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

S. M. Cheif,* Y. Roussigneand P. Moch
CNRS, Laboratoire des ProptiEs Mecaniques et Thermodynamiques des WMatex (UPR 9001), Universitéaris—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.
[S0163-18299)12013-1

I. INTRODUCTION anisotropy and exchange are neglected, an analytical expres-
sion of the frequency of the DE modes is easily obtained. In
The magnetic properties of layered systems differ signifithe presence of anisotropy, the frequencies generally have to
cantly from those of their bulk analogsa phenomenon be computed numericalfy;**with the exception of ultrathin
which is widely attributed to dimensional reduction. Many single magnetic layers which satisfiyd<1 (whered is the
papers on spin waves in continuous films have already corthickness for which analytic expressions of the spin-wave
tributed to a better understanding of such magnetic excitafrequencies can be derivéd.The main effect of the mag-
tions; much less is known however about thin films patternedietic exchange is to split the bulk modes and to shift them up
into stripes or dot$® to higher frequencies; but the exchange can also significantly
Brillouin light scattering, which allows access to the elec-modify the frequency of the DE mode. The anisotropy
tromagnetic radiation inelastically scattered by the thermaimainly acts upon the DE mode but it also affects the SSW
spin waves, provides a powerful nondestructive tool in thenode. All of those can be observed on the Brillouin-
investigation of the parameters monitoring the physical propscattering spectra; the scattered intensity is related to the
erties of magnetic thin films. The steadily growing applica-magneto-optical modulation of the illuminating light by the
tions in magnetic recording media technology like storageoscillating magnetic moment of the spin waves: complete
devices and sensors technolo§iepartly motivate the inter- calculations of the spectral shapes have been performed and
est in the determination of those parameters. The magnetiiave proved to satisfactorily fit the experimental ddtin-
properties of such artificial structures are however expectedeed, the selection rules specify that the difference between
to be very different from those of a two-dimensional ferro-the tangential component of the wave vectors of the scattered
magnetic layer, because of their reduced size, specific shapand of the incident light is either the opposite of or equal to

and of periodic structure of the studied arrays. the wave vector; of the involved spin wavéStokes spec-
The theoretical determination of magnetostatic spin wavefrum versus anti-Stokes spectrum
modes with small but finite wave vectgrin a single ferro- High-frequency dynamic properties of structured mag-

magnetic slab was performed by Damon and Eshigpéh.2  netic films have been the object of very few studies, all of
In the DE calculation, the dipolar approximation was usedthem concerning Permalloy stripes or Permalloy dots.
and the magnetic anisotropy was neglected. Further calculd=inite-size effects in the spin-wave spectra of stripes were
tions were performed by many authdré? so as to include reported by Gurneet al:? if the spin-wave momentum is
the magnetic exchange, the volume as well as surface anisdaterally confined by the width of the stripe, the DE peak is
ropy, and dissipative effects. In flat unbounded films variougeplaced by a series of modéestripe modek the peak inten-
modes are expected to propagate with wave vectors in thsities of which lay below a Gaussian-like envelope centered
plane of the film. Schematically, for the direction of magne-at the frequency of the DE mode of the corresponding con-
tization aligned perpendicular to the in-plane wave vectottinuous film. The stripe modes have been interpreted as reso-
q,, the theory yields two types of spin-wave modég:one  nant excitations of dipole-exchange spin-wave normal modes
nonreciprocal surface wave for in-plane propagation, soef the narrow stripes. Other finite-size effects related to a
called Damon-Eshbach mode, which consists of a dipolarpossible quantization of the in-plane wave vector have been
dominated wave, an(ii) the bulk spin waves which are ex- recently reported on Permalloy dét®ermalloy has attracted
citations of the whole magnetic systéoften called standing interest because of its very small magnetic anisotropy which,
spin waves(SSW] and are exchange-dominated modes. Ifin most cases, can be neglected. De Wames and Wdffram
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have derived an expression describing the spin-wave modes
in an axially magnetized cylinder using the dipolar approxi-
mation in the absence of anisotropy and of exchange: they
find a series of surface modes that are indexed by the number
n of nodes in the angular dependence of the magnetic poten-
tial, which roughly corresponds to a quantization along the
perimeter of the stripe. They have also shown that the sur-
face mode frequencies are closely related to those obtained
by Damon and Eshbach for an infinite film.

