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The evolution process of magnetic domains in response to external fields is crucial for the modern understanding and
application of spintronics. In this study, we investigated the domain rotation in stripe domain films of varying thicknesses
by examining their response to microwave excitation in four different orientations. The resonance spectra indicate that
the rotation field of stripe domain film under an applied magnetic field approaches the field where the resonance mode
of sample changes. The saturation field of the stripe domain film corresponds to the field where the resonance mode
disappears when measured in the stripe direction parallel to the microwave magnetic field. The results are reproducible
and consistent with micromagnetic simulations, providing additional approaches and techniques for comprehending the

microscopic mechanisms of magnetic domains and characterizing their rotation.

Keywords: stripe domain, magnetic film, microwave excitation, micromagnetic simulation

PACS: 75.78.-n, 75.78.Fg, 76.50.+g, 75.70.Kw

1. Introduction

Stripe domain (SD) is an antiferromagnetic-like aligned
magnetic domain structure found in soft magnetic films.[!]
This structure is characterized by a striped appearance across
the entire magnetic domain of the sample, with magnetic mo-
ments along the stripe direction showing uniform orientation,
while the magnetic moments perpendicular to the stripe direc-
tion are arranged alternately, pointing either upward or down-
ward in a periodic manner.”>* Such periodic SD leads to
the formation of Bloch domain walls, Néel-type flux closure
caps, and surface magnetization between two stripes.*~’1 The
detailed magnetization distribution is shown in Fig. 1. The
SD was initially discovered by Saito et al.l®! in permalloy
(NiyoFego) prepared by thermal evaporation. However, due
to the limitations of research methods at that time, for a long
time the research was mainly focused on the static magnetic
properties of SD films and their domain structures.®~'°! The
magnetic domains were achieved using traditional magnetic
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Fig. 1. Cross section of the magnetization distribution for an SD film over
two periods obtained by micromagnetic simulation. The simulation dimen-
sions are 1000x 1000x 150 nm3. The red (blue) color indicates a magneti-
zation component in the positive z (negative z) direction. The SD is mainly
composed of up-down basic domains, Bloch domain walls, Néel-type flux
closure caps, and surface magnetization caps between two stripes.

In recent years, due to the special domain distribution
of SD film, the study of SD has gained considerable the-
oretical and practical research interest.[®!°->3] For instance,
by modifying parameters such as magnetic field, voltage,
temperature, and mechanical stress, the magnetic structure
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within these films can transition from SDs to topologically
protected magnetic skyrmions.[?®?”1 Additionally, the SD
film exhibits local magnetic domain-dependent multiple res-
onant modes and research on the microwave-excited mag-
netic properties of SD structure films has garnered consid-
erable attention,[0-20:21.24,25.28] Currently, SD structures have
been observed in films of FeNi,!'*] Co, 2] FeCo, 3% NdCo, !
FeBSi,*! FeGa,13%! etc. Existing theoretical and experimen-
tal studies!>!*33-34 have demonstrated that the appearance of
SD results from the interplay among demagnetization energy,
exchange energy, and perpendicular anisotropy energy in the
soft magnetic film system. SD films exhibit numerous interest-
ing and novel dynamic magnetic properties when compared to
simple in-plane uniaxial anisotropy and out-of-plane uniaxial
anisotropy films, [>-24-32.3]

First,
wherein the direction of the SD is not fixed but can be

SD structures exhibit reorientation behavior,

realigned with the direction of an external magnetic field.
Once the SD phase is formed, a pseudo-uniaxial anisotropy
field appears along the stripe direction, and the direction
of the anisotropy can be reoriented as the stripe direc-
tion changes. Therefore, a large number of researchers
have focused on studying the control of SD rotational
anisotropy.!1+13:22:30.32,36,37]

Second, SD structures possess rich microwave excitation
resonance modes and can be selectively excited. Previous

