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Ultrafast demagnetization dynamics in the epitaxial FeGe(111) film chiral magnet
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The exploring of ultrafast demagnetization is a significant subject for understanding the versatility of
spin dynamics. However, the laser-induced ultrafast demagnetization process in chiral magnet FeGe has re-
mained elusive. Here, we report the ultrafast demagnetization processes of FeGe film with various magnetic
structures using time-resolved magneto-optical Kerr effect (TRMOKE) measurements. Our work reveals a
transition from one-step ultrafast demagnetization (type 1) to two-step demagnetization (type II) process
by changing ambient temperature, laser fluence, and magnetic field. We confirm that the transition from
one-step to two-step ultrafast demagnetization mainly results from the weak electron-phonon (e-p) coupling.
In the skyrmion phase region, TRMOKE curves demonstrate a two-step ultrafast demagnetization process.
The two-step ultrafast demagnetization will further enhance the magnetization loss, and consequently facil-
itate the magnetization switching and pave a pathway to engineer chiral magnetic devices on picosecond

timescales.

DOLI: 10.1103/PhysRevB.107.144429

I. INTRODUCTION

Ultrafast demagnetization has attracted much attention for
its potential applications in ultrafast information technology
and intriguing physics [1-5]. The manipulation of topolog-
ically nontrivial phases [6] by optical excitation [7-10] is
also an emerging area of condensed-matter physics. More-
over, controlling the timescale and amplitude of the response
of spins to a femtosecond laser excitation is a key issue
in the fields of magnetic recording [11], ultrafast spintronic
devices [12], and magnonics [13]. Chiral magnets are in-
credible materials in which exotic skyrmion spin textures
exist stably favored by the Dzyaloshinskii-Moriya interaction
(DMI) [14-18]. Although optically driven collective spin ex-
citations and dynamics modes [19] have been investigated in
some chiral magnets, the ultrafast demagnetization process,
which is of great significance to control spins on subpi-
cosecond timescale, has not been investigated yet. Previous
time-dependent density-functional theory calculation demon-
strated that the initial spin disorder played a dominant role
and enhanced the demagnetization [20], while the effect of
spin texture on ultrafast demagnetization process was rarely
reported [4]. The investigation of ultrafast demagnetization
in chiral magnets can help understanding the versatility of
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ultrafast spin dynamics and pave a pathway for the optical
manipulation of their magnetic orders.

Chiral magnets with B20 crystal structure are typical
skyrmion-hosting materials, such as MnSi [14], Fe,_,Co,Si
[16], and FeGe [15,21,22]. Among them, FeGe possesses the
highest Curie temperature of 7, = 278 K. Compared with cor-
responding bulk material, a robust magnetic skyrmion phase
in epitaxial FeGe(111) thin films is formed in wider tempera-
ture and magnetic field range [23], and consequently provide a
platform to investigate the ultrafast demagnetization processes
of different magnetic phases. Recently, ultrashort laser pulses
were proved to offer a fast and energy-efficient means to cre-
ate, erase, and manipulate skyrmions [8]. It is highly desirable
to explore the laser-induced ultrafast demagnetization process
in chiral magnet FeGe film with various magnetic structures.

In this work, we report ultrafast time-resolved magneto-
optical Kerr effect (TRMOKE) measurements and find a
transition from one-step ultrafast demagnetization process to
two-step one in FeGe thin film by altering temperature, mag-
netic field, as well as laser fluence. Based on the microscopic
three-temperature model (M3TM) and time-resolved reflec-
tivity results, we confirm that the transition from one-step
to two-step ultrafast demagnetization mainly results from the
weak electron-phonon (e-p) coupling. Although a similar tran-
sition from type-I ultrafast demagnetization process to type-II
one was observed in Ni thin film by altering temperature and
laser fluence, there are three distinct features between our
results and previous works [2,24]. (1) Our results demonstrate