In this paper, we present a comparative study of the mag-
netic Brillouin spectra of arrays of stripe-structured Co layers
and of continuous unpatterned Co films. A calculation in-
cluding anisotropy is performed using the dipolar approxi- Y e
mation, which means that the magnetic dipole coupling is
large in comparison with the exchange coupling. An implicit ~ FIG. 1. SEM micrograph of the array of 04m width—2 um
expression for the spin-wave frequencies in the case qferiod cobalt stripes.
stripes showing an elliptical cross section is derived. We also

comment on the influence of the demagnetizing field arisin . ; ;
from the finite width of the stripes. The agreement with ourgl;u:mz(sgzni S?n;a;cl:uﬁgli g?ﬁ)(;i JZ%‘FW?; OS\}E:SE Clie;v:g

experimental data s discussed. to an in-plane wave vectay,=1.73<10°cm *. Notice the
Il. EXPERIMENT large asymmetry of the Stokes/anti-Stokes spectrum which
affects two lines: we checked that the asymmetry is reversed
In order to minimize the fluctuations of the parameterswhen the sense df is reversed, as it should be.
related to the elaboration process, all the Brillouin experi- The DE Brillouin line related to the DE mode is present in
ments were performed on the same 5 mn? sample con-  hoth the Stokes and the anti-Stokes sides of the spectra, but
sisting of a Si111)/Si0,/Cr(10 A)/Au(250 A)/Co(400A)/  with a remarkable asymmetry of the intensity: this is caused
Au(30A) sandwich with various patterned or unpatternedby the contribution of off-diagonal spin-spin correlation
zones. The initial unpatterned sandwich was obtained byunctions to the intensity of the light scattering, while the
evaporation: part of it was used to measure the magnetizatiohermal population factor, the localization of the modes, and
via the vibrating sample magnetomet®SM) method. We  the characteristics of the magneto-optic tensor do not play a
manufactured 0.780.75mnf patterned areas using significant role in determining the Stokes/anti-Stokes
electron-beam lithography and ion-beam sputtering: microrasymmetry:® The first and the second standing spin waves
size periodic arrays of cobalt stripes were etched with width{SSW's are also observed: the above-mentioned important
period ratios of 0.5/1, 0.7/2, 1/1.5, and 28, respectively. asymmetry in the intensities of the first standing mode,
The remaining parts of the sample were left unpatterned fowhich is comparable to the asymmetry found for the DE
further comparison of the Brillouin spectra. The fabricationlines, is in agreement with our numerical calculation. The
process has been detailed elsewheamd it consists in two  method of calculation of the spectrum, which is based on the
steps:(i) fabrication of a resist mask by electron irradiation
in a scanning electron microscof®EM) and selective dis-
solution of the unprotected areas;) sputtering of the un-
protected areas by Ar ion bombardment in ultrahigh
vacuum and further dissolution of the remaining resist. As an
illustration of the good definition and of the dimensional
control of our fabrication process, Fig. 1 shows a scanning
electron micrograph of the array of Co stripes with @@
period and a 0.7um width. The Brillouin magnetic backscat-
tered spectra were studied with the help of’a2 pass tan-
dem Fabry-Pet interferometer illuminated by an Arion
laser at the wavelength 5145 A with an incident power of
200 mW; the in-plane momentum transfgr was chosen
perpendicular to the applied fielti. The spectra were
achieved using crossed polarizations between the incident
and the scattered beams, in order to prevent the appearance
of phonon lines; they were recorded with large accumulation
times(2 or 3 h. FIG. 2. Brillouin spectra of the unpatterned cobalt laye):
experimental, (b) calculated. Backscattering witt9,=45°, H
Ill. RESULTS AND DISCUSSION =2 kOe. The calculated spectrum is provided with=2.6 kOe.
In this figure and in the following ones the values ofMl, of yand
of the magnetic exchange are taken from the published ones in bulk
Let us first comment upon the results related to the unpat€o (47M=17.6 kOe, y=1.9X 10’ Hz/Oe, i.e.,g=2.16, D=2.6
terned area. Figure 2 shows an experimental Brillouin specx 10-° Oe/cni?).
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- i the analysis of both DE and SSW lines frequencies. With
% ssw2 ] such a protocol, we find #M=(17.5+1) kOe andH,
45 1 =(2.5x1) kOe. On the other hand, we have evaluated/

: ] by direct magnetic measurements using the VSM method:
4 - a DE ] the bulk value of 4M provides a Co thickness of 420 A
| i’ > ] with a precision of about 2%; since the initial precision on

