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Size-dependent spin-wave frequency in ferromagnetic wire-array structures

A. Ercole, A. O. Adeyeye, J. A. C. Bland, and D. G. Hasko
Cavendish Laboratory, Madingley Road, Cambridge CB3 0HE, United Kingdom

~Received 28 October 1997!

Spin-wave frequency measurements in ferromagnetic FeNi wire-array structures by Brillouin light scattering
~BLS! are reported. The arrays studied were 600 Å thick and had wire widths of between 0.8 and 10mm, with
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 charges.@S0163-1829~98!04021-1#
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I. INTRODUCTION

Recent advanced lithographic and other controlled pre
ration techniques have given rise to the possibility of stu
ing magnetism in laterally defined magnetic structures.
far, work has mainly concentrated on the static magn
properties of such structures.1–3 Developments in micromag
netic computational techniques3 have proved important in
understanding the observed domain processes.4 On a funda-
mental level, the structuring of a thin film into wires give
rise to edge-induced dipolar fields and it is possible to id
tify shape-induced hard and easy axes for the wires~fields
perpendicular and parallel, respectively!. This shape anisot
ropy has a dramatic effect on the static magnetization beh
ior.

Wire arrays are convenient for magnetoresistance~MR!
studies of such effects. A marked size dependence in
easy-axis coercive field and the hard-axis saturation field
the width of the wire is reduced has been seen using tr
port measurements in submicron structures.5 A universal be-
havior of the MR as a function of reduced field normalized
the average demagnetizing field was also found. A transi
from bulklike reversal to coherent rotation behavior has b
observed in the MR response in noninteracting wire arr
for a field applied perpendicular to the easy axis of the w
as the wire width is reduced from 200 to 2mm.1 Coupling
between adjacent wires has also been investigated.6 The de-
tails of the field-dependent magnetoresistance were foun
be influenced by the separation of the elements. These re
were supported by magnetooptical Kerr-effect~MOKE! mea-
surements. Studies of ferromagnetic wires have also b
reported by other workers.7

The study of magnetic excitations in patterned structu
is complicated and has, to date, received little attention. T
oretical work has been confined to the prediction8 of so-
called corner eigenmodes for square magnetic bars. T
has been an experimental report of a lateral superlattice
fect in coupled grating structures.9 It has also been suggeste
that spin waves play a key role in the size scaling of
longitudinal MR response of very fine Ni wires.10 Further
investigation would be of great interest as, if magnetic e
ments are ever to be used in high-speed electronics, an
derstanding of their high-frequency response must include
understanding of the spin-wave properties. In this paper,
PRB 580163-1829/98/58~1!/345~6!/$15.00
a-
-
o
ic

-

v-

he
as
s-

n
n
s
e

to
lts

en

s
e-

re
f-

e

-
n-
n
e

report on recent experiments using Brillouin light scatteri
~BLS! to probe finite-size effects on the spin-wave freque
cies in ferromagnetic wire-array structures. We have stud
uncoupled wire arrays in order to examine the properties
the individual elements.

The study of spin-wave excitations is a powerful probe
the magnetic properties of laterally defined structures suc
the wires considered in this paper. The spin-wave excitati
in magnetic materials are described by solutions of
Landau-Lifshitz torque equation:11

]M

]t
5g~M3Heff!, ~1!

where the quantityM is the magnetic moment of the materi
andg is the gyromagnetic ratio which is proportional to th
g factor. The parameterHeff ~the effective field! is the sum of
all magnetic fields present and may have static and tim
varying components. Such fields may be of external orig
for example, from some external electromagnet forming p
of an experiment. Additionally, there may be contributio
from anisotropy and exchange fields. For a general disc
sion see, for instance, Ref. 12 and the references therei
laterally defined structures, one must also consider the p
ence of demagnetizing fields arising from the edges of
elements. Thus it is clear that the dynamic excitations will
directly affected by changes in dimensionality. It would
expected that a study of the spin-wave frequency as a fu
tion of in-plane angle would reflect the magnetic symme
of the wires~a twofold symmetry!.

