
lacking. We find excellent agreement between our model cal-
culation and the experimental spectra for all spin configura-
tions.

II. CALCULATION

The calculation of the spin wave frequencies and scatter-
ing intensities is carried out based on our approach described
in detail in Ref. 25 and requires only little additional pro-
gramming effort. Only the standard formalism for the calcu-
lation of the MOKE in multilayers either using the full 4
X 4 (Refs. 27-29) or the approximate 2 X 2 (Ref. 30) matrix
approach is needed in addition to the formalism in Ref. 25.
The computation is carried out in a sequence of four steps as
explained in the following:

A. Calculation of the magnon frequencies

The calculation of the magnetic ground state and the spin
wave frequencies in the extended UTFA is described in detail
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FIG. 1. (a) Relation between the laboratory frame (xyz) and the
coordinate system (£y{) attached to the static magnetization M; in
each sheet. (b) Scattering geometry.

in Ref. 25. In brief, the intralayer exchange within the ferro-
magnetic layers is treated as an effective bilinear interlayer
coupling J?ff between thin virtual sheets of the ferromagnetic
material. The virtual multilayer consisting of the virtual fer-
romagnetic sheets is then treated within the conventional
UTFA approach.!%?2-24 1t is of crucial importance to divide
the ferromagnetic layers into thin enough sheets in order to
obtain (i) the correct ground state for the case of strong in-
terlayer coupling or (ii) the frequencies of modes, which are
not uniform in the perpendicular direction, i.e., Damon-
Eshbach modes, optic and exchange modes. In particular, an
improper ground state configuration can lead to the disap-
pearance of some modes, especially the optic modes in anti-
ferromagnetically coupled systems.

B. Calculation of the precessional amplitudes

The calculation of the mode profiles is straightforward.
For a multilayer with N sheets, the numerical procedure con-
sists of solving the set of 2N equations given by Eq. (A2) in
Ref. 25 for the dynamic magnetization components m;; of
each mode with index n and corresponding frequency w,,

> Aj‘:llc(wn)mi,k =0, (1)
ik

where i,/ are sheet indices (i,/=1,...,N) and k,[ are axis
indices (k,I=y, &). The relation between the laboratory frame
(xyz) and the coordinate system (&y{) attached to the static
magnetization M; in each sheet is shown in Fig. 1(a). This
calculation can be easily carried out with standard matrix
algorithms, e.g., from Ref. 31.

C. Normalization of the precessional amplitudes

In order to calculate the relative scattering intensities the
amplitude of each spin wave mode must be normalized such
that its energy per unit area is equal to the thermal energy.
For low frequency modes (Aw<<kT), which are of relevance
for the present case, the thermal energy is just kT.3> There-
fore, the mode amplitudes must be adjusted so that they have
the same energy. The mean energy per unit area stored in a
mode is given by
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where F is the magnetic free energy per unit area and 7; is
the dynamic magnetization per unit area inside sheet i. For-
tunately the matrix elements A;”]l‘ are proportional to the sec-
ond derivatives of the free energy:
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where d /; are the film thicknesses. The mode energy normal-
ization is thus performed via scaling m; by 1/~E(m;).

D. Calculation of the scattering intensities

In the next step the interaction of the spin waves with the
electromagnetic wave via the magneto-optic coupling must
be taken into account. The spin wave induces a polarization

AP inside sheet i oscillating at @y jgn* wgw.’
APZ = AEiEi = EKiEi X ’;ll" (4)

where Ag; is the magnetic part of the dielectric tensor, K; is

the linear magneto-optic coupling constant, Ei is the electric
field of the light, and ; is the dynamic magnetization, each
inside the magnetic sheet with index i. Only the first order
magneto-optic coupling or terms linear in m have been taken
into account. The phase of the dynamic magnetization must
be considered, which means 1 is a complex vector with, e.g.,
imaginary out-of-plane component m, and real in-plane com-
ponent m; as assumed in Ref. 25. 3 It is worth noting that
exactly the same formula (4) can also be used to calculate the
MOKE signal in the approximative 2 X 2 matrix approach of
Ref. 30. The only difference between Eq. (4.3) in Ref. 30 and
Eq. (4) is the factor % and the use of the static instead of the
dynamic magnetization. In both cases of BLS and MOKE,
the electromagnetic wave generated by the induced polariza-

tion AP must be equated taking into account the dielectric
tensors and standard boundary conditions of all sheets. The
procedure is exactly the same for the reflected and the 180°
backscattered light. The only difference is that the reflected

light propagates along the +k’ directions, while the 180°

backscattered light propagates along the +k directions [see
Fig. 1(b)] corresponding to a reversed sign of the in-plane
component of the wave vector.