Lo SSW1 ] the evaluation of the thickness through a quartz balance does
0 L 3 not exceed 5%, the above assumption upaiis perfectly

' ] coherent. In view of these results, considering that, in our
study, the most precise measurements concern the DE line
and that we are interested in the variation of the anisotropy
field, if any, but not its absolute value, we postulated that the

Frequency shift (GHz)

25 F .

20 | -

R AN e ‘f magnetization does not differ from its bulk value and only
0 i 2 3 4 5 6 used the DE line behavior to fit the subsequent spectra. But,
Applied field (kOe) one should not completely disregard the occurrence of a

small deviation of the magnetization from the measured
FIG. 3. Variations of the frequencies of the DE, SSW1, andvalue in bulk Co: numerical calculations show that, for small
SSW2 lines of the unpatterned area versus the applied magnetigariations of the magnetization, a satisfactory fit can be ob-
field for Qi=45°. The symbols represent t_he experimental valuestained by varyingH, in order to maintain (4M —H,) ap-
The full lines are the calculated ones usingrM=17.6k0e,y  proximately constant. In the reminder of the paper the above-
=1.9x10"Hz/Ge, ie., g=2.16, D=2.6x107"0Oefcm® Ha  mentioned 2.6 kOe value of the anisotropy field in the
=2.6 kQe. unpatterned area has to be considered as a relative reference

evaluation of the appropriate spin-dependent response fun@d we strive to detect its possible variations on the pat-
tions (Green functionshas been reported elsewhéfeDue terned area. F_ma_ll_y, for the studied samples, the DE _modes
to the strong coupling between the DE and the first standinff€guencies significantly depend upon the magnetic ex-
mode (SSW1, the usual approximate expressions for theirchange interaction: as a consequence, any attempt to fit the
frequencies lead to rather large errors and our method waghisotropy field using the dipolar approximation for the fre-
found necessary not only, as is usually the case, so to provid#/€ncy calculation of such pseudo-DE modes leads to an
a correct evaluation of the shapes of the spectra, but also $fderestimation oH,. This will complicate the following

as to account for the positions of the maxima which do indiscussion concerning the patterned structures.

practice coincide with the frequencies of the studied surface

modes. The agreement between the experimental spectrum _

and the calculated one is very satisfactory: it was obtained by B. Stripe-structured arrays

fitting the anisotropy fieldH, (assumed to be uniaxjalising Figure 4 shows the Brillouin spectra arising from both the
the published values of the magnetization ={v continuous unpatterned are@ and the various stripe-
=17.6 kOe), of the gyromagnetic factor y€1.9 structured aredgb), (c), (d), (e)] obtained with the following

x 10" Hz/Oe, i.e.,g=2.16) and of the magnetic exchange experimental conditiondd =3 kOe; §,=45°; in the case of
(D=2.6x10"°Oelcm ) in bulk cobalt: except in the case the patterned arrays, the magnetic field is applied along the
of ultrathin samples where these parameters can suffer subxis of the stripes so as to cancel the demagnetizing field.
stantial modifications, such assumptions were found to b&urprisingly, in addition to the Brillouin lines already ob-
correct in the case of Co layers, from the standpoint of bottserved and commented up@E and SSW, this latter spec-
experimental result8 and theoretical expectatioA$In con-  trum displays a lower frequency structure, pseudobulk mode
trast, the reported values of the anisotropy field, which, fofPBM) on both Stokes and anti-Stokes sides with intensities
the Co thickness of our sample, mainly derives from thewhich are far from being negligible. The Stokes/anti-Stokes
volume energy density of anisotropy, show a large disperintensity ratio does not markedly differ from those observed
sion: in previous studies concerning Co films grown on a Aufor the DE and the first standing spin waves lines.
sublayert® we measured values varying from 1 to 4.5 kOe. This low-frequency line, which is present for all the Co
With these conditions, we find ,= 2.6 kOe. The fits remain stripe arrays, shows a significantly reduced relative intensity
satisfactory when varying the applied magnetic fidldo as  in the widest stripg(e), 2 um width]. Up to now such a

to sweep the-0.25-5 kOe investigated interval as shown inlow-frequency feature has not been reported in any Brillouin
Fig. 3. This figure compares the experimental values for thetudy concerning patterned filn{stripes or dots but, as