1.7.33,341 that when the SD is excited per-

studies have shown!
pendicular to the direction of the microwave magnetic field
(hs), an acoustic mode (AM) resonance occurs, with a reso-
nance frequency similar to that of general uniaxial anisotropic
soft magnetic films. However, when the SD is excited par-
allel to the Ay direction, it undergoes an optical mode (OM)
resonance, with a resonance frequency that can exceed twice
the frequency of the AM resonance. Additionally, these two
resonance modes are also accompanied by domain wall reso-
nance and spin wave resonance modes. [>-19-21-24.2332] This has
sparked widespread interest among researchers in studying SD
microwave-excited magnetic properties.[23:6:19-21,24.25,28,32,35]
These prior studies have substantially enhanced our under-
standing of the theoretical and experimental aspects of static
and high-frequency dynamic properties in SD films. However,
there are few studies that focus on analyzing SD rotation using
microwave techniques.

Here, we studied the microwave-excited magnetic prop-
erties of permalloy SD films with different thicknesses. The
microwave excitation was performed in four orientations to
fully characterize the evolution of SD under external magnetic
fields. Static and dynamic micromagnetic simulations are in
good agreement with experimental results, further confirming
the reliability of describing SD rotation through microwave
excitation.

2. Results and discussion

The permalloy films were deposited by radio frequency
magnetron sputtering on a silicon wafer at room temperature.
The sputtering power used was 140 W with an argon working
pressure of 0.45 Pa. The thickness of films was controlled at
100 nm, 120 nm, 150 nm, 200 nm, and 300 nm, respectively.
Magnetic force microscopy (MFM) measurements were con-
ducted using an Asylum Research MFP3D instrument, reveal-
ing a well-defined pattern of SD structure in all films, as shown
in Figs. 2(a)-2(e). It is evident that the stripe phase enhances
and the stripe width of SD pattern broadens as the film thick-
ness increases. It has been well-established previously!”-3334]
that the formation of SD is highly dependent on the film thick-
ness, and the perpendicular anisotropy of the films increases
due to the enhanced SD phase. The increasing stripe width is
demonstrated to increase monotonically with the thickness ¢,
either like #!/31381 or /2,131

Figure 2(f) displays the x-ray diffraction (XRD) patterns
of the films, revealing a polycrystalline body-centered cubic
(bee) structure characterized by a prominent diffraction peak
at (111) and two less pronounced diffraction peaks at (200)
and (220), respectively. It is evident that the peak intensity
rises with the film thickness, a phenomenon attributable to the
increased volume of the diffracting material. [4]

The in-plane hysteresis loops of films measured by a vi-
brating sample magnetometer are depicted in Fig. 2(g). All
the curves exhibit the typical feature of the SD film, with a lin-
ear variation of the magnetization (see the insert in Fig. 2(g))
between the coercivity and saturation fields.>73>33] This lin-
ear increase of the magnetization of film is attributed to the
onset of a weak perpendicular anisotropy (i.e., out-of-plane
magnetization component) in the SD film.>®! When the film
thickness increases, the SD phase enhances in the film and the
corresponding out-of-plane magnetization also increases. One
can see from Fig. 2(h) that the remanence ratio M, /M and sat-
uration field Hy gradually decrease and increase, respectively,
as the film thickness increases.

The microwave excitation measurements of the SD films
were performed by a vector network analyzer-ferromagnetic
resonance (VNA-FMR) system. The measurement orienta-
tions are shown in Figs. 3(a)-3(d). Four different configura-
tions involving the microwave field /¢, external magnetic field
H, and SD were utilized to comprehensively describe the dy-
namic changes of SD film: (a) Ay perpendicular to SD and
H parallel to SD (hLSD and H ||SD), (b) both Ay and H
perpendicular to SD (AL SD and H_LSD), (c) both iy and
H parallel to SD (/i ||SD and H ||SD), (d) & parallel to SD
and H perpendicular to SD (/¢ [[SD and H L SD), respectively.
Figures 3(al)-3(d1) depict the resonance absorption spectra
of 200 nm film in relation to the magnetic field H for the four
test configurations. The detailed resonance absorption spectra

097506-2



Chin. Phys. B 33, 097506 (2024)

at the selected fields of 5 Oe, 450 Oe, and 720 Oe are, respec-
tively, shown in Figs. 3(a2)-3(d2). The measurement results
for the four configurations of other films (100 nm, 120 nm,
150 nm, and 300 nm) are shown in Fig. S1 of the supplemen-
tary material.

