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Abstract. The microwave power dependence of the collective translational domain wall resonance spectra in

garnet films with a perpendicular anisotropy supporting parallel stripe domains has been investigated using

broadband ferromagnetic resonance experiments. Besides the fundamental domain wall resonances, a narrow

subharmonic resonance at half the frequency of the fundamental Bloch domain wall resonance is revealed.

For each domain wall resonance, the power dependences of the resonance frequency, the resonance linewidth

and the amplitude of the power absorption at resonance have been studied. The narrow subharmonic domain

wall resonance appears from a moderate input microwave power far below the values for the saturation of the

fundamental domain wall resonances and its amplitude at resonance follows a nearly quadratic dependence on

the microwave power. An analytical model based on the nonlinear Slonczewski’s equation for the domain wall

dynamics serves as a guide to justify the existence of such a subharmonic domain wall resonance and highlights

the effect of an oblique pumping field configuration in accordance to our experimental setup.

1 Introduction

The parallel stripe domain pattern with up and down

magnetized domains separated by thin domain walls

(DWs) can be viewed as an ideal system to study the high-

frequency magnetic excitations. Focusing on magnetic

films with a large perpendicular anisotropy (Q > 1, where

Q is the so-called quality factor defined as Q = Ku/2πM2
S

,

where Ku is the uniaxial perpendicular anisotropy constant

and Ms the saturation magnetization), a rich variety of

phenomena were revealed over the past decades. When

the parallel stripe domain system is excited by an uni-

form small-amplitude pumping field (linear regime), the

acoustic and optical domain mode resonances, and the

translational DW resonances are experimentally detected

depending on the orientation of the pumping field with

respect to stripe domain direction [1]. Regarding the

translational DW resonance modes, only the collective

modes with the wave vector k=0 are directly excited.

Due to the alternate chirality between successive DWs

within the array, the k=0 modes correspond to a uniform

displacement along the DW normal for the DWs with the

same chirality and, consequently, they possess an optical

character. Multiple uniform translational DW resonances

have been experimentally evidenced that correspond to

DW modes where the DW displacement varies along

the film thickness (flexural DW modes)[2]. This series

of modes result from the twisted DW structure existing

even in high-Q thin films with a Bloch character at the

film center and a Néel character at the film surfaces. On

the other hand, it was theoretically predicted in the early
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1960s that the linear excitation spectrum of a single Bloch

DW comprises also precessional modes termed DW spin

waves (DWSWs) in addition to the translational DW

modes [3, 4]. The characteristics of such DWSWs have

been recently investigated by micromagnetic simulations

both for a single Bloch DW and for a finite array of

Bloch DWs [5]. The obtained results show nonreciprocity

effects for the DWSW propagation and the possibility

of unidirectional spin-wave channeling along the DWs

that could be exploited for designing future diodelike

spin-wave devices in the magnonics framework [6]. This

brief overview relies on the linear magnetic excitations

within a stripe domain pattern.

By increasing the amplitude of the pumping field or

equivalently the input microwave power, new effects

appear. Restricting to the domain mode resonances

and the translational DW resonances, the lowest-order

nonlinear process takes place in the weakly nonlinear

regime characterized by a frequency shift (redshift) of

the resonance lines accompanied with an asymmetric

line broadening. These effects have been experimentally

observed both for the domain mode resonances [7] and

for the lowest-frequency DW mode resonance [8, 9].

In addition, it has been recently shown that a correct

description of the power dependences of the resonance

shift and the line broadening in a phenomenological ap-

proach requires to take into account a nonlinear damping

parameter [7, 9]. Further increasing the amplitude of the

pumping field results in a possible parametric excitation

of DW waves with k�0 through a three-DW-wave in-

teraction mechanism (equivalent to the first-order Suhl

instability for the ferromagnetic resonance (FMR) [10]) or
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a four-DW-wave interaction process (second-order Suhl

instability for the FMR [10]) as theoretically analyzed

[11] and revealed using a magneto-optic detection [12].