DE, the SSW1 and the SSW?2 frequencies with the expecteshentioned above, all these previous measurements concern
ones, using the above-mentioned values of the magnetic p&ermalloy which, as is well known, shows very weak mag-
rameters: the agreement is excellent for the DE (imean- netic anisotropy. On the other hand, such a low-frequency
square deviation of 0.25 Ghiand satisfactory for the SSW1 mode is also absent in unpatterned layers with a strong mag-
line (mean-square deviation of 0.6 GHzhe larger value netic anisotropye.g., Co film$®), for which the experimen-
obtained in the case of the SSW1 mode is related to expertal shape of the spectra agrees well with that numerically
mental uncertainties due to the weaker intensity and to thpredicted'® in the latter case, there are still low eigenfre-
wider breadth; the SSW2 line is, in most cases, very weakjuency solutions of the equations of motion, apparently re-
and hardly observable, which explains a poorer agreement. lated to modes issued from the well-known uniform bulk
is also possible to simultaneously deriveM andH, from  mode in vanishing anisotropybut these low-frequency
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the studied samples. Consequently, as a first step in view of

DE
a future complete quantitative understanding of the observed
a spectra, we present below a calculation of the eigenmodes
WMMM for magnetic cylindrical stripes showing uniaxial anisotropy
with an elliptical cross section. A calculation neglecting the
PBM anisotropy has been previously performed by De Wames and
DE Wolfram, in the dipolar approximatiotf. They found the fol-

lowing relation:

2n

: @

w|?_ 2 2
(;) —(H+27TM) —(ZﬂTM) (m

where w is the angular frequencyy is the gyromagnetic
factor, 47M is the saturation magnetizatioa;andb are the
parameters of the elliptical cross section and are, respec-
d tively, related to the width(x direction and thicknesdy
direction of the stripe.n is an integer which can be taken
non-negative. Notice that fan=0, expressior(1) provides

the frequency of the uniform dispersionless bulk mode:
e Y[H(H +47M)]*2 Forb/a<1, it can be easily shown that
expression(l) is equivalent to the well-known relation in the
dipolar approximatiohfor the Damon-Eshbach propagating

Intensity (arb. units)

i T T T T T T T

16 12 08 04 00 04 08 12 16 mode in an infinite layer with an in-plane wave vectyr,
) assuming thag,=n/a (as pointed out by De Wames and
Brillouin shift (cm l) 16). it i i
Wolfram™): it differs from the naive correspondence (

= mn/2a) that one would intuitively derive by assuming that

FIG. 4. Experimental Brillouin spectra obtained from both the th imet f th i . | to th
unpatterned are@) and various width/period ratios patterned areas: e perimeter of the cross sectior=4a) is equal to the

(b) 0.7/2 um; (¢) 0.5/1 um; (d) 1/1.5 um: (€) 2/3 um using the product c_)f the wave_length by an integer._Such a simple ar-
following experimental conditions;=45°, H=3 kOe; magnetic ~gument is only valid when the penetration depts 1,

field applied parallel to the axis of the stripes for the patterned area:- 8/N) of the DE mode is negligible compared to the thick-
ness b, i.e., when 2ib/a is significantly larger than 1. No-

tice that, for Brillouin backscattering studies in infinite lay-
ers, q, has to be equated to (4\)sin(g), where\ is the
modes do not contribute to the Brillouin scattering, as exwavelength of the illuminating beam ar@l is the angle of
perimentally found and theoretically computed with the helpincidence: numerically, foa=3.5x10""m and ¢,= /4,
of appropriate correlation functions which monitor the scat-one findsn=6 and Z1b/a=0.7, which does not satisfy the
tered intensity> We then suggest that anisotropy and pat-condition 2nb/a>1.
terned structuration are necessary ingredients in order to pro- We have generalized the above calculation to nonzero
duce a measurable Brillouin intensity of this low-frequencyuniaxial anisotropy, thus deriving the following expression
spectrum and that they have to be simultaneously present iisee the Appendix

la—b
la+b

N (47MQ)?—{[H(H—Ho)— Q%](1+1) +47MI(H—H,)}?
C(ATMQ)?—{[H(H—Ho) - Q%(1-1)—47MI(H—H,)}*’

where Q)= w/y; H,=2K/M is the anisotropy field corre- tions tend to the obtained ones for modes propagating in an
sponding to uniaxial anisotropy energy equal toinfinite thin film of thickness ® with a wave vectoq, such
—K(MJ/M?); | is given by the relation asqa=n.
Coming back to expressiof2) one can distinguish be-
) tween two cases:
__(4nM+H-H)H-Q 3) (1) 1?>0; | is real. In this case, for any givem expres-
(4mM+H)(H—H,)— Q% sion (2) leads to only one frequency corresponding to the
so-called Damon-Eshba¢bE) surface mode in infinite lay-
If the anisotropy vanishe$,is equal to 1, and then rela- ers.
tion (2) is equivalent to relatior{l). Here again, assuming (2) 1?<0; | is imaginary or vanishes. In this case, expres-
b/a<1, it is easily provedsee the Appendijxthat the solu- sion (2) can lead to several frequencies. If one defines

