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Size-dependent spin-wave frequency in ferromagnetic wire-array structures
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Spin-wave frequency measurements in ferromagnetic FeNi wire-array structures by Brillouin light scattering
(BLS) are reported. The arrays studied were 600 A thick and had wire widths of between 0.8 ang hith
separations between wires of twice the width. The spin-wave frequencies were measured in the Voigt geometry
with an external field applied parallel or perpendicular to the wires. A rapid drop in BLS intensity with
decreasing structure size was seen. For the perpendicular field geometry, we observed a decrease in both the
surface and first volume-mode frequencies. We show this to be due to static demagnetizing fields. The parallel
field case showed a rise in frequency of only the surface mode with decreasing wire size, which we demon-
strate to be the effects of oscillating magnetic edge chaf@€4.63-182608)04021-1

I. INTRODUCTION report on recent experiments using Brillouin light scattering
(BLS) to probe finite-size effects on the spin-wave frequen-
Recent advanced lithographic and other controlled prepagies in ferromagnetic wire-array structures. We have studied
ration techniques have given rise to the possibility of study-uncoupled wire arrays in order to examine the properties of
ing magnetism in laterally defined magnetic structures. Sdhe individual elements.
far, work has mainly concentrated on the static magnetic The study of spin-wave excitations is a powerful probe of
properties of such structurés® Developments in micromag- the m_agnetic p_roperti_es of_ laterally defined structures such as
netic computational techniguesave proved important in the wires considered in this paper. The spin-wave excitations
understanding the observed domain proce$®s.a funda- N magnetic .materlals are Qescrlbed by solutions of the
mental level, the structuring of a thin film into wires gives Landau-Lifshitz torque equatiot:
rise to edge-induced dipolar fields and it is possible to iden-

tify shape-induced hard and easy axes for the wifiedds M

perpendicular and parallel, respectivelyhis shape anisot- ot Y(MXHer), @)
ropy has a dramatic effect on the static magnetization behav-

ior. where the quantityl is the magnetic moment of the material

Wire arrays are convenient for magnetoresista(d®) and y is the gyromagnetic ratio which is proportional to the
studies of such effects. A marked size dependence in thg factor. The parametét (the effective fieldlis the sum of
easy-axis coercive field and the hard-axis saturation field aall magnetic fields present and may have static and time-
the width of the wire is reduced has been seen using transaarying components. Such fields may be of external origin,
port measurements in submicron structtrédsuniversal be-  for example, from some external electromagnet forming part
havior of the MR as a function of reduced field normalized toof an experiment. Additionally, there may be contributions
the average demagnetizing field was also found. A transitioffom anisotropy and exchange fields. For a general discus-
from bulklike reversal to coherent rotation behavior has beersion see, for instance, Ref. 12 and the references therein. In
observed in the MR response in noninteracting wire array$aterally defined structures, one must also consider the pres-
for a field applied perpendicular to the easy axis of the wireence of demagnetizing fields arising from the edges of the
as the wire width is reduced from 200 tozan.! Coupling elements. Thus it is clear that the dynamic excitations will be
between adjacent wires has also been investidaféw de-  directly affected by changes in dimensionality. It would be
tails of the field-dependent magnetoresistance were found texpected that a study of the spin-wave frequency as a func-
be influenced by the separation of the elements. These resulien of in-plane angle would reflect the magnetic symmetry
were supported by magnetooptical Kerr-effddtOKE) mea-  of the wires(a twofold symmetry.
surements. Studies of ferromagnetic wires have also been BLS is particularly well suited to the study of magnetic
reported by other workers. excitations in such structures. First, it is a local probe, the

