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Ferromagnetic resonance spectra in a weak stripe domain structure
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The ferromagnetic resonance~FMR! spectra in magnetic films with a nonuniform magnetization configura-
tion are known to exhibit multiple absorption peaks. In this paper, the case of ferromagnetic films supporting
a weak stripe domain structure is addressed. A two-dimensional dynamic micromagnetic model is used to
investigate the high-frequency response of such a magnetic structure. In a first step, the zero-field susceptibility
spectra are computed. The existence of numerous resonances resulting from the excitation of surface and
volume modes is predicted. The main features of spectra~number of resonances, resonance frequencies,
intensities, and linewidths! strongly depend on the equilibrium spin configuration and on the rf exciting field
orientation. In a second step, the susceptibility spectra in the presence of an in-plane static magnetic field
applied along the stripe direction are studied in detail. The dispersion relation, frequency versus in-plane
magnetic field, is computed for each magnetic excitation. These dispersion curves reveal possible mode
couplings and interchange of mode characters with increasing magnetic field. The theoretical in-plane FMR
spectra are then deduced from the frequency and magnetic field dependence of the dynamic susceptibility.
These theoretical results are discussed in light of available experimental FMR data obtained on thin ferromag-
netic films with a moderate perpendicular anisotropy.
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I. INTRODUCTION

Ferromagnetic resonance~FMR! is one of the most pow-
erful techniques for investigating magnetic thin films.1,2 In
the standard FMR experiment, the derivative of the rf pow
absorbed by the sample is measured as a function of
applied dc magnetic field at constant microwave freque
~field-swept configuration!. In such a procedure, the opera
ing microwave frequency is chosen so that the resona
field associated with the uniform precession mode exce
the saturation field~saturated state!. Magnetic parameters
such as the anisotropy constants and gyromagnetic ratio
be determined from the angular dependence of the reson
field.3 In addition, quantitative information on the relaxatio
mechanisms of the magnetization can be deduced from
measurement of the FMR linewidth,4 giving access, for in-
stance, to the Gilbert damping parameter.5 The determination
of previous magnetic parameters is performed by using
Smit-Beljers energy method6 for which an appropriate form
of the magnetic free energy density of the sample in
single-domain state is required. Relatively little attention h
been paid to the FMR in the unsaturated state. The m
reason arises from an interpretation of FMR spectra whic
generally more complex and needs a precise knowledg
the equilibrium magnetic configuration inside the samp
Pioneer works6–8 were devoted to the FMR in the presen
of a simple-domain structure such as lamellar domains
particular, the case of ferromagnetic garnet films with a la
uniaxial perpendicular anisotropy@Q.1, whereQ is the so-
called quality factor defined asQ5KU /(2pMs

2), with KU

the uniaxial anisotropy constant andMS the saturation mag
netization# supporting parallel stripe domains with altern
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tively up-and-down magnetization was treated in detail.9–12

Two domain mode resonances corresponding to preces
modes inside the domains with two types of phase relati
between neighboring domains and one Bloch domain w
resonance were observed. This multidomain state was t
retically described by assuming the existence of large u
formly magnetized domains separated by infinitely thin on
dimensional~1D! Bloch domain walls~limit of a large Q
value!. The extended Smit-Beljers formalism including th
free energy density of this multidomain state accounts
these magnetic excitations.10,11 In addition, in such a mag-
netic system high-order domain wall resonances have b
detected and successfully interpreted in terms of flexural
main wall modes.13–15

Recently, complicated FMR spectra in the unsatura
state with a series of resonances were reported in Co~Ref.
16! and FePd~Ref. 17! thin films. These films possess
perpendicular anisotropy, but a moderateQ factor (Q
;0.3– 0.5), and present a weak stripe domain structu18

above a critical thickness. The micromagnetic calculatio
@3D ~Ref. 16! and 2D~Ref. 19!# of the static magnetization
configuration exhibit 2D domain walls~Bloch like at the film
center and Ne´el like at the film surfaces! whose thickness
represents a significant ratio with respect to the dom
width. In addition, the spin orientation inside the domai
depends on the film thickness. This nonuniform spin co
figuration departs from the ideal stripe domain structure c
sidered in the Smit-Beljers model. In consequence, this a
lytical model cannot reproduce all the features of FM
spectra experimentally observed.