2
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arg{(4mM Q)2—=[(HH—H,—-Q%1-i|l]) The above considerations allow at least for a semiquanti-
tative interpretation of the observed spectra in the patterned
films. First, we obtain a very good fit of the DE spectrum for
) H,=1.6kOe, usingi=6: the contribution of the mode cor-
argb+illla)=B(w). responding to1= 6 is expected to be the most efficient in the
Brillouin-scattering process since it nearly exactly corre-
sponds to the conditonga=n (g,=17.3um™ %, a
exp(—4niB(w))=exp(— 2i a(w)), =0.35um), whereq is the wave vector of the involved spin
wave when ignoring the influence of the finite width of the
i.e., stripes. At this stage it is also interesting to notice that the
ratio of the thickness to the width is small enou@bout
4np(w)=2a(w)+2(n—p)m, 0.06) to provide equivalent values of the frequencies, within
wherep is an integer. the range of the experimental uncertainty, using the approxi-

The frequencies have to be calculated numerically, due t§ation of an infinite layer of thicknessb2or of an elliptical
the lack of analytical expressions. One finds thatlfhe0  Cylindrical stripe assuming=q,a. The absolute difference
solution has to be related to the DE propagating mode in thé of about 0.4 GHz. The anisotropy field derived from this
thin film (St”l assumingquzn/a in the limit whereb/a fit is Significantly smaller than that of the UnpatterHEd film
<1). From Fig. 5, drawn fon=10 and for a given set of (2.6 kOg but the comparison is difficult since we have ne-
magnetic parameters, one can derive-(l) solutions with ~ glected the exchange interaction in the case of the patterned
12<0. The frequency difference between two succeskive structure while exchange was taken into account for the un-
<0 [i.e., corresponding tp and (p+1) at constannh] solu-  patterned sample. To improve the comparison, it is interest-
tions decreases whep increases. At constam, the fre- ing to fit the DE frequency of the infinite thin film in the
quency dependence uponis a decreasing function of the dipolar approximation: one then finds a reduced valuid of
anisotropy (Fig. 6). At constantn, the frequency interval as pointed out above; specifically, we obtalg=2 kOe, to
swept by the modes related t8<0 decreases when the pe compared to 1.6 kOe for the patterned structure: the 0.4
anisotropy field decreases as shown in Fig. 7: it tends to QOe gap may result from the elaboration process of the
whenH, vanishes and the resulting common frequency takestripes. However, in the absence of a precise calculation of
the value of the above-mentioned uniform bulk mode fre-the Brillouin intensity for the patterned structure, one cannot
quency. When the anisotropy increases the frequency diffefsompletely exclude that the most efficient mode corresponds
ence between two adjaceift>0 solutionsli.e., correspond- 15 4 different value of; in this case, the best fit would
ing ton and (+1)] decreasesFig. 8. Finally, one notices  provide a different anisotropy field. To keef=2 kOe, one
that, for reasonable values of the magnetic parameters iras to assuma=8. Experimental results on Permalloy pat-
volved in the model, the frequency differences between thgerned structuredhave shown that several pseudo-Damon-
12<0 solutions, called pseudobulk mod&@BM's) in all that  Eshpach modes simultaneously participate to the scattering,
follows, related to a given value ofare rather smallexcept,  giving rise, in the case of stripes, to separately resolved lines;

in some cases, fop=0, which is not always an available e pelieve that in Co stripes the higher anisotropy prevents
mode as can be seen in Figs. 5 and; 1Bus, they are not ys from observing such a separation.

expected to give rise to a manifold of lines easy to separate \ye have also studied the Brillouin spectra with an applied
in a Brillouin spectrum. magnetic field still in the plane of the stripes but perpendicu-

