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Effect of anisotropy on Brillouin spectra of stripe-structured cobalt layers

S. M. Chérif,* Y. Roussigne´, and P. Moch
CNRS, Laboratoire des Proprie´tés Mécaniques et Thermodynamiques des Mate´riaux (UPR 9001), Universite´ Paris–Nord,

93430 Villetaneuse, France
~Received 17 March 1998; revised manuscript received 25 September 1998!

We present a comparative study of the magnetic Brillouin spectra of arrays of stripe-structured Co layers and
of continuous unpatterned Co films. These spectra mainly differ from each other through the occurrence of an
additional line on the low-frequency side for the patterned films. This feature is related to magnetic eigenmodes
arising from the uniform bulk mode of the continuous film when taking into account the magnetic anisotropy
in the dipolar approximation: the simultaneous presence of magnetic anisotropy and of structuration is needed
to allow for light scattering by such pseudobulk modes. In the case of continuous films the spectral profiles that
contain lines related to both the Damon-Eshbach and to standing spin waves are quantitatively interpreted. An
approach to the magnetic eigenmodes observed in the stripes is developed; it is derived from a calculation that
uses the dipolar approximation and includes anisotropy for cylinders with elliptical cross section. Finally, the
influence of the demagnetizing field upon the spectra of the patterned layers is evidenced and discussed.
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I. INTRODUCTION

The magnetic properties of layered systems differ sign
cantly from those of their bulk analogs,1 a phenomenon
which is widely attributed to dimensional reduction. Man
papers on spin waves in continuous films have already c
tributed to a better understanding of such magnetic exc
tions; much less is known however about thin films pattern
into stripes or dots.2–5

Brillouin light scattering, which allows access to the ele
tromagnetic radiation inelastically scattered by the therm
spin waves, provides a powerful nondestructive tool in
investigation of the parameters monitoring the physical pr
erties of magnetic thin films. The steadily growing applic
tions in magnetic recording media technology like stora
devices and sensors technologies6,7 partly motivate the inter-
est in the determination of those parameters. The magn
properties of such artificial structures are however expec
to be very different from those of a two-dimensional ferr
magnetic layer, because of their reduced size, specific sh
and of periodic structure of the studied arrays.

The theoretical determination of magnetostatic spin wa
modes with small but finite wave vectorq in a single ferro-
magnetic slab was performed by Damon and Eshbach~DE!.8

In the DE calculation, the dipolar approximation was us
and the magnetic anisotropy was neglected. Further calc
tions were performed by many authors,9–12 so as to include
the magnetic exchange, the volume as well as surface an
ropy, and dissipative effects. In flat unbounded films vario
modes are expected to propagate with wave vectors in
plane of the film. Schematically, for the direction of magn
tization aligned perpendicular to the in-plane wave vec
qi , the theory yields two types of spin-wave modes:~i! one
nonreciprocal surface wave for in-plane propagation,
called Damon-Eshbach mode, which consists of a dipo
dominated wave, and~ii ! the bulk spin waves which are ex
citations of the whole magnetic system@often called standing
spin waves~SSW!# and are exchange-dominated modes
PRB 590163-1829/99/59~14!/9482~9!/$15.00
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anisotropy and exchange are neglected, an analytical exp
sion of the frequency of the DE modes is easily obtained
the presence of anisotropy, the frequencies generally hav
be computed numerically,13,14with the exception of ultrathin
single magnetic layers which satisfyqid!1 ~whered is the
thickness! for which analytic expressions of the spin-wav
frequencies can be derived.15 The main effect of the mag
netic exchange is to split the bulk modes and to shift them
to higher frequencies; but the exchange can also significa
modify the frequency of the DE mode. The anisotro
mainly acts upon the DE mode but it also affects the SS
mode. All of those can be observed on the Brilloui
scattering spectra; the scattered intensity is related to
magneto-optical modulation of the illuminating light by th
oscillating magnetic moment of the spin waves: compl
calculations of the spectral shapes have been performed
have proved to satisfactorily fit the experimental data.13 In-
deed, the selection rules specify that the difference betw
the tangential component of the wave vectors of the scatte
and of the incident light is either the opposite of or equal
the wave vectorqi of the involved spin wave~Stokes spec-
trum versus anti-Stokes spectrum!.

