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A double-peaked structure was observed in thein situ Brillouin Light Scattering(BLS) spectra of a 6 Å
thick epitaxial Fe/GaAss001d film for values of an external magnetic fieldH, applied along the hard in plane
direction, lower than a critical valueHc.0.9 kOe. This experimental finding is theoretically interpreted in
terms of a model which assumes a nonhomogeneous magnetic ground state characterized by the presence of
perperpendicular up/down stripe domains. For such a ground state, two spin-wave modes, namely an acoustic
and an optic mode, can exist. Upon increasing the field the magnetization tilts in the film plane, and forH
ùHc the ground state is homogeneous, thus allowing the existence of just a single spin-wave mode. The
frequencies of the two spin-wave modes were calculated and successfully compared with the experimental
data. The field dependence of the intensities of the corresponding two peaks that are present in the BLS spectra
was also estimated, providing further support to the above-mentioned interpretation.
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I. INTRODUCTION

Ferromagnetic-semiconductor heterostructures, like ultra-
thin Fe/GaAss001d films, have received considerable
attention1–4 for their potential technological applications in
new magnetoelectronic devices.5,6 A sharp and well ordered
interface, without any dead magnetic layer, can be obtained,
as bcc Fe grows epitaxially on GaAs thanks to the small
lattice mismatch(1.4%). Together with the expected cubic
anisotropy of bulk bcc Fe, a strong in-plane uniaxial aniso-
tropy has been found in ultrathin Fe/GaAss001d films, result-
ing from the atoming bonding at the interface.7 The evolu-
tion of the latter anisotropy with film thickness has been
quantitatively analyzed by some of us8 in a thoroughin situ
Brillouin scattering study of the dynamical magnetic proper-
ties of such films.

The same system Fe/GaAss001d has now been found to
display a very interesting phenomenon, for small iron thick-
nessstFe=6 Åd: below a critical fieldHc.0.9 kOe in situ
BLS spectra show a “double-peak” structure, therefore re-
vealing the existence of two spin-wave modes forH,Hc.
This feature is not completely new: it was already observed9

in Co/Aus111d films, for tCoù6 ML and H,Hc,3 kOe.
However, the novelty of our contribution is twofold.(i) The
experimental observation of the double-peak structure has
been done in two different samples and both upon increasing
and decreasing the magnetic field. This confirms that the
phenomenon can be well reproduced and rules out the pos-
sibility it may be due to metastability effects.(ii ) We develop
a theory which explains the field dependence of the observed
spin-wave frequencies as well as the intensities of the corre-
sponding BLS peaks.

The starting point of our theory is that the observed split-
ting of the spin-wave spectrum into two modes is not com-

patible with a homogeneous ground state. For this kind of
system, the simplest and most natural explanation is to as-
sume a perpendicularly magnetized up/down domain struc-
ture (for such low values of film thickness, in-plane magne-
tized domains arenot energetically favored10–12). Another
possibility, a two sublattice spin arrangement, can be readily
disregarded because the splitting is only observable below a
critical value of the field and because it is hardly applicable
to an epitaxial iron film. Our assumption is therefore an up/
down domain ground state. With increasing the magnetic
field H, the magnetization of each domain gradually tilts in
the plane and, forH greater than a critical valueHc, the
ground state is homogeneously magnetized in-plane. Two
branches are found forH,Hc and a single(uniform) mode
for HùHc.

At present anin situ high resolution mapping of the mag-
netization is outside the reach of conventional microscopic
techniques. In the absence of detailed information on the
actual domain structure and for the sake of generality, we are
going to assume a stripe domains structure. Such a one-
dimensional model has the advantage that the frequencies of
the spin-wave excitations can be easily evaluated and their
field dependence can be reproduced for different in-plane
directions.

The format of the paper is as follows: In Sec. II the ex-
perimental details concerning the sample preparation and the
BLS technique are summarized. In Sec. III the frequencies of
the spin-wave excitations with respect to a nonhomogeneous
ground state with up/down stripe domains are calculated us-
ing the Landau-Lifshitz equations of motion. We also esti-
mate the field dependence of the spin-wave intensity of the
two modes in the framework of a classical macroscopic
model which relates the scattered intensity to the
magnetization-dependent permittivity tensor. In Sec. IV the
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experimental results are presented and compared with the
predictions of the theoretical model. Finally, in Sec. V the
conclusions are drawn. Details about the calculation of the
spin-wave frequencies can be found in the Appendix.

