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Study of domain wall dynamics in GdFeCo using double high-speed
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Using the technique of double high-speed photography method, we show that an external magnetic field triggers

in GdFeCo domain wall motion with velocities up to 1.2 km/s. The domain wall velocity saturates with an increase

of the driving magnetic field. Contrary to earlier experiments on iron garnets, we did not succeed to detect any

effect of femtosecond laser pulses on the domain wall velocity, even if the pulses were strong enough to reverse

magnetization.
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1. Introduction

Recently, there has been a significant amount of interest in
not only domains, but also in domain walls (DW) in order to
solve important problems of spintronics, such as creation of
new logical systems and memory devices [1–4], which op-
eration is based on controlled DW motion. Currently, there
are several methods to control this displacement, including
spin-polarized current, geometrical structures, and magnetic
field. Recently, it was demonstrated that electric current
can trigger the motion of domain walls with very high
speeds of up to 5.7 km/s [5–7]. Experiments with optics
also have demonstrated the possibility of control the DW
position using light [8,9]. In addition, recent research
has shown the promising potential of integration of optics
and spintronics, the optospintronics, as one of methods to
process magnetic information in the future [10,11]. To put
it in another way, studying the DW dynamics is the basis
for improvement of characteristics of real device prototypes
in the future.
The discovery of all-optical magnetization rever-

sal [12–14] has demonstrated the possibility to control the
magnetic order using light in ferromagnetic compounds,
which are composed of rare earth elements and transition
metals. In addition, experiments for temperature depen-
dence of DW motion speed in such compounds have shown
an acceleration of the domain wall in the region of angular
momentum compensation temperature (TA) [15,16]. Thus,
the investigation of DW dynamics, as well as studying the
effect of powerful optical pulses on the speed of domain
wall in GdFeCo compounds is an actual task.
In this study we used a method that combines the double

high-speed photography and the pump-probe method to
investigate the dynamics of domain walls in the GdFeCo
compound at room temperature, as well as the effect of
light on the moving domain wall.

2. Experiment

The dynamics of domain wall in GdFeCo was investigated

by means of the double high-speed photography method

based on the Faraday effect [17]. In this work the double

photography method with the use of femtosecond laser was

combined with the pump-probe method [18]. We have

used the following geometry in the experiment: probe

pulse 1−pump pulse−probe pulse 2. This geometry allows

not only studying the dynamics of domain wall in a

transparent ferromagnetic, but also recording the effect of

pump pulse on it. The idea of experiment with two probe

pulses and one pump pulse is shown in Fig. 1. The pump

and probe pulses had a duration of 70 fs and a wavelength

of 400 and 800 nm, respectively. The delay between probe

pulses was 1t = 10 ns.

Position of the single domain wall was stabilized using

gradient magnetic field created by permanent magnets

(Fig. 1, a). Value of the gradient magnetic field oriented

normally to the sample plane was about 0.3 T/cm. In

addition to the component directed along the z axis, gra-

dient magnets created in-plane field H‖
y ∼ 0.36T. Solenoids

located on surfaces of the sample created a pulsed magnetic

field oriented along the z axis(h⊥
z ). We used this field to

control dynamics of the DW. Amplitude of the field h⊥
z

was from 80 to 230mT at a pulse duration of 20µs and

its leading edge of 20 ns. Probe pulses were arriving on the

sample normal to its surface (Fig. 1, b). The pump pulse was

oriented at a small angle to the sample normal and arrived

to the sample 1 ns after the first probe pulse (Fig. 1, b, d).
The beam diameter of the pump pulse was about 50µm.

The direction of magnetization was controlled using the

magneto-optic Faraday effect. The first and the second

probe pulses created opposite contrast images of the two-

domain structure (Fig. 1, c). The light band resulted from
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the superposition of these images represents the distance

passed by the domain wall over the time between probe

pulses. The combination of the double photography method

and the pump-probe method allows not only studying the
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Figure 1. Combination of the double high-speed photography

and the pump-probe method. (a) Creation of a single domain

wall in the sample. M+
z and M−

z — directions of magnetization

in adjacent domains, H‖
y — permanent magnetic field normal to

the plane of domain wall, which is created by permanent magnets.

h⊥
z — pulsed magnetic field that controls the dynamics of the

domain wall. (b) Relative positions of pump and probe pulses.

Two optical probe pulses separated by a time interval 1t, illuminate

the dynamic domain wall. The pump pulse acts on the moving wall

1 ns after the first probe pulse. (c) Photos of the domain structure

obtained with the help of each probe beams separately and sum of

these images. Width of the light band in the last photo 1y is equal

to the distance passed by the domain wall over the time interval

between two probe pulses 1t [18]. (d) Relative positions of the

magnetic field pulse with a duration of τp and light pulses in the

geometry of probe pulse 1 — pump pulse — probe pulse 2.

