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Acoustic-domain resonance mode in magnetic closure-domain structures: A probe for
domain-shape characteristics and domain-wall transformations
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The magnetic-domain resonance was studied for varying closure-domain structures in CogoFe4oByo thin-film
elements. A domain-shape anisotropy model was introduced, by which a significant increase of the acoustic-
domain resonance frequency for decreasing domain width is predicted. We show that magnetic flux closure
further increases the domain-width effect on the acoustic-domain resonance frequency. Furthermore, the domain
resonance frequency is very sensitive to the effective width of the magnetic-domain walls due to dynamic
dipolar interaction. The latter is quantified by calculating the dynamic wall width dependent dipolar fields.
Domain-wall transitions in external magnetic fields manifest in either smooth or sudden resonance frequency
changes, depending on the involved domain-wall types. Quantitative agreement between experimental and
modeled data is obtained. Measuring the acoustic-domain resonance in small excitation fields therefore displays
a method to analyze domain-wall instabilities and domain-wall interactions.
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I. INTRODUCTION

Ferromagnetic resonance is widely used as a character-
ization method for soft magnetic thin films with uniform
magnetization as it allows the determination of static magnetic
properties, such as the effective magnetic anisotropy field H,
and the saturation magnetization M, [1]. Both parameters H,
and M, contribute to the effective magnetic field H.g that acts
on the magnetization and therewith determine the ferromag-
netic resonance frequency f;. For a saturated thin-film material
with uniaxial anisotropy and confined lateral dimensions, f, of
the uniform resonance mode can be approximated by Kittel’s
equation [2]:

2
X (H0+Hu +Ms[Nx _Ny])v (1)

2
fr2 — <M> (HO + Ha + MS[NZ —_ Ny])

where H, is an applied magnetic bias field parallel to the
anisotropy field H, = 2K, /uoM; parallel to y, uo = 4w x
1077Vs/Amand y = 1.76 x 10"1/T s~! being the vacuum
permeability and the gyromagnetic ratio, respectively. The
demagnetizing factors N,, Ny, and N, depend on the sample
shape, with z being parallel to the film normal. Note, only for
the case of a saturated magnetic element with ellipsoidal shape
does Eq. (1) give the exact solution due to the homogeneity of
the magnetization and the demagnetization field.

In the nonsaturated state a quasihomogeneous magneti-
zation precession can be excited within individual magnetic

“c.hengst@ifw-dresden.de; http://www.ifw-dresden.de/de/claudia-
patschureck

1098-0121/2014/89(21)/214412(6)

214412-1

PACS number(s): 75.78.Fg, 75.70.Kw, 75.60.Ch

domains as long as the local effective field inside the domains
is homogeneous on the scale of the domain dimensions. For
instance, uniform magnetization precession within magnetic
domains was observed in 180° domain configurations [3] and
closure-domain structures [4,5]. Due to the dipolar coupling of
the magnetization of neighboring domains, one can distinguish
between two fundamental domain modes, the acoustic and
the optic mode. According to the classical understanding of
a coupled magnetization precession in two oppositely mag-
netized domains, no net magnetization component emerges
across the domain walls in the case of the acoustic precessional
mode (compare Fig. 1). As a consequence the acoustic mode
frequency is expected to be independent of the domain width.
In contrast, the optic mode frequency is determined by a
dynamic dipolar field contribution to Heg which depends on
the domain dimensions and which is due to magnetic charges
arising at the domain walls. In zero applied magnetic field the
optic-domain mode frequency is always higher compared to
the acoustic mode frequency due to the additional contribution
of dipolar energy.