II. EXPERIMENT

Following the previous investigation of Fe/GaAss100d
films with different thickness,8 in this work we focus our
attention on 6 Å thick Fe films, because for this particular
thickness BLS spectra exhibit the double-peak structure de-
scribed in the following. The reproducibility of the results
was checked studying two different samples with the same
nominal thickness. The two iron films were grown on a Si-
doped GaAs(001) single crystal in an ultrahigh-vacuum
(UHV) chamber, specially designed to allowin situ BLS
measurements13,14 (background pressure 3310−10 mbar) at
GHOST laboratory, Perugia University.15 Details about
sample preparation and structural characterization can be
found in Ref. 8. About 200 mW of monochromatic
p-polarized light, from a solid state laser(532 nm line), was
focused onto the sample surface using a camera objective of
numerical aperture 2 and focal length 50 mm. The backscat-
tered light was analyzed by a Sandercock-types3+3d-pass
tandem Fabry-Pérot interferometer.16 The external dc mag-
netic field was applied parallel to the surface of the film and
perpendicular to the plane of incidence of light i.e., in the
so-called Damon-Eshbach geometry. BLS measurements of
the spin-wave frequency were performedin situ at room tem-
perature as a function of both the intensity and the in-plane
direction of the applied magnetic field. Typical BLS spectra
for such a film, taken with the magnetic field applied along
the hard in-plane directionf−110g, are shown in Fig. 1. The

presence of a double-peak structure is evident for applied
field values 0.4,H,0.9 kOe. In contrast, a single peak was
observed in the BLS spectra measured for magnetic field
applied along both the[100] and the[110] directions(not
shown).

III. THEORY

As discussed in the Introduction, the observed splitting of
the spin-wave spectrum into two modes is not compatible
with a homogeneous ground state. In the absence of experi-
mental data about the actual spin configuration, we assume a
simplified model with perpendicularly magnetized up/down
domains in the shape of parallel stripes of infinite length
along the in-plane field direction and with vanishing thick-
ness of the wall between opposite domains(see Fig. 2).
While more complicated up/down(or possibly canted) do-
main patterns cannot in principle be ruled out, the former
one-dimensional model for the nonhomogeneous ground
state presents the advantage that the frequencies of the spin-
wave excitations can be easily evaluated using the theory of
domain mode ferromagnetic resonance(DMFMR),17–20 and
analytical results can be obtained for field applied in plane
along high symmetry directions. Such a simple model turns
out to be a useful tool to reproduce the spin-wave behavior;
however, one should not expect it to be entirely realistic or
able to account for other properties of the system, like the
domain wall structure, the spatial dependence of the demag-
netization factors, as well as the domain width and its field
dependence.

The free energy per unit volume of the system in Fig. 2 is
given by the sum of various contributions

G = GH + Gdip + G2' + G2i, s1d

where GH is the Zeeman energy term due to the external
field, Gdip is the term due to demagnetization, whileG2' and
G2i are the terms due to uniaxial out-of-plane and in-plane
anisotropies, respectively. One has17

FIG. 1. In situ Brillouin spectra taken from atFe=6 Å thick
epitaxial Fe/GaAss001d film for different values of the external
magnetic fieldH, applied within the film plane alongf−110g, the
hard in-plane direction. Two peaks, indicated by arrows, are simul-
taneously observed forH=0.6 and 0.7 kOe.

FIG. 2. One-dimensional up/down stripe domain structure and
coordinate system used to define the domain variables:z denotes
the normal to the film plane.
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GH = −
HMs

2
fsinu1 cosf1 + sinu2 cosf2g,

Gdip =
p

2
Ms

2fcosu1 + cosu2g2 +
p

2
Ms

2Nzzfcosu1 − cosu2g2

+
p

2
Ms

2Nyyfsinu1 sinf1 − sinu2 sinf2g2,

G2' = −
K2'