An alternative promising approach consists in using a
namic micromagnetic simulation.19,20 High-frequency sus-
©2001 The American Physical Society03-1
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ceptibility spectra of ferromagnetic films with a weak stri
domain structure computed by a 2D dynamic micromagn
model were recently published.19 These calculations predic
the existence of multiple resonances associated with sur
and volume modes of stripe domains and were compa
successfully with experimental zero-field microwave perm
ability spectra.

The aim of the present paper is to compute whole FM
spectra in the unsaturated state in terms of mode positi
intensities, and linewidths by using this 2D dynamic micr
magnetic model. Ferromagnetic films with a weak stripe
main structure are considered.

This paper is organized as follows: Section II describ
the dynamic micromagnetic model. This is followed by
presentation of theoretical zero-field susceptibility spec
exhibiting multiple resonances. The origin of these re
nances is correlated with the equilibrium magnetization d
tribution. The effect of an in-plane dc magnetic field appli
along the stripe direction on each magnetic excitation is t
investigated in detail. Their dispersion curves, frequency v
sus in-plane field, are reported. The influence of the unia
anisotropy and exchange strength on the dispersion curv
also pointed out. Finally, the theoretical FMR spectra
computed from the frequency and field dependence of
dynamic susceptibility and compared with available expe
mental FMR data in Sec. III.

II. TWO-DIMENSIONAL DYNAMIC MICROMAGNETIC
MODEL OF STRIPE DOMAINS

A. Derivation of the dynamic susceptibility

The dynamic of stripe domains is considered from
micromagnetic point of view, where the magnetic medium
represented as a macroscopic continuum characterized b
magnetization vectorM (r ,t) of constant modulusMS

@M (r ,t)5MSm(r ,t)#.21,22Let us consider a periodic domai
pattern of periodP0 ; the x axis corresponds to the periodic
ity direction, they axis is the film normal, and thez axis is
oriented along the stripe direction~Fig. 1!. In the 2D micro-

FIG. 1. Cross-sectional schematic representation of the w
stripe domain structure over one period of the pattern and coo
nate system. In the 2D micromagnetic simulations, the magne
tion is assumed invariant along thez axis which coincides with the
stripe direction.
05440
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magnetic simulations, the reduced magnetizationm is as-
sumed invariant along thez axis ~r is restricted to vary in the
x-y plane!.

The dynamic micromagnetic simulations are performed
two steps.

First, the equilibrium magnetization configuration is com
puted using a Labonte-Brown-type procedure.23,24 A relax-
ation method is used iteratively in order to achieve the ali
ment of the magnetization vector along the effective fie
vector at each point of the discretization lattice in the cro
section through the periodic cell~x-y! plane. The effective
field incorporates the contributions from exchange, anis
ropy, demagnetizing, and dc applied fields,Heff5Hexch
1Hanis1Hdemag1Happ. The explicit forms for each field are
given below by adopting the cgs system of units.

The exchange fieldHexch is expressed by

Hexch5
2A

MS
Dm, ~1!

with A the exchange constant.
For a first-order uniaxial anisotropy along they axis ~unit

vectoru!, the anisotropy field has the following form:

Hanis5
2KU

MS
@~m•u!u2m# ~KU.0!. ~2!

Finally, the nonlocal demagnetizing field is given by:

div Hdemag52div M ,

curlHdemag50. ~3!

In addition, the boundary conditions are of the Neuma
type at the film surfaces~the normal derivative of the mag
netization distribution at the surfaces is zero! and are peri-
odic along thex axis.

This computation provides the equilibrium magnetizati
configuration meq(r ), the equilibrium field Heq(r )
5Heff@meq(r )#, and the stable domain periodP0 .

Second, the dynamic susceptibility is determined by co
puting the responsedm(r ,t) of the magnetization configura
tion to a weak uniform magnetic excitationdh(t). The de-
veloped code for treating this problem is based on a met
recently published20 and is extended in order to take int
account the periodic nature of the magnetization configu
tion. The time evolution of the magnetic configuration can
described by the Landau-Lifshitz-Gilbert~LLG! equation5

dm

dt
52ugum3H1am3

dm

dt
, ~4!

where m can be expanded in the formm(r ,t)5meq(r )
1dm(r ,t), H represents the total magnetic field that can
written H(r ,t)5Heq(r )1dh(t)1Heff(dm), g is the gyro-
magnetic ratio, anda is the Gilbert damping parameter. B
considering a harmonic time dependence fordh and dm
(eivt, v is the angular frequency! and under the assumption
udhu!uHeq(r )u, uHeff(dm)u!uHeq(r )u, and udmu!umequ51,
linearizing of Eq.~4! leads to the following linear system:

ak
i-
a-
3-2
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S 2
iv

ugu
I 1D22D1DHD dm5D1dh, ~5!

whereI is the unit matrix and the matricesD1 , D2 , andDH
are defined, for any given vectorv, by

D1v5meq3v,

D2v5S Heq1
iav

ugu
meqD3v,

DHv5~Heff2Happ!~v!. ~6!