High-frequency dynamic properties of structured ma
netic films have been the object of very few studies, all
them concerning Permalloy stripes or Permalloy dots2–5

Finite-size effects in the spin-wave spectra of stripes w
reported by Gurneyet al.:2 if the spin-wave momentum is
laterally confined by the width of the stripe, the DE peak
replaced by a series of modes~stripe modes!, the peak inten-
sities of which lay below a Gaussian-like envelope cente
at the frequency of the DE mode of the corresponding c
tinuous film. The stripe modes have been interpreted as r
nant excitations of dipole-exchange spin-wave normal mo
of the narrow stripes. Other finite-size effects related to
possible quantization of the in-plane wave vector have b
recently reported on Permalloy dots.4 Permalloy has attracted
interest because of its very small magnetic anisotropy wh
in most cases, can be neglected. De Wames and Wolfra16
9482 ©1999 The American Physical Society
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have derived an expression describing the spin-wave mo
in an axially magnetized cylinder using the dipolar appro
mation in the absence of anisotropy and of exchange: t
find a series of surface modes that are indexed by the num
n of nodes in the angular dependence of the magnetic po
tial, which roughly corresponds to a quantization along
perimeter of the stripe. They have also shown that the
face mode frequencies are closely related to those obta
by Damon and Eshbach for an infinite film.

In this paper, we present a comparative study of the m
netic Brillouin spectra of arrays of stripe-structured Co lay
and of continuous unpatterned Co films. A calculation
cluding anisotropy is performed using the dipolar appro
mation, which means that the magnetic dipole coupling
large in comparison with the exchange coupling. An impli
expression for the spin-wave frequencies in the case
stripes showing an elliptical cross section is derived. We a
comment on the influence of the demagnetizing field aris
from the finite width of the stripes. The agreement with o
experimental data is discussed.

II. EXPERIMENT

In order to minimize the fluctuations of the paramete
related to the elaboration process, all the Brillouin expe
ments were performed on the same 535 mm2 sample con-
sisting of a Si~111!/SiO2/Cr~10 Å!/Au~250 Å!/Co~400 Å!/
Au~30 Å! sandwich with various patterned or unpattern
zones. The initial unpatterned sandwich was obtained
evaporation: part of it was used to measure the magnetiza
via the vibrating sample magnetometer~VSM! method. We
manufactured 0.7530.75 mm2 patterned areas usin
electron-beam lithography and ion-beam sputtering: mic
size periodic arrays of cobalt stripes were etched with wid
period ratios of 0.5/1, 0.7/2, 1/1.5, and 2/3mm, respectively.
The remaining parts of the sample were left unpatterned
further comparison of the Brillouin spectra. The fabricati
process has been detailed elsewhere17 and it consists in two
steps:~i! fabrication of a resist mask by electron irradiatio
in a scanning electron microscope~SEM! and selective dis-
solution of the unprotected areas;~ii ! sputtering of the un-
protected areas by Ar1 ion bombardment in ultrahigh
vacuum and further dissolution of the remaining resist. As
illustration of the good definition and of the dimension
control of our fabrication process, Fig. 1 shows a scann
electron micrograph of the array of Co stripes with a 2mm
period and a 0.7mm width. The Brillouin magnetic backsca
tered spectra were studied with the help of a 233 pass tan-
dem Fabry-Pe´rot interferometer illuminated by an Ar1 ion
laser at the wavelength 5145 Å with an incident power
200 mW; the in-plane momentum transferqi was chosen
perpendicular to the applied fieldH. The spectra were
achieved using crossed polarizations between the inci
and the scattered beams, in order to prevent the appear
of phonon lines; they were recorded with large accumulat
times ~2 or 3 h!.

III. RESULTS AND DISCUSSION

A. Continuous thin film

Let us first comment upon the results related to the un
terned area. Figure 2 shows an experimental Brillouin sp
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trum ~a! and a calculated one~b!: they were obtained with
H52 kOe, using an angle of incidenceu i545°, which leads
to an in-plane wave vectorqi51.733105 cm21. Notice the
large asymmetry of the Stokes/anti-Stokes spectrum wh
affects two lines: we checked that the asymmetry is rever
when the sense ofH is reversed, as it should be.

The DE Brillouin line related to the DE mode is present
both the Stokes and the anti-Stokes sides of the spectra
with a remarkable asymmetry of the intensity: this is caus
by the contribution of off-diagonal spin-spin correlatio
functions to the intensity of the light scattering, while th
thermal population factor, the localization of the modes, a
the characteristics of the magneto-optic tensor do not pla
significant role in determining the Stokes/anti-Stok
asymmetry.18 The first and the second standing spin wav
~SSW’s! are also observed: the above-mentioned import
asymmetry in the intensities of the first standing mod
which is comparable to the asymmetry found for the D
lines, is in agreement with our numerical calculation. T
method of calculation of the spectrum, which is based on

FIG. 1. SEM micrograph of the array of 0.7mm width–2 mm
period cobalt stripes.