2
fcos2 u1 + cos2 u2g, s2d

whereMs is the saturation magnetization;H is the external
field applied within the film planesxyd along thex direction;
K2'.0 is a uniaxial out-of-plane anisotropy that favors the
up/down spin alignment alongz, the normal to the film
plane; Nzz is the demagnetization factor associated to the
up/down domain structure: since the stripes are assumed to
be parallel to the field direction(x axis), one hasNxx=0 and
Nyy=1−Nzz. In general, the static demagnetization factorNzz
is a function of the domain aspect ratioL / t (whereL is the
domain width andt the film thickness) and of the rotational
permeabilitym.17,18,21 For magnetic field applied along the
hard in-plane direction, the in-plane anisotropy contribution
to the free energy is written as

G2i
sid = −

K2i

2
fsin2 u1 sin2 f1 + sin2 u2 sin2 f2g s3d

while for field applied along the easy in-plane direction

G2i
sii d = −

K2i

2
fsin2 u1 cos2 f1 + sin2 u2 cos2 f2g. s4d

In the former case the uniaxial in-plane anisotropyK2i .0
favors they direction (perpendicular to the field and to the
stripes), and in the latter case it favors thex direction (par-
allel to the field and to the stripes).

In terms of the free energy parameters, we define the out-
of-plane anisotropy fieldH2'=2K2' /Ms, the in-plane field
H2i=2K2i /Ms, and the dipolar fieldHdip=4pMs. It is cus-
tomary to introduce the quality factorQ=H2' /Hdip as the
ratio between the out-of-plane anisotropy fieldH2', favoring
the perpendicular directionszd, and the dipolar fieldHdip,
favoring the film planesxyd. In the case under study, we have
Q,1. Finally, the saturation field is defined asHsat=H2'

−HdipNzz.
17,18

In the following, the equilibrium values of the polar and
azimuthal angles, obtained by minimizing the free energy
Eq. (1), will be denoted by the suffix “e.” The frequencies of
the spin-wave excitations are evaluated17,18 by the Landau-
Lifshitz equations of motion(see the Appendix for details).
Two modes, denoted byv+ (acoustic mode) and v− (optic
mode), are found forH,Hc and a single(uniform22) mode
for HùHc. It is worth noticing that, despite their names,
neither of the two modes is fully in-phase or fully out-of-
phase: their peculiar character is disclosed by the analysis of
the eigenvectors associated to the two modes.19 In fact, as-
suming the external magnetic field to be parallel to thex
direction (along which the domains are infinitely long), one

finds that the acoustic mode with frequencyv+ is character-
ized by dynamic fluctuations such thatm1

xstd+m2
xstd=0 and

m1
ystd+m2

ystdÞ0. This corresponds to an out-of-phase preces-
sion of the dynamic momentsM 1 and M 2 in the direction
parallel to the domain wall and an in-phase precession per-
pendicular to the domain wall. In contrast, for the optic mode
the precession parallel to the domain wall is in-phase and the
precession perpendicular to the domain wall is
out-of-phase.19

Hereafter we give the expressions of the spin-wave
frequencies23 when the field is applied in-plane along the
hard axis, see Eq.(3), or the easy axis, see Eq.(4). In both
cases one hasf1e=f2e=0.24

Case (i): H is along the hard in-plane axis. ForH,Hc
=Hsat, the minimum free energy is obtained foru2e=p−u1e,
where sinu1e=H /Hsat. The frequencies of the acoustic and
optic modes are

sv+/gd2 = FHsat
2 − H2S1 −

HdipNyy

Hsat
DGF1 −

H2i

Hsat
G ,

sv−/gd2 = fHsat
2 − H2gF1 +

HdipNyy − H2i

Hsat
G , s5d

respectively (g is the gyromagnetic factor). For HùHc
=Hsat, one hasu1e=u2e=p /2: the stripe domain structure is
wiped out, and the film is homogeneously in-plane magne-
tized. The optic modesv−d disappears and the acoustic one
sv+d becomes the saturated, in-plane, uniform22 mode with
frequency

sv/gd2 = fH − H2igfH − sH2' − Hdipdg. s6d

Case (ii): H is along the easy in-plane axis. ForH,Hc
=Hsat−H2i, the ground state hasu2e=p−u1e, where sinu1e
=H /Hc and the frequencies of the acoustic and optic spin-
wave excitations are

sv+/gd2 = HsatHcF1 −S H

Hc
D2S1 −

HdipNyy

Hc
DG ,

sv−/gd2 = HsatHcF1 −S H

Hc
D2GF1 +

HdipNyy

Hc
G . s7d

For HùHc=Hsat−H2i, one hasu1e=u2e=p /2 and the fre-
quency of the uniform mode is

