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Spin waves in an inhomogeneously magnetized stripe
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~Received 19 November 2003; published 1 April 2004!

We have observed collective spin-wave modes in inhomogeneously magnetized Ni0.81Fe0.19 thin-film stripes.
The stripes, 18 nm thick and 2mm wide, are studied in an in-plane magnetic field oriented along their short
axes. When the magnetic field is on the order of the shape anisotropy field, the equilibrium magnetization near
the stripe edges rotates 90 deg over a length scale of order 100 nm–1mm. Time-resolved Kerr microscopy is
used to detect a hierarchy of spin-wave modes in these edge regions. Using a combination of semianalytical
theory and micromagnetic simulations, we show that these modes span the entire stripe but can only be
detected near the edges, where the effective wave vector is small.

DOI: 10.1103/PhysRevB.69.134401 PACS number~s!: 75.30.Ds, 75.40.Gb, 76.50.1g
nt

se
in
th

pl
e

rv

sy
th
rm
s
w

n
is

er
ui
e-
tic
th
es
g
rte

rm
e

ge
e

,
t

s
th
t
th
.
ge

heir
r
ver
the

ome
tion
the
ions
t the

be

ut-
by
ap-
a

ure
ulse
d

he
on-
-

I. INTRODUCTION

The excitation spectra of ferromagnetic thin-film eleme
with transverse dimensions on the order of 1mm or less are
influenced profoundly by spatial confinement. At the
length scales, the difference in the frequencies of stand
spin waves becomes comparable to their linewidth, and
resulting modes can be resolved spectroscopically.1–3 As the
length scale decreases, both exchange and dipolar cou
become important, and the resulting excitations are differ
in character from the purely magnetostatic modes obse
in larger patterned structures.4,5 An additional class of con-
fined spin waves has been observed in nonellipsoidal
tems, in which spin waves with wave vectors parallel to
magnetization can be localized in a region of nonunifo
internal magnetic field.6–8 The internal field in this case i
analogous to a confining potential, and it has been sho
that the frequencies of the localized spin-wave modes ca
determined by a WKB argument in which the spin-wave d
persion relation is a function of position.6–8 One of the in-
teresting questions raised by the WKB approach is wheth
can be applied meaningfully to situations in which the eq
librium magnetization itself is nonuniform. The inhomog
neous magnetization at the edges of a nonellipsoidal par
leads to a modification of the boundary conditions, and
micromagnetic structure may lead to additional edge mod9

In some cases, the equilibrium state, although inhomo
neous, may have a relatively simple form, such as the vo
phase of submicron magnetic disks.10,11Developing a precise
description of the excitation spectra of these nonunifo
ground states is an important aspect of the study of magn
nanostructures.

We have studied the excitation spectra of inhomo
neously magnetized thin-film permalloy stripes using tim
resolved Kerr microscopy.12,13 When the magnetic field
which is applied along the short axis of the stripe, is close
the shape anisotropy field, we find a new class of mode
higher frequency than the ordinary precessional mode at
center of the stripe. Although these modes are detected a
edges of the stripe, they are fundamentally different than
localized edge modes observed previously at higher fields6–9

The localized modes are confined in regions of inhomo
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neous magnetic field at the edges of the stripe, and t
eigenfrequencies arelower than the frequency of the cente
mode. In contrast, the new modes, which we call crosso
modes, span the entire stripe but are only detectable at
edges, where the magnetization rotates 90 deg to bec
parallel to the edges. The inhomogeneous magnetiza
plays an essential role in determining the character of
crossover modes. We show using semianalytical calculat
that the wave vector is much smaller at the edges than a
center of the stripe, thus allowing the crossover modes to
observed.

II. RESULTS

Permalloy (Ni0.81Fe0.19) stripes, 18 nm thick, 2.3mm
wide, and approximately 1 mm long, are deposited by sp
tering through a bilayer resist shadow mask prepared
electron-beam lithography. The substrates are thinned to
proximately 25mm, and the samples are positioned on
coplanar wave guide as shown in Fig. 1.