FIG. 2. Brillouin spectra of the unpatterned cobalt layer:~a!
experimental, ~b! calculated. Backscattering withu i545°, H
52 kOe. The calculated spectrum is provided withHa52.6 kOe.
In this figure and in the following ones the values of 4pM , of g and
of the magnetic exchange are taken from the published ones in
Co (4pM517.6 kOe, g51.93107 Hz/Oe, i.e.,g52.16, D52.6
31029 Oe/cm22).
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9484 PRB 59S. M. CHÉRIF, Y. ROUSSIGNE´ , AND P. MOCH
evaluation of the appropriate spin-dependent response f
tions ~Green functions! has been reported elsewhere.13 Due
to the strong coupling between the DE and the first stand
mode ~SSW1!, the usual approximate expressions for th
frequencies lead to rather large errors and our method
found necessary not only, as is usually the case, so to pro
a correct evaluation of the shapes of the spectra, but als
as to account for the positions of the maxima which do
practice coincide with the frequencies of the studied surf
modes. The agreement between the experimental spec
and the calculated one is very satisfactory: it was obtained
fitting the anisotropy fieldHa ~assumed to be uniaxial! using
the published values of the magnetization (4pM
517.6 kOe), of the gyromagnetic factor (g51.9
3107 Hz/Oe, i.e.,g52.16) and of the magnetic exchang
(D52.631029 Oe/cm22) in bulk cobalt: except in the cas
of ultrathin samples where these parameters can suffer
stantial modifications, such assumptions were found to
correct in the case of Co layers, from the standpoint of b
experimental results19 and theoretical expectations.20 In con-
trast, the reported values of the anisotropy field, which,
the Co thickness of our sample, mainly derives from
volume energy density of anisotropy, show a large disp
sion: in previous studies concerning Co films grown on a
sublayer,13 we measured values varying from 1 to 4.5 kO
With these conditions, we findHa52.6 kOe. The fits remain
satisfactory when varying the applied magnetic fieldH so as
to sweep the;0.25–5 kOe investigated interval as shown
Fig. 3. This figure compares the experimental values for
DE, the SSW1 and the SSW2 frequencies with the expe
ones, using the above-mentioned values of the magnetic
rameters: the agreement is excellent for the DE line~mean-
square deviation of 0.25 GHz! and satisfactory for the SSW
line ~mean-square deviation of 0.6 GHz!; the larger value
obtained in the case of the SSW1 mode is related to exp
mental uncertainties due to the weaker intensity and to
wider breadth; the SSW2 line is, in most cases, very w
and hardly observable, which explains a poorer agreemen
is also possible to simultaneously derive 4pM andHa from

FIG. 3. Variations of the frequencies of the DE, SSW1, a
SSW2 lines of the unpatterned area versus the applied mag
field for u i545°. The symbols represent the experimental valu
The full lines are the calculated ones using: 4pM517.6 kOe,g
51.93107 Hz/Oe, i.e., g52.16, D52.631029 Oe/cm22, Ha

52.6 kOe.
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the analysis of both DE and SSW lines frequencies. W
such a protocol, we find 4pM5(17.561) kOe and Ha
5(2.561) kOe. On the other hand, we have evaluated 4pM
by direct magnetic measurements using the VSM meth
the bulk value of 4pM provides a Co thickness of 420 Å
with a precision of about 2%; since the initial precision
the evaluation of the thickness through a quartz balance d
not exceed 5%, the above assumption upon 4pM is perfectly
coherent. In view of these results, considering that, in
study, the most precise measurements concern the DE
and that we are interested in the variation of the anisotr
field, if any, but not its absolute value, we postulated that
magnetization does not differ from its bulk value and on
used the DE line behavior to fit the subsequent spectra.
one should not completely disregard the occurrence o
small deviation of the magnetization from the measu
value in bulk Co: numerical calculations show that, for sm
variations of the magnetization, a satisfactory fit can be
tained by varyingHa in order to maintain (4pM2Ha) ap-
proximately constant. In the reminder of the paper the abo
mentioned 2.6 kOe value of the anisotropy field in t
unpatterned area has to be considered as a relative refe
and we strive to detect its possible variations on the p
terned area. Finally, for the studied samples, the DE mo
frequencies significantly depend upon the magnetic
change interaction: as a consequence, any attempt to fi
anisotropy field using the dipolar approximation for the fr
quency calculation of such pseudo-DE modes leads to
underestimation ofHa . This will complicate the following
discussion concerning the patterned structures.