sv/gd2 = fH + H2igfH − sH2' − Hdipd + H2ig. s8d

IV. RESULTS AND DISCUSSION

A. Spin-wave frequencies

In Fig. 3 the measured spin-wave frequencies are plotted
as a function of the intensity of the in-plane applied magnetic
field H. When the field is parallel to the hard in-plane direc-
tion f−110g [Fig. 3(a)], two spin-wave modes are observed
for 0.4,H,0.9 kOe. No differences in frequency, within
experimental error, are found upon increasing or decreasing
the field intensity, thus ruling out the possibility of metasta-
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bility effects. In contrast, a single spin-wave mode is ob-
served forHù0.9 kOe. When the field is applied along ei-
ther the intermediate[100] or the easy [110] in-plane
directions [see Figs. 3(b) and 3(c), respectively], a single
spin-wave mode is experimentally observed at any investi-
gated field intensity. The full-line curves in Fig. 3 are the
theoretical spin-wave frequencies. The Hamiltonian param-
eters for the calculations were deduced from previous experi-
mental work on Fe/GaAss001d films,8 where a detailed fit of
the BLS data was made for a whole set of samples with
different values of the iron thickness, ranging betweentFe

=4 Å and 100 Å. AstFe increases, the out-of-plane single-
ion anisotropyK2' strongly decreases, while the dipolar field
Hdip=4pMs, favoring in-plane magnetization, increases;
moreover, a biaxial in-plane anisotropy, favoring the[100]
and [010] crystallographic axes, gradually develops. For the
sample withtFe=6 Å, only the data at fields high enough for
the magnetization to be homogeneous and in-plane, were
used to obtain the fit. The dipolar field was estimated to be
Hdip=17 kOe,25 the out-of-plane anisotropy fieldH2'

=13.9 kOe and the in-plane anisotropy fieldH2i=0.9 kOe.26

Using these parameters, the demagnetization factorNzz was
self-consistently calculated21 for different values of the do-
main aspect ratioL / t. The variation of the domain size with
the applied field intensity, and thus the corrections to the
frequency due to such variations, were neglected as being of
a higher order.17,18

The best overall agreement between theory and experi-
ment was found assuming for the static demagnetization fac-
tor the valueNzz=0.76. Such an assumption, although it cor-
responds to a probably too low aspect ratio,27 is nevertheless
able to justify the presence of domains in the system in spite
of the fact that, for the considered iron thicknesstFe=6 Å,
one has H2',Hdip (quality factor Q,1). In fact,
for the onset of up/down stripe domains, the condition
H2'−HdipNzz.0 has to be satisfied. As a further support to
the domain hypothesis, it is worth observing that in epitaxial
Co/Pt multilayers a perpendicular(up/down) stripe domain
structure was indeed experimentally observed at remanence
by magnetic force microscopy, while torque magnetometry
measurements, providingQ,1, had suggested a preference
for in-plane orientation of the magnetization.28

Note that the two modes are well observable only for the
case of field applied along the hard in-plane direction[Fig.
3(a)]. Otherwise[see Figs. 3(b) and 3(c)] one has a consid-
erable shrinking of the coexistence region of the two modes
and moreover metastability phenomena are likely to occur
since the energy of the stripe domain ground state is close to
that of a homogeneous in-plane configuration.

B. Light scattering intensities

For the experimental backscattering geometry(H in-plane
parallel to thex axis and scattering plane perpendicular toH)
the incident light hasp-polarization(the optical wave vector
and the optical incident electric fieldEI have onlyy and z
components) while the scattered light hass-polarization.
Then its intensity is proportional to the square modulus of
the x component of the polarizationP induced in the
film29–33

4pPx = mxstdf− KEI
y sinue cosue − 2G44MsEI

z cosuessin2 ue

− cos2 uedg + mystdf2G44MsEI
y sinue − KEI

zg + mzstd

3fKEI
ysin2 ue + 2G44MsEI

z sinuessin2 ue − cos2 uedg,

s9d

whereK and G44 denote the first- and second-order(com-
plex) magneto-optic coupling coefficients, respectively. For
the film with up/down domains, we assume thatmastd
=m1

astd+m2
astd sa=x,y,xd since the size of the laser spot is

FIG. 3. Full-line curves: frequencies of the acousticsv+d, optic
sv−d, and uniformsvd mode, as a function of the in-plane fieldH,
calculated usingH2i=0.9 kOe,H2'=13.9 kOe,Hdip=17 kOe,Nzz