In the case of MOKE it is well known that the resulting
complex Kerr angle, e.g., for incident s polarization @,
=E,/E;=r,/r, can be expanded as a function of the Carte-
sian magnetlzatlon components,>*

(I)s = E [rsp,(M=0) + liMx,i + piMy,i + O(Mz)]/rss’ (5)

where the diagonal reflection coefficient r, is independent of
the magnetization, and the nonmagnetic part of the off-
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diagonal reflection coefficient rg, () is zero for materials

with cubic symmetry. Terms quadratic in M are known to be
small unless the angle of incidence is nearly perpendicular or
grazing. Terms linear in the transversal magnetization com-
ponent M, only appear if the incident light has p-polarized
components.

From the above discussion it is clear that the intensity of
the scattered light from each mode with index n can also be
decomposed in the same way as in Eq. (5),

10 2
=gl = | 2 (P ml+pPomi) | (6)

V.l

Equations (6) and (5) can easily be deduced employing the
approximate magneto-optic formalism in Ref. 30. Addition-
ally, it can be shown that the coefficients / and p in Egs. (5)
and (6) in fact only differ by sign. This is also plausible from
simple symmetry considerations: Neglecting the small Kerr
component and assuming s polarization of the incident light
the electric field vector is parallel to the Z direction every-
where. Therefore, the polar magnetization component m,, re-
sults in a Kerr component with electric field vector parallel
to APxE_Xm,, that is parallel to the X direction. As the
projection of £ on the p and p' directions is the same [see
Fig. 1(b)], the polar coefficient must be the same for reflec-
tion and backscattering, i.e., pgrs=pPmokge- On the other
hand, the longitudinal magnetization component m, results in
an electric field vector of the Kerr component parallel to the
v direction. As can be seen from Fig. 1(b) the projections of
the y direction on p and p’ only differ in sign. Therefore, the
longitudinal coefficient has opposite sign for the 180° back-
scattering configuration, i.e., Ig;s=—Iyokg- The arguments
are more involved in the case of incident p polarization.
However, it is well known from theory that the first order
intensities are the same for sp and ps scattering.!' In sum-
mary, the BLS scattering intensities in the 180° backscatter-
ing configuration can be calculated in the following way:
I(n) - 2 (_ li\/IOKEm(n) +p£\/IOKE (n)) (7)

where the dynamic magnetization of each spin wave mode n
must be computed and normalized as described above, and /;
and p; are the effective longitudinal and polar MOKE coef-
ficients of layer i as defined by Eq. (5). They can be calcu-
lated using the standard 4 X4 formalism as explained in
Refs. 27-29 or even more easily with the approximative 2
X 2 approach presented in Ref. 30.

E. Comparison with the theory of Cochran and Dutcher

In order to check the reliability and accuracy of the cal-
culational scheme described above, we have calculated the
relative intensities of a thick iron film on a Au substrate
using the same parameters as given by Cochran and Dutcher
in Ref. 7. The parameters for the Fe film are thickness
85 nm, saturation magnetization M¢=1.68 MA/m, exchange
constant A=1.8X 107" J/m, gyromagnetic ratio /2w
=29.26 GHz/T, and refraction index ng,=2.83+2.90i. For
the Au substrate we use a refraction index n,,=0.67+2.05i.
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FIG. 2. Calculated spectrum of a 85 nm thick Fe layer (black) in
comparison with the spectrum calculated by Cochran and Dutcher
(gray) from Fig. 2(a) in Ref. 7. Reprinted from J. F. Cochran and J.
R. Dutcher, J. Magn. Magn. Mater. 73, 299 (1988). Copyright
(1988), with permission from Elsevier.