B. Stripe-structured arrays

Figure 4 shows the Brillouin spectra arising from both t
continuous unpatterned area~a! and the various stripe
structured areas@~b!, ~c!, ~d!, ~e!# obtained with the following
experimental conditions:H53 kOe; u i545°; in the case of
the patterned arrays, the magnetic field is applied along
axis of the stripes so as to cancel the demagnetizing fi
Surprisingly, in addition to the Brillouin lines already ob
served and commented upon~DE and SSW!, this latter spec-
trum displays a lower frequency structure, pseudobulk m
~PBM! on both Stokes and anti-Stokes sides with intensi
which are far from being negligible. The Stokes/anti-Stok
intensity ratio does not markedly differ from those observ
for the DE and the first standing spin waves lines.

This low-frequency line, which is present for all the C
stripe arrays, shows a significantly reduced relative inten
in the widest stripe@~e!, 2 mm width#. Up to now such a
low-frequency feature has not been reported in any Brillo
study concerning patterned films~stripes or dots!: but, as
mentioned above, all these previous measurements con
Permalloy which, as is well known, shows very weak ma
netic anisotropy. On the other hand, such a low-freque
mode is also absent in unpatterned layers with a strong m
netic anisotropy~e.g., Co films13!, for which the experimen-
tal shape of the spectra agrees well with that numeric
predicted:13 in the latter case, there are still low eigenfr
quency solutions of the equations of motion, apparently
lated to modes issued from the well-known uniform bu
mode in vanishing anisotropy,but these low-frequency

tic
s.
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modes do not contribute to the Brillouin scattering, as
perimentally found and theoretically computed with the h
of appropriate correlation functions which monitor the sc
tered intensity.13 We then suggest that anisotropy and p
terned structuration are necessary ingredients in order to
duce a measurable Brillouin intensity of this low-frequen
spectrum and that they have to be simultaneously prese

FIG. 4. Experimental Brillouin spectra obtained from both t
unpatterned area~a! and various width/period ratios patterned are
~b! 0.7/2 mm; ~c! 0.5/1 mm; ~d! 1/1.5 mm; ~e! 2/3 mm using the
following experimental conditions:u i545°, H53 kOe; magnetic
field applied parallel to the axis of the stripes for the patterned a
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-
g

-

-
-
o-

in

the studied samples. Consequently, as a first step in view
a future complete quantitative understanding of the obser
spectra, we present below a calculation of the eigenmo
for magnetic cylindrical stripes showing uniaxial anisotro
with an elliptical cross section. A calculation neglecting t
anisotropy has been previously performed by De Wames
Wolfram, in the dipolar approximation.16 They found the fol-
lowing relation:

S v

g D 2

5~H12pM !22~2pM !2S a2b

a1bD 2n

, ~1!

where v is the angular frequency,g is the gyromagnetic
factor, 4pM is the saturation magnetization;a andb are the
parameters of the elliptical cross section and are, resp
tively, related to the width~x direction! and thickness~y
direction! of the stripe.n is an integer which can be take
non-negative. Notice that forn50, expression~1! provides
the frequency of the uniform dispersionless bulk mod
g@H(H14pM )#1/2. For b/a!1, it can be easily shown tha
expression~1! is equivalent to the well-known relation in th
dipolar approximation8 for the Damon-Eshbach propagatin
mode in an infinite layer with an in-plane wave vectorqi ,
assuming thatqi5n/a ~as pointed out by De Wames an
Wolfram16!: it differs from the naive correspondence (qi

5pn/2a) that one would intuitively derive by assuming th
the perimeter of the cross section (>4a) is equal to the
product of the wavelength by an integer. Such a simple
gument is only valid when the penetration depth (>1/qi

5a/n) of the DE mode is negligible compared to the thic
ness 2b, i.e., when 2nb/a is significantly larger than 1. No-
tice that, for Brillouin backscattering studies in infinite la
ers, qi has to be equated to (4p/l)sin(ui), wherel is the
wavelength of the illuminating beam andu i is the angle of
incidence: numerically, fora53.531027 m and u i5p/4,
one findsn56 and 2nb/a50.7, which does not satisfy th
condition 2nb/a@1.