©2023 American Physical Society
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FIG. 1. Structure and magnetism of FeGe film. (a) XRD pattern of the FeGe thin film. Insets represent the configuration of FeGe/Si(111)
film and unit cell of B20 FeGe; (b), (c) the in-plane M-T curves and ac susceptibility; and (d) field dependence of out-of-plane magnetization
at different temperatures. Magnetic phase diagram (f) was derived from the peak and inflection points of dM/dH curves in (e).

that for FeGe film the transition undergoes in a broader tem-
perature range and relatively lower laser fluence. (2) In our
FeGe film, the mechanism for the two-step demagnetization
is different from that in previous works on Ni and other
ferromagnetic or antiferromagnetic materials. In the previous
work, as mentioned in Refs. [2,24], type-I demagnetization
is generally expected to occur when coupling between the
electron and spin system is strong, whereas type-II demag-
netization is present when the electron-spin (e-s) coupling is
weak. However, in chiral magnet FeGe film, we have found
that the two-step demagnetization mainly originates from
weak e-p coupling. (3) The M3TM provides a framework to
discuss the ultrafast demagnetization in temperature and laser
fluence scenario previously, while our results also reveal the
magnetic field/phase-dependence demagnetization behavior.
We also find that in the skyrmion phase region TRMOKE
curves demonstrate a two-step ultrafast demagnetization pro-
cess. The two-step demagnetization will facilitate to switch
magnetization of FeGe films and utilize chiral magnetic de-
vices on picosecond timescales.

II. EXPERIMENT DETAILS

A. Sample preparation

FeGe film was deposited on Si(111) substrate by ultrahigh-
vacuum (UHV) molecular-beam epitaxy with a base pressure
of 3 x 107'° mbar. Before the film growth, high-resistance
Si(111) substrate was heated to 300 °C for about 8 h and
then flashed to 1200 °C to get 7 x 7 surface in the UHV
chamber. Fe and Ge were coevaporated at the same rate onto

the Si(111)—(7 x 7) surface at 300 °C and the deposition rate
of FeGe is 0.95 nm/min.

B. Magnetization measurements

The magnetization measurements were performed by a
superconducting quantum interference device magnetometer.
For the in-plane magnetization, M-T curves and ac sus-
ceptibility were measured. For the temperature dependence
of magnetization, we employed both zero-field-cooled and
field-cooled protocol to the desired temperature. The ac
susceptibility was measured at an ac field with excitation
amplitude of 12 Oe and excitation frequency of 523 Hz.
For out-of-plane magnetization, we measured the field de-
pendence of magnetization with zero-field-cooled protocol
ramping from H = 0 to 20 kOe at 5, 50, 100, 150, 200, and
250 K. Figure 1(e) represents the susceptibility x = dM/dH
as a function of H at 50 K. The inflection points as marked
in Fig. 1(f) with solid lines indicate phase boundaries, and the
peak at low field is believed to be related to helical reorienta-
tion in the film [25].

C. TRMOKE experiments

The ultrafast demagnetization curves of FeGe were mea-
sured by TRMOKE method from 10 to 300 K using
pump-probe technique. In the experimental setup, the ultrafast
laser with 55-fs pulse width at a 5.2-MHz repetition rate was
used. The wavelength of the pump pulses was 780 nm, while
the probe pulses were frequency doubled by a beta barium
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FIG. 2. TRMOKE results. (a), (b) Dependence of the ultrafast demagnetization of FeGe film on the ambient temperature scenario and field
scenario. Cyan dashed lines are exponential fittings. Curves in (b) are shifted to avoid the overlap. Inset shows the schematic of TRMOKE
measurement. (c), (d) Demagnetization times and amplitude ratios between the second and first step obtained by biexponential function. Inset
in (c) is a example curve shown up to 50 ps. (e), (f) Magnetic phase diagrams of FeGe obtained by magnetization measurements. Gray solid
lines are the boundaries of magnetic phases. Elliptic shadow is a reference skyrmion region. Color map in (e) and (f) represents the data in
(c) and (d), respectively. The white dashed line is the boundary between type-I and type-II demagnetization. Black dots are all the TRMOKE

measurement points; red dots are the data points shown in (a) and (b).

borate crystal. In the magnetization dynamics measurements,
three external factors, ambient temperature, external magnetic
field, and the fluence F of the pumping pulses, were taken into
consideration. For the ambient temperature and magnetic field
scenario, the fluence F was kept at a constant of 0.7 mJ/ cm?.