Lastly, J. C. Slonczewski stated theoretically [13] that

a direct excitation of DW modes, namely without any

mediating pumping mode, is also possible provided to

apply a rf exciting field at twice the resonance frequency

of the DW mode to be excited, along the direction of the

mean magnetization inside the DW, and with a magnitude

exceeding a threshold value. This mechanism resembles

the parallel pumping scheme in the FMR reported in the

early sixties for bulk samples [14] and more recently for

magnetic micro- and nanostructures [15, 16]. However,

no experimental evidence of such a process has been

reported, up to now, to our knowledge.

In this paper, we investigate in detail the direct excitation

of multiple nonlinear translational DW resonances in

single-crystal garnet films with parallel stripe domains

by means of broadband FMR measurements. The DW

absorption spectra have been measured for increasing

values of the input microwave power. In addition to the

fundamental translational DW resonances, a subharmonic

DW excitation, termed hereafter 1/2 subharmonic Bloch

DW resonance, is observed from intermediate microwave

power levels at f0/2 where f0 is the resonance frequency

of the fundamental Bloch DW mode. For each DW

resonance, the power dependences of the resonance

frequency, the resonance linewidth and the amplitude of

the power absorption at resonance were measured. The

nonlinear Slonczewski’s equations were used to justify

the existence of such a subharmonic DW resonance and

point out the critical role played by an oblique pumping

field configuration.

2 Materials and experimental procedures

The used sample is a single-crystal bubble garnet film of

composition Y1.8Bi0.63Lu0.56Fe4.06Al0.83012 grown by liq-

uid phase epitaxy on a Gadolinium Gallium Garnet (GGG)

substrate. The film thickness is 0.66 µm. The main

magnetic parameters experimentally determined from vi-

brating sample magnetometer (VSM) and FMR mea-

surements are the following: the saturation induction

4πMs=500 G, the uniaxial perpendicular anisotropy con-

stant Ku=1.8×104erg/cm3 (Q =1.8), the gyromagnetic ra-

tio γ = 1.78×107 s−1Oe−1, and the Gilbert damping con-

stant α =2×10−3. The exchange constant A was inferred

from a theoretical law [17], namely, A = 2.10−7 erg/cm.

The parallel stripe domain pattern was nucleated using a

demagnetizing process under both perpendicular and par-

allel magnetic fields [18]. The zero-field stripe domain

period P0 measured by microscopy force magnetic imag-

ing (Fig. 1(a)) is equal to 1.8 µm.

The DW resonance spectra were measured at zero-field by

sweeping the frequency from 50 MHz up to 500 MHz us-

ing a broadband resonance spectrometer with a nonreso-

nant microstrip transmission line. The input microwave

power essentially ranged from 10−1 mW (linear regime)

up to 200 mW. The input signal was then sent through a

high-pass filter (≥200 MHz) to eliminate any subharmon-

ics before exciting the sample. The frequency scanning

rate was fixed at 0.25 MHz/s. The selected pumping field

orientation (Fig.1 (b)). corresponds to the predominant

in-plane component of the rf exciting field being paral-

lel to the stripe domain direction. The small out-of-plane

component of the rf exciting field is along the film nor-

mal. Some additional measurements were carried out in

the presence of a DC magnetic field Hx applied along the

stripe domain direction (Fig.1 (c)) for a fixed input mi-

crowave power P = 30 mW.

(a)

Figure 1. (a) Zero-field magnetic force microscopy (MFM) im-

age of the parallel stripe domains for the studied garnet film

with perpendicular anisotropy. The image size is 30 µm×30 µm.

Sketch of the experimental pumping field configurations without

(b) and with (c) a DC magnetic field applied along the stripe do-

main direction (x-axis). The in-plane component of the exciting

magnetic field δhr f is parallel to the stripe domain direction.

3 Experimental results

3.1 Nonlinear DW resonance spectra

3.1.1 Zero-field spectra

The experimental zero-field DW resonance spectra

recorded for three values of the input microwave power

are displayed in Fig. 2. The low-level power spectrum

(P = 10−1 mW, linear regime) reveals two well-defined
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resonance lines. Such resonances were previously identi-

fied by means of dynamic micromagnetic simulations as

uniform (k=0) translation DW resonance modes [19]. The

resonance line at frequency f0=263 MHz corresponds to

a DW excitation localized within the Bloch part of the

twisted DWs. This line can be excited by the small out-

of-plane component of the pumping field. A second reso-

nance line appears at f1=405 MHz. This one is assigned

to a DW excitation within the Néel parts of the DWs close

to the film surfaces. This line is excited by the in-plane

component of the pumping field. For P = 25 mW, the

Bloch DW resonance line becomes asymmetric and a red-

shift of the resonance frequency is clearly observed. A

much weaker redshift exists also for the Néel DW reso-

nance frequency. In addition, the spectrum reveals a new

weak resonance line at f0/2 . For P = 50 mW, the am-

plitude of this resonance at f0/2 is significantly increased.