Landau-Lifschitz—Gilbert
resonance

(LLG)
is

According to the
the
observed,**! the pumping field A must have a nonzero com-

equation,*¥  once magnetization
ponent perpendicular to the static magnetization M and exert

a finite torque on the magnetization, causing it to tilt out of

(a) 100 nm

its equilibrium position, M X h, # 0, or the total dynamic
moment my, must have a nonzero projection parallel to the
direction of the pumping field Ay, mo - by # 0. We know
from Fig. 1 that the magnetization of SD is comprised of
four regions, corresponding to the basic up and down domain,
the Bloch domain walls, the Néel-type flux closure caps, and
the surface magnetization at the film.>*?! The observation of
the resonance absorption spectra in SD is determined by the

magnetization proportion of these resonant regions.>-4
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Fig. 2. (a)-(e) MFM images of the SD films probed at random positions. The image size is 10 pumx 10 pm. (f) XRD spectra of SD films.
(g) Hysteresis loop of SD films. The inset is an enlarged view of the area within the red dashed line. (h) Thickness dependence of normalized
remanent magnetization (M; /M) and saturation field (Hs) for SD films. The dashed line-circle data and solid line-square data are derived from

hysteresis loops and the microwave-excited spectra, respectively.

Therefore, for the case of A, SD and H ||SD as shown in
Fig. 3(al), the resonance belongs to mode AM. We observed
a linear-like increase of resonance peak with increasing H. In
this scenario, because the direction of SD aligns with H, the
magnetization in the SD will increase linearly until saturation.
Once the film magnetization reaches saturation, the SD pat-
tern will disappear and a single domain is formed. The entire
resonant process is similar to the uniform precessional Kittel
mode. [+6]

For the situation &1 SD and H1SD, as depicted in
Fig. 3(b1), the microwave field is initially perpendicular to the
SD and the resonance process mirrors that of mode AM shown
in Fig. 3(al). However, since the external magnetic field at
this point is also perpendicular to the SD, the magnetization
in the SD gradually rotates toward the direction of the increas-
ing H. Once the H approaches H;, i.e., the magnetic field
magnitude required for the SD to rotate to the H direction, the
original AM resonance gradually disappears. Subsequently,
the direction of the SD aligns parallel to both H and /¢, and
the OM resonance is observed. As the H increases, the mag-

netization in the SD increases linearly until saturation. Once
the magnetization of the film is saturated (the magnetic field
magnitude exceeds Hy), the film presents a single domain and
the magnetization within the film is no longer disturbed by the
microwave field. Consequently, no obvious resonance peak
is observed. An example of the spectrum around Hg value of
720 Oe is presented in Fig. 3(b2).

When measuring the resonance absorption spectra under
the condition A, ||SD and H ||SD, as shown in Fig. 3(c1), the
resonance remains consistently in mode OM before H reaches
the value of H;. This entire process is similar to that of the
mode OM case illustrated in Fig. 3(b1). However, we observe
two resonance peaks when H is less than Hy. The origin
of the resonance has been demonstrated.>24>3-34] The higher
peak originates from the resonance of the internal basic do-
main, while the other peak is from the resonance of domain
walls. When the H exceeds H,q, the magnetization within up-
down basic domains in SD is mostly magnetized along the in-
plane direction of H. The magnetization proportion from this
part weakens, making it difficult to observe resonance peaks.

097506-3
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Fig. 3. (a)—(d) Four measurement orientations of the microwave excitation measurement. (al)-(dl) Color-coded the resonance absorption
spectra of 200 nm SD films as a function of the magnetic field A for the four configurations shown in (a)—(d). (a2)—(d2) Resonance absorption
spectra at the selected fields of 5 Oe, 450 Oe, and 720 Oe, respectively. The arrows in (a2)—(d2) serve as guidelines for the observed resonance

peak. The selected points are marked in (al)—(d1).