III. RESULTS

A. Structural and magnetic characterization

FeGe film with thickness of 140 nm was used in our
experiments. The x-ray-diffraction (XRD) pattern [Fig. 1(a)]
indicates that the FeGe film is pure B20 phase with (111)
orientation.

Figures 1(b) and 1(c) show the temperature dependence
of in-plane magnetization and ac susceptibility for epitaxial
FeGe(111) thin film, respectively. One can obtain the Curie
temperature of T, &~ 278 K, which is the same as that of FeGe
bulk crystals [26,27]. The ac susceptibility exhibits a kinklike
feature near the Curie temperature, implying that the A phase
[14,23,28] exists in this region. The out-of-plane magnetiza-
tion is shown in Fig. 1(d) and consistent with that of FeGe
thin films in previous studies [25]. Based on the methodology
established by Bauer e al. [28], we performed magnetization
measurements as a function of magnetic field and temperature.
The magnetic diagram [Fig. 1(f)] of FeGe/Si(111) thin film
was determined by the inflection points of the susceptibility
x =dM/dH vs H [Fig. 1(e)]. We assign the three phases

as “helical” for low fields, “conical+skyrmions” for interme-
diate fields, and “field polarized (FP)” for high fields. The
magnetic phase boundaries are consistent with those previ-
ously reported for FeGe films [23,25,29].

B. TRMOKE measurements

We employed TRMOKE spectroscopy to probe the ultra-
fast demagnetization in the whole magnetic phase diagram of
FeGe film with polar configuration [inset of Fig. 2(a)]. The
dependence of the ultrafast demagnetization of FeGe film on
ambient temperature in a magnetic field of 4.4 kOe is shown
in Fig. 2(a). In the case of one-step ultrafast demagnetization,
i.e., type I, a rapid decrease with the ultrafast demagnetization
time is followed by magnetization recovery. Mathematically,
the slope changes sign at the inflection point. On the other
hand, in the case of two-step demagnetization process, i.e.,
type II, a slow demagnetization follows the first step; the sign
of slope does not change. The critical point of about 100 K
can be obtained on the basis of the slope of temperature-
dependent demagnetization curves. At temperatures below
100 K, the curves demonstrate one-step demagnetization (type
I) with the ultrafast demagnetization time about 7; &~ 300 fs,
followed by magnetization recovery. With increasing the
ambient temperature above 100 K, a transition from one-
step (type-I) to two-step (type-1I) ultrafast demagnetization
process, i.e., a slow demagnetization with time constant
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7, & 3—17 ps following the first step, occurs. Figure 2(b)
shows the ultrafast demagnetization curves in various mag-
netic fields at 7 = 100 K. At this temperature, type-II demag-
netization dynamics becomes dominant when H < 7.4 kOe.
With further increasing the magnetic field up to 11.0 kOe, the
ultrafast demagnetization shows a type-I behavior. From all
the demagnetization curves, we can clearly see the magneti-
zation loss of type II is much higher than that of type I. (In
the paper, we did not calibrate the measured curves to real de-
magnetization. All comparisons are based on relative values.)
This implies that the second-step ultrafast demagnetization
will further enhance the magnetization loss, and consequently
facilitate the magnetization switching of FeGe films and may
be utilized in high-speed chiral magnetic devices.