From the DW resonance spectra recorded at multiple in-

termediate values of microwave power, the minimal power

value for the appearance of the resonance at f0/2 is esti-

mated around Pm,1/2 = 5 mW.

3.1.2 In-plane field spectra

To further clarify the origin of the signal revealed at half

the frequency of the fundamental Bloch DW resonance,

the DW resonance spectra have been measured for a few

values of a DC magnetic field Hx applied along the stripe

domain direction and for a fixed input microwave power

P = 30 mW. Figure 3 shows the field evolution of the fun-

damental Bloch DW resonance (Fig. 3 (a)) and the one of

the resonance at half the frequency of the Bloch DW reso-

nance (Fig. 3(b)). The field dependence of the resonance

frequency normalized by its value in the linear regime for

both magnetic resonances is displayed in Fig. 3(c). For

the fundamental Bloch DW resonance, a linear field vari-

ation of the resonance frequency is observed in agreement

with previously reported data [20]. In the framework of

the oscillator harmonic model, this behavior is explained

by the decrease of the DW mass in conjunction with the

increase of the restoring force constant (diminishing value

of the stripe period [21]) for increasing in-plane magnetic

field. The very similar linear variation of the resonance

frequency with the magnetic field strength for the reso-

nance at f0/2 consolidates the hypothesis of a resonant

magnetic excitation associated with collective DW oscil-

lations.

3.2 Quantitative microwave power dependences

3.2.1 Fundamental DW resonances

Let us consider the Bloch DW resonance. Figure 4(a) dis-

plays the evolutions of the reduced resonance frequency

and the reduced resonance linewidth as a function of the

input microwave power P. The resonance frequency (resp.

resonance linewidth) at a given power P is normalized

by its low-power value (P = 10−1 mW, linear regime).

Several comments can be drawn. (i) The nonlinear red-

shift of the resonance frequency for increasing P values
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Figure 2. Experimental zero-field microwave power absorption

spectra for three values of the input microwave power P=0.1 mW

(linear regime), 25 mW and 50 mW. The amplification factor

is labeled in the parentheses. The resonance frequency for the

fundamental Bloch DW resonance and the Néel DW resonance

are located at f0 and f1, respectively. The 1/2 subharmonic Bloch

DW resonance appears at f0/2

is significant and reaches 8% for P=200 mW. (ii) The

resonance linewidth is increased for increasing P values

according to a quadratic law above P=5 mW. For P=200

mW, the resonance linewidth is enhanced by a factor 1.8

with respect to the linear regime. Such power evolutions

have been previously reported and nicely reproduced

by micromagnetic simulations including a nonlinear

damping parameter [9] for a sample with similar magnetic

parameters except a sligthly larger value of the saturation

magnetization. (iii) The power absorption at resonance

first increases rapidly with P and then saturates at Ps = 50

mW (Fig. 4(b)). It should be remarked that Ps is greater

than the minimal power value for the appearance of the

subharmonic resonance at f0/2 (Pm,1/2 = 5 mW).

Let us now move on the Néel DW resonance. Figure

5(a) shows the experimental power dependences for the

reduced resonance frequency and the reduced linewidth.

Similarly to the case of the Bloch DW resonance, a non-

linear redshift of the resonance frequency is observed for

3
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Figure 3. Experimental in-plane magnetic field dependence of

the nonlinear DW resonances. (a) Fundamental DW resonance,

(b) subharmonic Bloch DW resonance at f0/2. The input mi-

crowave power is fixed at P = 30 mW. (c) In-plane field de-

pendence for the reduced resonance frequencies of fundamental

and subharmonic DW resonances. The resonance frequencies are

normalized by those at zero-field. The dashed lines correspond

to linear regressions.

increasing P values. However, the amplitude of variation

is much weaker. The resonance frequency is reduced

by around 1% at P=200 mW. The resonance linewidth

first increases with P and then saturates for P≃90 mW.