First studies by Smit and Beljers on stripe and bubble
domain structures in films with perpendicular anisotropy
revealed an optical-domain mode with a frequency in the
gigahertz regime, whereas the acoustic-domain mode fre-
quency was found to reach some hundred megahertz only [6].
For films of high quality factor Q 2 1 the acoustic-domain
mode frequencies may reach some gigahertz, depending
on Q (see, e.g., Ref. [7-9]). Despite the fact that for
low-Q materials (Q < 1) the acoustic mode frequency is
expected to be significantly lower, Queitsch et al. [3] observed
acoustic-domain resonance frequencies of about 2 GHz in
in-plane magnetized domain structures of micrometer-sized
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FIG. 1. Cross section of the magnetization precessional cone for
two neighboring domains with the equilibrium magnetization (gray)
pointing either out of or into the plane of view. In the acoustic-
domain mode (left) no dynamic charges are involved as neighboring
magnetization vectors precess in phase. The optical-domain mode
involves dynamic magnetic poles at the domain boundaries (dashed
line).

patterned CoZrTa elements (Q = 0.0015). Additionally, it was
demonstrated that the domain width severely influences the
frequency of the acoustic-domain resonance mode, with f; ,c
increasing from 2.1 to 2.7 GHz when reducing the domain
width by a factor of 2. Simultaneously they showed that
the cutoff frequency for domain-wall dynamics is on the
order of some hundred megahertz. Hence, if the film thickness
is small compared to the lateral domain dimensions, the
magnetization precession inside the domains occurs in a
frequency regime where the domain walls constitute quasirigid
transitions between adjacent domains. As a consequence,
dynamic charges of opposite sign build up on both sides of
a domain wall for an acoustic magnetization precession inside
the domains. Based on these findings a model was derived in
Ref. [10] in order to take into account the domain dimensions
for the calculation of the acoustic-domain mode frequency.
Two domains with opposite magnetization direction were
approximated by isolated, dipolarly coupled, and magnetically
saturated rectangular prisms with a rigid interface in between.
According to Ref. [10] the acoustic domain resonance (DR)
frequency f; , in thin-film structures (N, — 1) and for zero
applied field is given by

%
Frae = %\/MS[HG T (N, — N)M, + A, M1, (2)

which is similar to Eq. (1). Here, N, and N, represent in-
plane ballistic demagnetizing factors [11] according to the
dimensions of the basic domains. The dimensionless parameter
A, determines the y component of the stray field inside a
domain due to the presence of two neighboring domains with
M, = £M,. However, in Ref. [10] it was shown that A, <
(Ny — N,) so that the parameter A, can be neglected in the
following.

In contrast to the shape anisotropy of laterally confined
magnetic samples with homogeneous magnetization, the
domain-shape term M,(N, — N,) is a purely high-frequency
contribution. In the static and low-frequency dynamic regime
(up to some hundred megahertz), the classical understanding
of the acoustic precessional mode still holds: no dynamic
charges arise at the domain boundaries as the domain-wall
angle adapts to the time-dependent domain magnetization.
Beyond the cutoff frequency the permeability of the domain
walls nearly vanishes and the quasirigid domain walls get
dipolarly charged due to the precessing domain magnetization.
In the model presented in Ref. [10] the actual constitution of
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the magnetic-domain walls is neglected and the calculated
demagnetizing field M;N, represents the field inside an
isolated prism or in a prism with neighbors at distances much
larger than the dimensions of the prism (domain-wall width >
lateral domain dimensions). However, one would expect that
the domain-wall constitution, in particular the domain-wall
width, tailors the dynamic dipolar interaction and therewith
the acoustic mode frequency.

In soft magnetic thin films the magnetization inside a
domain wall preferentially rotates within the plane of the
film. Depending on parameters such as film thickness, material
properties, and applied magnetic field, the width of the domain
walls and even the equilibrium domain-wall type may differ,
with the symmetric and asymmetric Néel wall, cross-tie wall,
and asymmetric Bloch wall being some of the most prominent
domain-wall types (see Ref. [12], and references therein).
In addition, an external magnetic field may trigger either
continuous or spontaneous domain-wall transformations, such
as a change of the wall angle or a transition between one
domain-wall type and another. The present study investigates
the effect of a changing domain-wall configuration on the
ferromagnetic DR frequency.

Therefore, we will first extend the domain-shape anisotropy
model [10] by considering the effect of magnetic closure
domains and particularly the influence of a finite domain-wall
width and compare it with experimental results. Thereby
we demonstrate that the acoustic DR constitutes a fast and
sensitive probe—not only for changes in the domain structure
with regard to the domain width but also for domain-wall
transitions in applied magnetic fields. Our approach can be
used for a rather fast determination of magnetic domain-
wall instability fields and a quantitative characterization of
magnetic domain-wall interaction in thin films with in-plane
magnetic anisotropy. Furthermore, our findings demonstrate
the possibility to tune the magnetodynamic response of mag-
netic thin-film elements by engineering the magnetic-domain
structure.

