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Magnetic Excitations in a Weak-Stripe-Domain Structure: A 2D Dynamic
Micromagnetic Approach
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The high-frequency susceptibility spectra of ferromagnetic films supporting a weak-stripe-domain
structure are computed using a 2D dynamic micromagnetic model that we have developed. The exis-
tence of multiple 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. These
theoretical results are successfully compared with zero-field microwave permeability measurements.

PACS numbers: 75.40.Gb, 75.60.Ch, 75.70.– i, 76.50.+g
The existence of equilibrium domain patterns in a wide
class of physical systems has been recognized as a manifes-
tation of modulated phases [1]. The periodic stripe domain
structure observed in thin ferromagnetic films with a per-
pendicular magnetic anisotropy is a well-known example
of such systems [2]. Among the various types of stripe
domains [3], the so-called weak-stripe domains appearing
in magnetic films with a low or intermediate perpendicu-
lar anisotropy (Q , 1, where Q is the quality factor de-
fined as Q � Ku�2pM2

s , with Ku the uniaxial anisotropy
constant and Ms the saturation magnetization) represent a
very attractive magnetic configuration. One of the main
features is the existence of a critical thickness tc; for low
thicknesses t , tc the magnetization lies in the plane of
the thin film, while, beyond tc, the magnetization starts to
oscillate out of the plane in a periodic manner, the half
period being close to the film thickness. This second-
order phase transition (the order parameter is the compo-
nent of the magnetization normal to the film) was recently
observed in Co [4] and FePd [5] thin films.

On the other hand, the dynamic response of stripe do-
mains to a weak alternating magnetic field dhrf was re-
cently investigated in low or moderate Q-factor magnetic
films [6–9]. As a result, microwave permeability spec-
tra exhibiting multiple narrow resonances were reported
in amorphous Co-Nb-Zr [6] and Co-Fe-Zr [7] thin films.
In the same way, complicated ferromagnetic resonance
(FMR) spectra in the unsaturated state with a series of
peaks were also observed in Co [8] and FePd [9] thin films.
First attempts for interpreting such magnetic excitations
were performed with the help of an analytical model previ-
ously derived for the case of stripe domains in garnet films
with alternatively up and down magnetization [10] (limit
of a large Q value). It predicts the existence of two do-
main mode resonances (spin precession inside the domains
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with two types of phase relations between neighboring do-
mains) and one Bloch domain wall resonance, but failed to
account for the other magnetic excitations. To our knowl-
edge, a quantitative model describing the whole magnetic
excitation spectra in terms of mode positions, intensities,
and linewidths was still lacking.

The purpose of this Letter is to investigate the frequency
response of weak-stripe domains using a two-dimensional
(2D) dynamic micromagnetic approach. Some typical
spectra of dynamic susceptibility are predicted and cor-
related with the main features of the spin configuration
in equilibrium. The great efficiency of such a method is
demonstrated through a very good agreement with experi-
mental permeability spectra (no fitting parameters).

The dynamic of stripe domains is considered from the
micromagnetic point of view, where the magnetic medium
is represented as a macroscopic continuum characterized
by the magnetization vector M�r, t� of constant modulus
Ms �M�r, t� � Msm�r, t��. Let us consider a single pe-
riod of the domain pattern; the x axis corresponds to the
periodicity direction, the y axis is the film normal, and the
z axis is oriented along the stripe direction. In the 2D mi-
cromagnetic simulations, the reduced magnetization m is
assumed invariant along the z axis (r is restricted to vary
in the x-y plane).

The dynamic micromagnetic simulations are performed
in two steps.

Firstly, the equilibrium magnetization configuration is
computed using a Labonte-Brown-type procedure [11,12].
A relaxation method is used iteratively in order to achieve
the alignment of the magnetization vector along the ef-
fective field vector at each point of the discretization lat-
tice in the cross section through the periodic cell (x-y
plane). The effective field Heff incorporates the contri-
butions from the exchange, anisotropy, and demagnetizing
© 2000 The American Physical Society 2817
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fields, Heff � Hexch 1 Hanis 1 Hdemag. This computa-
tion provides the equilibrium magnetization configuration
meq�r�, the equilibrium field Heq�r� � Heff�Msmeq�r��
and the stable domain period P0.