A decreasing trend of the resonance linewidth occurs for

P≥125 mW. The amplitude of the power absorption at

resonance displays a quite similar power dependence, the

power saturation being nevertheless slightly upshifted

(Fig. 5(b)). It should be remarked that the saturation of the

power absorption for the Néel resonance (Ps = 125 mW)

exceeds the one for the Bloch DW resonance (Ps = 50

mW) occuring at a lower frequency. On the other hand,

the slight decreases of the resonance linewidth and the

power absorption at resonance for P≥125 mW may be

correlated with the emergence of a new resonance line

(see the subsidiary line at 425 MHz for the DW spectrum

at P = 50 mW in Fig.2) whose origin remains unknown at

the moment.

3.2.2 1/2 Subharmonic Bloch DW resonance

Figure 6(a) shows the microwave power evolution of the

DW spectra for the subharmonic of the Bloch DW reso-

nance at f0/2. The resonance lines are well-defined and

narrow. For P=25 mW, the peak-to-peak linewidth for the
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Figure 4. Experimental microwave power dependence for the

fundamental Bloch DW resonance. (a) Reduced DW resonance

frequency and reduced DW resonance linewidth as a function of

the input microwave power P. The resonance frequency and the

resonance linewidth are normalized by those in the linear regime

(P = 10−1 mW). (b) Reduced microwave power absorption at res-

onance as a function of P. The amplitude of the microwave power

absorption is normalized by its maximum value. The dashed

lines are guides to the eyes.

subharmonic at f0/2 is 2.3 MHz compared to 7 MHz for

the Bloch DW resonance at the same microwave power.

The power dependences of this subharmonic line depart

from those observed for the fundamental DW resonances.

First, there is no resonance frequency shift up to P=80

mW. Then, a redshift of the resonance frequency accompa-

nied with a monotonous variation of the power absorption

at resonance for increasing P are evidenced. The maxi-

mum value of this redshift is around 3% at P=150 mW

(Fig. 6(b)). The resonance linewidth is found nearly con-

stant up to P=150 mW (Fig. 6(c)). The power dependence

of the amplitude of the power absorption at resonance is

displayed in (Fig. 6(d)). The amplitude of the power ab-

sorption increases nearly quadratically with P. For P > 150

mW the signal becomes distorted which prevents a quan-

titative analysis.

4 Theoretical analysis

A DW wave theory in the linear regime was developed

by Slonczewski for parallel stripe domains in the large

perpendicular anisotropy limit [22]. The DW dynamics is

described by the Slonczewki’s equations resulting from

the integration of the Landau-Lifshitz-Gilbert equation

over the DW width. The two degrees of freedom are: q,

the DW displacement along the DW normal (y axis) and

ψ the azimuthal angle of the magnetization evaluated at

the middle of the DW from the elongation direction of

the stripe domains (x axis). In the general case, q and

ψ depend on the z coordinate along the film thickness.

4
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Figure 5. Experimental microwave power dependence for the

Néel DW resonance. (a) Reduced DW resonance frequency and

reduced DW resonance linewidth as a function of the input mi-

crowave power P. (b) Reduced microwave power absorption at

resonance as a function of P. The normalization rules are the

same as in Fig. 4. The dashed lines are guides to the eyes.
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Figure 6. Experimental microwave power dependence for the

1/2 subharmonic Bloch DW resonance. (a) DW resonance spec-

tra around f0/2 for three values of the input microwave power.

Input microwave power dependence for the resonance frequency

(b), the resonance linewidth (c) and the power absorption at res-

onance (d) of the subharmonic signal at f0/2. The normalization

rules are the same as in Fig. 4. The dashed lines are guides to the

eyes.

For small-amplitude oscilllations about the equilibrium

state, the linearized Slonczewski’s equations are solved

assuming a wave-like form for the dynamical variables

with a two-dimensional (2D) in-plane wave vector (par-

allel and perpendicular to the stripe direction). It leads

to an eigenmode equation and the eigenfrequencies can

be computed as functions of the 2D DW wave vector.