II. EXPERIMENT

Ferromagnetic thin films of amorphous CoyoFe40B;o with
a thickness of 60 nm and 120 nm were prepared on a glass
wafer by means of ultrahigh-vacuum magnetron sputtering.
To induce a uniaxial anisotropy an in-plane magnetic field of
Hyep =20KkA/m was applied during film deposition. Arrays of
stripe (bx9500 um, b = 20, 40, and 60 um, b||H,) and square
(40x40 pum?) shaped elements were structured using pho-
tolithography. The lateral spacing between individual element
rows was chosen to be 1.5xb to minimize effects originating
from magnetostatic interaction of neighboring elements. A
saturation magnetization of poM,; = 1.48 T was extracted
from out-of-plane magnetization curve measurements of an
unpatterned reference film (not shown). In-plane magneto-
optical hysteresis measurements along the magnetic hard axis
of the reference film (not shown) yield a uniaxial anisotropy
field of H, = 1.6 kA/m along the y axis.

After demagnetizing the samples in an alternating external
field Hj,; of decreasing amplitude and a frequency of 50 Hz,
closure-domain patterns are observed by magneto-optical
Kerr microscopy. By varying the in-plane angle « of the
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demagnetizing field with respect to the anisotropy axis, the
magnetic domain width w was systematically altered from a
broad domain state with Hi,||H, to a narrow domain state
with small domain width for H;y,; 1 H,.

The dynamic magnetic excitation modes were characterized
using a pulsed inductive microwave magnetometer (PIMM)
[13]. Therefore the sample was placed upside-down on a
coplanar waveguide with a width of 500 um. The excitation
pulse field (]|x) was oriented perpendicular to the induced
magnetic easy axis and in the plane of the film in order to
couple to the acoustic DR mode. The DR frequencies are
deduced from the peak positions in the amplitude spectra
derived using a fast Fourier transformation of the time domain
signal. Domain structure analysis after pulse field excitation
revealed that no remanent domain structure changes occurred.
Hence, the closure structures of varying domain widths
represent metastable energy states that are separated by energy
barriers high enough to allow for a dynamic excitation with
moderate pulse field amplitudes (<0.1 mT) without changing
the domain characteristics.

III. EXPERIMENTAL RESULTS
A. Magnetic closure domains

In first experiments, the lateral domain dimensions in
patterned stripe elements (thickness 60 nm) were system-
atically altered by changing the domain width w and the
stripe width b in order to verify the domain-shape anisotropy
model. Kerr microscopy images of two stripe sections (b =
40 pm) in Fig. 2(a) exemplarily illustrate closure-domain
patterns with narrow and broad basic domains, initialized
by demagnetization at o =0°, 45°, and 90°, respectively.
The experimental change of the acoustic DR frequency with
varying domain width w is shown (symbols) for zero applied
static magnetic field [Fig. 2(b)].

The acoustic DR frequency increases from 2 up to 3.7 GHz
as the domain width decreases by a factor of 5. In addition,
a significant dependence of the acoustic DR frequency on
the stripe width is expected according to the domain-shape
anisotropy model that neglects closure domains (see inset of
Fig. 2). However, the experimental f; ,. turned out to be nearly
independent of the stripe width (and therewith the domain
length), although the in-plane domain aspect ratio changes up
to a factor of 3 (w = constant, b = 20...60 m). This can be
attributed to the magnetic flux closure at the element edges.
Due to the closure domains the demagnetizing field along
the y direction nearly vanishes inside the basic domains (i.e.,
N, = 0) and Eq. (2) thus reduces to

fr,ac = M\/ Ms(Hu + MsNx)~ (3)

2

Consequently, for closure-domain configurations the domain-
shape anisotropy contribution to the effective field M;N, is
mainly determined by the domain width and of little account
by the domain length (stripe width) and film thickness. The
quantitative agreement between the experimental data and the
calculated values using Eq. (3) (lines in Fig. 2) demonstrates
the validity of the adapted domain-shape approach.

