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Uniform precession dynamics and its magnetic damping are investigated in epitaxial CopFe;_,Mn Al films by using
the time-resolved magneto—optical Kerr effect under out-of-plane configuration. The decay time of uniform precession
mode decreases, and thus the magnetic damping increases with the increase of external field. Moreover, the decay time
decreases as x decreases, so that the enhancement of magnetic damping occurs in Fe-rich sample. Furthermore, the decay
time decreases as the excitation fluence increases, which drops rapidly at low magnetic field comparing with the slow reduc-
tion at high magnetic field. This unique magnetic damping enhancement is attributed to the enhancement of homogeneous

magnetization.
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1. Introduction

The magnetic relaxation of ultrafast magnetization dy-
namics in ferromagnetic films is a challenging subject for
engineering the ultrafast magnetic processes in magnetic in-
formation storage and spintronic applications, which can be
triggered by magnetic field pulses, femtosecond laser pulses,
or spin-polarized currents.l'=>] As a half metal, cobalt-based
full-Heusler ferromagnetic alloy film is the promising mate-
rial for spintronics,!®8 owing to their high spin polarization
and Curie temperature, and the existence of multiple spin-
wave modes.*1%1 Moreover, such alloy normally presents low
Gilbert damping,!'!! which is a key parameter for transport-
ing, storing, and processing information in magnonics. There-
fore, understanding and controlling the magnetic damping in
Heusler alloys becomes crucial importance. Up to now, its
behind mechanism is still controversial. The extrinsic uni-
form precession mode in Heusler alloys is normally attributed
to the mechanism of inhomogeneous magnetization.!'>~14! Tn
Co,FeAl film, this inhomogeneity can only explain the mag-
netic damping in the low-field regime, but fails to explain the
damping of the high-field regime.!">! In addition, multiple spin
wave modes typically exist in Heusler alloys,!!1° and then
the two-magnon scattering should be the dominant origin. For
example, the two-magnon scattering attributes to the damping
in Co,FeSi Heusler alloys,*”! and induces extrinsic magnetic
damping for half-metals at low magnetic field.[*!>) Recently,
in half metal Fe30y films,!?*! the population of the perpendic-
ular standing spin wave (PSSW) mode increases the magnetic
damping of uniform precession mode with the increase of ex-
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ternal field, and acts as an additional channel for the dissipa-
tion of uniform precession mode. However, in many Co-based
Heusler alloy films,'>~13-21] the magnetic damping of uniform
precession mode normally decreases with the increase of ex-
ternal field, and does not transfer its energy to the PSSW mode,
although we should observe the uniform precession mode and
PSSW mode simultaneously.

To explore the magnetic damping behaviors of Heusler
alloys and get insight to its behind mechanism, we in-
vestigate the uniform precession dynamics in the thinner
CoyFe_Mn,Al films epitaxially grown on GaAs (001) sub-
strate with the time-resolved magneto—optical Kerr effect un-
der out-of-plane configuration. Surprisingly, the decay time of
uniform precession mode decreases with the increase of exter-
nal magnetic field, so that the enhancement of external field-
dependent magnetic damping is observed. In addition, the de-
cay time decreases and then its magnetic damping increases
as x decreases. Furthermore, the decay time decreases with
the increase of excitation fluence, and it reduces rapidly at the
low-field regime comparing with the slow drop at the high-
field regime. This unique magnetic damping enhancement in
Co,Fe;_,Mn,Al films is attributed to the enhancement of ho-
mogeneous magnetization, but not the inhomogeneous mag-
netization.

2. Sample and experimental setup

The Heusler alloy films CoyFe;_Mn,Al (x =0, 0.3 and
0.7) studied here were deposited on a GaAs (001) substrate
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using molecular beam epitaxial at a temperature of 280 °C.
The thickness of the deposited film was set to 10 nm, and
these films were capped with a 2-nm aluminum in order to
prevent oxidation. All the three elements Co, Fe, and Mn
show ferromagnetic states and contribute ferromagnetism to
the film with the help of x-ray magnetic circular dichroism
measurement. The magnetic measurement with a supercon-
ducting quantum interference device also represents the pure
ferromagnetic property in these films, and further indicates
the coexistence of in-plane uniaxial and fourfold magnetic
anisotropies. More details on the preparation and magnetic
properties of the sample were shown in Ref. [24].