The applied magnetic fieldHa is oriented in the plane and
is perpendicular to the long axis of the stripe. We meas
the response of the sample to a fast magnetic-field p
(Hpulse in Fig. 1! with a temporal width of 120–150 ps an

FIG. 1. Schematic drawing of the experimental geometry. T
relative dimensions are not to scale. The width of the center c
ductor of the coplanar waveguide is 30mm, and the substrate thick
ness is'25 mm. The permalloy stripes are 2.3mm wide, 18 nm
thick, and 1 mm long.
©2004 The American Physical Society01-1
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an amplitude of'5 Oe. The direction of the pulsed field
along the stripe. A 150 fs optical probe pulse with a wav
length of 810 nm is focused on the sample using a 103
oil-immersion objective with a numerical aperture of 1.2
The pump-induced change in the polar Kerr rotation of
probe beam is measured as a function of the time delay
tween the pump and probe pulses. The measured sign
proportional to thez component of the dynamic magnetiz
tion. Data obtained in a magnetic fieldHa580 Oe with the
objective focused on the center of the stripe are shown
Fig. 2~a!.

The response observed in Fig. 2~a! corresponds to nearly
uniform precession of the magnetization about the effec
field at the center of the stripe. As can be seen in the Fou
transform of the data shown in Fig. 2~b!, the spectrum is
dominated by a single peak. As the position of the focu
probe beam is moved away from the center, the spect
changes as shown in Figs. 2~d! and 2~f!, with an additional
peak appearing at higher frequency. A full spectral image
a scan across the stripe can be constructed by measurin
spectrum at each position and converting the spectral in
sity to a gray scale. The results for several magnetic fie
are shown in Fig. 3, in which the spectral intensity has b
normalized by the integrated power measured at each p
tion. This procedure emphasizes the modes near the edg
the stripe, which are much weaker than the center mod
absolute intensity.~The normalization also tends to remov
the tails of modes in regions where they overlap with a str
ger mode, which enhances the apparent resolution.! The

FIG. 2. Time and frequency response~left and right panels!
measured at different positions. The positions, relative to the ce
of the stripe, are indicated in the right-hand panels. The arrow in~f!
indicates an edge mode at higher frequency.

FIG. 3. ~Color online! Spectral images of a stripe at sever
different magnetic fields, normalized as described in the text.
arrows indicate the crossover modes discussed in this paper.
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spectra at low and high fields are well understood. At 50 O
the magnetization is nearly parallel to the long axis of t
stripe, and the observed response is a single precess
mode. At high fields (.100 Oe), the response consists of
precessional mode spanning most of the stripe and a low
frequency mode localized at each edge.6–8 This paper fo-
cuses on the field range of 60–130 Oe, in which modes
observed near the edges of the stripe at higher frequen
than the center mode. These excitations are indicated by
rows in Figs. 2~f! and 3.

Figure 4 shows frequency domain images of a 2.3mm
wide stripe for fields from 25 Oe to 130 Oe.~Note that the
images correspond to the convolution of thez component of
the dynamic magnetization with the optical resolution fun
tion. As a result, the mode profiles extend beyond the ph
cal boundary of the stripe.! The edge modes observed at 1
Oe are the localized modes seen in Fig. 3 at higher fields
70 and 90 Oe, a separate set of modes is observed at freq
cies above the center mode. At lower fields a single mo
emerges, although the total intensity becomes extrem
weak as the field approaches zero. The insets of the top t
panels of Fig. 4 show spectra obtained with the probe be
positioned 1.2mm from the center of the stripe, correspon
ing to the position indicated by the dotted line. At 130 O
only the ordinary localized mode is observed at this positi
The additional peaks at 90 and 70 Oe are the high
frequency crossover modes.

All of the mode frequencies observed at different po
tions on the stripe are shown in Fig. 5~a! as a function of

er

e

FIG. 4. ~Color online! Spectral images of the cross section of
stripe in different applied fields. The insets show the spectra at
position indicated by the dotted line. As discussed in the text,
images extend beyond the physical boundaries of the stripe bec
of the limited optical resolution.
1-2
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magnetic field. The frequencies shown are those of pe
with an amplitude at least five times the background no
level. The solid curve is the frequency of the ordinary fer
magnetic resonance~FMR! mode of the stripe, which is cal
culated under the assumption that the magnetization is
form and that it undergoes coherent rotation. The sh
anisotropy energy was determined by approximating
stripe as an ellipsoid with demagnetizing factorsNx
5Hd /Ms , Ny50, and Nz54p2Hd /Ms , where the de-
magnetizing fieldHd560 Oe was taken from the location o
the experimental minimum in the FMR frequency. T
points along the dashed curve at high fields are the local
modes discussed above. The points at higher frequen
from 60–120 Oe are due to the crossover modes that ap
near the edges of the stripe.

III. DISCUSSION

The overall structure of the spectral images shown in F
4 is the same for different stripes of the same width: in
field regime around 90 Oe, a set of modes appears at
edges of the stripe. The details of the spectrum, such as
exact frequencies of the modes, vary from stripe to str
and there is a significant asymmetry in the images betw
the left and right sides of a single stripe. We focus here o
global description of the spin-wave spectrum, although th
are some features that may depend on the micromagn
structure of a particular stripe.