PHYSICAL REVIEW B 89, 214412 (2014)

(@)
0° H.a a
’_’ini
45° o
o [FEEERI > [z
(b) 40 —
stripe width b
e 20 um
351 ,——40 uym
,==-- 60 um
~ 3.0r .
T e
o} -
g 25}
o
2.0F *-0oe _____

0 10 20 30 40 50 60
domain width w (um)

FIG. 2. (Color online) (a) For b =40 um three characteristic
Kerr microscopy images of a narrow, an intermediate, and a broad
domain state are shown. (b) The acoustic-domain mode frequency
measured for varying stripe width b increases with decreasing
domain width w (symbols). Considering the closure domains for
the calculation of the domain-shape anisotropy field results in a
quantitative agreement between the theoretical (solid lines) and
experimental acoustic mode frequencies. Negligence of the magnetic
flux closure [Eq. (2); see inset] results in a noticeable overestimation
of the influence of the domain lengths.

B. Finite domain-wall width

As the origin of the f ,.(w) relation can be ascribed to
the dynamic dipolar charging of the domain-wall region, the
dipolar field distribution is expected to depend not only on the
domain width but also on the width of the 180° domain walls in
between the basic domains. For the 60 nm samples discussed in
the previous section, Kerr microscopy studies reveal cross-tie
walls with an effective wall width of about 3—4 um [see Kerr
image in Fig. 3(a)], which constitutes a substantial fraction of
the domain width. By increasing the film thickness to 120 nm
the energetically favored wall type was changed from cross-tie
to asymmetric Bloch walls, which appear as thin bright or dark
vertical lines in the corresponding Kerr image depending on the
chirality of the vortex walls. Micromagnetic simulations [14]
of a 180° asymmetric Bloch wall and for our set of material
properties using OOMMF [15] (not shown) revealed a domain-
wall width of 8y &~ 635 nm, which corresponds to available
literature values [16,17]. Domain resonance was again studied
for 60 um wide stripe elements with varying domain width
[symbols in Fig. 3(b)]. In contrast to the results obtained in the
previous section the theoretical values calculated according to
Eq. (3) based on the ballistic demagnetizing factors N,(w) of
a single prism overestimate the experimental values of f; ;i
significantly.

If the domain-wall width becomes small with respect to
the domain width, the dipolar interaction between neighboring
domains needs to be taken into account. As illustrated in Fig. 4
any basic domain (represented by a rectangular prism Eg )
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FIG. 3. (Color online) (a) Kerr images of 180° domain walls
in stripes of 60 and 120 nm thickness. (b) Comparison of the
experimental (data points) and theoretical acoustic DR frequencies
of 60 um wide CoFeB stripes with a thickness of 120 nm.
Calculating the domain-shape anisotropy M, N, field by using the
ballistic demagnetizing factor of an isolated prism by Aharoni [11]
overestimates the experimental values. Good agreement is obtained
considering the sum of the demagnetizing field and the dipolar field
of 50 domains in the neighborhood.

does not only experience the demagnetizing field H, (?)? due to
the magnetic poles generated by its own magnetization M ||x. It
is also subjected to the stray field of all neighboring domains
E;o in a one-dimensional chain of magnetic domains. The
strength of this array field H d%lo depends predominantly on
the domain width w, but also on the domain length and the
domain spacing d4,,.

The contribution of a domain E; o to Hg'o inside Ej o can
be analytically derived using an expression for the dipolar field

v

+ + +[+ + +
>

FIG. 4. (Color online) One-dimensional chain of 3 rectangular
prisms with M||x, according to the hypothetical case of a full
opened precessional cone. The element Ey, experiences its own
demagnetizing field but also the time-dependent sum of the dynamic
stray field of all neighbors which results from dynamic charges at the
domain boundaries due to magnetization precession.
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given by Aharoni [18]:

Ho = M 8/ dv’
D Amax Jy,,

(x = x)my(x)
X b
[ =X+ (= y) + (= )P~
where (xyz) refers to an element with i # 0. With the
film thickness ¢ being much smaller than the lateral domain
dimensions and the domain spacing, integration with respect

to 7/, y’, x" and derivation with respect to x yields the analytical
expression for the stray field of an arbitrary domain i # 0:

i0
de

“4)