Ultrafast magnetization dynamics was measured by using
a time-resolved magneto—optical polar Kerr (TR-MOKE) con-
figuration. The femtosecond laser pulse from a Ti:sapphire re-
generative amplifier is linearly polarized, and has a maximum
energy of 0.5 mJ per pulse with a duration of 150 fs at the cen-
tral wavelength of 800 nm. The laser pulse with a repetition
rate of 1 kHz is split into a stronger pump pulse and a weaker
probe pulse with their fluence ratio larger than 30. The two
pulses are incident almost perpendicularly and focused on the
surface of the sample. The diameter of focused pump spot is
approximately 150 pwm, while that of probe pulse is about a
half of the pump pulse. The Kerr rotation 6 (r) is measured
by a probe pulse delayed by a time ¢ after excitation. The op-
tical balanced bridge combined with the lock-in amplifier is
used to detect the Kerr signal. To modulate the pump beam,
the lock-in amplifier is set to synchronize with a 340-Hz opti-
cal chopper. An electromagnet generates a variable magnetic
field, which is nearly applied in out-of-plane to cause a larger
precession angle induced by the pump pulse, as shown in the
inset of Fig. 1(a). In Ref. [25], this time-resolved Kerr setup
was described in details. All pump-probe measurements are
taken at room temperature.

3. Results and discussion

The pump-induced magnetization dynamics of
CoyFep7Mng3Al film (x = 0.3) with a constant fluence of
12.5 mJ-cm~2 under the out-of-plane external field applied
to eliminate external field orientated dependence of in-plane
magnetic anisotropies were shown in Fig. 1(a). These dynam-
ics curves exhibit a significant cosine oscillation, and their
amplitude increases greatly with magnetic field, while they
exponentially decay faster under high magnetic field. These
data were fitted to the following function with an exponen-
tially decreasing harmonic function in order to extract their
frequency f and decay time 7 of the precession,

ABy (1) = A-exp(—1/Ta)
+B-exp(—t/1)-sin(2wft + @). (1)

Here the first part comes from the recovery from ultrafast
demagnetization, while the last term corresponds to damped
magnetization precession. The calculated A8 fit well to the
experimental data, as plotted in Fig. 1(a) by the solid curve.
The frequency and decay time were extracted and plotted in
Fig. 1(b). A fast Fourier transform (FFT) was also performed
on the dynamics curve, as shown in the inset of Fig. 1(b), and
shows two peaks. Comparing with external field-dependence
of low frequency peak, the high frequency peak remains con-
stant at 43.9 GHz. The value of low frequency peak was ex-
tracted and plotted in Fig. 1(b), which agrees well with the fre-
quency of fitting and further proves the correctness of the fit-
ting. It is noted that the external field-independent frequency
peak in FFT comes from the coherent acoustic phonons, %]
and its amplitude is much smaller and thus neglected com-
pared to that of spin waves in the fitting. In addition, the ul-
trafast magnetization dynamics for other films with x = 0 and
0.7 was also measured at 12.5 mJ-cm ™2 under various external
fields and fitted with Eq. (1) to extract f and 7.
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Fig. 1. (a) External field-dependent magnetization dynamics of 10-nm

CoyFep7Mng 3Al film (open dot) under 12.5 mJ-cm~2, and their fittings
(solid line). The schematic measurement configuration is shown in the in-
set. (b) The frequency (black solid dot) and decay time (black open dot)
were extracted from the fitting and FFT (red solid dot), respectively. The
inset shows FFT spectrum.

The frequency of the precession dynamics for the
CoyFe|_yMn,Al films was plotted in Fig. 2(a), which in-
creases as magnetic field increases. One can see that, it de-
creases as x increases, revealing the lower frequency at Mn-
rich sample. This external field-dependent frequency mode
was best determined by the dispersion of Kittel mode (or uni-
form precession mode) in the following,?%! taking the in-plane
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uniaxial and fourfold magnetic anisotropy effective fields H>
and H, into consideration, and setting the external field H and
magnetization M restricted in x—z plane for simplicity,

_r. 1/2
f =52 (HaHy) ', 2)