The study of magnetic excitations in patterned structuresncident light beam being focused onto the sample, allowing
is complicated and has, to date, received little attention. Thesmall areas to be investigated. Furthermore, BLS allows
oretical work has been confined to the predictiai so-  spin-wave measurements to be made for nonzero in-
called corner eigenmodes for square magnetic bars. Theane momentum transfer. Typical in-plane wave vectors
has been an experimental report of a lateral superlattice effPW\V’s) probed by BLS are of the order of 391¢° cm™?!
fect in coupled grating structurédt has also been suggested and may be varied by changing the angle of incidefocehe
that spin waves play a key role in the size scaling of thewavelength of the light sourgeThis allows in-plane dipolar
longitudinal MR response of very fine Ni wiré$.Further effects associated with nonuniform magnetization distribu-
investigation would be of great interest as, if magnetic eletions to be studied. If the spin-wave IPWV is perpendicular
ments are ever to be used in high-speed electronics, an uts the wire, we also expect finite-size effects associated with
derstanding of their high-frequency response must include aspin-wave confinement to become apparent when the wire
understanding of the spin-wave properties. In this paper, weize becomes comparable to the spin-wave wavelength being
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probed. The separation between the wires defines an addi- M =M i, +me~jet,
tional length scale for interwire dipolar coupling. In the work
presented in this paper, we have attempted to minimize this H=Hoi,— Nxmxe—jwtix_(1_Nx)mye—jwtiy, @)

coupling by fabricating samples with a separation between

wires of twice the wire width. From MR measuremehtge ~ Where we have taken the applied figtg to be along thez

infer that the wires in such arrays are indeed uncoupled. 2aXiS. Thex axis is across the width of the wire and thexis
Just as in the static investigations, it is possible to mealS therefore along the length of the wirbl, is the static

sure hard- and easy-axis responses using BLS. We consid&2gnetization and componentsrofandh represent the dy-

only the case where the spin-wave frequencies probed are fG2MIC (Spin-wave magnetization which are assumed to be

excitations with their IPWV’s perpendicular to the applied small in comparison t&4o. Ny |s'the demagnetizing factor.

field (as is the case for measurements in the Voigt scatteriny/€ Nave made use of the relation

geometry used hereFor the hard-axis case, where the spins

are forced by an external field into saturation perpendicular 1=Nx+Ny+N, ©)

to the wires, a static demagnetizing field is to be expectedang thatN,~0 since these wires are long. By substituting

This arises from magnetic charges at the edges and is Sufto the Landau-Lifshitz equation, and linearizing, we obtain
tractive from the applied field. For a given magnetization,an expression for the frequency:

this demagnetizing field will be expected to increase as the
wire width is decreased. Thus, we expect that the parameter w2
Hek In EQ. (1) will be reduced as the wires are made nar- (—) =(Ho+47MNy)[Ho+47M(1—-N,)]. (4)
rower. The restoring torque on the individual spins is there- Y
fore also reduced and the spin-wave frequency will drop aghe above expression is derived for a collection of isolated
the wire width is reduced. spins. It would be expected to hold for spin waves in the
Let us now consider the easy-axis case when the applie@ng-wavelength limit, where all spins are precessing in
field is arranged to orient the magnetization along the wiresphase. However, the precise nature of the dynamic demag-
For this magnetic configuration, there are no static magnetigetizing fields will depend on the details of the mode profile
poles present on the wire edges as there is no component ghd is expected to be different for volume modes, for ex-
the magnetization perpendicular to the wires, and so there igmple.
no static demagnetizing field as in the hard-axis case. How- |et us qualitatively consider the hard-axis behavior for
ever, in a spin-wave excitation, the spins precess about theurface spin waves of shorter wavelengtirger IPW\V). In
equilibrium position. This gives rise to a small, time-varying, the limit of very short wavelength, nearby spins will be out
magnetization perpendicular to the eddasd the top and of phase. Since this will also be true near the wire edges, the
bottom surfacesof the wires. Thus, the spin-wave itself can amplitude of the oscillating magnetizing at the ed¢gsd so
supply a time-varying polarization that can generate a dyalso the dynamic demagnetizing figldill be reduced. Thus,
namic demagnetizing field which could, in turn, influence thethe confinement effect described above is predicted to van-
spin-wave frequency. In the long-wavelength limit, wherejsh. This is to be expected as, in the short-wavelength limit,
the excitations on both sides of the wire are in phase, thishe wires appear effectively infinite, even for excitations
dynamic field always serves as a restoring torque and so theaveling across their width. For intermediate-wavelength
spin-wave frequency can be expected to increase as the wigpin waves, the details of the dynamic demagnetizing field

width is decreased. This can be thought of as a confinememimplitude distributions will be strongly wavelength depen-
effect as the presence of the wire edges tends to reduce tiglent.

spin-precession amplitude.