My (y—»5/2)
- _E<(x —D;i —w/2)y/(x = D;i —w/2? + (y — b/2)
B (y —b/2)
(x — Di + w/2)y/(x — Di + w/22 + (y — b/2)?
B (y+0/2)
(x = Di = w/2)\/(x = D; = w/2)” + (v + b/2)?
. (v +b/2) >
(r — Dy + w/2))/(x — D, + w/2P + (v + b/27 )’

®)

with D; = i(w + 84, ). Calculating the sum of all stray fields
Hég given by Eq. (5) at the position x = y = 0 and Hg)? =
N;M; one obtains the domain-shape anisotropy field as a
function of the domain width and the domain-wall width.
Thereby the contribution of nearest neighbors is most relevant

and H d% 0 converges to a maximum value after some tens of
micrometers. Considering for example 25 neighbor domains
on each side of the domain under consideration yields a
good quantitative agreement of the estimated acoustic DR
frequency and the experimental values [see Fig. 3(b)]. The
results illustrate that the acoustic-domain mode frequency
is quite sensitive to varying domain-wall widths due to its
influence on the dynamic dipolar interaction between adjacent
domains.

C. Domain-wall transitions in transverse magnetic fields

In static magnetic fields transverse to the anisotropy axis
the magnetization rotates towards the applied field, which
is accompanied by a reduction of the domain-wall angle.
At some critical applied field H* the energetically favored
domain-wall type may change and domain-wall transitions can
be observed depending on the material properties and the film
thickness [19]. For low-anisotropy materials with intermediate
film thickness a transition between cross-tie and symmetric
Néel walls occurs in transversely applied fields. For larger
film thickness a transition between asymmetric Bloch walls
and asymmetric Néel walls is expected.

The DR of 40x40 wm? CoFeB elements with a film thick-
ness of 60 nm was studied in a superimposed transverse static
field that was first increased in amplitude and subsequently
reduced back to zero. For the case of a decreasing field
amplitude the field- and frequency-dependent permeability is
shown in the gray scale map of Fig. 5(a). Dark areas represent a
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FIG. 5. (Color online) (a) Acoustic DR frequency of 40 x40 pum?
CoFeB elements with a thickness of 60 nm for an increasing (green
diamonds) and decreasing (red circles) transverse magnetic field
Hy. The underlaid gray scale map reflects the amplitude of the
fast Fourier transform of the time-domain signal for the backward
branch of the measurement. Dark colors indicate resonance excitation
and correspond to the position of the red circles. The red solid line
serves for comparison with the theoretical field dependence of f, .,
assuming that no wall transformation occurs. Wall transformations
are the reason why the jump of f; . occurs at different field values
for increasing and decreasing field amplitude. (b) Selected Kerr
images demonstrate a continuous wall transformation from cross-tie
to Néel walls for increasing H, and nucleation-dominated backward
transformation from symmetrical Néel walls to cross-tie walls.

high permeability and indicate the excitation of DR. For better
visibility the position of the permeability maximum is shown
by additional data points for both an increasing (diamonds)
and decreasing field amplitude (circles).

For noHy < 1.2 mT the measured domain mode frequency
depends on whether the field is increased or decreased,
resulting in a hysteretic field dependence of the DR frequency.
Qualitatively the DR frequency drops with increasing Hy for
both cases due the increasing tilt of the domain magneti-
zation towards the applied field. The solid lines follow the
Jrac = frac(Ho = 0)cos 6 law known from homogeneously
magnetized elements in transversal fields, with 6 being the
field-dependent angle between the domain magnetization and
the anisotropy axis derived from the magnetization loop
measurements. Increasing Hy results in an increasing deviation
of the experimentally measured DR frequencies from f, ,c =
f2ccos6. This is due to the fact that the topology of the
cross-tie wall more and more transforms by deformation of the
cross-tie legs as the wall angle decreases. At ugHy = 1.2 mT
the cross ties disappear by movement of the Bloch lines and
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Bloch line annihilation and the walls are fully transformed into
symmetric Néel walls [see Fig. 5(b), top row].