For a grid withN discretization points,dm and dh are 3N
vectors and the linear dense system~5! is of size 3N33N.
This system is solved for each frequency by using a dir
method~Gauss factorization!. The scalar dynamic suscept
bility is then given by

x5
1

N (
i 51

N
dmi•dhi

udhi u2
. ~7!

The computations were performed on a parallel compu
with the treatment of one frequency per processor. Differ
discretization grids were considered. As a conclusion, us
a 64331 grid leads to reliable results for both the static a
dynamic micromagnetic computations. The susceptibi
spectra presented in the next section were computed ove
frequency range from 100 MHz to 30 GHz with a frequen
stepD f 5100 MHz. A refinement (D f 510 MHz) was then
performed around the detected resonance frequencies.

Comparisons between this dynamic matrix technique
the direct integration of the LLG equation will be publishe
in a forthcoming article.25

B. Zero-field dynamic susceptibility spectra

The zero-field micromagnetic state of thin films with
uniaxial perpendicular anisotropy may be represented
phase diagram depending on the two reduced param
s: the quality factorQ and, for instance, the ratio of the film
thicknesst to the exchange lengthL5(A/2pMS

2)1/2. The
reduced critical thickness for domain nucleation was co
puted using the procedure described in Ref. 18 and is
played in the (Q,t/L) plane in Fig. 2. In this phase diagram
a point located above the critical line was selected: poinP
(Q50.35, t/L515.7). The magnetic parameters correspo
to 4pMS513 190 G, KU52.43106 erg/cm3, A50.7
31026 erg/cm, andt550 nm and are representative of Fe
films with a moderate perpendicular anisotropy supportin
weak stripe domain structure.26,27 Figure 3~a! exhibits the
static magnetization configuration within one period f
point P. The arrows represent the components ofM in the
plane~Ox,Oy! of the figure. A code color is adopted for im
aging thez component. This configuration consists of
open flux pattern with large domains magnetized along thy
direction separated by a Bloch wall at the film center s
rounded by Ne´el caps at the film surfaces. The zero-fie
stripe period corresponds toP05109 nm. The spectra of th
scalar dynamic susceptibility~imaginary partx9! for the
05440
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three main exciting directionsdhrf applied along thex axis~x
configuration!, y axis ~y configuration!, andz axis ~z configu-
ration! are displayed in Fig. 3~b!. The computations were
performed using the magnetic parametersg51.85
3107 Oe21 s21 and a50.02. As previously reported,19 the
spectra reveal the existence of multiple resonances wh
numbers and positions depend on the direction ofdhrf . For
the x configuration, the spectrum consists of one intens
peak labeled~1! and a subsidiary one labeled~2! of weak
intensity and located at a higher frequency. These resona
are also observed with one order of magnitude weaker at
same frequencies for they configuration. In addition, a third
resonance labeled~3! clearly appears followed by two ver
weak excitations at higher frequencies. For thez configura-
tion, the spectrum exhibits two large resonances labeled
spectively,~4! and ~6!. Three weak excitations are also vi
ible. The weak resonance noted,~5!, appearing at the lowes
frequency is considered because its behavior in the pres
of an applied dc magnetic field will be investigated~see Sec.
II C!. One can remark that the resonance frequencies of
ferent magnetic excitations do not coincide for they and z
configurations. In order to analyze the physical origin of t
magnetic excitations of stripe domains, the modulus ofdm
within one period is reported in Fig. 3~c! for the main reso-
nances~1!, ~2!, ~3!, ~4!, ~5!, and~6!. At each resonance fre
quency, this modulus is normalized by its maximal valu
The high levels ofudmu are represented in red, while the lo
levels are in blue. For mode~1!, the maximum values of
udmu appear at surfaces of domains@x56(k11/2)P0/2, k
50,1, . . .# and to a lesser degree within Bloch-type doma
walls. In fact, their respective contributions depend mai
on the quality factorQ. As Q increases, the contribution o
Bloch domain walls predominates the surface one~see point
A in Ref. 19!. In addition, the level ofudmu inside the do-
mains represents approximately a quarter of the maxim
value of udmu. Due to the large area of domains, their co
tributions to the dynamic susceptibility are significative. F
mode~2!, the higher values ofudmu are located at surfaces o
domains@x56(k11/2)P0/2, k50,1,...# and within Bloch-
type domain walls. Mode~3! is essentially a surface mode