This theory has been used to identify the available

collective DW modes existing at half the frequency of

the fundamental DW pumping mode that can be oper-

ative in the three-DW-magnon process [11]. However,

such a process requires to excite the fundamental DW

pumping mode and to detect the 1/2 subharmonic DW

resonance separately which is in constrast with our ex-

perimental frequency sweeping procedure. Furthermore,

this theory is retricted to small-amplitude DW oscillations.

As a first approach to analyze our experimental results,

a simplified model has been considered based on the non-

linear Slonczewski’s equations. The following assump-

tions have been made: (i) An array of a pure Bloch DW is

considered. (ii) This array is excited by an oblique pump-

ing field with an in-plane component δhx parallel to the

DW direction (x-axis) and an out-of-plane component δhz.

(iii) The pumping field has an harmonic time dependence

with a pulsation ω. (iv) Only the dynamics of the uniform

collective Bloch DW mode is analyzed. (v) The kinetic

nonlinearity associated with a change of the DW structure

is predominant with respect to the potential nonlinearity

[23]. The Slonczewski’s equations are then given by :

ψ̇ + α∆0
−1q̇ = γ(−

k

2Ms

q + δhz), (1)

q̇ − α∆0ψ̇ = 2πγ∆0Mssin2ψ +
πγ∆0

2
δhxsinψ, (2)

where the overdot denotes a time derivative, α is the

Gilbert damping parameter, ∆0 is the Bloch DW width pa-

rameter defined as ∆0 = (A/Ku)1/2 and k is the restoring

force constant due to the magnetostatic energy of the stripe

domain structure [24].

The Slonczewki’s equations are solved using a pertur-

bation method based on the power expansion of the dy-

namical variables [25]:

q = q1 + q2 + ..., q1 >> q2 >> ...

ψ = ψ1 + ψ2 + ..., ψ1 >> ψ2 >> ...
(3)

To the first order in q, ψ, δhx, and δhz, the Slon-

czewski’s equations are:

ψ̇1 + α∆0
−1q̇1 = γ(−

k

2Ms

q1 + δhz), (4)

q̇1 − α∆0ψ̇1 = 4πγ∆0Msψ1. (5)

By introducing: δhz = δh
0
z

eiωt + e−iωt

2
, and asuming

the responses in the form: ψ1 = ψ
0
1

eiωt + e−iωt

2
and q1 =

q0
1

eiωt + e−iωt

2
, the solutions are given by :

ψ0
1 =

iω

D1

γδh0
z , (6)

q0
1

∆0

=
iωα + 4πγMs

D1

γδh0
z , (7)

where

D1 = −ω
2 + ω2

0 + iαω∆ω0. (8)

5
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The resonance pulsation ω0 is given by:

ω2
0 = 2πγ2∆0k, (9)

and the frequency resonance linewidth is expressed by:

∆ω0 = γ(4πMs +
k∆0

2Ms

). (10)

We obtain the well-known result that the DW displace-

ment is induced only by the out-of-plane component of

the pumping field and possesses a unique resonance at

ω = ω0.

To the second order in q, ψ, δhx, and δhz, the Slon-

czewski’s equations are:

ψ̇2 + α∆
−1
0 q̇2 = γ(−

k

2Ms

q2), (11)

q̇2 − α∆0ψ̇2 = 4πγ∆0Msψ2 +
πγ∆0

2
δhxψ1. (12)

The second term in the righ-hand side of Eq. 12 ap-

pears as an effective driving term which depends both on

δhx and ψ1 and, consequently, oscillates at 2ω.

By introducing: ψ2 = ψ
0
2

e2iωt + e−2iωt

2
and q2 =

q0
2

e2iωt + e−2iωt

2
, the solutions are given by :

ψ0
2 = −

π

4

(2iωα +
γk∆0

2Ms
)

D2

iω

D1

γδh0
zγδh

0
x, (13)

q0
2

∆0

= −
π

2

ω2

D2D1

γδh0
zγδh

0
x, (14)

where

D2 = −4ω2 + ω2
0 + iαω∆ω0. (15)

Two main comments can be made. First, the second-

order response requires the simultaneous presence of the

two components of the pumping field. Second, q0
2

and ψ0
2

exhibit two resonance frequencies at ω = ω0 and 2ω = ω0.