For the case /¢ ||SD and H LSD as depicted in Fig. 3(d1),
the same OM resonance as in Fig. 3(cl) is observed when the
H is less than H,;. However, when the H is larger than H, the
SD rotates to the direction of H. At this time, the SD is perpen-
dicular to A and parallel to H. The AM mode is observed and
the OM resonance gradually disappears. Once the film mag-
netization reaches saturation, the SD pattern disappears and a
single domain forms. In this situation, all resonance modes of
the film merge into one uniform precessional Kittel mode.

Combined with the results of the thickness dependence
of microwave magnetic properties (shown in Fig. S1 of the
supplementary material), the measurement results for the four
configurations of other films (100 nm, 120 nm, 150 nm, and
300 nm) show the same tendencies and conclusions as those
of the 200 nm film in Fig. 3. As observed from Fig. S1, with

increasing film thickness, the values of H;, and Hg increase
and the resonance spectrum intensity of the samples strength-
ens. The increasing H;: and Hy are attributed to the enhanced
SD pattern (see MFM images in Fig. 2) with the increase in
film thickness, resulting in increased perpendicular anisotropy.
This enhanced SD phase also promotes an improvement in the
magnetization proportion in domains and domain walls, lead-
ing to an increase in resonance intensity. We note that from
the MFM pictures one can see that the SD phase is rather weak
compared with other work.[>>%24 This could result in a lower
magnetization proportion of Bloch domain walls, the Néel-
type flux closure caps, and surface magnetization in whole
films.[*>! Thus, we did not observe more resonance absorp-
tion peaks in this work.

The microwave-excited spectra of SD described above,
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observed under four measurement orientations, phenomeno-
logically elucidate the rotation and magnetization process of
SD as the external magnetic field increases. One can conclude
that the specified saturation field value in microwave excitation
(H™ ) is very close to the Hy®™ in VSM curves (see Fig. 2(h)).
We note that it should use a static measurement method (i.e.,
B—H loop analyzer) to experimentally determine the H;o by
measuring the magnetization curves.!”! Specifically, the stripe
direction is first fixed by applying a sufficiently large in-plane

Intensity

magnetic field along this direction and then removing it. Sub-
sequently, the magnetic field is incrementally increased (start-
ing from zero field) to measure the B—H loops in situations
where the magnetic field is perpendicular and parallel to the
initial direction of the SD, respectively. The intersection point
of the two curves corresponds to Hyy. Since we have previ-
ously investigated the rotation field of SDs under an applied
magnetic field in our prior work,!”] the detailed discussion is
omitted here.
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Fig. 4. Micromagnetic simulations. (a)—(d) Color-coded the resonance absorption spectra as a function of the magnetic field H for the four
configurations shown in Figs. 3(a)-3(d). The labels al-a4, b1-b3, c1—3, and d1-d4 in (a)—(d) denote the selected applied magnetic fields and
resonant frequencies corresponding to resonant mode in Fig. 5. (e) and (f) Magnetization (my, my, and m;) dependent on the magnetic field H.
The H is applied parallel to SD in (e) and perpendicular to SD in (f), respectively. The insert in (e) and (f) is the corresponding side view of the
domain structure at representative different magnetic field H. Red and blue indicate a positive and negative magnetization component in the z
direction, respectively. The arrows in (e) and (f) represent the direction of local magnetization.

To provide a more comprehensive description of this pro-
cess, we conducted further studies on the domain structure and
its microwave-excited spectra through micromagnetic simula-
tions. The micromagnetic simulations were performed using
the Mumax? software package.*!! The parameters used in the
simulation are based on the analysis presented in Ref. [4]. The
exchange stiffness constant A, the out-of-plane perpendicular
anisotropy K, damping constant @, and saturation magneti-
zation My were A = 7.2 X 107 erg/cm, K| =5.0 % 10° erg/cm3,

a = 0.01, and My = 10 kGs, respectively. The magnetic vol-
ume is 1000 x 1000x 150 nm3, which was discretized into cells
of 5x5x5 nm3. In the model, the microwave excitation was
applied using a sine pulse, A(¢) = hsin[2xf(r —1)] /27 f (t —1)]
with an amplitude of 4 = 10 Oe, a frequency of f = 50 GHz,
and a delay duration of r = 100 ps.