The sample is saturated in an external field of 0.3 T applied
perpendicular to the plane of incidence and parallel to the
film plane [Fig. 1(b)]. The light wavelength of 514.5 nm and
the angle of incidence of 45° results in an in-plane magnon
vector of 1.73X 107 m~'. The absolute value of the magneto-
optic coupling or the presence of a thin capping layer (as
usually the case in experimental studies) are of minor impor-
tance as they merely scale the absolute value of all intensi-
ties, while the spectra are anyway normalized to a maximum
intensity of 1 for the anti-Stokes Damon-Eshbach mode la-
belled S5.

In order to obtain accurate results the layer has been vir-
tually divided into 85 sheets each 1 nm thick. As in Ref. 7
the calculated spectrum is convoluted with a Lorentzian line
shape with a full width at half-maximum (FWHM) of
2 GHz, which corresponds to a typical instrumental function
of a BLS experiment. The results of our calculation are
shown in Fig. 2 and compared with the spectrum of Cochran
and Dutcher.” The agreement is excellent and the two spectra
can hardly be distinguished. Only the modes A4, AS, S4, and
S5 differ slightly in frequency by approximately 1 GHz. This
small deviation should not arise from using the extended
UTFA, which only slightly overestimates (less than 0.2 GHz)
the frequency of the highest modes as compared to the par-
tial waves method. It might, however, be due to the fact that
we used the magnetostatic approximation, i.e., we did not
take into account the electric high-frequency conductivity in
our spin wave calculation. This will cause some error for
films with thicknesses comparable or larger than the skin
depth at the spin wave frequency.

III. APPLICATION TO A COUPLED TRILAYER SYSTEM

In this section, we apply the formalism described in Sec.
II to a multilayer structure with three ferromagnetic layers,
which are subject to competing interactions and thus show a
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rich variety of spin configurations as a function of the exter-
nal field.

A. Sample preparation and experimental setup

Epitaxial Fe(14 nm)/Cr(0.9 nm)/Fe(10 nm)/Ag(6 nm)
/Fe(2 nm) spin valve structures have been prepared by mo-
lecular beam epitaxy on top of a GaAs/Ag(001) buffer sys-
tem. The samples have been capped with a 50 nm thick an-
tireflection ZnS layer in order to prevent oxidation and
enhance the magneto-optic response. These kinds of struc-
tures are interesting model systems, which we also employ to
investigate current-induced magnetization switching.®> The
preparation is described in detail elsewhere.>> The Cr thick-
ness has been chosen in order to obtain a strong antiferro-
magnetic coupling in the bottom Fe/Cr/Fe trilayer, which
fixes the center reference layer. The top, thin Fe layer is
decoupled and can be switched more easily by an external
field or a perpendicularly applied current. As the samples are
fully epitaxial and therefore mainly in a magnetic single do-
main state the remagnetization behavior can be modeled eas-
ily. However, as a consequence of the various competing
interactions—Zeeman energy, magnetocrystalline anisotropy
of all ferromagnetic layers, interlayer exchange coupling—a
rich variety of different magnetization configurations is pos-
sible and hysteretic effects determine which configurations
actually occur at low fields.

The BLS spectra have been recorded using a Sandercock
type (2% 3) pass tandem Fabry-Pérot interferometer®® in the
180° backscattering geometry. The wavelength A=532 nm of
the laser light together with the angle of incidence of 45°
results in an in-plane magnon wave vector g=1.67
X 107 m~! of the measured magnons. The external field was
applied in the film plane and perpendicular to the magnon
wave vector as sketched in Fig. 1(b).