ITet us consider th}s bghaylor more quantltanvely. Within Il EXPERIMENT
a simple model considering isolated spins, we may construct
solutions to Eq(1). We shall neglect any exchange contri-  Our samples consisted of 600 A thick Jjig, wire ar-
bution to the surface-mode frequencies, as this will be smaltays in the 0.8—1Q:m size width range and were prepared
for such small angles of incidendemall IPWV). Intrinsic ~ from continuous films grown by ultrahigh-vacuum electron-
anisotropy contributions will also be assumed to be smallbeam evaporation onto Ga@91) substrates. This material
This will be shown to be a good approximation for the struc-is particularly suitable as it is magnetically isotropic, and
tures investigated here. We shall also assume that the spaiso has a very narrow natural spin-wave linewidth which is
waves are not pinned at the edges of the wires. Such pinningseful for accurate measurements. The vacuum system has a
would alter the boundary conditions to reduce the precessiobase pressure of610 % mbar. The substrates were held at
amplitude at the wire edges, and so the dynamic demagn&0 °C and the growth rate was 2.5 A/min. The films were
tizing fields would be diminished. As before, we neglect theannealed at 120 °C for 30 min to remove the uniaxial anisot-
spatial variations in the demagnetizing field that must beropy induced during growth. The wire arrays were fabricated
present for nonellipsoidal bodies. Except near the edges dfee Fig. 1 using electron-beam lithography and optimized
the structures, such variations are relatively small comparegattern transfer techniques based on a combination of dry
with the magnitude of the demagnetizing field at the centeand wet etching. The details of the fabrication process have
of the wire. The trial solutions must contain additional field been described elsewhéreAll wire arrays for which data
terms that reflect the oscillating demagnetizing fields due t@re presented here were prepared ind@3-mm patches on
the components of the dynamic magnetization at the wireghe same FeNi film, thus ensuring that the material param-
edges and the top and bottom surfaces; eters were the same for all samples. MOKE measurements
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FIG. 2. BLS spectrum of the unpatterned FeNi film. The large
central feature is the inelastic Rayleigh peak. At least three modes
are visible in both the Stokes and anti-Stokes regions of the spec-
trum.

to a single-axis goniometer, which could rotate about the
external(applied field axis. With this system it was there-
fore possible to arrange for any patch to be brought into
focus accurately at the center of the magnet pole pieces, with
the light incident at any angle from 0° to nearly 9(d
change the spin-wave IPWV being probeahd with the
wires at any angle to the in-plane applied field. As the mag-
FIG. 1. Scanning electron micrograph of typical wire-array net was capable of fields up to 10 kOe, and precise alignment

structure demonstrating the good edge acuity achieved. This samplgas of importance, the sample manipulator was designed to
had been deep-etched into the GaAs substrate to provide contrage sybstantially free of magnetic components.

for microscopy.

. Ill. RESULTS AND DISCUSSION
on an unpatterned control patch before and after processing