DW dynamics, but comparing the DW dynamics withing

the region of pump pulse impact and out of this region. All

measurements were carried out in the strobe mode with a

repetition frequency of 10Hz at room temperature.

The under-study compound of rare-earth (Re) and

transition metal (TM) had the following composition:

Gd23Fe67.94Co9.06 and was grown in the form of

a thin film in the glass/SiN (5 nm)/Re-TM structure

(20 nm)/SiN (60 nm). It is worth to note, that the composi-

tion of samples in our experiments was the same as in [15].
The material has demonstrated a uniaxial perpendicular

magnetic anisotropy, which allowed observing the domain

structure of the sample with the help of the Faraday effect.

As it was noted by the authors of [15], the compensation

point in the material is TM ∼ 220K, the angular momentum

compensation temperature is TA ∼ 310K.

The DW starts moving under the action of the pulsed

magnetic field. Fig. 2, a shows the dependence of DW

displacement from the equilibrium on the time passed after

the start of action of the magnetic field pulse with an

amplitude of h⊥
z ∼ 83mT. The wall is speeded up gradually

up the maximum speed, then it slows down and stops.

The quite long time of the domain wall acceleration to the

maximum speed (about 0.4µs) is related to the inductance

of the coils that create the pulsed magnetic field [19]. The

dependence represented in Fig. 2, a allows determining the

interval of time during which the speed of domain wall mo-

tion remained constant and maximum at a fixed amplitude

of the pulsed magnetic field. Further measurements of the

wall motion speed at different amplitudes of magnetic fields

were carried out 0.5µs after the start of field pulse action,

when the domain wall achieved its maximum speed.

Fig. 2, b shows images of moving DW recorded by means

of the double photography method. Width of the light band

in the image represents the distance passed by the DW over

the time between two probe pulses. Value of the magnetic

field that puts the DW in motion is specified under the

images. In all photos the wall moves from top to bottom.

It should be noted that both top and bottom edges of the

light band in all photos is quite even, no broadening of the

dynamic domain wall is observed.

Using the photos similar to those presented in Fig. 2 b,

the dependence of DW speed on the pulsed magnetic field

shown in Fig. 2, c was obtained. Accuracy of the wall speed

determining was at least 0.05 km/s. The DW speed increases

with growth of the magnetic field h⊥
z and achieves saturation

under fields higher than 250mT, as shown in Fig. 2, c. The

blue solid line corresponds to the data defined by the v(h⊥
z )

function:

v(h⊥
z ) =

µh⊥
z

√

1 +
(

µh⊥z
c

)2
(1)

here µ ∼ 9.2 km/s/T is mobility of the DW, the saturation

speed c ∼ 1.5 km/s. Equation (1) was already used before

to describe the v(h⊥
z ) dependence by authors of [17,20,21].

It should be noted, that the mobility of the domain wall at

290K measured by authors of [15] is ∼ 10 km/s/T, which

corresponds to the mobility in our experiment.
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Figure 2. DW dynamics in GdFeCo at room temperature. (a) Dependence of the domain wall displacement x on time at a pulse field

amplitude of h⊥
z ∼ 83mT. Black solid line represents the general trend. (b) Double photos of the dynamic domain wall recorded 0.5 µs

after the start of the magnetic field pulse action. White band on the image represents the distance passed by the domain wall for different

amplitudes of the pulsed field h⊥
z . (c) Dependence of the domain wall speed on the amplitude of pulsed magnetic field h⊥

z . Blue solid

line is the curve calculated by equation (1).

Using equation (7) from [22], the speed of saturation c
can be estimated:

c = γ̄e f f

√

2A
χ⊥

. (2)

Assuming that A ∼ 2 · 10−7 erg/cm, γ̄e f f = 1.73 · 107,

χ⊥ ∼ 2 · 10−3, we get c ∼ 1.7 km/s, which is qualitatively

corresponds to the experimentally observed value.

It must be noted that sometimes on the path of the

domain wall motion a domain is formed on local defects

of the sample, and the size of this domain increases under

the action of the pulsed field controlling the wall motion. At

the same time, motion speeds of the straightline domain wall

and the domain formed on a defect were equal to each other.

A similar effect was observed earlier when investigating the

dynamics of domain walls in films of ferrite garnets in large

in-plane fields.