B. Results and discussion

Figure 3 shows the experimental spin wave frequencies
(open circles) as a function of the external field applied par-
allel to the easy [001] (bottom graph) and hard [011] direc-
tion (top graph) of the cubic magnetocrystalline anisotropy.
Corresponding spectra are shown in Fig. 5 below. Only the
three dipolar modes, which are lowest in frequency, are
shown. These modes can be classified as one acoustic and
two optical modes. This classification, however, is strictly
valid only for the saturated sample. The acoustic mode is
characterized by an in-phase precession of the magnetization
in all layers, while for the optical modes the precession of at
least two neighboring layer magnetizations is out of phase.
The graphs can be divided into three distinct field regions
bounded by switching events: For low field values (B.y
<35 mT) there is a distinct asymmetry between the Stokes
and the anti-Stokes side. This unique feature proves an anti-
parallel alignment of the magnetic moments of the two
bottom-most Fe layers collinear with the external field ap-
plied in the easy axis direction.’” At higher fields (B,
>35mT) the antiferromagnetically coupled bottom
Fe/Cr/Fe double layer switches into a canted configuration
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FIG. 3. Field dependence of measured BLS data (open circles)
and least square fit (solid line) of a Fe(14 nm)
/Cr(0.9 nm)/Fe(10 nm)/Au(6 nm)/Fe(2 nm) sample.

with a relative angle between the layers magnetizations of
about 90°. This so-called spin-flop transition is a first order
transition and can be distinguished by a discontinuity (jump)
of the mode frequencies. The sample saturates at an external
field of about 80 and 180 mT in the easy and hard axis con-
figuration, respectively. As the coupling and anisotropy ener-
gies are of comparable magnitude, magnetic saturation is a
first order transition marked by jumps in the frequencies for
the easy axis configuration. On the other hand, in the hard
axis configuration the saturation is approached continuously,
i.e., following a second order transition. In this case no
jumps in the mode frequencies can be observed. The satura-
tion point is only marked by a minimum in the lowest mode
frequency, which is the optical mode of the antiferromagneti-
cally coupled Fe/Cr/Fe double layer, and a weak change in
slope of the other modes.

The hard and easy axis data have been fitted simulta-
neously in order to extract the magnetic parameters of the Fe
layers and the interlayer coupling. In order to reduce the
number of adjustable parameters the intralayer exchange
stiffness and gyromagnetic ratio have been fixed to their lit-
erature values of D=2.4X10""7 T m? and v/27=29.4 GHz,
respectively. The bottom (index b) and central (index c¢) lay-
ers have been assumed to have equal saturation magnetiza-
tions M, ) and cubic anisotropies K¢, ), and the perpen-
dicular interface anisotropies have been assumed to be the
same for the three chemically similar Fe/Ag and Fe/Au in-
terfaces, Kgauag): Ksicr is the interface anisotropy of the
two Fe/Cr interfaces and Kgz,s) of the topmost Fe/ZnS in-
terface.

From the very low switching field of the top layer (index
1) of less than 1 m T when the field direction is reversed (see
Fig. 4 below), we can conclude that the interlayer exchange
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FIG. 4. Field dependence of measured (open circles) and calcu-
lated (solid and dashed lines) frequencies at low fields. The field is
swept from positive to negative values. The shades of the calculated
curves correspond to the magnetization alignments shown in the
upper part.

coupling across the 6 nm thick Ag interlayer is negligibly
small. Therefore, it has been set to zero. In order to properly
describe the modes a division of all three ferromagnetic lay-
ers in 1 nm thick sheets has been employed. This is sufficient
to take care of the partial nonuniformity of the modes in the
y direction and of the twist of the static magnetization, which
is almost negligible for the easy axis configuration, yet has
some influence on the hard axis configuration. The param-
eters extracted from the fit are Mg, )=1.76 MA/m=0.3%,
MS(Z)= 1.58 MA/IIliOZ%, KC(b,c)=57kJ/m312%, KC(t)
=33 kJ/m*+3%, K(auag=0.5 mJ/m?+3%, Kscr)
=0.0£0.05 mJ/m?,  Kgz,5=0.3 mJ/m?+11%, and a
strength of the bilinear and biquadratic coupling contribu-
tions across Cr of J;=—0.97 mJ/m’+2% and J,=
—0.10 mJ/m?+7%, respectively. The confidence limits are
purely determined from the fit and are most likely underes-
timated as the error in the determination of the layer thick-
nesses and an inaccuracy of the sample orientation of about
5° have not been taken into account. On the other hand, it
must be considered that there is some degree of dependency
between the parameters as the frequencies in ultrathin film
MLs depend mainly on the effective magnetizations M
=M -2K/(duyM) and the effective anisotropy and coupling
fields, which are proportional to K-/M and J,,/M, respec-
tively. The calculated field dependences using the parameters
extracted from the fit are plotted as solid lines in Fig. 3. As
can be seen, the results of the calculation are in excellent
overall agreement with the experimental data. Only the high-
est frequency mode differs somehow in the canted state for
the easy axis configuration. This small discrepancy could be
due to either the too simplified J,-J, model used to describe
the coupling. It has been shown to be possibly insufficient to
describe the coupling across Cr spacers.® Another reason
could be the necessary reduction of the huge number of fit-
ting parameters. We also point out the notable asymmetry
between Stokes and anti-Stokes frequencies in the saturated