FIG. 2. Phase diagram in the (Q,t/L) plane. The boundary line
represents the reduced zero-field critical thicknesstc /L for domain
nucleation. Coordinates are~0.35,15.7! for point P.
3-3
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N. VUKADINOVIC et al. PHYSICAL REVIEW B 65 054403
FIG. 3. ~Color! ~a! Cross-sectional equilibrium magnetizatio
distribution over one period of the pattern corresponding to poinP.
The arrows represent the components ofM in the plane~Ox,Oy! of
the figure which is perpendicular to the direction~Oz! of elongation
of the stripe domains. A color code is adopted for imaging
longitudinal ~or z! component~high levels in red and low levels in
green!. ~b! Corresponding dynamic susceptibility spectra for t
three pumping configurations:x, y, andz. ~c! udmu for modes~1!,
~2!, ~3!, ~4!, ~5!, and~6! ~high levels in red and low levels in blue!.
05440
The maximum values ofudmu occur forx56(k11/2) P0/4,
k50,1, . . . .This mode resembles a spin-wave mode qu
tized across the domain width@ udmu;usin(4p/P0)xu#. It must
be mentioned that for the modes~1!, ~2!, and~3! the spatial
variations ofudmu are identical in thex andy configurations
but their magnitudes differ. Mode~4! is a surface mode. The
higher values ofudmu are located at surfaces of domains@x
56(k11/2)P0/2, k50,1, . . . ).Mode ~5! appears as a sur
face mode with an asymmetrical variation ofudmu between
the upper and lower interfaces. This mode could corresp
to the ‘‘cap shearing mode’’ predicted from physical cons
erations in Ref. 16. Such a mode is characterized by an
phase motion of all the top caps~top Néel walls! in a given
direction ~2x in our case! and an in-phase displacement
the opposite direction (1x) for all the bottom caps. Mode
~6! is a volume mode with the maximum values ofudmu at
the center of the domains. In these regions, the spins at e
librium are essentially oriented along they axis @Fig. 3~a!#
and are strongly coupled withdhrf ~z configuration!. The
analysis of the in-plane componentsdmx anddmz in neigh-
boring domains indicates that the modes~1!, ~2!, and~3! are
acoustic modes~dmx components in phase between adjac
domains! and the modes~4!, ~5!, and ~6! are optic modes
~dmx components out of phase between adjacent domain!.

It must be underlined that the zero-field spectra of d
namic susceptibility depend strongly on the location of t
sample in the phase diagram as reported in Ref. 19. F
low-Q sample~see pointB in Ref. 19!, complicated dynamic
susceptibility spectra including an extended frequency
sponse and the existence of a fine structure, mainly obse
for the y andz configurations, are obtained. The strong no
uniformity of static and dynamic effective fields is respo
sible for such dynamic susceptibility spectra. In contras
higher-Q sample~see pointA in Ref. 19! exhibits dynamic
susceptibility spectra with well-located resonances. A fi
study of the influence of the quality factorQ ~by varyingKU!
and the reduced thicknesst/L ~by varying t! on the features
of susceptibility spectra allows us to point out some rules:~i!
the resonance frequencies of the main modes increase
increasingQ ~at constantt/L!; ~ii ! the predominant suscep
tibility response obtained for thex configuration~case of a
low-Q sample! transforms into responses of equivalent lev
for the three configurations asQ increases~at constantt/L!;
~iii ! asQ increases~at constantt/L!, the number of peaks o
the fine structure diminishes and, finally, the fine struct
disappears;~iv! for a given low-Q factor, the number of
peaks of the fine structure increases with increasing thickn
while their linewidths decrease. A more systematic study
necessary to generalyze these tendencies.

C. In-plane field dependence of dynamic susceptibility spectra

In this section, the effect of an in-plane magnetic fie
applied along the stripe direction,Hz , on the different mag-
netic excitations is investigated.