—4aMi|l[(H=Hy 1} = a(w),

The relation(2) becomes

70 [
[ P=0 20 [ ' T T T ]
P S e e e s s e nsoananna, [ + n=3 |
60 _p=1 --------- ] 19 [ g i ° n=4 |
E 5 Yoy .+ on=
_~ p=2 [ = ] 5 ]
2 . - 8 = n=
2 50 - ) . Q B O ! j ]
ﬁ r = : E : S + o i
S w0 =4 S 2 | st L
o M & . ©
= p=5 ' § SR I
i 30 n =2 16 - o . P
p=6 : 2
1 h F ’ -
20 }D=7 '] 15 - 2nd pSel]?l());lil)llk mode -4
PSR I S S TS RS P T S Y T S R RS :\
0.45 0.5 0.55 0.6 0.65 07 0.75 e
@/7) 0 1 2 3 4 5
Y H, (kOe)
FIG. 5. [4nB(w);2a(w)+2(n—p)w] versus w/y using the
conditions: H=3 kOe, H,=2kOe, width =1um, thickness FIG. 6. Frequency shift of the second pseudobulk mope (

=0.05um, n=10 (see text The crossings give the frequencies of =1) versus the amplitude of the anisotropy field. The anisotropy
the pseudobulk modes. favors the separation of modes with adjacent values. of
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FIG. 7. Frequency shifts of the DE mode and of the pseudobulk  FIG. 9. Variation of the frequency shift of the Damon-Eshbach
modes as a function of the amplitude of the anisotropy field with theines (see Fig. 3 as a function of the applied magnetic field in the
conditions: H=2 kOe, 6;=45°, ie., n=6; width=0.7um;  0.7/2 sample foH parallel and forH perpendicular to the stripes.
thickness=0.04um. The anisotropy splits the pseudobulk modes. The full line is the fit obtained wittH,=1.6 kOe using expression

(2) (see texk
lar to their axis. In this case, one has to deal with a demag-
netizing field perpendicular to the stripes. On the other hand).65 kOe shift but keeps the same order of magnitude. It is
with our experimenta| geometrica| arrangement, the ObWOI’th noticing that the demagnetizing field is far from being
served magnetic modes propagate along the stripes with thiform in the stripes: in the 0.7/2 structure, fpr instance, it
wave vectorq,= 17_3Mm*1_ Up to now the evaluations of does not exceed 0.6 kOe at the center of a stripe, to compare
the frequencies and, moreover, of the Brillouin intensities ard0 the 1.3 kOe mean value. Qualitatively, we then conclude
still |acking_ Experimenta”y, however, the observed Changeéhat the main effects of the variation of the orientation of the
in the spectra, compared to the case where the field is parall@Pplied field arise from the changes of the demagnetizing
to the Stripesy main|y arise from the presence of the demadjﬁ'd but experimental and theoretical further investigations
netizing field. In Fig. 9, the variations of the measured fre-are still needed in order to provide a completely quantitative
quencies of the DE lines versus the applied magnetic fieldnterpretation.
have been reported for the parallel and perpendicular direc- Finally, in our opinion the major result consists in the
tions in the 0.7/2 sample: this last graph is found to be horiobservation of the low-frequency spectrum related to the
zontally translated by about 0.65 kOe. We have calculate@seudobulk modes. Expressid8) allows us to define a
the mean value of the demagnetizing field over the volumdield-dependent frequency interval whefe<O modes can
of a stripe, assuming that the magnetization is uniform and€ observed, as shown in Fig. {for H,= 1.6 kOe, those are
perpendicular to its axis and taking into account the interac-

tions between the stripes: in the case of the 0.7/2 samples, we S
find a value of 1.3 kOe, which is larger than the observed 0.7/2
30
32 T T
L + n=3 _ [
[ . R E 25
R - n=s .
e To. e o = n=6 & 20
& 28 ° « e o n=7 | @
E L © . - [ ] a e
N - g 5|
9 r + o o =
s 26 - + o . = - =
g L + . E &
+ ° o -
T 0 . N & ol
i r + k3 *
o + o7
[ +
+ 5
er O S T S T i
0 1 2 3 4 5 r
H, (kOe) 0 L
0 1 2 3 4 5
FIG. 8. Frequency shift of the Damon-Eshb4BtE) eigenmode Applied field (kOe)