BLS is particularly well suited to the study of magnet
excitations in such structures. First, it is a local probe,
incident light beam being focused onto the sample, allow
small areas to be investigated. Furthermore, BLS allo
spin-wave measurements to be made for nonzero
plane momentum transfer. Typical in-plane wave vect
~IPWV’s! probed by BLS are of the order of 105– 106 cm21

and may be varied by changing the angle of incidence~or the
wavelength of the light source!. This allows in-plane dipolar
effects associated with nonuniform magnetization distrib
tions to be studied. If the spin-wave IPWV is perpendicu
to the wire, we also expect finite-size effects associated w
spin-wave confinement to become apparent when the w
size becomes comparable to the spin-wave wavelength b
345 © 1998 The American Physical Society
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346 PRB 58ERCOLE, ADEYEYE, BLAND, AND HASKO
probed. The separation between the wires defines an a
tional length scale for interwire dipolar coupling. In the wo
presented in this paper, we have attempted to minimize
coupling by fabricating samples with a separation betw
wires of twice the wire width. From MR measurements,1 we
infer that the wires in such arrays are indeed uncoupled.

Just as in the static investigations, it is possible to m
sure hard- and easy-axis responses using BLS. We con
only the case where the spin-wave frequencies probed ar
excitations with their IPWV’s perpendicular to the applie
field ~as is the case for measurements in the Voigt scatte
geometry used here!. For the hard-axis case, where the sp
are forced by an external field into saturation perpendicu
to the wires, a static demagnetizing field is to be expec
This arises from magnetic charges at the edges and is
tractive from the applied field. For a given magnetizatio
this demagnetizing field will be expected to increase as
wire width is decreased. Thus, we expect that the param
Heff in Eq. ~1! will be reduced as the wires are made n
rower. The restoring torque on the individual spins is the
fore also reduced and the spin-wave frequency will drop
the wire width is reduced.

Let us now consider the easy-axis case when the app
field is arranged to orient the magnetization along the wir
For this magnetic configuration, there are no static magn
poles present on the wire edges as there is no compone
the magnetization perpendicular to the wires, and so the
no static demagnetizing field as in the hard-axis case. H
ever, in a spin-wave excitation, the spins precess about
equilibrium position. This gives rise to a small, time-varyin
magnetization perpendicular to the edges~and the top and
bottom surfaces! of the wires. Thus, the spin-wave itself ca
supply a time-varying polarization that can generate a
namic demagnetizing field which could, in turn, influence t
spin-wave frequency. In the long-wavelength limit, whe
the excitations on both sides of the wire are in phase,
dynamic field always serves as a restoring torque and so
spin-wave frequency can be expected to increase as the
width is decreased. This can be thought of as a confinem
effect as the presence of the wire edges tends to reduc
spin-precession amplitude.

Let us consider this behavior more quantitatively. With
a simple model considering isolated spins, we may const
solutions to Eq.~1!. We shall neglect any exchange cont
bution to the surface-mode frequencies, as this will be sm
for such small angles of incidence~small IPWV!. Intrinsic
anisotropy contributions will also be assumed to be sm
This will be shown to be a good approximation for the stru
tures investigated here. We shall also assume that the
waves are not pinned at the edges of the wires. Such pin
would alter the boundary conditions to reduce the preces
amplitude at the wire edges, and so the dynamic dema
tizing fields would be diminished. As before, we neglect t
spatial variations in the demagnetizing field that must
present for nonellipsoidal bodies. Except near the edge
the structures, such variations are relatively small compa
with the magnitude of the demagnetizing field at the cen
of the wire. The trial solutions must contain additional fie
terms that reflect the oscillating demagnetizing fields due
the components of the dynamic magnetization at the w
edges and the top and bottom surfaces;
di-
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M5M0iz1me2 j vt,

H5H0iz2Nxmxe
2 j vtix2~12Nx!mye

2 j vtiy , ~2!

where we have taken the applied fieldH0 to be along thez
axis. Thex axis is across the width of the wire and they axis
is therefore along the length of the wire.M0 is the static
magnetization and components ofm andh represent the dy-
namic ~spin-wave! magnetization which are assumed to
small in comparison toM0. Nx is the demagnetizing factor
We have made use of the relation

15Nx1Ny1Nz ~3!

and thatNz'0 since these wires are long. By substitutin
into the Landau-Lifshitz equation, and linearizing, we obta
an expression for the frequency:

S v

g D 2

5~H014pMNx!@H014pM ~12Nx!#. ~4!