=0.76 sHsat=0.98 kOed, for three different cases:(a) field applied
parallel to the stripes and alongf−110g, the hard in-plane direction
(see Eqs.(5) and (6)); (b) field applied parallel to the stripes and
along [100], the intermediate in-plane direction;(c) field applied
parallel to the stripes and along[110], the easy in-plane direction
(see Eqs.(7) and (8). Open circles: experimental data.
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much greater than the lateral size of the domains.33 Taking
into account thatf1e=0 and sinu1e=H /Hc=h and express-
ing the dynamic fluctuations of the magnetization in terms of
the fluctuations of the angle coordinatesDu±std, Df±std de-
fined in the Appendix, we obtain

4pPx = Du−stdf− KEI
yhs1 − h2d − 2G44MsEI

zs1 − h2ds2h2 − 1dg

+ Df+stdf2G44MsEI
yh2 − KEI

zhg + Du+stdf− KEI
yh3

− 2G44MsEI
zh2s2h2 − 1dg. s10d

The field dependence of the intensities of the two modes can
now be estimated taking into account that the eigenvector
associated with the acoustic mode is characterized by
Du−std=Df−std=0 while the optic mode hasDu+std
=Df+std=0.

Acoustic mode with frequencyv+. The intensityI+sHd of
the light scattered by the acoustic mode has a maximum for
H→Hc since the fluctuations become very large. For zero
field the intensity is zero,I+s0d=0, sinceDu−std=0 and the
coefficients of the “1” angle fluctuations are zero forh=0.
For H→ +`, the intensity vanishes,I+sHd→0, since, upon
increasingH aboveHc, the v+ mode evolves into the uni-
form mode v and the fluctuations progressively decrease.
This behavior forI+sHd is similar to that of a perpendicularly
magnetized uniform film.34

Optic mode with frequencyv−. ForH=Hc, the intensity of
the light scattered by the optic mode is zeroI−sHcd=0, since
Du+std=Df+std=0 and the coefficient of theDu−std angle
fluctuation is zero forh=1. For zero field, the intensityI−s0d
can be finite provided that the second order magneto-optic
coupling coefficient is nonzero,G44Þ0.

The field dependence of the intensity of both the acoustic
and the optic modes, as deduced from Eq.(10), is qualita-
tively confirmed by the experimental spectra in Fig. 1. The
intensity of the former mode exhibits a neat maximum for
field values sligtly lower thanHc<0.9 kOe and then it van-
ishes as the field is reduced below about 0.5 kOe. The optic
mode intensity, instead, shows a minimum approachingHc,
in agreement with the theoretical predictions.

V. CONCLUSIONS

In conclusion, we have shown that a double-peaked struc-
ture is displayed by the Brillouin Light Scattering spectra of
Fe/GaAss001d films with tFe=6 Å when the field is applied
in-plane along the hard axis and is smaller than a critical
value Hc=0.9 kOe. The existence of two peaks in the BLS
spectrum should be the general feature of a film with a per-
pendicular domain structure(it is irrelevant whether the
magnetization is canted or not). This feature disappears when
HùHc and the magnetization lies in the film plane. The
reason why the unravelling of such a two-peaked structure in
the Brillouin light scattering spectra of ultrathin magnetic
films is so rare might well be that many conditions have to
be simultaneously satisfied. In fact, the optic mode, with fre-
quencyv−, has enough intensity in an appreciable range of
fields only if G44Þ0 andHc are not too small. In contrast,
the acoustic mode, with frequencyv+, has more chances to

be observed since its intensity, though always vanishing in
the H→0+ limit, is expected to increase asH increases and
to reach a maximum just atHc. Another stringent require-
ment for the simultaneous observation of two modes is that
the competing out-of-plane anisotropy fieldH2' and easy-
plane dipolar anisotropy fieldHdip are of comparable magni-
tude and thatH2'−HdipNzz.0, so that a perpendicularly
magnetized up/down domain structure is energetically fa-
vored for H→0+. This seems just to be the case of the
Fe/GaAs films withtFe=6 Å. In fact, for higher Fe thick-
ness, one hasHdip@H2', so that a homogeneous in-plane
magnetized ground state is realized, while, upon reducing the
Fe thickness, one would expectHdip!H2' and a single spin-
wave mode to be excited with respect to a homogeneous,
perpendicularly magnetized metastable state.