Figure 4 displays the calculated evolutions of the str
periodP0 and of thez component of the static magnetizatio
averaged over the periodic cell^mz& as functions ofHz . As
the field value increases,P0 decreases. Such a profile wa

e

3-4
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FERROMAGNETIC RESONANCE SPECTRA IN A WEAK . . . PHYSICAL REVIEW B65 054403
measured using soft x-ray resonant magnetic scattering
FePd films with an intermediate-Q factor.28 As expected,
^mz& increases withHz . The saturated statêmz&51 is
reached for the field valueHsat52.2 kOe. The imaginary par
of the susceptibilityx9 in the ~field, frequency! plane is re-
ported in Fig. 5 for the three configurations of interest@x
configuration in Fig. 5~a!, y configuration in Fig. 5~b!, andz
configuration in Fig. 5~c!#. For thex configuration, increas-
ing field produces a shift of the main resonance~1! towards
the high frequencies and a decrease of the peak intensity.
second resonance~2! disappears rapidly with increasin
field. For they configuration, the intensity of the resonan
~1! is approximately constant as a function of the appl
field. The resonances~2! and~3! visible at low and interme-
diate fields are strongly attenuated as the field increases
both x andy configurations, only the resonance~1! subsists
above the in-plane saturation field and it corresponds to
classical in-plane FMR. For thez configuration, the dynamic
response is more complex. The frequencies of the resona
~4! and ~6! do not vary monotonously with increasing fiel
In addition, their intensities decrease with increasing fie
On the other hand, the behavior of the resonance~5! is not
trivial. This excitation is very weak at low fields: then, i
intensity grows and passes through a maximum at inter
diate fields before disappearing at higher fields. As expec
in the linear regime, no magnetic excitations exist in t
saturated state for thez configuration (dhrf i Hz). The disper-
sion curves, frequency versus in-plane field for each m
netic excitation are reported in Fig. 6 by distinguishing thx
andy configurations@Fig. 6~a!# and thez configuration@Fig.
6~b!#. In the former case, the frequencies of the three exc
tions increase with increasing field. The evolution is line
for resonance~1! except at low fields. For the resonances~2!
and ~3!, their dispersion curves show curvatures, more p
nounced for the resonance~2!. In the latter case, the fre
quency of the resonance~4! increases with increasing field
passes through a maximum, and then decreases for h
fields. The frequency of resonance~5! increases monoto

FIG. 4. In-plane field dependences of the stripe periodP0 ~solid
line! and of thez component of the static magnetization averag
over the whole periodic cell̂mz& ~dashed line!. The in-plane dc
magnetic fieldHz is applied along the stripe direction. The ma
netic parameters correspond to those of pointP.
05440
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nously with increasing field. Last, the frequency of the re
nance~6! decreases with increasing field, passes throug
minimum, and then increases for higher fields. These
features indicate the possible existence of mode coupl
The dispersion curves of the resonances~4!, ~5!, and ~6!

d

FIG. 5. Imaginary part of the calculated dynamic susceptibi
x9 as a function of the in-plane dc magnetic fieldHz and of fre-
quency for pointP: ~a! x configuration,~b! y configuration, and
~c! z configuration.Hz is along the stripe direction.
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N. VUKADINOVIC et al. PHYSICAL REVIEW B 65 054403
FIG. 6. In-plane dispersion curves, frequency vs applied m
netic fieldHz , for the six magnetic excitations computed by the 2
dynamic micromagnetic model~solid lines!: ~a! x andy configura-
tions and~b! z configuration. The in-plane saturation fieldHsat is on
the order of 2.2 kOe for pointP. The in-plane dispersion curves o
the two domain modes~acousticv1 and opticv2! calculated by
the DM-FMR model are also reported~dashed lines!.
05440
seem to repel each other in order to avoid the crossing po
which gives rise to frequency gaps. Such behaviors w
observed in garnet films with a perpendicular anisotropy.
particular, the coupling between the domain wall resona
and the two domain mode resonances in the presence o
in-plane dc magnetic field was analyzed in detail.10,11 In our
case, the existence of three resonance branches make
dispersion curves more complex. Moreover, it is instruct
to compare these dispersion curves with those compu
from the domain mode ferromagnetic resonance~DM-FMR!
model.10 It must be borne in mind that this analytical mod
is based on the assumption of a largeQ factor leading to a
static magnetization configuration with alternatively up-an
down uniformly magnetized domains~along they axis!. The
dispersion curves of the two domain modes predicted by
DM-FMR model and denoted, respectively,v1 ~acoustic
character! and v2 ~optic character! are reported in Fig. 6.
Two comments can be made:~i! the resonance frequenc
of the acoustic modev1 is close to that of mode~1! except
at low fields. ForHz.1000 Oe, the DM-FMR model pro
vides a very good approximation of the resonance freque
of mode~1!; ~ii ! the dispersion curve of the optic modev2

cannot be associated with any of the dispersion curves c
puted by the numerical micromagnetic model.