184436-5



BUCHMEIER et al.

state, especially of the lowest optic modes in the hard axis
configuration, which could not be fully reproduced by the fit.
This asymmetry could be due to the intrinsic geometric
asymmetry of the sample. It is known that such an asymme-
try can also stem from asymmetric interface anisotropies,’”
which could not be properly taken into account in the calcu-
lation as the large number of at least six interface anisotropy
parameters (one for each interface) is very cumbersome to
fit.

While an applied external field will tend to align the
thickest bottom layer and the thinnest uncoupled top layer in
the field direction and, thus, fix the magnetization directions
of all layers in the antiferromagnetic state in the easy axis
configuration, the situation gets much more complex when
the field approaches the zero value. In zero external field four
directions of the magnetizations of the coupled bottom
double layer and four directions of the magnetizations of the
uncoupled top layer, each parallel to an easy axis, are pos-
sible. However, only nine out of these 16 possible zero field
ground states can be distinguished by the theory and the
experimental setup used here, as a reversal of the sign of the
x components of the static magnetization of either the
coupled double layer or the free top layer, i.e., transversal to
the external field direction, has neither an effect on the fre-
quencies nor the BLS intensities due to linear magneto-optic
coupling. The reason is that as a result only the sign of the z
components of the precessional amplitudes changes. How-
ever, they mediate neither dynamic dipolar coupling as can
be concluded from Eq. (A8) in Ref. 25, nor a magneto-
optical response as m, does not enter Eq. (7). The intensities
only depend on m, via the second order magneto-optic cou-
pling, which has been neglected in Eq. (7), as it has only a
small impact on the intensities for our setup with a large
angle of incidence.

In Fig. 4 we show the experimental (open circles) and
calculated frequencies (solid and dashed lines) at low field
(Bext<10 m T). To take into account the switching events,
the field has been scanned from positive to negative values
and applied parallel to an easy direction. As the Zeeman
energy has a negligible influence on the spin waves at such
low field values, the differences in frequency must be mainly
due to different alignments of the static magnetization vec-
tors. Four different ground states with corresponding transi-
tions at about —0.3, =3, and =3.5 m T can be observed. By
comparing the calculated and experimental frequencies the
following remagnetization behavior can be derived: At zero
field the thickest, bottom-most layer points in the positive
field direction and the other layers are antiparallel to their
nearest neighbor (red state). At a small reversed field of
about —0.3 m T the thin top layer switches into the field di-
rection (green state). Then at about =3 m T the magnetiza-
tions of the bottom double layer, initially aligned with its net
magnetic moment (M,—M,) along the field direction,
switches first into the direction perpendicular to the external
field (blue state) and then completely reverses at about
—3.5m T (black state). About one order of magnitude larger
switching field of the coupled double layer as compared to
the single layer can be explained by a competition between
the pinning energy, which is proportional to the thickness,
and the Zeeman energy, which is proportional to the net
magnetic moment.
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FIG. 5. Experimental (thick gray lines) and calculated (thin
black lines) BLS spectra at different fields applied along the easy
(a) and hard (b) axis of the magnetocrystalline anisotropy. The com-
puted directions of the magnetic moments of the layers are indi-
cated with arrows similar to those in Fig. 4.