The subsequent reduction of field amplitude leads again to
an increase of f,,.. However, in a field range of 1.2 mT >
uoHy > 0.3 mT the measured domain mode frequencies are
reduced compared to the increasing field branch. The origin of
this irreversibility lies in the self-stabilization of neighboring
Néel walls due to interaction of extended Néel wall tails. At
0.3 mT the wall interaction is overcome and the retrans-
formation from Néel into cross-tie domain walls occurs by
the nucleation of Bloch lines. The wall transition results in
a sudden jump of the domain mode frequency by 0.5 GHz
accompanied by a significant decrease of the signal-to-noise
ratio. The reduction of permeability upon wall transformation
is due to the large fraction of inactive domain-wall volume
in the presence of cross-tie walls. The reduction of the DR
frequency is mainly attributed to the smaller effective wall
width (2 pum) for the system of interacting Néel walls.

The asymmetric Bloch wall that displays the equilibrium
domain-wall type in 120 nm CoFeB samples for Hy = 0 are

@ 1o
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FIG. 6. (Color online) (a) Magnetization curve measured

magneto-optically in the center region of a basic domain (see sketch)
of a 60 um wide CoFeB stripe (thickness 120 nm) in a transverse
magnetic field. The hysteretic, steplike change in the domain
magnetization is associated with the transformation of asymmetric
Bloch walls into asymmetric Néel walls. The steplike change is
reflected by a hysteretic frequency jump of the acoustic DR (b)
for an increasing (green diamonds) and decreasing (red circles)
transverse magnetic field Hy. The gray scale intensity map reflects
the permeability amplitude spectrum derived from the time-domain
signal for the backward branch of the measurement. Dark regions
indicate resonance excitation.
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expected to undergo a domain-wall transition in transversally
applied field as well [19]. The transformation of the domain
walls becomes apparent in the magnetization curves measured
locally inside the basic domains in an external field applied
along the hard axis of magnetization [Fig. 6(a)]. Despite the
fact that the domain magnetization progressively rotates to-
wards the field direction a hysteretic jump of the magnetization
occurs already at low Hy. This sudden change of the transverse
domain magnetization is a consequence of the hysteretic
transition from asymmetric Bloch to asymmetric Néel wall
and back. No change in domain width takes place. It thereby
can be interpreted as an additional rotational contribution A6
due to the interaction of neighboring Néel wall tails after the
wall transition. This argument was experimentally confirmed
by quantifying A8 as a function of domain-wall spacing (to
be published separately).

Figure 6(b) shows the permeability map corresponding
to the reversal branch of the hysteresis curve. The data
points reflect the position of the maximum permeability for
increasing (diamonds) and decreasing (circles) transversal
field amplitude. Again, a clear jump of the resonance frequency
Afr.ac = 0.5 GHz occurs at the Bloch-Néel wall transition. The
transition field is slightly lower for a decreasing field than for
increasing field amplitude. Note, as the transition fields are
small the pulse field amplitude adds to the transversal field
leading to a slight quantitative mismatch between the static
and dynamic transition fields.

IV. SUMMARY

The effects of varying closure-domain structures with
different in-plane domain aspect ratio and film thickness
on the acoustic-domain resonance was investigated. The
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domain-shape anisotropy model proposed in Ref. [10] was
confirmed by experimental data. In addition to the domain
spacing, the magnetic flux closure further increases the
domain-width effect on the acoustic DR frequency. In order
to model the magnetodynamic response correctly flux closure
needs to be taken into account in the domain-shape anisotropy
model. Due to dynamic dipolar interaction the acoustic DR
is very sensitive not only to domain-shape characteristics but
also to the effective width of the exhibited magnetic domain
walls. Taking this effect into consideration by calculating
the wall-width-dependent dipolar fields, a quantitative agree-
ment between experimental and modeled data is achieved.
Magnetic domain-wall transitions manifest in either smooth
or sudden resonance frequency changes, depending on the
involved domain-wall types. With the presented model the
magnetodynamic response of ferromagnetic elements with
closure-domain structures can be predicted. This implies that
measuring the acoustic DR in small excitation fields represents
a potential method to study domain-wall instabilities and
domain-wall interactions.
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