We have generalized the above calculation to nonz
uniaxial anisotropy, thus deriving the following expressi
~see the Appendix!:

:

a.
S la2b

la1bD 2n

5
~4pMV!22$@H~H2Ha!2V2#~11 l !14pMl ~H2Ha!%2

~4pMV!22$@H~H2Ha!2V2#~12 l !24pMl ~H2Ha!%2 , ~2!
an

-

he

s-
where V5v/g; Ha52K/M is the anisotropy field corre
sponding to uniaxial anisotropy energy equal
2K(M y

2/M2); l is given by the relation

l 25
~4pM1H2Ha!H2V2

~4pM1H !~H2Ha!2V2 . ~3!

If the anisotropy vanishes,l is equal to 1, and then rela
tion ~2! is equivalent to relation~1!. Here again, assumin
b/a!1, it is easily proved~see the Appendix! that the solu-
tions tend to the obtained ones for modes propagating in
infinite thin film of thickness 2b with a wave vectorqi such
asqia5n.

Coming back to expression~2! one can distinguish be
tween two cases:

~1! l 2.0; l is real. In this case, for any givenn, expres-
sion ~2! leads to only one frequency corresponding to t
so-called Damon-Eshbach~DE! surface mode in infinite lay-
ers.

~2! l 2<0; l is imaginary or vanishes. In this case, expre
sion ~2! can lead to several frequencies. If one defines
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9486 PRB 59S. M. CHÉRIF, Y. ROUSSIGNE´ , AND P. MOCH
arg$~4pMV!22@„H~H2Ha!2V2
…~12 i u l u!

24pMi u l u~H2Ha!#%5a~v!,

arg~b1 i u l ua!5b~v!.

The relation~2! becomes

exp„24nib~v!…5exp„22ia~v!…,

i.e.,

4nb~v!52a~v!12~n2p!p,

wherep is an integer.
The frequencies have to be calculated numerically, du

the lack of analytical expressions. One finds that thel 2.0
solution has to be related to the DE propagating mode in
thin film ~still assumingqi5n/a in the limit where b/a
!1). From Fig. 5, drawn forn510 and for a given set o
magnetic parameters, one can derive (n11) solutions with
l 2<0. The frequency difference between two successivel 2

<0 @i.e., corresponding top and (p11) at constantn# solu-
tions decreases whenp increases. At constantp, the fre-
quency dependence uponn is a decreasing function of th
anisotropy ~Fig. 6!. At constantn, the frequency interva
swept by the modes related tol 2<0 decreases when th
anisotropy field decreases as shown in Fig. 7: it tends t
whenHa vanishes and the resulting common frequency ta
the value of the above-mentioned uniform bulk mode f
quency. When the anisotropy increases the frequency di
ence between two adjacentl 2.0 solutions@i.e., correspond-
ing to n and (n11)# decreases~Fig. 8!. Finally, one notices
that, for reasonable values of the magnetic parameters
volved in the model, the frequency differences between
l 2<0 solutions, called pseudobulk modes~PBM’s! in all that
follows, related to a given value ofn are rather small~except,
in some cases, forp50, which is not always an availabl
mode as can be seen in Figs. 5 and 10!; thus, they are not
expected to give rise to a manifold of lines easy to sepa
in a Brillouin spectrum.

FIG. 5. @4nb(v);2a(v)12(n2p)p# versus v/g using the
conditions: H53 kOe, Ha52 kOe, width 51 mm, thickness
50.05mm, n510 ~see text!. The crossings give the frequencies
the pseudobulk modes.
to

e
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The above considerations allow at least for a semiqua
tative interpretation of the observed spectra in the patter
films. First, we obtain a very good fit of the DE spectrum f
Ha51.6 kOe, usingn56: the contribution of the mode cor
responding ton56 is expected to be the most efficient in th
Brillouin-scattering process since it nearly exactly cor
sponds to the conditionqia5n (qi517.3mm21, a
50.35mm), whereqi is the wave vector of the involved spi
wave when ignoring the influence of the finite width of th
stripes. At this stage it is also interesting to notice that
ratio of the thickness to the width is small enough~about
0.06! to provide equivalent values of the frequencies, with
the range of the experimental uncertainty, using the appr
mation of an infinite layer of thickness 2b or of an elliptical
cylindrical stripe assumingn5qia. The absolute difference
is of about 0.4 GHz. The anisotropy field derived from th
fit is significantly smaller than that of the unpatterned fi
~2.6 kOe! but the comparison is difficult since we have n
glected the exchange interaction in the case of the patte
structure while exchange was taken into account for the
patterned sample. To improve the comparison, it is inter
ing to fit the DE frequency of the infinite thin film in the
dipolar approximation: one then finds a reduced value ofHa ,
as pointed out above; specifically, we obtainHa52 kOe, to
be compared to 1.6 kOe for the patterned structure: the
kOe gap may result from the elaboration process of
stripes. However, in the absence of a precise calculation
the Brillouin intensity for the patterned structure, one can
completely exclude that the most efficient mode correspo
to a different value ofn; in this case, the best fit would
provide a different anisotropy field. To keepHa52 kOe, one
has to assumen58. Experimental results on Permalloy pa
terned structures,2 have shown that several pseudo-Damo
Eshbach modes simultaneously participate to the scatte
giving rise, in the case of stripes, to separately resolved lin
we believe that in Co stripes the higher anisotropy preve
us from observing such a separation.