The key observation about the field regime in which t
additional edge modes are observed in Fig. 4 is that the m
netization is nonuniform over a significant fraction of th
width of the stripe. The local magnetization direction is d
termined by a competition between the shape anisotr
field, which favors a magnetization parallel to the edges

FIG. 5. ~a! The measured frequencies as a function of the
plied field. The solid curve is the frequency of the ordinary FM
mode calculated as described in the text. The points along
dashed curve are the localized modes.~b! The points in the lower
panel indicate the normal mode frequencies calculated as desc
in the text.
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the stripe, and the applied field, which is along its wid
Figure 6~a! shows the two in-plane components of the ma
netization of a 2.3mm stripe calculated micromagneticall
for an applied field of 90 Oe alongx̂. The magnetization a
the center of the stripe is parallel to the applied field while
is nearly parallel to the stripe at the edges. Between th
two extremes the magnetization rotates smoothly ove
length scale of 0.5mm. Figure 6~b! shows the correspondin
effective field He f f , including the applied, demagnetizing
and exchange fields.He f f differs significantly from zero only
in the region where the magnetization is parallel to the
plied field.

The important question in the interpretation of the expe
mental results is the relationship between the magnetiza
profile shown in Fig. 6~a! and the observed spin-wave spe
trum. We will now show that the higher-frequency mod
seen in Fig. 4 extend over the entire stripe although they
be observed only at the edges. This is in contrast to
localized edge modes, for which the wave vectork becomes
imaginary in the center of the stripe. As will be shown belo
it is possible to calculate the wave vectork of a particular
mode as a function of position once the magnetization pro
is known. The result for one of the crossover modes in a fi
of 90 Oe is shown in Fig. 6~c!. The regions of small wave
vector near the edges of the stripe allow for these mode
be detected.

We begin our analysis by considering a one-dimensio
wave equation derived from the Landau-Lifshitz-Gilbe
~LLG! equation14

~11a2!
]M

]t
52uguM3He f f2

ugua
MS

M3~M3He f f!,

~1!

in the limit of small deviations ofM (x,t) from the static
magnetizationM0(x). The effective field is given by

-

e

ed

FIG. 6. ~a! The two in-plane components of the static equili
rium magnetization are shown as a function ofx in an applied field

of 90 Oe alongx̂. ~b! The corresponding effective fieldHe f f . The
positionsa, b, andc are 1.0, 0.75, and 0mm from the center of the
stripe.~c! The wave vectork, evaluated from the dispersion relatio
as described below, is shown for one of the crossover modes
function of x. The inset shows the coordinate system.
1-3
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He f f~x,t !5Ha1
2A

MS
2
¹2M ~x,t !

1E
2w/2

w/2

G̃~x,x8!•M ~x8,t !dx8, ~2!

whereHa is the applied field,w52.3 mm is the width of the
stripe, A51.331026 erg/cm is the exchange constant, a
Ms5770 emu/cm3 is the saturation magnetization. All ca
culations were carried out with a gyromagnetic ratiog/2p
52.95 GHz/kOe anda50.008. The static partM0(x) of
M (x,t)5M0(x)1m(x,t) is determined from full micromag
netic simulations, and the dynamic partm(x,t)5m(x)eivt,
which is perpendicular toM0(x), is a solution of the linear-
ized LLG equation. The Green’s function of the dipol
dipole interactionG̃(x,x8) can be found in Ref. 15. Equatio
~1! can then be reduced to an eigenvalue problem, whic
solved numerically.16

Figure 5~b! shows the eigenfrequencies calculated for
lowest several modes as a function of the applied field. Si
lar calculations over a wider field range have recently b
reported and are in qualitative agreement with the res
shown here.17 For fields below 40 Oe the mode profiles a
frequencies match previous results15,18 for a stripe magne-
tized along its length, and the results above 120 Oe co
spond to the case of a stripe magnetized along its short a
The lowest pair of degenerate modes above 90 Oe are
localized modes observed previously.6–8 We focus here on
the region near 80 Oe in Fig. 5~b!. Although the field corre-
sponding to the minimum frequency of the lowest modes
significantly higher in the calculations than in experime
the evolution of the lower branches in Fig. 5~b! agrees quali-
tatively with that seen in the experimental data of Fig 5~a!. In
contrast, excitations in the higher branches are observe
experiment only in the crossover regime above 60 Oe.