It is known that the most essential characteristics of ultra-
fast demagnetization are demagnetization time and amplitude
[2,20]. To investigate two-step ultrafast demagnetization time
and magnetization loss of FeGe film quantitatively, an in-
spection of the measured two-step ultrafast demagnetization
by the biexponential function was performed to achieve the
timescales of the demagnetization:

M(t) =G(l)<y0 —A; x <1 — exp (—%)) — A
1
t
X (1 — exp (——))), (D
T2

where the pulse signal G(¢) is convolved into the function.
71 and 1, are timescales corresponding to the fast and slow
demagnetization processes, respectively. A; and A, represent
the amplitudes of the two demagnetization steps, respectively.
Since the MOKE signal is proportional to the magnetization,
it is not necessary to calibrate the real demagnetization for the
same sample. During the TRMOKE measurements, we keep
the intensity of incident light invariable, and obtain TRMOKE
signals. The ratio of Ay/(A; + A) is the same as the ratio of
real demagnetization.

It should be mentioned that Eq. (1) only considers quench-
ing of magnetization and does not consider recovery of
magnetization. Based on the mathematical formation of
Eq. (1), the demagnetization can be seen as superposition
of two exponential curves with different timescale. For the
type-I demagnetization curve, A, = 0. Figures 2(c) and 2(d)
represent the temperature dependence of the demagnetization
time (7; and 1) and amplitude ratio of the second-step mag-
netic loss to the total one A, /(A + Ay) with various applied
magnetic fields, respectively. 7; is 0.30 = 0.01 ps and keeps
constant when ambient temperature and applied magnetic
field change, whereas the second-step demagnetization time
increases from 3.00 £ 0.50 ps to 25.00 £ 0.10 ps. Once type-
IT ultrafast demagnetization process occurs, the second-step
demagnetization exceeds 50% of the total demagnetization,
and the proportion increases with temperature. As shown in
Figs. 2(e) and 2(f), we mapped these two parameters on
the magnetic phase diagram. In Fig. 2(e) we use the total
demagnetization time t = 1] 4 7, to represent the demag-
netization behavior. The diagram is divided into type-I and
type-II regions by a white dashed line. According to the
results of real-space observation [15] and topological Hall
effect [23], we mark the reference skyrmion phase region

(@) : :
/ OL?O: 2.7 kOe 80 K|
./“2 ’ oy npodod L
E e
. 08F @ N Fluence
°
:(’3 ot S O O T mJicm?)
< 06F =+ 4 = 07
- %
g ‘;\WW“:W v ¢ 1;
L Yevwvy v vV ey v .
D04l N, vvivy v 23
= e, . 26
502} ‘oo . 1
X * o R IR
00 L 1 1
0 5 10 15 20
t (ps)

FIG. 3. Fluence dependence of the ultrafast demagnetization dy-
namics at an ambient temperature 80 K and external magnetic field
of 2.7 kOe.

with shadows in Figs. 2(e) and 2(f). One can find that in
the skyrmion phase region TRMOKE curves show a two-step
ultrafast demagnetization process. The phase boundaries of
helical, conical+4skyrmions, and field polarized are shown in
Figs. 2(e) and 2(f) with gray solid lines, the same as Fig. 1(f).

In addition to ambient temperature and applied magnetic
field, laser fluence can also induce the transition from type-I
to type-II demagnetization. Figure 3 presents ultrafast de-
magnetization curves at 80 K with varying the fluence of
pump pulse F from 0.7-2.6mJ/cm?. A critical fluence of
F = 1.1 mJ/cm? was observed to trigger the transition from
type-I to type-II demagnetization. Recently, ultrafast cryo-
Lorentz transmission electron microscopy demonstrated that
skyrmion lattice can be manipulated during the laser-induced
demagnetization [8]. For skyrmion writing process, threshold
values 0.16-5.0 mJ /cm? are required in temperature ranging
from 150 to 230 K. The same order of magnitude as the critical
fluence for triggering a transition from one-step to two-step
ultrafast demagnetization suggests that the slow demagneti-
zation plays a leading role in the manipulation of skyrmions.
Owing to the broader phase region of skyrmion in the epitaxial
FeGe thin film, the critical laser fluence for two-step ultrafast
demagnetization in our film is lower than the writing threshold
in the corresponding bulk material used in Ref. [8].