Fig. 3 shows double photos obtained with the use

of the following configuration: probe pulse 1 — pump

pulse — probe pulse 2. The domain wall moves from

top to bottom. The impact of laser pulse on the wall

motion was investigated at different powers of the exciting

pulse. When studying all-optical magnetization reversal,

the authors of [12,13] have shown that an energy of

2.6mJ/cm2 is sufficient for a local magnetization reversal

30 mm

Laser fluence, mJ/cm2
2.0 2.3 2.6

Figure 3. Dynamics of domain wall in the presence of pump

pulses with different power. The domain wall moves from top

to bottom at a speed of v0 ≈ 0.66 km/s. Light band represents

the distance passed by the wall over the time between two probe

pulses. The pump pulse acts on the moving domain wall inside

the white dashed circle.

using an optical pulse. This pulse changes the magne-

tization in the exposed region, a new domain occurs,

that can be combined over time with a domain, which

magnetization is directed along the field controlling the

domain wall motion. This can be seen in the right

photo in Fig. 3 as a broadening of the light band. Since
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a b c d e

Figure 4. Scheme illustrating behavior of the domain structure

under optical magnetization reversal. The domain wall moves from

top to bottom. (a) The first probe pulse records the two-domain

structure. (b) Optical magnetization reversal after the pump pulse

action 1 ns after the action of the first probe pulse. Domains of

magnetization reversal — dark and light semi-circles. (c) Under

the action of the external magnetic field the area of dark domain

increases, which results in disappearance of the small light domain.

This type of domain structure can be recorded by means of the

second probe pulse, which lags behind the first one by 10 ns. To

obtain double photo, the contrasts of images from the first and

the second beams are opposite: Fig. 4, c and 4 d have opposite

contrasts. (e) Double photo of the dynamic domain wall resulted

from superposition of figures 4, a and 4, d.

such a broadening can be different in different places

of the sample, it is probably related to the arrangement

of defects on which new domains are nucleated, and

is not related to the pump pulse impact. Hence, even

under an impact of the optical pulse with an energy

sufficient for magnetization reversal, the exciting pulse does

not impact directly on the motion of the domain wall,

and causes just an optical magnetization reversal, which

can be misinterpreted as an acceleration of the domain

wall. Since a similar result is observed regardless the

polarization of the exciting pulse, this phenomenon has a

thermal nature.

Fig. 4 shows a scheme that explains the observed

phenomenon. The domain wall moves from top to bottom.

Fig. 4, a shows a two-domain structure recorded with the

help of the first probe pulse. Fig. 4, b shows a domain

structure after the action of the pump pulse. Here the

domains with reversed magnetization are shown as dark

and light semi-circles. Since the external magnetic field

promotes broadening of the dark domain, the little light

domain disappears and the domain structure has the form

shown in Fig. 4, c. This is exactly the type of domain

structure that can be recorded by means of the second probe

pulse, which, as it was mentioned above, lags behind the

first one by 10 ns. To obtain a double photo, contrasts of

the images recorded from the first and the second beams

are opposite: Fig. 4, c and 4, d have opposite contrast.

As a result of superposition of figures 4, a and 4, d we

get Fig. 4, e, which is a double photo of the dynamic

domain wall. Fig. 4, e is similar to the photo shown

in Fig. 3, that corresponds to a pump pulse energy of

2.6mJ/cm2. Thus, it is clear that in the case of similar

scenario the broadening of the light band in the photo

is not indicative of DW acceleration under the action of

optical pulse.

3. Discussion of results

The GdFeCo compound is a ferrimagnetic with two

sublattices [12]. A well-known example of this type of

material is the bismuth-containing ferrite garnet, where

the dynamics of domain walls is investigated in sufficient

detail [17,21,23]. For such materials the v(h⊥
z ) dependence

linearly increases at the initial section, includes a region

with negative differential mobility, and increases again. Thus

type of dependence behavior in GdFeCo was observed by

authors of [15], while maximum speed of the DW motion

at room temperature was not greater than 1 km/s. The

presence of a decreasing section in the v(h⊥
z ) dependence

is related to the change in the internal structure of the

wall, which is resulted from the generation of magnetic

vortices inside it: vertical and horizontal Bloch lines [17]. To
suppress the generation of vortices and stabilize structure of

the domain wall, in the process of domain walls dynamics

investigation in ferrite garnets a plane magnetic field was

used with its orientation normal to the plane of the

wall [21,23]. In this case the v(h⊥
z ) dependence changed its

behavior: now the initial linearly increasing section evolved

to saturation and there was no decreasing section. To put

it another way, while without a plane magnetic field the

dynamics of the domain wall in ferromagnetic materials

can be described by the Landau−Lifshitz equation, in the

presence of the plane field it is reasonable to use the model

of easy-plane ferromagnetic [24].
In this experiment, to stabilize the initial position of the

domain wall we used a gradient field created by permanent

magnets, which, along with the inductance of the magnetic

field normal to the plane of the sample, had a component

laid in the sample plane normal to the plane of the wall.