We have also studied the Brillouin spectra with an appl
magnetic field still in the plane of the stripes but perpendi

FIG. 6. Frequency shift of the second pseudobulk modep
51) versus the amplitude of the anisotropy field. The anisotro
favors the separation of modes with adjacent values ofn.
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lar to their axis. In this case, one has to deal with a dem
netizing field perpendicular to the stripes. On the other ha
with our experimental geometrical arrangement, the
served magnetic modes propagate along the stripes with
wave vectorqi517.3mm21. Up to now the evaluations o
the frequencies and, moreover, of the Brillouin intensities
still lacking. Experimentally, however, the observed chan
in the spectra, compared to the case where the field is par
to the stripes, mainly arise from the presence of the dem
netizing field. In Fig. 9, the variations of the measured f
quencies of the DE lines versus the applied magnetic fi
have been reported for the parallel and perpendicular di
tions in the 0.7/2 sample: this last graph is found to be h
zontally translated by about 0.65 kOe. We have calcula
the mean value of the demagnetizing field over the volu
of a stripe, assuming that the magnetization is uniform a
perpendicular to its axis and taking into account the inter
tions between the stripes: in the case of the 0.7/2 samples
find a value of 1.3 kOe, which is larger than the observ

FIG. 7. Frequency shifts of the DE mode and of the pseudob
modes as a function of the amplitude of the anisotropy field with
conditions: H52 kOe, u i545°, i.e., n56; width50.7mm;
thickness50.04mm. The anisotropy splits the pseudobulk mode

FIG. 8. Frequency shift of the Damon-Eshbach~DE! eigenmode
as a function of the amplitude of the anisotropy field with the co
ditions: H52 kOe, width50.7mm, thickness50.04mm. The an-
isotropy prevents the separation of modes corresponding to di
ent values of the integern.
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0.65 kOe shift but keeps the same order of magnitude. I
worth noticing that the demagnetizing field is far from bei
uniform in the stripes: in the 0.7/2 structure, for instance
does not exceed 0.6 kOe at the center of a stripe, to com
to the 1.3 kOe mean value. Qualitatively, we then conclu
that the main effects of the variation of the orientation of t
applied field arise from the changes of the demagnetiz
field but experimental and theoretical further investigatio
are still needed in order to provide a completely quantitat
interpretation.

Finally, in our opinion the major result consists in th
observation of the low-frequency spectrum related to
pseudobulk modes. Expression~3! allows us to define a
field-dependent frequency interval wherel 2<0 modes can
be observed, as shown in Fig. 10~for Ha51.6 kOe, those are

lk
e

-

r-

FIG. 9. Variation of the frequency shift of the Damon-Eshba
lines ~see Fig. 3! as a function of the applied magnetic field in th
0.7/2 sample forH parallel and forH perpendicular to the stripes
The full line is the fit obtained withHa51.6 kOe using expression
~2! ~see text!.

FIG. 10. Variation of the frequency shift of the additional stru
ture ~see Fig. 3! as a function of the applied magnetic field. Th
lines are the boundaries limiting the domainl 2,0.
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9488 PRB 59S. M. CHÉRIF, Y. ROUSSIGNE´ , AND P. MOCH
derived from the above best fit of the DE mode!: the low-
frequency observed lines belong to this interval. There
strong arguments to state that these features can be obs
only for patterned structures showing large enough magn
anisotropy, but, here again, in the absence of intensity ca
lations, more quantitative conclusions would be hazardo