C. M3TM analysis

In order to provide a microscopic insight into the origin
of the transition from one-step to two-step demagnetization in
FeGe film, we employed the M3TM [2] proposed by Koop-
mans et al. to fit ultrafast demagnetization curves of FeGe
film. The following set of differential equations was used:

dT,
CeE = gefp(Tp —T,)+ P(t), (2)
dT,
C[ E = ge—p(Te - 7}7)’ 3)
d T .
d—'? - m?”<1 —m coth(ng )) &)
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FIG. 4. M3TM fitting for the ultrafast demagnetization curves at
4.4 kOe.

where C, and C, are the heat capacity of electron and
phonon system, respectively. g._, is the macroscopic e-p
coupling parameter. m = M /M, (the magnetization relative to
its value at zero temperature) and R is a materials-specific
scaling factor for the demagnetization rate. 7, 7,, and T,
represent the electron temperature, phonon temperature, and
Curie temperature, respectively. P(¢) is the input laser pulse
power. According to this model, we can observe that the
type of demagnetization with various temperature as well
as laser fluence depends strongly on the parameter of R.
For materials with R >> 1/7,_p0, where 1,_p0 is defined as
electron-phonon relaxation time 7., at T ~ T, type-I de-
magnetization is shown whatever the temperature and laser
fluence. For materials with R < 1/7,_,0, the type-1I demag-
netization is dominant. We found that the obtained timescales
by the phenomenological three-temperature model are very
close to that of type I obtained by Eq. (1).

By fitting the temperature scheme as solid lines plotted
in Fig. 4 with the thermal constants from Ref. [26], we
yield the e-p coupling constant g,—, = (0.75 £ 0.21) x 108
J/(sm* K), and the scaling factor for the demagnetization rate
R = 0.9 £ 0.2 ps~!. The microscopic e — p coupling constant
Ae—p = 4.54 £1.13 meV was estimated using the equation

8e—p = 37D} Dk Tok;_,/(2h), (5)

where 7 is the Planck constant, kg is the Boltzmann con-
stant, D, is the amount of possible phonon polarization states
(usually one longitudinal and two transverse), the electronic
density of states at the Fermi level in a free-electron mode is
Dr = 17.8 states/(eV unit cell), and the Debye temperature
is Tp = 370 K [27].

Type-1 demagnetization is generally expected to occur
when coupling between the electron and spin system is strong,
whereas type-II demagnetization is present when the electron-
spin (e-s) coupling is weak. However, in FeGe film, we found
that the microscopic e-p coupling constant A._, = 4.54 meV
of FeGe film is much smaller than that of Ni(A,_, = 26 meV)
and other ferrimagnets and ferromagnets ( A, ~ 20 meV)
[24]. Due to weak e-p coupling, the temperature rise of
phonons lags behind that of electrons, and consequently the

magnetization further decays with a larger timescale, i.e., two-
step (type-1I) demagnetization.

D. Transient reflectivity

To further confirm the weak e-p coupling obtained by
the M3TM analysis, the transient reflectivity AR at various
temperatures and magnetic fields was measured. As shown
in Figs. 5(a) and 5(b), a sharp increase in the reflectivity
during the pump-pulse duration, consistent with enhanced
electronic occupancy above the Fermi energy, followed by
a fast decrease in about 4.8 ps (electron-phonon relaxation
time) and a slow relaxation up to several hundred picoseconds
(thermal diffusion). With varying temperature and magnetic
field, there are no obvious changes in the shape of the curves,
indicating that the e-p coupling is not sensitive to temperature
and spin orders. Compared with the transient reflection change
of metals [30] and semiconductor [19], one can find that the
electron-phonon relaxation time of 4.8 ps for FeGe film is
significantly longer, implying a weaker e-p coupling.