showed no noticeable sample degradation by the processing A typical BLS spectrum from the unpatterned patch is
technique. This indicates that our patterning techniqueshown in Fig. 2. At least three spin-wave modes can be seen.
causes minimal sample damage. It is worth noting, howeverThe modes were found to have narrow linewidths, as is typi-
that in samples prepared by dry etching alone, a dramatical of FeNi. They may be classified as follows. The spin-
broadening of the spin-wave line shape was observed, whicwave mode solutions to the Landau-Lifshitz equation in
is believed to be due to sample damage. It was not possibldms of this thickness may be either of Damon-Eshbach sur-
to obtain useful BLS measurements from such samples. Allace or volume typé®—2° The surface modes exhibit an ex-
our samples were fabricated with wire separations of twicgponential decay of the dynamic magnetization amplitude
the wire width. away from the surface. There exist two frequency-degenerate
The main elements of our BLS apparatus have been dexnd counterpropagating modes; one for each surface. The
scribed previously? Additionally, the original stabilization Stokes and anti-Stokes surface-mode pe@ksresponding
system has been replaced by a computer-controlled syStemto spin-wave creation and annihilation events, respectively
This afforded the experiment with superior long-term stabil-generally have different intensity due to the nonreciprocal
ity compared to the original analog-based stabilization. Thigropagation of this type of modé:*®Volume modes, which
was found to be essential as the spin-wave signals from thieave standing-wave-type behavior due to confinement per-
smallest wires studied were of very low intensity makingpendicular to the film plane are also observed in films greater
long spectrum acquisition times necessary. A single-modéhan about 150 A thick. The first volume mode has one node
argon-ion laser was used to provide 100 mW of 514.5-nnand is an antisymmetric function of depth across the film.
wavelength light which was focused onto the sample. Thelhe higher-order volume modes have successively more
backscattered radiation was collected and frequency anaodes. Measurements of the spin-wave frequencies as a func-
lyzed by a 3+3 pass tandem Fabry-Re interferometer. The tion of in-plane angle for the unpatterned film are shown in
scattering plane was at right angles to the figldigt geom-  Fig. 3. To within errors, these were constant, demonstrating
etry). The incident beam was accurately positioned onto théhat any residual intrinsic anisotropy was less than about 5
wire arrays by monitoring the back-reflected diffraction pat-Oe. In combination with measurements of frequency as a
tern. Careful masking of these diffracted beams was requiretinction of applied-field strength, it is possible to extract
to prevent them from entering and blinding the interferom-values forM =800 Oe,g=2.09 required for the interpreta-
eter. tion of the results for the wires. Such an analysis was based
The sample was mounted on ayz manipulator, itself on the formulation of Hickeret al?
mounted on a rotation stage. This stage was, in turn attached It was not possible to observe modes other than the sur-
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FIG. 3. Spin-wave frequencies as a function of in-plane applied FIG. 5. Spin-wave frequencies as a function of wire width in the
field angle for the unpatterned patch. The angle of incidence waperpendicular field configuration. The field was 3 kOe in magnitude
45° and the applied field was 3 kOe in magnitude. and the angle of incidence was 5°. The solid lines represent the

static demagnetizing field predictions as described in the text.
face and first volume modes in the wire arrays. The inelastic
signal intensity was observed to drop rapidly with reducingof the array of 1um wide wires. A very clear twofold
wire size raising spectrum acquisition times from 20 min to(uniaxia) anisotropy is seen to have been introduced. This is
up to 7 h in thesmallest wires measured. This is, perhaps2s expected from consideration of the new in-plane symme-
surprising as the wires are always separated by twice th&Y and arises from the presence of demagnetizing fields from
width. Thus the same quantity of magnetic material is alwayshe wire edges as described above. Such angle scans are
present. The mode line shapes and linewidths were carefullgborious to obtain with high precision at each point. To
studied at various angles of incidence. We found no evidencéxamine the size dependencies further, we have performed
of any mode splitting associated with possible zone foldingMore accurate measurements at the principle directions, i.e.,
due to the lateral periodicity of these structures from the ling/ith the wires paralleleasy axi$ and perpendiculathard
shape. The linewidths were also found to be independent G¥xis) to the field.
the wire width. These observations suggest that the spin- A summary of the results for the case of the applied field
wave excitations are not coherent between wires. As the wirB€ing perpendicular to the wires is presented in Fig. 5, where
width is reduced, and the total magnetic material presenile frequencies of the surface and first volume mode are
becomes more finely divided, the scattering becomes inshown as functions of wire width. Both modes were ob-
creasingly incoherent, and the intensity is reduced. This i§€rved to show a drop in frequency with reducing wire
consistent with adjacent wires being uncoupled. width. We attribute this effect to the presence of static de-

Figure 4 shows a similar angle scan, but now for the cas&agnetizing fields arising from magnetic charges at the

edges of the wires, which have been measured in static mag-

2 netometry and MR experimeritas described in the Intro-
T

] L duction. To test this simple interpretation, we have per-
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FIG. 4. Spin-wave frequencies as a function of in-plane applied