Figures 4(a)—4(d) show color-coded resonance absorption
spectra that depend on the magnetic field H for the four con-

figurations obtained through micromagnetic simulations. It is
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evident that the simulation spectra are reproducible and con-
sistent with the experimental observations. The change pro-
cess of such resonance spectra aligns well with the rotation
process of the SD. The evolution of SD with external mag-
netic field H is illustrated in Figs. 4(e) and 4(f). When H
is parallel to SD (both H and SD on the x-axis, as seen in
Fig. 4(e)), the SD direction remains unchanged while the mag-
netization component along x-axis (m,) increases linearly with
the increasing H until it reaches the saturation field Hs. The
changes in SD can be obviously seen from the inserted domain
structure. It should be noted that m, and m, are always ap-
proximately equal to zero as H increases. This is because the
magnetization components in the y and z directions are always
antisymmetric within a stripe period, leading to the cancela-
tion of the total magnetization.

As shown in Fig. 4(f)), for the situation where H is per-
pendicular to SD (i.e., the initial direction of SD is along the
x-axis and H is along y-axis), the magnetization component 1,
increases with the increasing H before reaching Hg, while m,
remains around zero. However, the m, slowly decreases with
the increasing H, and then rapidly reduces to zero when the
H is larger than H;o (~ 500 Oe). This indicates the rotation
process of SD, which is also reflected in the corresponding
inserted domain structures. One can also intuitively observe
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the rotation process of SD from another perspective as shown
in Fig. S2 of the supplementary material. Consequently, the
magnetic field associated with the domain structure change
can be well consistent with the magnetic field corresponding
to the change of the resonance mode in the resonance spec-
tra. We note that the magnetic domain distribution during SD
rotation is relatively complex, and thus the resonance spectra
in Figs. 4(a)—4(d) are a superposition of multiple resonance
modes, making resonance peaks difficult to distinguish clearly.

To further identify each resonant mode shown in
Figs. 4(a)-4(d), we investigated the magnetization component
of the SD at different times by applying a sine-function mag-
netic field with varying resonance frequencies. The sinusoidal
microwave magnetic field is expressed as h(r) = hosin(27f),
where f is the resonance frequency of each resonant mode.
The selection of the applied magnetic field matches the value
range of Hy and H; to observe the resonance state after the SD
rotation or saturation. Figures 5(a)-5(d) record the resonance
modes for the four measurement configurations at selected ap-
plied magnetic fields and resonant frequencies. The results
further confirm both the resonant origin and variation of each
mode in SD with the increasing magnetic field, as discussed in
Figs. 3 and 4.
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Fig. 5. Localization of typical resonance modes at selected applied magnetic fields and resonant frequencies corresponding to resonant spectra
in Figs. 4(a)-4(d). The microwave magnetic fields are defined as h(t) = hosin(27f). (a)~(d) The left-hand side is the sine-function microwave
magnetic field with the selected applied magnetic field and resonant frequency, and on the right-hand side are time snapshots of the m
component of the SD excited by the sine-function microwave magnetic fields. Red and blue represent positive and negative magnetization
components in the z direction, respectively. The times of the snapshots under the sine-function microwave magnetic field are indicated in the

sine-function images on the left-hand side by the black solid circles.

3. Conclusion

We investigate the static and microwave-excited magnetic
The
microwave excitation test results under four orientations (mi-

properties of SD structures with varying thicknesses.

crowave field, magnetic field, and SD direction) effectively il-

lustrate the evolution of the stripe domain with the magnetic
field, revealing distinctive microwave spectra at the stripe do-
main rotation magnetic field and the saturation magnetic field.
These resonance absorption spectra offer novel approaches

and techniques for characterizing magnetic domain rotation.
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