as a function of the amplitude of the anisotropy field with the con-

ditions: H=2 kOe, width=0.7 um, thickness-0.04um. The an- FIG. 10. Variation of the frequency shift of the additional struc-
isotropy prevents the separation of modes corresponding to differture (see Fig. 3 as a function of the applied magnetic field. The
ent values of the integen. lines are the boundaries limiting the doméafr<0.
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derived from the above best fit of the DE madthe low- d(M+m)
frequency observed lines belong to this interval. There are gt~ Y(M+m)X(H+h+Hathy), (A1)
strong arguments to state that these features can be observed

only for patterned structures showing large enough magnetighere the uppercase letters refer to the static part and the
anisotropy, but, here again, in the absence of intensity calcyowercase letters refer to the dynamic part of the magnetic
lations, more quantitative conclusions would be hazardous.ygriables. Assuming a uniaxial anisotrofgiensity of anisot-
ropy energy:—K(MZ/M?)=—(H,/2M)M? where H, de-
IV. CONCLUSION fines the usual anisotropy figldt results, after linearization,

With the help of a previously described lithographic pro- " oscillations at the frequenay(= y{1):

cess, we have obtained submicron-size periodic arrays of co-

balt stripe_s and, uging Brilloluin spectroscopy, have_com— Hm,+iQm,=M ﬁ (A2)
pared their magnetic properties to those of the continuous

thin film in which they were prepared. The Brillouin mag-

netic spectra show an additional structure in the stripe- ) L)

patterned arrays, absent in the continuous unpatterned layer. —iQm+Hpymy=M W’ (A3)
In order to interpret the results we have theoretically studied,

in the di.polar' apprqximation, vgrious m'ag.neti'c modes apwhereHb:(H — Ha)’ m, and m, are the components of the
pearing in neighboring geometries consisting into magnetiglynamic magnetization, arft=V ¢, whered is the potential

stripes with an elliptical cross section: our model explicitly rejated to the demagnetizing field associated to this magne-
takes into account uniaxial anisotropy along one axis of thigjzation.

cross section and we find an implicit expression for the fre-  ysing the Maxwell equation

guencies which generalizes previously published results ne-

glecting the anisotropy; in addition to known features, it V-(h+47M)=0,

gives rise to a set of low-frequency modes originating from

the bulk mode existing in the continuous film. The low- we obtain the relation

frequency spectrum observed in the patterned area is then

attributed to these last eigenmodes: experimentally they are am, am, Pp PP
Brillouin active only when anisotropy and geometrical pat- 4 — +417W+ v ﬁ_yzzo_ (A4)
terning are simultaneously present in the studied sample. A

complete theoretical analysis of the intensity of the spectra ofyom Egs.(A2), (A3), and(A4),
the patterned areas is still lacking, in contrast with the case of

the continuous film where we successfully performed this P 2
analysis. However, we could qualitatively explain the differ- [(47M+H)H,— Q%] — +[(47M+Hp)H—-Q?] —
ences between the observed spectra of Co and of Perrhalloy X %
stripes by the influence of anisotropy which is negligible in =0, (A5)
the case of Permalloy. Finally, in the case of our studied

arrays of Co stripes we have shown the effect of the demag-e.,

netizing field.
2 2
M |2a_¢:0
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is the solution of

APPENDIX Py Py

—+—%=0 A7
In the following formulation, exchange is not included in x> ay? (A7)

the equations of motion of the magnetization; hence the

modes are due to purely magnetostatic fortdipolar ap- leading to

proximation). We also assume that the distribution of the

magnetization in the magnetic stripes satisfies Maxwell Y=T(x+iy)+G(x—iy). (A8)
equations in the magnetostatic approximation.

The usual approach, which is applied for the calculationsUsing a variableu to parametrize the equation of the curve
consists of deriving the simultaneous solution of the lineardefining the cross section of the magnetic cylinder
ized equation of motion and of the Maxwell’'s equations with[x(u),y(u)], the boundary conditiorgontinuity of the tan-
the appropriate electromagnetic boundary conditions. gential and of the normal components &f and

The Landau-Lifshitz equation is written as +4a7M), respectively, provide
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2 o Iy Iy
—y'(u) 4mm,t - +x"(u) 4mmy+ o =-y'(u) X +x'(u) v :
[x(u),y(w)] Y ixaw yan [x(u),y(w] Y txw i
A9)
b b J A
X’(U)(X) +y’(U)(—) =x"(u) X +y’(U)<&—) : (A10)
[X(W),y (W] Y txcw,yw) [X(W),y(W)] Y txw i
Using Eqgs.(A6) and (A7), we transform Eqs(A9) and (A10) in
d 2 2
24 2
=(HpH-Q )ﬁ(f_g)[x(u),y(u)]a (A11)
d d . _
ﬁ(f + g)[x(u),y(u)]:ﬁ(f +0) x(w),yw] - (A12)