The in-plane field dependence of the main modes~1!, ~4!,
~5!, and ~6! is displayed in Fig. 7. For mode~1!, udmu be-
comes more and more uniform asHz increases, and in the
vicinity of the in-plane saturation fieldHsat, udmu is nearly
constant through the sample~in-plane FMR!. This behavior
explains why the DM-FMR model assuming a unifor
acoustic mode is relevant at high fields. A striking featu
appearing in Fig. 7 is the change of mode structure as
field increases. Mode~4! corresponding to a surface mode
zero field becomes a volume mode at high fields. Convers

-

FIG. 7. ~Color! In-plane field dependence of the main modes~1!, ~4!, ~5!, and~6! for pointP. The in-plane dc magnetic fieldHz is applied
along the stripe direction. The color code is the same as in Fig. 3.
3-6
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FERROMAGNETIC RESONANCE SPECTRA IN A WEAK . . . PHYSICAL REVIEW B65 054403
the volume mode~6! is transformed into a surface mode wi
increasing field. Such a mode conversion correlates with
existence of mode coupling as observed in the disper
curves for thez configuration. On passing through the fie
region of coupling, the structure of modes~4! and ~6! is
interchanged. A similar phenomenon exists between the
domain mode resonances in garnet films with a perpend
lar anisotropy.11 At low fields, mode~6! is nearly uniform in
the core of domains and resembles the uniform optic m
v2. For mode~5!, asymmetrical variations ofudmu are ob-
served for all the field values. In the field region of couplin
the high values ofudmu are no longer limited to the film
surfaces, but extend through the film thickness. In orde
investigate the effect of the uniaxial anisotropy on the fi
dependence of the dynamic susceptibility, micromagn
computations were performed by replacingKU52.4
3106 erg/cm3 by KU53.23106 erg/cm3, the other param-
eters being unchanged. For a given field value, the enha
ment ofKU leads to a decrease of^mz& and a slight increase
of P0 . The in-plane saturation field corresponds, resp
tively, to Hsat52.2 kOe forKU52.43106 erg/cm3 and Hsat
53.4 kOe for KU53.23106 erg/cm3. Figure 8 shows the
dispersion curves, frequency versus the reduced fi
Hz /Hsat, for KU52.43106 and 3.23106 erg/cm3. The in-
crease ofKU induces a shift of the dispersion curves towar
higher frequencies for all the resonances. This shift is m
important for the resonance~6! and reaches 5 GHz at zer
field where this resonance is identified as a nearly homo
neous volume mode. In addition, the curvatures of the

FIG. 8. Effect of the anisotropy constantKU on the dispersion
curves, frequency vs reduced fieldHz /Hsat, for the six magnetic
excitations: ~a! x and y configurations and~b! z configuration.
KU52.43106 erg/cm3 ~solid lines! and KU53.23106 erg/cm3

~dashed lines!. The other physical parameters are those of pointP.
05440
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persion curves for the resonances~1!, ~2!, and ~3! are less
pronounced forKU53.23106 erg/cm3. In the same manner
the effect of the exchange strength on the field dependenc
the dynamic susceptibility was studied. Two values of t
exchange strength were considered:A50.731026 erg/cm
andA51026 erg/cm, the other parameters being unchang
For a given field value, an enhancement ofA leads to an
increase of̂ mz& and a slight increase ofP0 . The in-plane
saturation field corresponds, respectively, toHsat52.2 kOe
for A50.731026 erg/cm and Hsat51.75 kOe for A
51026 erg/cm. Figure 9 displays the dispersion curves co
puted forA50.731026 and 1026 erg/cm. For resonance~1!,
the slope of the dispersion curve is changed by varying
exchange constant. For the resonances~2!, ~3!, ~5!, and~6!,
the increase ofA leads to a shift of the dispersion curve
towards higher frequencies. The resonance~4! is weakly af-
fected by the variation ofA.

III. IN-PLANE FMR SPECTRA

The microwave powerPa absorbed by a sample of vo
umeV from the rf magnetic field is defined by29

Pa5S E
V
dV dhrf•

dm

dt D
time average

. ~8!