We hope that the results of this paper can stimulate other
experimental groups to directly visualize the domain pattern,
e.g. using magnetic microscopy techniques as a function of
the external magnetic field intensity.35 This should be donein
situ, because the magnetic anisotropy is strongly affected by
the presence of a protective overlayer, so that formation of
magnetic domains can be prevented.8
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APPENDIX: SPIN-WAVE FREQUENCIES

The static equilibrium configuration of the system is ob-
tained by minimizing the free energyG, Eq. (1), with respect
to the polar and azimuthal variables while the frequencies of
the spin-wave excitations are evaluated17 by the Landau-
Lifshitz equations of motion

du1,2

dt
= −

g

sinu1,2

]G
]f1,2

,
df1,2

dt
=

g

sinu1,2

]G
]u1,2

sA1d

where G=2G/Ms. The small oscillations of the system in
response to an external perturbation are obtained by expand-
ing G in a Taylor series about its equilibrium valueGe up to
the second order. Next, assuming for the set of variables a
harmonic time dependence with frequencyv and introducing
the normal coordinates Du±=Du1±Du2 and Df±

=Df1±Df2 (whereD denotes a small variation), the equa-
tions of motion can be rewritten in matrix form as

3
A+ − iz 0 B+

iz C+ B− 0

0 B− A− − iz

B+ 0 iz C−
43

Du+

Df+

Du−

Df−
4 = 0, sA2d

where z=v sinu1e and A±=G11±G13, B±=G12±G23, C±

=G22±G24. By Gi j = u]2G /]Xi]Xjue we denote the second par-
tial derivatives of the free energy with respect to the angular
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variables(X1=u1, X2=f1, X3=u2, X4=f2). The frequencies
of the normal modes are obtained by imposing the condition
for nontriviality of the solutions of Eq.(A2), i.e., the vanish-
ing of the matrix determinant.

For HùHc the ground state is homogeneously in-plane
magnetized,(u1e=u2e=p /2 and Nzz=1) and it results that
A+=A−=G11, B+=B−=0, andC+=C−=G22, so that a single,
uniform mode22 is obtained, with frequencysv /gd2=G11G22.

*Electronic address: mgpini@ifac.cnr.it
1M. Brockmann, M. Zolfl, S. Miethaner, and G. Bayreuther, J.

Magn. Magn. Mater.198, 384 (1999).
2M. Gester, C. Daboo, R. J. Hicken, S. J. Gray, A. Ercole, and J.

A. C. Bland, J. Appl. Phys.80, 347 (1996).
3S. J. Steinmüller, M. Tselepi, V. Strom, and J. A. C. Bland, J.

Appl. Phys. 91, 8679(2002).
4T. L. Monchesky, B. Heinrich, R. Urban, K. Myrtle, M. Klaua,

and J. Kirschner, Phys. Rev. B60, 10 242(1999).
5G. A. Prinz, Phys. Today48, 58 (1995).
6Spin Dynamics in Confined Magnetic Structures I, Springer Top-

ics in Applied Physics, edited by B. Hillebrands and K. Ounad-
jela (Springer, Berlin, 2002), Vol. 83.

7S. Mc Fail, C. M. Gurtler, F. Montaigne, Y. B. Xu, M. Tselepi,
and J. A. C. Bland, Phys. Rev. B67, 024409(2003).

8M. Madami, S. Tacchi, G. Carlotti, G. Gubbiotti, and R. L.
Stamps, Phys. Rev. B69, 144408(2004).

9A. Murayama, K. Hyomi, J. Eickmann, and C. M. Falco, J. Magn.
Magn. Mater.198–199, 372 (1999).

10P. Politi, Comments Condens. Matter Phys.18, 191 (1998), and
references therein.