IV. CONCLUSION

With the help of a previously described lithographic pr
cess, we have obtained submicron-size periodic arrays o
balt stripes and, using Brillouin spectroscopy, have co
pared their magnetic properties to those of the continu
thin film in which they were prepared. The Brillouin mag
netic spectra show an additional structure in the stri
patterned arrays, absent in the continuous unpatterned l
In order to interpret the results we have theoretically stud
in the dipolar approximation, various magnetic modes
pearing in neighboring geometries consisting into magn
stripes with an elliptical cross section: our model explici
takes into account uniaxial anisotropy along one axis of
cross section and we find an implicit expression for the f
quencies which generalizes previously published results
glecting the anisotropy; in addition to known features,
gives rise to a set of low-frequency modes originating fro
the bulk mode existing in the continuous film. The low
frequency spectrum observed in the patterned area is
attributed to these last eigenmodes: experimentally they
Brillouin active only when anisotropy and geometrical p
terning are simultaneously present in the studied sample
complete theoretical analysis of the intensity of the spectr
the patterned areas is still lacking, in contrast with the cas
the continuous film where we successfully performed t
analysis. However, we could qualitatively explain the diffe
ences between the observed spectra of Co and of Perma2

stripes by the influence of anisotropy which is negligible
the case of Permalloy. Finally, in the case of our stud
arrays of Co stripes we have shown the effect of the dem
netizing field.
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APPENDIX

In the following formulation, exchange is not included
the equations of motion of the magnetization; hence
modes are due to purely magnetostatic forces~dipolar ap-
proximation!. We also assume that the distribution of t
magnetization in the magnetic stripes satisfies Maxw
equations in the magnetostatic approximation.

The usual approach, which is applied for the calculatio
consists of deriving the simultaneous solution of the line
ized equation of motion and of the Maxwell’s equations w
the appropriate electromagnetic boundary conditions.

The Landau-Lifshitz equation is written as
re
ved
tic
u-
.

o-
-
s

-
er.
d,
-

ic

is
-
e-
t

en
re
-
A

of
of
s

y

d
g-

or
-
lp

e

ll

,
-

d~M1m!

dt
52g~M1m!3~H1h1Ha1ha!, ~A1!

where the uppercase letters refer to the static part and
lowercase letters refer to the dynamic part of the magn
variables. Assuming a uniaxial anisotropy~density of anisot-
ropy energy:2K(M y

2/M2)52(Ha/2M )M y
2 where Ha de-

fines the usual anisotropy field!, it results, after linearization
for oscillations at the frequencyv(5gV):

Hmx1 iVmy5M
]f

]x
, ~A2!

2 iVmx1Hbmy5M
]f

]y
, ~A3!

whereHb5(H2Ha), mx andmy are the components of th
dynamic magnetization, andh5¹f, wheref is the potential
related to the demagnetizing field associated to this mag
tization.

Using the Maxwell equation

¹•~h14pM !50,

we obtain the relation

4p
]mx

]x
14p

]my

]y
1

]2f

]x2 1
]2f

]y2 50. ~A4!

From Eqs.~A2!, ~A3!, and~A4!,

@~4pM1H !Hb2V2#
]2f

]x2 1@~4pM1Hb!H2V2#
]2f

]y2

50, ~A5!

i.e.,

]2f

]x2 1 l 2
]2f

]y2 50

leading to

f5 f ~ lx1 iy !1g~ lx2 iy !. ~A6!

Outside the magnetic material, the potential~here labeledc!
is the solution of

]2c

]x2 1
]2c

]y2 50 ~A7!

leading to

c5 f̃ ~x1 iy !1g̃~x2 iy !. ~A8!

Using a variableu to parametrize the equation of the curv
defining the cross section of the magnetic cylind
@x(u),y(u)#, the boundary conditions@continuity of the tan-
gential and of the normal components ofh and (h
14pM ), respectively#, provide
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2y8~u!S 4pmx1
]f

]x D
@x~u!,y~u!#

1x8~u!S 4pmy1
]f

]y D
@x~u!,y~u!#

52y8~u!S ]c

]x D
@x~u!,y~u!#

1x8~u!S ]c

]y D
@x~u!,y~u!#

,

~A9!

x8~u!S ]f

]x D
@x~u!,y~u!#

1y8~u!S ]f

]y D
@x~u!,y~u!#

5x8~u!S ]c

]x D
@x~u!,y~u!#

1y8~u!S ]c

]y D
@x~u!,y~u!#

. ~A10!