The above expression is derived for a collection of isola
spins. It would be expected to hold for spin waves in t
long-wavelength limit, where all spins are precessing
phase. However, the precise nature of the dynamic dem
netizing fields will depend on the details of the mode profi
and is expected to be different for volume modes, for e
ample.

Let us qualitatively consider the hard-axis behavior
surface spin waves of shorter wavelength~larger IPWV!. In
the limit of very short wavelength, nearby spins will be o
of phase. Since this will also be true near the wire edges,
amplitude of the oscillating magnetizing at the edges~and so
also the dynamic demagnetizing field! will be reduced. Thus,
the confinement effect described above is predicted to v
ish. This is to be expected as, in the short-wavelength lim
the wires appear effectively infinite, even for excitatio
traveling across their width. For intermediate-waveleng
spin waves, the details of the dynamic demagnetizing fi
amplitude distributions will be strongly wavelength depe
dent.

II. EXPERIMENT

Our samples consisted of 600 Å thick Fe20Ni80 wire ar-
rays in the 0.8–10mm size width range and were prepare
from continuous films grown by ultrahigh-vacuum electro
beam evaporation onto GaAs~001! substrates. This materia
is particularly suitable as it is magnetically isotropic, a
also has a very narrow natural spin-wave linewidth which
useful for accurate measurements. The vacuum system h
base pressure of 5310210 mbar. The substrates were held
30 °C and the growth rate was 2.5 Å/min. The films we
annealed at 120 °C for 30 min to remove the uniaxial anis
ropy induced during growth. The wire arrays were fabrica
~see Fig. 1! using electron-beam lithography and optimiz
pattern transfer techniques based on a combination of
and wet etching. The details of the fabrication process h
been described elsewhere.13 All wire arrays for which data
are presented here were prepared in 0.330.3-mm patches on
the same FeNi film, thus ensuring that the material para
eters were the same for all samples. MOKE measurem
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on an unpatterned control patch before and after proces
showed no noticeable sample degradation by the proces
technique. This indicates that our patterning techniq
causes minimal sample damage. It is worth noting, howe
that in samples prepared by dry etching alone, a dram
broadening of the spin-wave line shape was observed, w
is believed to be due to sample damage. It was not poss
to obtain useful BLS measurements from such samples.
our samples were fabricated with wire separations of tw
the wire width.

The main elements of our BLS apparatus have been
scribed previously.14 Additionally, the original stabilization
system has been replaced by a computer-controlled syste15

This afforded the experiment with superior long-term stab
ity compared to the original analog-based stabilization. T
was found to be essential as the spin-wave signals from
smallest wires studied were of very low intensity maki
long spectrum acquisition times necessary. A single-m
argon-ion laser was used to provide 100 mW of 514.5-
wavelength light which was focused onto the sample. T
backscattered radiation was collected and frequency
lyzed by a 313 pass tandem Fabry-Pe´rot interferometer. The
scattering plane was at right angles to the field~Voigt geom-
etry!. The incident beam was accurately positioned onto
wire arrays by monitoring the back-reflected diffraction p
tern. Careful masking of these diffracted beams was requ
to prevent them from entering and blinding the interfero
eter.

The sample was mounted on anxyz manipulator, itself
mounted on a rotation stage. This stage was, in turn attac

FIG. 1. Scanning electron micrograph of typical wire-arr
structure demonstrating the good edge acuity achieved. This sa
had been deep-etched into the GaAs substrate to provide con
for microscopy.
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to a single-axis goniometer, which could rotate about
external~applied! field axis. With this system it was there
fore possible to arrange for any patch to be brought i
focus accurately at the center of the magnet pole pieces,
the light incident at any angle from 0° to nearly 90°~to
change the spin-wave IPWV being probed! and with the
wires at any angle to the in-plane applied field. As the m
net was capable of fields up to 10 kOe, and precise alignm
was of importance, the sample manipulator was designe
be substantially free of magnetic components.