We specifyx(u) =a cosu; y(u) =b sinu, as such parametrizing the elliptical cross section; due to the periodicity we search for
solutions proportional to exp(u) along its boundary, whene is an integer. Noting this condition and the vanishing/dar
from the stripe, we find

f(Ix+iy)=fo[Ix+iy+J(Ix+iy)>—12a+b?]",

g(Ix—iy)=go[Ix—iy+ J(Ix—iy)2—12a+b?]",

o[ x—iy+ J(x—iy)?—a®+b?]" if y>0

N o[ x+iy+ V(x+iy)?—a®+b?]" if y<O. (AL3)

W(X,y)

Combining Eqs(Al11) and(A12), in order to eliminate/,, leads to a system of two homogeneous linear equatiofg amd
9o:

{[Hp(H+47M)— Q2] +47MQ+ (H,H—-Q?)}(la+b)"fo+{—[Hy(H+47M)— Q2] + 47MQ
+(H,H-Q?)}(la—b)"gy=0 for ue[0,7] (A14)

and

{[Hy(H+47M)— Q2] +47MQ — (H,H—Q?)}(la—Db)"f,
+{=[Hp(H+47M)— Q2] +47MQ — (H,H—Q?)}(la+b)"gy=0 for ue[w,27],

which shows nonzero solutions only for

{(47MQ)2—[(Hp(H+47M)— Q)+ (H,H—0?)]% (la+b)2"
={(47MQ)?=[ = (Hp(H+47M) = Q) + (HpH — Q)3 (la—b)?". (A15)
The above described method can indeed be used in the case of an infinite plane layer of thibkrms¢h2 upper face

x(u)=u, y(u)=2b; on the lower facex(u)=u, y(u)=0. Considering the invariance by translation in an infinite layer, we
search for solutions proportional to eiqx). Explicitly, noting this condition and the vanishing #ffar from the layer, we find



9490 S. M. CHiERIF, Y. ROUSSIGNEAND P. MOCH PRB 59

{[Hp(H+47M)— Q2]+ 47MQ — (H,H—Q?)}f,

2gb
e - 228

2gqb
—(H,H—Q?)}g, ex ——|=0 for y=2b,
which shows nonzero solutions only for

{(47MQ)2=[(Hy(H+47M)—Q2?)l

f(Ix+iy)="f, exr{i IS(Ix+iy)

+{—-[Hy(H+47M)—-Q?]I +47MQ
. . q
g(lx—ly)=goe><p<ll—(lx—y)),
P(xy)=oexplig(x+iy)) if y>2b,

P(x,y)=doexpliq(x—iy)) if y<0.  (Al6)
Combining Eqs(A11) and(A12), in order to eliminatey,,

. 0 2gb
leads to a system of two homogeneous linear equatiofig in +(HuH —QZ)]Z}ex;{ li)
andgp:
— 2_r1_ —_ 02
([Hp(H +47M)— Q2]+ 47MQ+ (HpH — 02)} =1(47MQ)"—[— (Hp(H+47M) - Q%)
—2qgb
+{—[Hp(H+47M) - Q2] +47MQ +(HbH—QZ)]Z}exp( lq ) (A18)
— 2 == =
+(HpH=Q%)}go=0 for y=0 (AL7) Now, we can compare the resulting equations for a stripe
and (A15) and for an infinite layefA18). For a stripe we have

la—b
la+b

For an infinite layer we have

2 (AmMO)2— {[Hy(H+47M) — Q2] + (HpH — Q)2
 (47M Q)2 —{~[Hy(H+47M) — Q21+ (HpH - Q7))

||~ (4aMQ)2—{—[Hy(H+47M)— Q2+ (H,H—Q?)}2"
1-blla 1-blla

2n b
I+blla :eXp[Z” 1+ blla ]”ex‘](_“”ﬁ)’

we can then identify (la—b)/(la+b)]?" to exp4qgh/l) taking q=n/a.

p( 4qb) (A7MQ)2—{[Hy(H+47M)— Q2] + (H,H—Q?)}2
exp — ———

Noticing that
2n

la—b

— In
la+b
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