Using Eqs.~A6! and ~A7!, we transform Eqs.~A9! and ~A10! in

d

du
$@„Hb~H14pM !2V2

…l 14pMV# f 2@„Hb~H14pM !2V2
…l 24pMV#g%@x~u!,y~u!#

5~HbH2V2!
d

du
~ f̃ 2g̃!@x~u!,y~u!# , ~A11!

d

du
~ f 1g!@x~u!,y~u!#5

d

du
~ f̃ 1g̃!@x~u!,y~u!# . ~A12!

We specifyx(u)5a cosu; y(u)5b sinu, as such parametrizing the elliptical cross section; due to the periodicity we sear
solutions proportional to exp(inu) along its boundary, wheren is an integer. Noting this condition and the vanishing ofc far
from the stripe, we find

f ~ lx1 iy !5 f 0@ lx1 iy1A~ lx1 iy !22 l 2a21b2#n,

g~ lx2 iy !5g0@ lx2 iy1A~ lx2 iy !22 l 2a21b2#n,

c~x,y!5H c0@x2 iy1A~x2 iy !22a21b2#n if y.0

c0@x1 iy1A~x1 iy !22a21b2#n if y,0.
~A13!

Combining Eqs.~A11! and~A12!, in order to eliminatec0 , leads to a system of two homogeneous linear equations inf 0 and
g0 :

$@Hb~H14pM !2V2# l 14pMV1~HbH2V2!%~ la1b!nf 01$2@Hb~H14pM !2V2# l 14pMV

1~HbH2V2!%~ la2b!ng050 for uP@0,p# ~A14!

and

$@Hb~H14pM !2V2# l 14pMV2~HbH2V2!%~ la2b!nf 0

1$2@Hb~H14pM !2V2# l 14pMV2~HbH2V2!%~ la1b!ng050 for uP@p,2p#,

which shows nonzero solutions only for

$~4pMV!22@„Hb~H14pM !2V2
…l 1~HbH2V2!#2%~ la1b!2n

5$~4pMV!22@2„Hb~H14pM !2V2
…l 1~HbH2V2!#2%~ la2b!2n. ~A15!

The above described method can indeed be used in the case of an infinite plane layer of thickness 2b: on the upper face
x(u)5u, y(u)52b; on the lower facex(u)5u, y(u)50. Considering the invariance by translation in an infinite layer,
search for solutions proportional to exp(iqx). Explicitly, noting this condition and the vanishing ofc far from the layer, we find
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f ~ lx1 iy !5 f 0 expS i
q

l
~ lx1 iy ! D ,

g~ lx2 iy !5g0 expS i
q

l
~ lx2y! D ,

c~x,y!5c0 exp„iq~x1 iy !… if y.2b,

c~x,y!5c0 exp„iq~x2 iy !… if y,0. ~A16!

Combining Eqs.~A11! and ~A12!, in order to eliminatec0 ,
leads to a system of two homogeneous linear equations if 0
andg0 :

$@Hb~H14pM !2V2# l 14pMV1~HbH2V2!% f 0

1$2@Hb~H14pM !2V2# l 14pMV

1~HbH2V2!%g050 for y50 ~A17!

and
s:

lac

r-
pp

J.

p

-

on
$@Hb~H14pM !2V2# l 14pMV2~HbH2V2!% f 0

3expS 2
2qb

l D1$2@Hb~H14pM !2V2# l 14pMV

2~HbH2V2!%g0 expS 2qb

l D50 for y52b,

which shows nonzero solutions only for

$~4pMV!22@„Hb~H14pM !2V2
…l

1~HbH2V2!#2%expS 2qb

l D
5$~4pMV!22@2„Hb~H14pM !2V2

…l

1~HbH2V2!#2%expS 22qb

l D . ~A18!

Now, we can compare the resulting equations for a str
~A15! and for an infinite layer~A18!. For a stripe we have
S la2b

la1bD 2n

5
~4pMV!22$@Hb~H14pM !2V2# l 1~HbH2V2!%2

~4pMV!22$2@Hb~H14pM !2V2# l 1~HbH2V2!%2 .

For an infinite layer we have

expS 2
4qb

l D5
~4pMV!22$@Hb~H14pM !2V2# l 1~HbH2V2!%2

~4pMV!22$2@Hb~H14pM !2V2# l 1~HbH2V2!%2 .

Noticing that

S la2b

la1bD 2n

5S 12b/ la

l 1b/ la D 2n

5expH 2nF lnS 12b/ la

11 b/ la D G J 'expS 24n
b

la D ,

we can then identify@( la2b)/( la1b)#2n to exp(24qb/l) taking q5n/a.
-

rd,

ter.
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