It was noted before, that value of this component was

0.36 T, and it was sufficient to suppress the generation of

magnetic vortices and save structure of the domain wall,

therefore no decreasing section of the v(h⊥
z ) dependence

was recorded. It should be noted, that the saturation of the

v(h⊥
z ) dependence in GdFeCo was not observed before.

The absence of laser-induced effects on the moving DW

in GdFeCo is highly surprising. Taking into account the

density of laser pulse energy, it can be estimated how much

the sample temperature changes under the action of the

optical excitation. Using the value of specific heat capacity

of ∼ 2.7MJ/(m3
· K) [25], the absorption coefficient at

800 nm equal to ∼ 0.25mn−1 [26], the spot diameter of the

pump pulse of ∼ 50µ, the change in temperature (1Tmax)
can be estimated. With the maximum pump pulse energy

of ∼ 2.6mJ/sm2 the 1Tmax ∼ 33K. Thus, the density of

energy should be sufficient to overcome the compensation

temperature TA (TA ∼ 310K [15]) in the excited domain of

the sample, where DW speed increases by 1.5−3 times [15].
To explain the observed phenomenon, the following

scenario was proposed. The action of the pump pulse

results in heating of the excited domain, in which the DW

speeds up [15]. The local change in temperature changes

the material properties, such as anisotropy, magnetization,

and gyromagnetic ratio [15,27]. Hence, it can change the

6∗ Physics of the Solid State, 2023, Vol. 65, No. 2



244 K.H. Prabhakara , T.B. Shapaeva, V.V. Yurlov, K.A. Zvezdin, A.K. Zvezdin, C.S. Davies, A. Tsukamoto...

internal structure of the DW. It is known, that an increase in

the wall speed results in the magnetization vector getting out

of its plane [23,24], thus promoting the generation of pair

of magnetic vortices that move along the DW in opposite

directions [17]. It was already mentioned before that the

presence of vortices inside the dynamic DW decreases its

speed.

In a two-sublattice ferrimagnetic the effective gyromag-

netic ratio γe f f depends on magnetization and gyromagnetic

ratios of each sublattice. In the GdFeCo compound there

is a rare-earth sublattice (RE) and a transition metal

sublattice (TM). With the help of equation (3) from [27],
γe f f can be represented as

γe f f (T ) =
MRE(T ) − MT M(T )

MRE (T )
|γRE |

−
MT M(T )
|γT M |

, (3)

where MRE , MT M — magnetization of sublattices, γRE ,

γT M — gyromagnetic ratios of sublattices. Since magne-

tizations of each sublattice depend on temperature, γe f f is a

function of temperature, as well. The value of γe f f increases

considerably near the angular momentum compensation

temperature [27]. The gyroscopic force that defines the

motion of vortices inside the DW depends on the wall speed

and gyromagnetic ratio [28]:

Fg =
Ms

γ
[vn × z] (4)

here Ms — magnetization of saturation, vn — projection of

DW speed on the normal to the wall plane, and z — unit

vector normal to the sample plane. As a consequence, it is

expected that the gyroscopic force acting on the magnetic

vortices, which occurred inside the DW, will be considerably

reduced in a region closer to TA. In addition, the suppression

of Bloch lines generation is promoted by the presence of the

in-plane compomemt of the gradient magnetic field [17].
Thus, the local heating of the sample promotes DW

speeding up, which promotes generation of magnetic

vertices, that slowing down it. To put it another way,

the absence of the laser-induced effect near TA may be a

consequence of the balance between two opposite effects.

It should be noted, that a similar mechanism of change

in the internal structure of DW under the action of the

pump pulse was proposed in [18] to explain the slowing

down of DW in the film of ferrite garnet under the action

of optical pulse. However, in the film of ferrite garnet the

speed of DW motion did not exceed 0.6 km/s and slowing

down of DW was observed, if the speed of wall was less

than 0.5 km/s, i. e. in the case when one of competing

mechanisms prevailed. In this experiment with the GdFeCo

compound the speed of DW was from 0.6 to 1.2 km/s.

4. Conclusion

The method of double high-speed photography was

used to investigate the dynamics of DW in the GdFeCo

compound ferrimagnetic at room temperature. It was

shown that the speed of DW motion increases and saturates

at a level of 1.2 km/s. The speed saturation is caused by the

stabilization of the domain wall structure in the presence of

a plane magnetic field and, as a consequence, the absence

of the DW thin structure — magnetic vertices. In addition,

experiments have shown the absence of pump pulse effect

on the dynamic domain wall, regardless of the fact that

power of this pulse was sufficient for magnetization reversal.

This is probably caused by the balance of opposite effects:

acceleration of DW due to the local heating and generation

of magnetic vertices in the heated domain. A similar

phenomenon was observed before under certain conditions

in films of ferrite garnets [18].
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