Secondly, the dynamic susceptibility is determined by
computing the response dm�r, t� of the magnetization con-
figuration to a weak uniform magnetic excitation dh�t�.
The developed code for treating this problem is based on a
method recently published [13] and is extended in order to
take into account the periodic nature of the magnetization
configuration. The time evolution of the magnetic configu-
ration can be described by the Landau-Lifschitz-Gilbert
equation:

dm
dt

� 2jgjm 3 H 1 am 3
dm
dt

, (1)

where m can be expanded in the form m�r, t� � meq�r� 1

dm�r, t�, H represents the total magnetic field that can
be written H�r, t� � Heq�r� 1 dh�t� 1 Heff�dm�, g is
the gyromagnetic ratio, and a is the Gilbert damping pa-
rameter. By considering a harmonic time dependence
for dh and dm (eivt , v is the angular frequency), and
under the assumptions jdhj ø jHeq�r�j, jHeff�dm�j ø
jHeq�r�j, and jdmj ø jmeqj � 1, linearizing of Eq. (1)
leads to the following linear system:µ

2
iv
jgj

I 1 D2 2 D1DH

∂
dm � D1dh , (2)

where I is the unit matrix and the matrices D1, D2, and
DH are defined, for any given vector y, by

D1y � meq 3 y, DHy � Heff�y�,

D2y �

µ
Heq�r� 1

iav

jgj
meq

∂
3 y .

(3)

For a grid with N discretization points, dm and dh
are 3N vectors and the linear dense system (2) is of size
3N 3 3N . This system is solved for each frequency by
using a direct method (Gauss factorization). The scalar
dynamic susceptibility is then given by

x �
1
N

NX
i�1

dmi ? dhi

jdhij2
. (4)

The computations were performed on a parallel computer
with the treatment of one frequency per processor.

It was shown [2] that the zero-field micromagnetic state
of thin films with a uniaxial perpendicular anisotropy may
be represented in a phase diagram depending on two re-
duced parameters: the quality factor Q and, for instance,
the ratio of the film thickness t to the exchange length
L � �A�2pM2

s �1�2 with A the exchange constant. The re-
duced critical thickness for domain nucleation was com-
puted using the procedure described in [2] and is displayed
in the �Q, t�L� plane in Fig. 1. In this phase diagram, two
points located above the critical line were selected: point A
(Q � 0.5, t�L � 10) and point B (Q � 0.05, t�L � 60),
with a nearly constant ratio t�tc.

The micromagnetic results concerning samples A
and B are presented, respectively, in Figs. 2 and
2818
FIG. 1. Phase diagram in the �Q, t�L� plane. The boundary
line represents the reduced zero-field critical thickness tc�L for
domain nucleation. Coordinates are (0.5, 10) for point A and
(0.05, 60) for point B.

3. The magnetic parameters are 4pMs � 10 000 G,
A � 1 3 1026 erg�cm, g � 1.85 3 107 Oe21 s21, a �
2.5 3 1022. The computations were performed on
different discretization grids. As a conclusion, us-
ing a 64 3 31 grid leads to reliable results for both
the static and the dynamic micromagnetic computa-
tions. The susceptibility spectra in the frequency range
100 MHz 30 GHz were first computed with a frequency
step Df � 100 MHz. A refinement �Df � 10 MHz� was
then performed around the detected resonance frequencies.

Figure 2(a) exhibits the static magnetization configura-
tion within one period for sample A. This configuration
consists of an open flux pattern with large domains mag-
netized along the y direction separated by a Néel wall at the
film surfaces and a Bloch wall at the film center. The film
thickness is t � 50 nm, and the zero-field period corre-
sponds to P0 � 134 nm. The spectra of the dynamic sus-
ceptibility (imaginary part x 00) for the three main exciting
directions dhrf applied along the x axis (x configuration),
y axis ( y configuration), and z axis (z configuration) are
displayed in Fig. 2(b). The results reveal the existence of
multiple resonances whose numbers and positions depend
on the direction of dhrf. The largest response is obtained
for the x configuration. The spectrum consists of one in-
tensive peak labeled (1). It is also observed with a weaker
intensity for the y configuration. In addition, a second res-
onance labeled (2) is clearly detected at a higher frequency.
For the z configuration, the spectrum exhibits one intensive
and two weaker resonances denoted, respectively, (3), (4)
and (5). The resonance frequencies do not coincide with
those pointed out for the two other exciting directions.

The existence of a nonuniform magnetic distribution and
the strong inhomogeneity of the effective field make the
description of the modes dm complicated. Figure 2(c) dis-
plays the modulus of dm within one period for peaks (1),
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FIG. 2 (color). (a) Equilibrium magnetization configuration for
sample A. The arrows represent the components of M in the
plane of the figure. A color code is adopted for imaging the
third component (high levels in red and low levels in green).
(b) Corresponding dynamic susceptibility spectra. (c) jdmj for
modes (1), (2), (3), and (5) (high levels in red and low levels in
blue).

(2), (3), and (5). At each resonance frequency, this modu-
lus is normalized by its maximal value. Mode (1) appears
as a volume mode with maximum values of jdmj con-
centrated within Bloch-type domain walls. Nevertheless,
as the area of domains is larger than the area of domain
walls, their contributions to susceptibility are comparable.
For mode (2), the higher values of jdmj are located at
surfaces of domains and within Bloch-type domain walls.
Mode (3) is a surface mode while mode (5) is a volume
mode with maximum values of jdmj at the center of the
domains.