Although there are not enough data to assess the qu
tative agreement between the frequencies of the hig
modes in Figs. 5~a! and 5~b!, profiles of thez component of
the dynamic magnetization provide a clear indication of w
the crossover modes are observed only near the edges o
stripe. The lowest 12 mode profiles are shown in Fig. 7 fo
field of 90 Oe. The modes are shown in pairs and are inde
by the number of nodes. As the mode index increases, a
tional nodes appear in the center of the stripe, in the reg
where the magnetization is parallel to the short axis. For
modes withn.2, the distance between the edge of the str
and the firstinternal node is at least a factor of 2 greater th
the distance between the internal nodes. This edge regio
the only area where themz does not average to zero over th
diameter of the optical spot ('800 nm) used in the experi
ment. As the mode index increases, the distance to the
internal node decreases, which is why the spectral we
observed in the experiment~see Fig. 4! moves further to-
wards the edges of the stripe as the frequency increases

A second question concerns how the crossover modes
driven, since they clearly have characteristic waveleng
smaller than the width of the stripe whileHpulse is essen-
tially uniform over the entire stripe. The nonuniform magn
13440
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tization again plays an important role, since the result
dynamic torqueM (x,t)3Hpulse(t) has significant spatia
Fourier components at the wave vectors of the higher mo
In contrast, it is extremely difficult to drive higher-orde
modes in the low-field regime, in which the magnetization
aligned along the stripe. In this case the pulsed field is p
allel to the magnetization, and the torque is therefore
tremely weak. Furthermore, the torque is uniformly distr
uted across the stripe, and so the coupling to higher-o
modes occurs only by the rapidly decreasing Fourier com
nents of the square-wave envelope. This is why no hig
modes are observed in Fig. 5~a! for fields below 60 Oe. At
the highest fields, there is some torque generated at the
treme edges of the stripe, providing coupling to the localiz
modes, but there is essentially no spatial overlap of
torque with the higher-order modes. A test of this argum
can be made using dynamic micromagnetic simulations w
a realistic pulse profile. Simulations of the full Landa
Lifshitz-Gilbert equation were conducted using the obje
oriented micromagnetic framework~OOMMF!.19 The stripe
was discretized along thex andz axes~see Fig. 1! with a cell
size of 4.5 nm. The translational symmetry alongy was ac-
counted for using OOMMF’s infinite tube convention. T
obtain the initial condition for each magnetic field, the sy
tem was relaxed from a state of homogeneous magnetiza
M0ŷ with a large Gilbert damping parametera50.5. The
relaxed state was then taken as the initial condition for
dynamical calculation, which was undertaken with a dam
ing parameter ofa50.008. A Gaussian pulse with a fu
width at half maximum~FWHM! of 150 ps and an amplitude
of 10 Oe was applied, and the response over the next 1
was calculated using 10 ps time steps during the pulse an
ps steps after the pulse.

The results of the simulations are compared with the
periment at fields of 90 and 125 Oe in Fig. 8. Panels~a! and
~c! show experimental spectral images. Panels~b! and ~d!

FIG. 7. The amplitudemz of the lowest 12 eigenmodes of th
linearized form of Eq.~1! in an applied field of 90 Oe. The label
indicate the number of nodes.
1-4



u
t

ta
a
de
de
ila
ge
th
e
r

n
d
h

u
l

wi
ve
ar

o
d
e

s
a

a
ed
th
ry

le
r
-
si

o

at
fo

.

er-
-
l

the
the
S

the
the

the
ach
e
f
e
ge.

rent
ripe
near
es,
sion
of
ro-

r of
ke
gate
on
oth

s
is
on
and
ss,

he

el

li

g a

d in
west
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show spectral images obtained from the time-domain sim
lations, which were processed in the same manner as
experimental data. All images are normalized by the to
spectral weight at each position. These results show cle
that the uniform pulsed field can drive the crossover mo
by coupling to the nonuniform magnetization. The mo
structure near the edges of the stripe is qualitatively sim
in both cases, with the weight moving closer to the ed
with higher mode index as noted above. The structure in
center of the stripe in simulations cannot be observed in
periment due to the spatial averaging over the diamete
the optical spot.

Although the simulations show some of the importa
qualitative features of the experiment, there are several
crepancies, the most important of which is the apparent s
in field scale. The localized modes~at frequencies below the
center mode! in experiment are already evident at 90 Oe b
do not appear clearly until 125 Oe in the simulations. A
though the detailed micromagnetic structure of the stripe
be sensitive to imperfections in the edges, we do not ha
quantitative explanation for the shift. The coupling to p
ticular modes depends strongly on the spatial distribution
the dynamic torque generated by the field pulse, but we
not have a simple physical picture predicting which mod
will be driven most effectively.