The power absorption is then computed by means of

the general expression :

Pa = ⟨

∫
V

dV δh·
∂δm

dt
⟩t, (16)

,

where δh and δm are the total driving field and the total

dynamic magnetization, respectively.

Using the relation between δmz and the displacement

q: δmz =
4Ms

P0
q, the expressions of the power absorption

Pa,iα with i = 1, 2 and α = x, z are given by :

Pa,1z =
2Ms

P0

ωℑ(q0
1)δh0

z (17)

Pa,2z =
4Ms

P0

ωℑ(q0
2)δh0

z (18)

Pa,2x =
πMs

32
ω|ψ1

0|2ℑ(ψ0
1)δh0

x (19)

Figure 7 illustrates the total absorption derivative spec-

trum computed using Eqs 17, 18 and 19 for δhx
0 =5 Oe

and δhz
0 =2.5 Oe. The computed spectrum reproduces the
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Figure 7. Zero-field absorption derivative spectrum computed

from Eqs.17, 18 and 19. The magnetic parameters are those re-

ported in Sec. 2 except α=0.006. The sample is excited by an

oblique pumping field with an in-plane component δhx along the

stripe direction and an out-of plane component δhz. δhx
0 =5 Oe

and δhz
0 =2.5 Oe.

onset of the subharmonic resonance at f0/2. The ampli-

tude ratio between the Bloch DW resonance and its 1/2

subharmonic is representative of the experimental data for

the selected values of δhx
0 and δhz

0.

However, it should be noted that these field values

would correspond to an experimental input microwave

power in the Watt range using a simple description of a

straight microstrip reflection line. This power range is far

in excess of our maximal experimental value Pmax=200

mW. This suggests that other mechanisms contribute to

the high level of the subharmonic resonance at f0/2 for

high microwave powers.

5 Summary and perspectives

Despite the relative simplicity of this magnetic texture,

the stripe domain pattern possesses a rich and complex

nonlinear translational DW excitation spectrum. In the

present work, this excitation spectrum has been experi-

mentally investigated by means of broadband FMR mea-

surements at zero-field and in the presence of an in-plane

DC magnetic field for increasing values of the input mi-

crowave power. The excitating field configuration corre-

sponds to an oblique pumping field with the in-plane com-

ponent parallel to the stripe domain direction and an out-

of-plane component. For a low-level microwave power

(linear regime), the uniform translational DW resonances

(fundamental Bloch and Néel DW resonances) are de-

tected. Increasing the input microwave power results in

a redshift of the resonance frequency and a line broaden-

ing of these fundamental DW resonances, the amplitude

of the redshift depending of the frequency position of the

DW resonance line. In addition, a subharmonic resonance

at half the frequency of the fundamental Bloch DW res-

onance has been detected and has been studied in detail.

This narrow subharmonic signal appears from a moderate

input microwave power and displays some salient features
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(no redshift up to a critical microwave power, no power

dependence of the resonance linewidth, a nearly quadratic

variation of its amplitude at resonance for increasing mi-

crowave power) which contrasts with the power depen-

dence of the fundamental DW resonances. An analytical

model based on the nonlinear Slonczewski’s equation and

taking into account the oblique pumping field configura-

tion enables us to reproduce semi-quantitatively the exper-

imental results. Some perspectives can be drawn to follow

up this work. From the theoretical viewpoint, a general de-

scription of the collective translational DW resonances in

the nonlinear regime through 3D dynamic micromagnetic

simulations would be of primary interest to go further in

the interpretation of the experimental results. From the ex-

perimental side, zero-field broadband FMR measurements

at higher microwave power levels could be suggested. For

instance, preliminary measurements at P=250 mW indi-

cate the presence of the 1/3 subharmonic Bloch DW reso-

nance whose features would deserve to be in-depth inves-

tigated. Lastly, it could be fruitful to explore the nonlinear

translational DW resonances in garnet films with various

magnetic parameters and to highlight how these parame-

ters affect the nonlinear power dependences of the spectra.
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