IV. DISCUSSION

In the M3TM it is assumed that based on the Elliott-Yafet
type of scattering, described by a probability ay, that an
electron flips its spin on emission or absorption of a phonon
induced by spin-orbit coupling (SOC) [2]. In a material with
SOC the electronic states are a mixture of a dominant spin-up
(down) and a small spin-down (up) contribution. The spin-flip
probability ag = 0.03 & 0.02 was estimated from the fitting
parameter R using the equation [2]

R = 8ayT2g.—,/ksTy Dy, (6)

It is generally expected that a;; o« Z* owing to SOC, where
Z is the nuclear charge. It is noteworthy that the spin-flip
probability of FeGe is less than those of Ni(0.185 &£ 0.015),
Co(0.150 £ 0.015), and Gd (0.08 £0.02) [2]. Carva
et al. observed that the spin-flip probability in Ni strongly
depends on the electron energy (temperature) and a larger
demagnetization is obtained for nonequilibrium electron
distribution [31]. A smaller ay implies that there are not
enough flipped spins to facilitate the magnetic configuration
reconstruction at low temperatures. Because of the weak
e-p coupling, lower Curie temperature, as well as smaller
ag, the value of R in FeGe is much smaller than that in
Ni [2,32] As a result, the threshold temperature for type-1I
demagnetization in FeGe is about 100 K, which is far
below its Curie temperature. In contrast to previous two-step
ultrafast demagnetization processes in different systems, i.e.,
ferromagnetic transition metals, rare-earth metals [33,34],
half-metallic magnetic oxides [35-37], and Heusler alloy
[38,39], our results show that the transition undergoes in a
broader temperature range far from Curie temperature.

Although the model can explain that the two-step demag-
netization is caused by the weak e-p coupling, the variation
of demagnetization time related to the magnetic field/phase
cannot give a reasonable explanation because M3TM is not
associated with noncollinear magnetic structures. The de-
magnetization times are strongly related to the magnetic
phase and there is a clear transition from type I to type
IT at 100 K. In chiral magnets, the different spin texture
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FIG. 5. Time dependence of the laser-induced transient reflectivity (a) at 20, 100, 200, and 275 K with 0-kOe magnetic field and (b) at

100 K with 0-, 2.7-, and 4.4-kOe magnetic fields.

results from the competition between exchange interaction,
DMI, magnetocrystalline anisotropy, and Zeeman interaction.
Thus, demagnetization in principle should also be affected
by the combination of these factors. Based on understand-
ing of electron-spin (e-s) scattering, we can assume that
the enhancement of electron-spin scattering occurs when the
magnetic configuration changes from a collinear (parallel)
to a noncollinear configuration. Therefore, we can expect
longer demagnetization times as the spins go from collinear
to noncollinear. It should be mentioned that the e-s scattering
is not included in the M3TM model, and consequently leads
the presence of an additional spin-flip mechanism in the non-
collinear phase. One should be noted that in the chiral magnet
FeGe, the longest demagnetization time does not occur at the
smallest magnetic field, which may be caused by the topology
of the skyrmions.

V. SUMMARY

In summary, the ultrafast demagnetization behavior of
chiral magnet FeGe film has been investigated using pump-

probe time-resolved magneto-optical Kerr effect. A transition
from one-step to two-step demagnetizations with varying am-
bient temperature, magnetic field, as well as laser fluence
was observed. In the region of skyrmion phase, TRMOKE
curves demonstrate a two-step ultrafast demagnetization pro-
cess. Our work can provide more information for the ultrafast
spin dynamics of nonlinear magnetic structure and open an
avenue to explore chiral magnetic devices on picosecond
timescales.
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