While such a remagnetization sequence can be easily ex-
amined also with integrating static methods as, for instance,
MOKE or SQUID magnetometry, the analysis of the peak
areas and widths in the BLS spectra also allows one to de-
termine whether the sample is in a single or multiple domain
state. A multiple domain configuration can be recognized by
a line broadening and altered intensities for small domains
mediating two-magnon scattering or multiple peaks for large
enough domains. Experimental spectra for the easy and hard
axis configuration are shown as gray curves in Fig. 5. Cal-
culated spectra based on the parameters extracted from the fit
are plotted as thin black lines. For the intensity calculations
we have only used the magnetic parameters extracted from
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the fit in Fig. 3 and literature values®® for the indices of
refraction of the layers, intrapolated to our laser wavelength,
npg=0.248+3.392i, ng=2.595+3.322i, and nc=2.833
+4.450i. The ZnS capping layer, which has no influence on
the relative intensities, has been neglected. It should also be
noted that all three Fe layers of the sample contribute to the
intensities with the same order of magnitude. This can be
recognized from the comparable values of the integrated
magneto-optical coefficients of the bottom, center, and top
layers, which (with magneto-optic coupling |KM|=1) are
|1y...|=(2.86,6.99,2.96) X 10~ and |p,.,|=(22.6,39.9,20.0)
X 1073, As the experimental FWHMs of all peaks have ap-
proximately the same value of about 1 GHz, which is the
resolution of the spectrometer, we have assumed a Lorentz-
ian line shape with this linewidth for the calculation of the
spectra. The background level and the absolute intensity
have been adjusted manually in order to match the experi-
mental spectra. The surprisingly good overall agreement of
the calculated intensities may be ascribed to the following
facts: (i) the indices of refraction of the employed materials
are rather well known, (ii) the optic properties of the capping
layer, which are always somehow uncertain due to interac-
tion with the ambient air, e.g., oxidation, moisture, etc., have
little influence on the spectra, and (iii) the less well-known
magneto-optic coupling parameters play a negligible role as
long as they are the same for all Fe layers. On the other hand,
the good agreement of both the frequencies (Fig. 4) as well
as the entire spectra (Fig. 5) proves that the theory well de-
scribes the spin wave properties. Hence, the calculated mode
profiles are close to the actual situation in the sample, and
the sample is indeed in a single domain ground state close to
the computed one.

IV. CONCLUSIONS

We have developed a formalism for the quantitative inter-
pretation of BLS intensities. A specific emphasis is laid on
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multilayers with noncollinear alignment of the layer magne-
tizations and/or nonhomogeneous layer magnetization pro-
files in the direction perpendicular to the layers, for instance,
canted magnetization alignments, twisted spin configura-
tions, or exchange modes. The method combines our previ-
ously presented EUTFA approach with standard MOKE
modelling and should work properly for a total thickness of
the layer stack of up to some 100 nm and in the frequency
range of up to some 100 GHz accessible to BLS. Although
the algebra involved is not very demanding, a computer pro-
gram is needed to determine the BLS frequencies, mode-
profiles, and intensities. We make the source code freely
available?® in order to encourage other researchers to analyze
the BLS intensities of their experimental spectra.

In order to show the accuracy of the formalism we have
recalculated spectra of a single, saturated Fe layer and com-
pare it with previous calculations. In the experimental part
we have demonstrated that BLS spectra recorded from mul-
tilayers with three Fe layers can be described accurately by
our formalism for a large variety of spin configurations. In
fact, we find excellent agreement in all cases. Although it is
clear that the well-known theory of BLS should be able to
describe the cross sections in noncollinear configurations,
experimental evidence utilizing a well-characterized model
system to our knowledge has been left undone so far.

The method described here should also be easily extend-
able to include out-of-plane spin configurations and second
order magneto-optic coupling, which have not yet been taken
into account in this work. The method is well suited to gain
technologically relevant, quantitative information about spin
wave mode types, the alignment of the magnetic moments,
and the magneto-optic coupling.
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