III. RESULTS AND DISCUSSION

A typical BLS spectrum from the unpatterned patch
shown in Fig. 2. At least three spin-wave modes can be s
The modes were found to have narrow linewidths, as is ty
cal of FeNi. They may be classified as follows. The sp
wave mode solutions to the Landau-Lifshitz equation
films of this thickness may be either of Damon-Eshbach s
face or volume type.16–19 The surface modes exhibit an ex
ponential decay of the dynamic magnetization amplitu
away from the surface. There exist two frequency-degene
and counterpropagating modes; one for each surface.
Stokes and anti-Stokes surface-mode peaks~corresponding
to spin-wave creation and annihilation events, respective!
generally have different intensity due to the nonrecipro
propagation of this type of mode.17,19 Volume modes, which
have standing-wave-type behavior due to confinement
pendicular to the film plane are also observed in films grea
than about 150 Å thick. The first volume mode has one no
and is an antisymmetric function of depth across the fi
The higher-order volume modes have successively m
nodes. Measurements of the spin-wave frequencies as a f
tion of in-plane angle for the unpatterned film are shown
Fig. 3. To within errors, these were constant, demonstra
that any residual intrinsic anisotropy was less than abou
Oe. In combination with measurements of frequency a
function of applied-field strength, it is possible to extra
values forM5800 Oe,g52.09 required for the interpreta
tion of the results for the wires. Such an analysis was ba
on the formulation of Hickenet al.20

It was not possible to observe modes other than the

ple
ast

FIG. 2. BLS spectrum of the unpatterned FeNi film. The lar
central feature is the inelastic Rayleigh peak. At least three mo
are visible in both the Stokes and anti-Stokes regions of the s
trum.
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348 PRB 58ERCOLE, ADEYEYE, BLAND, AND HASKO
face and first volume modes in the wire arrays. The inela
signal intensity was observed to drop rapidly with reduc
wire size raising spectrum acquisition times from 20 min
up to 7 h in thesmallest wires measured. This is, perha
surprising as the wires are always separated by twice
width. Thus the same quantity of magnetic material is alw
present. The mode line shapes and linewidths were care
studied at various angles of incidence. We found no evide
of any mode splitting associated with possible zone fold
due to the lateral periodicity of these structures from the l
shape. The linewidths were also found to be independen
the wire width. These observations suggest that the s
wave excitations are not coherent between wires. As the w
width is reduced, and the total magnetic material pres
becomes more finely divided, the scattering becomes
creasingly incoherent, and the intensity is reduced. Thi
consistent with adjacent wires being uncoupled.

Figure 4 shows a similar angle scan, but now for the c

FIG. 3. Spin-wave frequencies as a function of in-plane app
field angle for the unpatterned patch. The angle of incidence
45° and the applied field was 3 kOe in magnitude.

FIG. 4. Spin-wave frequencies as a function of in-plane app
field angle for the 1mm wide wire-array patch. The angle of inc
dence was 45° and the field was 3 kOe in magnitude. The direc
marked as 45° corresponds to the wires being oriented along
applied field~i.e., 135° represents the perpendicular configuratio!.
The twofold symmetry is clearly discernible.
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of the array of 1mm wide wires. A very clear twofold
~uniaxial! anisotropy is seen to have been introduced. Thi
as expected from consideration of the new in-plane sym
try and arises from the presence of demagnetizing fields f
the wire edges as described above. Such angle scan
laborious to obtain with high precision at each point. T
examine the size dependencies further, we have perfor
more accurate measurements at the principle directions,
with the wires parallel~easy axis! and perpendicular~hard
axis! to the field.

A summary of the results for the case of the applied fi
being perpendicular to the wires is presented in Fig. 5, wh
the frequencies of the surface and first volume mode
shown as functions of wire width. Both modes were o
served to show a drop in frequency with reducing w
width. We attribute this effect to the presence of static d
magnetizing fields arising from magnetic charges at
edges of the wires, which have been measured in static m
netometry and MR experiments1 as described in the Intro
duction. To test this simple interpretation, we have p

d
as

d

n
he

FIG. 5. Spin-wave frequencies as a function of wire width in t
perpendicular field configuration. The field was 3 kOe in magnitu
and the angle of incidence was 5°. The solid lines represent
static demagnetizing field predictions as described in the text.