A final way of looking at the region of inhomogeneou
magnetization is by considering the dispersion relation
each position in the stripe. This is the same philosophy
plied in the WKB argument used previously to describ
localized spin waves,6,7 except that in the current case bo
the internal field and the dipole-dipole matrix element va
with position. The dynamic torque in our experiment coup
only to wave vectors along the short axis of the stripe. Fo
given orientation ofM , the dispersion relation for spin
waves propagating along the short axis was calculated u
the magnetization and internal field profiles from Figs. 6~a!
and 6~b! and the dipole-exchange dispersion relation
Kalinikos and Slavin.20 The effective fieldHe f f(x) and angle
u(x) betweenM and x̂ determine the dispersion relation
each positionx across the stripe. The dispersion relations

FIG. 8. ~Color online! The upper panels~a! and ~c! show ex-
perimental spectral images of the cross section of the stripe at fi
of 90 and 125 Oe. The lower panels~b! and ~d! show simulated
images obtained as described in the text. The spectra are norma
by the integrated power at each position.
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three values ofx in a field of 90 Oe are shown in Fig. 9
These positions are also indicated by the lettersa, b, andc in
Fig. 6.

At the edge of the stripe, the magnetization is nearly p
pendicular to the wave vectork and the corresponding dis
persion relation, indicated~a! in Fig. 9, is that of the usua
Damon-Eshbach modes.21 In the center of the stripe,M uuk,
and the dispersion relation~c! is that of the backward volume
magnetostatic~BWVMS! modes.20 The frequencies of the
three lowest modes found in simulations are shown as
dashed lines in Fig. 9. For the third and higher modes,
wave vector at which the frequency intersects the BWVM
dispersion relation agrees with the value determined from
spacing between the nodes in Fig. 7. Near the edge of
stripe there is a minimum wave vector determined by
intersection of the dashed curve with the Damon-Eshb
dispersion relation (a). The wave vector for the third mod
~the upper dashed line in Fig. 9! is shown as a function o
position in Fig. 6~c!, and it is clear that the wave vector at th
center of the stripe is about 10 times larger than at the ed
The crossover modes are thus characterized by two diffe
spatial regimes: a dipolar region near the edge of the st
and an exchange-dominated region of large wave vector
the center of the stripe. In contrast to the two higher mod
the lowest-frequency mode does not intersect the disper
relation ~c! at the center of the stripe. This is a signature
the incipient spin-wave localization and becomes more p
nounced as the BWVMS dispersion relation at the cente
the stripe shifts upward with increasing applied field. Unli
the crossover modes, the localized modes do not propa
in the center of the stripe. This is the important distincti
between the two types of modes, even though they are b
observed at the edges.

As in the spin-wave localization problem, it is not obviou
a priori that the usual adiabatic condition for WKB theory
satisfied.22 In the edge regions, the dispersion relati
changes on a length scale comparable to the wavelength
the boundary conditions are not known exactly. Nonethele
for a given frequency it is straight forward to calculate t

ds

zed

FIG. 9. The dispersion relation calculated at three points alon
cross section of the stripe of width 2.3mm in an applied field of 90
Oe. The lettersa, b, andc indicate positions 1.0, 0.75, and 0mm
from the center of the stripe. These positions are also indicate
Fig. 6. The three dashed lines indicate the frequencies of the lo
modes found in simulations.
1-5
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wave vector of each mode as a function of position using
magnetization profile shown in Fig. 6. The Bohr-Sommerf
integral

f~n!5E
2w/2

w/2

kn~x!dx, ~3!

can then be calculated, wherew is the width of the stripe and
n is the number of nodes. We have calculatedf for the
modes at 90 Oe with 2–16 nodes, findingf(n)5f01np,
with f05(0.8360.02)p. The phase differencef(n)2f(n
21) differs fromp by at most 5%. The relative success
the WKB approach for the crossover modes suggests th
is meaningful to think of a local dispersion relation, even
cases of a strongly inhomogeneous magnetization.

As a final note, it is important to recognize that the inh
mogeneous structure considered here shares some of th
tures of a 90 deg domain wall. In this case, it is reasonabl
ask whether the frequencies of the crossover modes are
termined by the dipolar coupling between the edges of
stripe and a domain corresponding to the center region
this were true, it would be more appropriate to describe
crossover modes as domain-wall resonances rather than
waves.23 The models above, which demonstrate the excha
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