The static magnetization configuration within one pe-
riod for sample B is depicted in Fig. 3(a). The configura-
tion approaches a Landau-Lifschitz structure with domains
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FIG. 3 (color). (a) Equilibrium magnetization configuration for
sample B. (b) Corresponding dynamic susceptibility spectra.
(c) jdmj for modes (1), (2), (4), and (5).

magnetized along the y direction separated by a Bloch-
type domain wall at the film center and closure domains at
the film surfaces ensuring a quasiflux closed pattern. The
film thickness is t � 300 nm, and the zero-field period
corresponds to P0 � 475 nm. The spectra of dynamic
susceptibility for the three exciting directions are reported
in Fig. 3(b). The largest susceptibility response is obtained
for the x configuration. The spectrum consists of one
intensive peak labeled (1) and a subsidiary one labeled
(2) of weak intensity and located at a higher frequency.
With respect to sample A, the peak (1) appears at a lower
frequency and its intensity is increased. The spectra for the
y and the z configurations are respectively 2 and 1 orders
of magnitude lower than that for the x configuration and,
moreover, very different from those reported for sample A.
Instead of well-located resonances, an extended frequency
response �1 15 GHz� with a complicated fine-structure is
observed. This behavior is related to the large distribution
2819
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of the dynamic effective field [Heff�dm� term] occurring
in low-Q thin films.

Some modes are shown in Fig. 3(c). Mode (1) appears
as a volume mode with the maximum of jdmj concentrated
near the domain walls. Mode (2) exhibits high values of
jdmj at surfaces of domains and on the boundary lines
separating domains and closure domains. Mode (4) is a
volume mode, the higher values of jdmj correspond to a
part of the domains. For mode (5), the large variations of
jdmj are mainly located within the closure domains; this
mode looks like the flux closed cap mode (out of phase
precession) predicted in [8].

The theoretical results concerning point B have
been compared with experimental data obtained from
microwave permeability measurements using a perme-
ameter described elsewhere [14]. The selected sample
corresponds to an amorphous Co63Fe26Zr11 thin film
whose weak-stripe-domain structure was imaged using
a magnetic force microscopy ability. This film exhibits
a biaxial anisotropy with an in-plane component Kp

and a perpendicular component Ku. The structural and
magnetic properties of this film were previously reported
[15]. In the phase diagram, this film is located in the
vicinity of sample B (Q � 0.05, t�L � 68). The in-plane
microwave permeability (imaginary part, m00 � 4px 00)
recorded in the 10 MHz 6 GHz frequency range along
the in-plane hard axis x (x configuration) and the easy axis
z (z configuration) is reported, respectively, in Figs. 4(a)
and 4(b). The experimental spectra are characterized
by the existence of multiple well-resolved resonances.
Without any fitting parameters, a very good agreement is

FIG. 4. Comparison between the theoretical (solid line) and
experimental (dashed line) permeability spectra; (a) dhrf
along the x axis, (b) dhrf along the z axis. The film is a
300 nm amorphous Co63Fe26Zr11 monolayer. The zero-field
stripe period is equal to P0 � 500 nm. The magnetic parame-
ters are 4pMs � 12 000 G, Kp � 1.6 3 104 erg�cm3, Ku �
2.3 3 105 erg�cm3, A � 1.1 3 1026 erg�cm, g factor �
2.2, and a � 1.2 3 1022.
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found between the experimental and theoretical spectra
(Fig. 4). The only noticeable difference occurs for the
third excitation in Fig. 4(b). This could be explained by
the effect of eddy currents. Typically, the skin depth d

can be estimated to be 450 nm at 5 GHz leading to the
ratio t�d � 2�3. It means that the exciting magnetic field
is slightly inhomogeneous along the film thickness. Since
mode (5) is a surface mode [Fig. 3(c)], the exciting field
can favor the coupling with the magnetic moments located
at the upper interface with respect to those at the lower
interface, resulting in an inhomogeneous broadening of
the experimental line.

To summarize, a 2D-dynamic micromagnetic code
has been developed and used to analyze the magnetic
excitations of perpendicular anisotropy thin films with
stripe domains. The following results have been observed:
(i) the theoretical dynamic susceptibility spectra reveal
multiple resonances whose number, resonance frequen-
cies, intensities, and linewidths depend on the static
magnetization configuration and the direction of the rf
exciting field, (ii) the physical origin of observed magnetic
excitations has been explained in terms of surface and
volume modes of stripe domains, (iii) these theoretical
predictions have been compared successfully with ex-
perimental zero-field microwave permeability spectra.
The ability of dynamic micromagnetic simulations for
interpreting high-frequency responses of thin magnetic
films has been established. Further comparisons with
FMR data will be published in a forthcoming article.
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