FIG. 6. Spin-wave frequencies as a function of wire width in t
parallel field configuration. The field was 3 kOe in magnitude a
the angle of incidence was 5°. The solid line through the surf
mode points is a plot of Eq.~4!, using the material parameter
derived from a fit to the data presented in Fig. 3.
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formed spin-wave frequency calculations using the met
given in Ref. 20, but taking the additional demagnetizi
field into account. The calculation involves the solution
Eq. ~1! and the Maxwell equations with the general Rad
Weertman exchange-boundary condition.21 This method,
which proceeds numerically, is necessary to model the
ume modes and accurately predict the mode frequencie
films of this thickness. The demagnetizing field for squa
section wires can be calculated numerically according to
prescription given in Ref. 21. We have used the first-or
approximation of uniform magnetization within the wire. A
the elements are not ellipsoidal, the calculated field is a fu
tion of position within the wire.22 However, for the spin-
wave calculations, we neglect this variation~which is not
large, except near the wire edges! and use the value for th
center of the wire. Such approximations have been show
be valid in the modeling of MR data.1 The results of such
calculations are shown as the curves in Fig. 3. A good ag
ment between the model and the experimental results is
parent. This interpretation is also in good agreement w
MOKE magnetometry data which revealed a reversible ha
axis behavior with a saturation field which increased w
decreasing wire width due to the increasing demagnetiz
field.

Figure 6 shows the analogous data, but for the case o
applied field being parallel to the wires~i.e., the scattering
vector is perpendicular to the wires!. For this configuration
the frequency of the surface mode was seen to be increa
as predicted, in the samples with smaller wire width. T
volume-mode frequency appears to be substantially u
fected by the wire width in this geometry. The express
given in Eq.~4!, using the material parameters already det
mined, and the calculated demagnetizing factors, is plo
as the solid curve through the surface-mode points in Fig
It can be seen that the agreement is good. This indicates
the spins experience the full dynamic demagnetizing fie
which implies that there is little pinning of the spin waves
the wire edges.

A study of the parallel field behavior with scattering ang
showed that the confinement effect disappeared for an
away from normal incidence. This is in accordance with
reduction in the confinement effect at larger IPWV predic
above. No particularly remarkable behavior was identified
‘‘Bragg’’ or ‘‘anti-Bragg’’ conditions @nl52w sinu and
(n1 1

2 )l52w sinu, respectively, for an angle of incidenc
of u#, but this is not surprising as even the frequency sh
observed near normal incidence were near the limit of
resolution.

A model which predicted the first volume mode behav
would have to include the exchange interaction. Howev
since the mode amplitude profile has a change of sign w
H
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depth, the dynamic demagnetizing fields will substantia
cancel and, to a first approximation, the frequency would
expected to thus be insensitive to wire width as is inde
observed.

IV. SUMMARY AND CONCLUSIONS

In summary, we have measured spin-wave frequencie
arrays of uncoupled ferromagnetic wires with widths in t
range 0.8–10mm. We have shown how these frequencies
affected by the finite width of the wires. This effect is o
different origin for the perpendicular and parallel field cas
described. These have been shown to be static and dyn
effects, respectively. Both effects, however, are mediated
the same geometrical demagnetizing factor. In both cases
have observed a drop in inelastic intensity, which we
tribute to the crossover from a coherent scattering regime
an increasingly incoherent scattering regime as the w
widths were reduced, and the magnetic film becomes
creasingly disconnected.

In the parallel case, our results indicate that the effec
the confinement depends on the details of the dynamic m
netization profiles within the film, as we observe that t
surface and first volume modes are differently affected
the reduced wire width. We have shown how the surfa
mode behavior can be accounted for within a simple mod
and how this model is consistent with the volume-mode
havior. As the confinement frequency shifts were so sm
we were unable to make a detailed study as a function
IPWV. It would be of interest to investigate the spin-wa
frequencies at successive ‘‘Bragg’’ and ‘‘anti-Bragg’’ cond
tions. Such experiments would be facilitated if spin wav
could be measured in high-quality wire arrays, 0.1mm in
width or less, in which the demagnetizing fields would
expected to be much larger.

It is hoped that this work will stimulate further theoretic
interest in modeling spin-wave modes not only in wires, b
also in other structures, both in the uncoupled and coup
cases. Such a description of the response of wires to
complicated dynamical field distributions that can occur w
be necessary to understand the spin-wave behavior in
next generation of lithographically produced magnetic str
tures.
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