11P. Politi and M. G. Pini, Eur. Phys. J. B2, 475 (1998).
12C. Stamm, F. Marty, A. Vaterlaus, V. Weich, S. Egger, U. Maier,

U. Ramsperger, H. Fuhrmann, and D. Pescia, Science282, 449
(1998); J. Harris and D. Awschalom, Phys. World12, 19 (1999).

13L. Albini, G. Carlotti, G. Gubbiotti, M. Madami, and S. Tacchi, J.
Appl. Phys. 89, 7383(2001).

14G. Gubbiotti, G. Carlotti, M. Madami, S. Tacchi, and L. Verdini,
Phys. Status Solidi A189, 403 (2002).

15http://ghost.fisica.unipg.it/
16J. R. Sandercock, inLight Scattering in Solids III, Springer Se-

ries, Topics in Applied Physics, edited by M. Cardona and G.
Guntherodt(Springer-Verlag, Berlin, 1982), Vol. 51, p. 173.

17M. Ramesh and P. E. Wigen, J. Magn. Magn. Mater.74, 123
(1988).

18M. Ramesh, E. W. Ren, J. O. Artman, and M. H. Kryder, J. Appl.
Phys. 64, 5485(1988).

19U. Ebels, L. D. Buda, K. Ounadjela, and P. E. Wigen, in Ref. 6,
pp. 167–216.

20Clearly within DMFMR theory one neglects the wavevector of
the spin waves(q<105 cm−1 for a spin wave revealed in a BLS)
with respect to the zone boundary wave vector(qZB

<108 cm−1).

21C. Kooy and U. Enz, Philips Res. Rep.15, 7 (1960).
22C. Kittel, Phys. Rev.73, 155 (1948).
23It is worth noticing that in the absence of in-plane anisotropy,

H2i→0, the results of Ref. 17 for the mode frequencies[Eqs.
(31), (32), (35)] are correctly recovered.

24This is obvious for field applied along the easy axis. For field
along the hard axis, this is verified provided thatH2i ,Hsat, as is
the case for the system under study; whenH2i .Hsat, the exci-
tation of two modes would not be allowed since the ground state
is characterized by a homogeneous magnetization lying within
the film plane.

25L. Giovannelli, C.-S. Tian, P. L. Gastelois, G. Panaccione, M.
Fabrizioli, M. Hochstrasser, M. Galaktionov, C. H. Back, and G.
Rossi, Physica B345, 177 (2004).

26For the sake of simplicity we neglect the anisotropy fieldH4i

<0.1 kOe associated to a biaxial in-plane anisotropy that
favours the[100] andf−110g axes, since it is much smaller than
the uniaxial in-plane anisotroy fiedH2i (Ref. 8).

27A self-consistent calculation(Ref. 21) gives L / t<15 in corre-
spondence toNzz=0.76.

28L. Louail, K. Ounadjela, M. Hehn, K. Khodjaoui, M. Gester, H.
Danan, and R. L. Stamps, J. Magn. Magn. Mater.165, 387
(1997); L. Louail, K. Ounadjela, and R. L. Stamps,ibid. 167,
L189 (1997); R. L. Stamps, L. Louail, M. Hehn, M. Gester, and
K. Ounadjela, J. Appl. Phys.81, 4751(1997).

29W. Wettling, M. G. Cottam, and J. R. Sandercock, J. Phys. C8,
211 (1975).

30R. E. Camley and D. L. Mills, Phys. Rev. B18, 4821(1978).
31J. F. Cochran and J. R. Dutcher, J. Magn. Magn. Mater.73, 299

(1988).
32J. R. Dutcher, Ph.D. dissertation, Simon Fraser University, 1988.

Available on microfiche from the National Library of Canada,
Ottawa, Ontario, Canada, K1A0N4. Notice thatue=p /2
−aDutcher.

33R. Zivieri, L. Giovannini, and P. Vavassori, “Theory of Brillouin
cross section from magnetic nanostructured multilayers,” in
Magnetic Nanostructures, edited by H. S. Nalwa(American Sci-
entific, New York, 2002), Vol. 1, and references therein.

34J. R. Dutcher, J. F. Cochran, I. Jacob, and W. F. Egelhoff, Jr.,
Phys. Rev. B39, 10 430(1989).

35G. Meyer, A. Bauer, T. Crecelius, I. Mauch, and G. Kaindl, Phys.
Rev. B 68, 212404(2003), and references therein.

PINI et al. PHYSICAL REVIEW B 70, 094422(2004)

094422-6