Assuming a harmonic time dependence fordh anddm and a
uniform exciting fielddh, the power absorbed per unit vo

FIG. 9. Effect of the exchange constantA on the dispersion
curves, frequency vs reduced fieldHz /Hsat, for the six magnetic
excitations: ~a! x and y configurations~b! z configuration. A
50.731026 erg/cm ~solid lines! and A51026 erg/cm ~dashed
lines!. The other physical parameters are those of pointP.
3-7
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ume at the frequencef in the presence of the in-plane d
magnetic fieldHz takes the following form:

Pa~ f ,Hz!5p f x9~ f ,Hz!dhrf
2. ~9!

Knowing the frequency and in-plane field dependences
the susceptibility from dynamic micromagnetic simulation
the theoretical absorbed power can be determined. Accor
to the experimental in-plane FMR spectra, the derivat
power absorptiondPa /dHz is computed as a function ofHz .
As an illustrative example, Fig. 10 displays theoretical d
rivative in-plane FMR spectra at 14 GHz@Fig. 10~a!# and at
20 GHz @Fig. 10~b!# for the configurationsx, y, and z. For
each frequency, the spectrum is computed with a field s
DHz5100 Oe. A refinement (DHz520 Oe) is performed
around the detected resonance lines. At 14 GHz, only
resonance~1! is observed for thex configuration. Its reso-
nance field is slightly lower than the in-plane saturation fie
For the y configuration, the resonance~1! clearly appears.
The resonance~2! corresponds to the small oscillation visib
aroundHz5600 Oe. The weak zero-field microwave abso
tion is due to the resonance~3!. At 14 GHz, only the high-
field side of this resonance is detected. For thez configura-
tion, the two weak signals correspond, respectively, to
resonances~4! and~5!. At 20 GHz, the in-plane FMR@reso-
nance~1!# appears for thex and y configurations. For thez
configuration, the low-field signal corresponds to the re
nance~6!. It must be underlined that the observation of t

FIG. 10. Theoretical derivative in-plane FMR spectra for t
three pumping configurations at 14 GHz~a! and at 20 GHz~b!.
Case of pointP.
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resonances~4! and ~6! is due to their respective frequenc
linewidths, their dispersion curves being not intersected a
and 20 GHz, respectively.

These theoretical results can be discussed in light of so
available FMR data. First, experimental in-plane FMR sp
tra were reported on a FePd thin film over the frequen
range 6–18 GHz.17 The FePd thin films were prepared usin
molecular beam epitaxy under ultra high vacuum (1027 Pa).
The growth procedure consists in a deposition of altern
atomic layers of pure Fe and Pd at room temperatur26

These films possess a directional short range chem
order30 responsible for a moderate perpendicular magn
anisotropy~uniaxial type! on a macroscopic scale. The o
currence of a well-organized periodic stripe domain struct
above a critical thicknesstc;30 nm has been checked b
zero-field MFM measurements.26 The magnetic parameter
of the selected sample deduced from vibrating sample m
netometer~VSM! and FMR measurements are quite close
those of point P (4pMS513 190 G, KU52.4
3106 erg/cm3). The film thickness ist550 nm. The zero-
field stripe periodP0 is estimated to be 110 nm from MFM
images which is consistent with the computed valueP0
5109 nm assumingA50.731026 erg/cm. The gyromag-
netic ratio g is equal to 1.853107 Oe21 s21. The Gilbert
damping parameter determined from the frequency dep
dence of the perpendicular resonance field associated
the uniform precession mode~saturated state! corresponds to
a5231022.

FMR measurements were performed by using a hig
sensitive wideband resonance spectrometer with nonreso
microstrip transmission line described elsewhere.31,32 This
alternate technique with respect to the conventional reso
cavity measurements appears more appropriate for inv
gating the frequency dependence of magnetic resonanc33

The dc fieldHz was applied along the stripe direction.
Figure 11 shows the comparison between the theore