field angle for the lum wide wire-array patch. The angle of inci- FIG. 6. Spin-wave frequencies as a function of wire width in the
dence was 45° and the field was 3 kOe in magnitude. The directioparallel field configuration. The field was 3 kOe in magnitude and
marked as 45° corresponds to the wires being oriented along ththe angle of incidence was 5°. The solid line through the surface
applied field(i.e., 135° represents the perpendicular configuration mode points is a plot of Eq@), using the material parameters
The twofold symmetry is clearly discernible. derived from a fit to the data presented in Fig. 3.
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formed spin-wave frequency calculations using the methodiepth, the dynamic demagnetizing fields will substantially
given in Ref. 20, but taking the additional demagnetizingcancel and, to a first approximation, the frequency would be
field into account. The calculation involves the solution ofexpected to thus be insensitive to wire width as is indeed
Eqg. (1) and the Maxwell equations with the general Rado-observed.
Weertman exchange-boundary conditfonThis method,
which proceeds numerically, is necessary to model the_ v0|_- IV. SUMMARY AND CONCLUSIONS
ume modes and accurately predict the mode frequencies in
films of this thickness. The demagnetizing field for square In summary, we have measured spin-wave frequencies in
section wires can be calculated numerically according to tharrays of uncoupled ferromagnetic wires with widths in the
prescription given in Ref. 21. We have used the first-orderange 0.8—1Qum. We have shown how these frequencies are
approximation of uniform magnetization within the wire. As affected by the finite width of the wires. This effect is of
the elements are not ellipsoidal, the calculated field is a funcdifferent origin for the perpendicular and parallel field cases
tion of position within the wiré? However, for the spin- described. These have been shown to be static and dynamic
wave calculations, we neglect this variationwhich is not effects, respectively. Both effects, however, are mediated by
large, except near the wire edgesd use the value for the the same geometrical demagnetizing factor. In both cases, we
center of the wire. Such approximations have been shown tbave observed a drop in inelastic intensity, which we at-
be valid in the modeling of MR dataThe results of such tribute to the crossover from a coherent scattering regime, to
calculations are shown as the curves in Fig. 3. A good agreean increasingly incoherent scattering regime as the wire
ment between the model and the experimental results is apvidths were reduced, and the magnetic film becomes in-
parent. This interpretation is also in good agreement witlcreasingly disconnected.
MOKE magnetometry data which revealed a reversible hard- In the parallel case, our results indicate that the effect of
axis behavior with a saturation field which increased withthe confinement depends on the details of the dynamic mag-
decreasing wire width due to the increasing demagnetizingetization profiles within the film, as we observe that the
field. surface and first volume modes are differently affected by
Figure 6 shows the analogous data, but for the case of thihe reduced wire width. We have shown how the surface-
applied field being parallel to the wirdge., the scattering mode behavior can be accounted for within a simple model,
vector is perpendicular to the wined-or this configuration and how this model is consistent with the volume-mode be-
the frequency of the surface mode was seen to be increasdufvior. As the confinement frequency shifts were so small,
as predicted, in the samples with smaller wire width. Thewe were unable to make a detailed study as a function of
volume-mode frequency appears to be substantially unatPWV. It would be of interest to investigate the spin-wave
fected by the wire width in this geometry. The expressionfrequencies at successive “Bragg” and “anti-Bragg” condi-
given in Eq.(4), using the material parameters already detertions. Such experiments would be facilitated if spin waves
mined, and the calculated demagnetizing factors, is plottedould be measured in high-quality wire arrays, @ in
as the solid curve through the surface-mode points in Fig. 6width or less, in which the demagnetizing fields would be
It can be seen that the agreement is good. This indicates thekpected to be much larger.
the spins experience the full dynamic demagnetizing field, It is hoped that this work will stimulate further theoretical
which implies that there is little pinning of the spin waves atinterest in modeling spin-wave modes not only in wires, but
the wire edges. also in other structures, both in the uncoupled and coupled
A study of the parallel field behavior with scattering anglecases. Such a description of the response of wires to the
showed that the confinement effect disappeared for anglesomplicated dynamical field distributions that can occur will
away from normal incidence. This is in accordance with thebe necessary to understand the spin-wave behavior in the
reduction in the confinement effect at larger IPWV predictednext generation of lithographically produced magnetic struc-
above. No particularly remarkable behavior was identified atures.
“Bragg” or “anti-Bragg” conditions [n\=2w sin§ and
(n+3)\=2w sin 6, respectively, for an angle of incidence ACKNOWLEDGMENTS
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