~no fitting parameters! and experimental in-plane dispersio
curves. The field evolution of the experimental low
frequency signal@circles, Fig. 11~a!# coincides with the com-
puted one for the resonance~1!. A fairly good agreement is
found between the field dependence of the experime
high-frequency signal@triangles, Fig. 11~b!# and the theoret-
ical resonance~4! for Hz,800 Oe. At higher fields, the ex
perimental resonance frequency continues to increase, w
the micromagnetic computations predict a decrease of
resonance frequency with increasing field. In addition,
apparition of an experimental weak resonance~squares! is
not reproduced by the micromagnetic computations. An
planation can be advanced for interpreting these disag
ments. It was shown26 that this FePd film exhibits a standin
spin-wave spectrum in which the mode separations appro
a linear variation in the mode number. This behavior refle
the existence of a volume inhomogeneity in the internal m
netic properties. A weak thickness dependence of
uniaxial anisotropy induced by the growth procedure see
to be a possible source volume inhomogeneities for
sample. The thickness dependence ofKU could play a major
role in the field region of coupling where the transformatio
between surface and volume modes occur~see Sec. II C! and,
3-8
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consequently, could affect the dispersion curves of the mo
~4!, ~5!, and~6!. Further information on the anisotropy pro
file across the film thickness and the introduction of such
inhomogeneity into the dynamic micromagnetic simulatio
seem to be necessary to gain a better understanding.

It is worth noting that these experimental data were p
viously analyzed by means of the DM-FMR model in Re
17. The field dependence of resonance frequencies assoc
with the two high-intensity signals~circles and triangles in
Fig. 11! was fitted with the resonance conditions of the tw
domain modes. The stripe periodP0 was considered as a fre
parameter. As a result, the experimental dispersion cu
were correctly reproduced by these analytical express
provided P0 decreases rapidly asHz increases@P0(Hz
50)/P0(Hz→Hsat);4#. However, micromagnetic simula
tions ~see Fig. 4! show thatP0 decreases much more slow
with Hz @P0(Hz50)/P0(Hz→Hsat);1.4#. In fact, the main
difficulty, also reported in Ref. 16, arises from the fit of th
high-intensity signal for thez configuration~triangles in Fig.
11! with the dispersion curve of the modev2, even at low
fields. For thez configuration, the micromagnetic comput

FIG. 11. Theoretical~solid lines! and experimental~points! in-
plane dispersion curves:~a! x andy configurations and~b! z con-
figuration. The experimental in-plane FMR data were reported
Ref. 17 and correspond to a FePd thin film whose magnetic par
eters are close to those of pointP.
.
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tions indicate that three main resonances exist and that
experimental line could be identified with the strongly no
uniform mode~4! whose dispersion curve~Fig. 6! largely
differs from the one associated with the modev2. Such a
disagreement, reveals the limits of the DM-FMR model f
describing the dynamic response of magnetic films with
moderate perpendicular anisotropy.

Second, rich in-plane FMR spectra in Co~1111! thin films
were also published.16 In the phase diagram, the coordinat
of the selected sample are~0.5,32! for A51026 erg/cm. The
larger value ofQ with respect to our pointP leads to a shift
of the dispersion curves towards higher frequencies. Am
the reported multiple magnetic excitations, a resonance@la-
beled~5! in Ref. 16# is experimentally observed at 22.3 GH
in the low-field region when both the rf and dc fields a
parallel to the stripe direction. Based on our computatio
this line could be associated with the resonance~6! which is
shown in Fig. 11 for the spectrum computed at 20 GHz~z
configuration!.

IV. CONCLUSION

A 2D dynamic micromagnetic code was used for inves
gating the magnetic excitations of perpendicular anisotro
thin films with a weak stripe domain structure. The theor
ical zero-field dynamic susceptibility spectra over the f
quency range 0.1–30 GHz reveal numerous resonan
whose number and resonance frequencies depend on th
rection of the rf exciting field. A modal analysis permitted
to correlate these resonances with spin regions~domains,
Bloch and Ne´el domain walls, etc.! of the stripe domain
structure. The evolution of these magnetic excitations in
presence of an in-plane dc magnetic field applied along
stripe direction was studied in detail. The dispersion relat
in the ~field, frequency! plane was computed and pointed o
complex behaviors. In particular, mode couplings might ex
between the three resonance branches when both the rf
dc magnetic fields are parallel to the stripe direction. Fr
the field and frequency dependence of the dynamic sus
tibility, the theoretical in-plane FMR spectra were dete
mined for the three main pumping configurations. As exe
plified, a first analysis of experimental in-plane FMR spec
was performed with the help of the dynamic micromagne
simulations, making possible the assignment of some m
netic excitations. Further comparisons with experimen
FMR data on thin magnetic films with different locations
the phase diagram should be of a great interest. Beyond
case of the weak stripe domain structure, the dynamic mic
magnetic simulations offer a path for interpreting compl
FMR data in the unsaturated state inaccessible to con
tional analytical models.
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