Hy, = Hcos(0 — 6) — (Mg — Hz) c0s 20, and H, = H cos(6 —
0n) — (Megr — Ha )cos?0 — Hy + Hysin?6. Here Meg = 4TM —
2k, /M, in which My is the saturated magnetization and k;
is the out-of-plane uniaxial anisotropy constant. ¥ = Y%.g/2
is the gyromagnetic ratio, where % = 1.76 x 10’ Hz/Oe
(1 0e=79.5775 A-m~!) and g = 2.08.131 9 is the angle be-
tween the equilibrium magnetization and the normal of film
plane, and Oy is a angle of external field projecting to the out-
of-plane, as shown in the inset of Fig. 1(a). The projected
angle Oy remains constant, while the magnetization direction
0 changes and is evaluated by balancing the torque condition
provided by external field, yielding the equilibrium equation
2Hsin(0 — Oy) — (Megr — Hp) sin20 = 0. Figure 2(a) shows
the best fitting, giving the parameter Mg = 14200, 12120, and
11100 Oe for x =0, 0.3, and 0.7, respectively. The fitted values
of H, and Hs were plotted in the inset of Fig. 2(a). As x in-
creases, Hj slightly increases, but Hy rapidly decreases, show-
ing the Mn composition modulation of magnetic anisotropy.
The relaxation rate of dissipating magnetization dynam-
ics can be represented with the parameter of Gilbert damping,
which is critical for engineering the magnetization dynamics
involving ultrafast magnetic processes in future magnetic ap-
plications, and will be studied in the following. Figure 2(b)
shows the decay time 7 of uniform precession mode extracted
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from Eq. (1). It is surprising that in all samples, 7 is obviously
decreases with the increase of magnetic field, which is con-
sistent with the decay time in Co,FeSi. (201 In contrast, the de-
cay time observed in many Heusler alloys normally increases
with external magnetic field.['*!15?7] More interestingly, the
extracted decay time reduces rapidly at low magnetic field
comparing with the slight drop at high magnetic field. In ad-
dition, it increases as x increases, indicating the slow decay of
uniform precession mode in Mn-rich sample.

The Gilbert damping ¢ and the decay time 7 are related

by the following function:?®!
1
= Dt ). 3)

Figure 2(c) shows the Gilbert damping o obtained from
Fig. 2(b) based on Eq. (3). One can see that, ¢ is strongly de-
pendent on magnetic field, showing the extrinsic feature. Inter-
estingly, it increases rapidly at low magnetic field, but slowly
increases at high magnetic field. This extrinsic damping of
uniform precession mode does not come from the inhomo-
geneous magnetization, which always results in the reduced
damping with magnetic field. Actually, the homogeneity en-
hances as the external field increases, and thus the increased
damping is related to the enhancement of the homogeneity.
Moreover, ¢ increases with the decrease of x. As x reduces, H;
slightly decreases while Hy remarkably increases, as shown in
the inset of Fig. 2(a), leading to the weak competition between
H, and Hy and thus the enhancement of homogeneity.!>°! This
further proves that the increase of « is related to the enhance-
ment of homogeneity.
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Fig. 2. External field-dependent frequency (a), decay time (b), and damping (c) for 10-nm Co,Fe;_,Mn,Al films with different x. The solid line in
panel (a) represents the fitting, and the fitted parameters H, and Hy are shown in the inset.
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Fig. 3. Excitation fluence-dependent magnetization dynamics of CopFeAl film under 8.0 kOe (a) and 1.6 kOe (b), respectively. The extracted

decay time for x =0 (c), 0.3 (d), and 0.7 (e), respectively.

We further measure the excitation fluence-dependent pre-
cession dynamics of CopFe;_Mn,Al films under a constant
magnetic field. Figure 3(a) shows the fluence-dependent dy-
namics for CoyFeAl at 8.0 kOe. For comparison, the dynam-
ics was measured at 1.6 kOe and plotted in Fig. 3(b). These
dynamics were fitted with Eq. (1) to extract their frequency
and decay time. The extracted frequency decreases with in-
creasing the excitation fluence at both fields (not shown here).
Figures 3(c)-3(e) shows the extracted decay time 7 under dif-
ferent excitation fluences. We can see that, the decay time
decreases with the increase of excitation fluence. Yet, it drops
rapidly at low magnetic field comparing with the reduced one
at high magnetic field. As x increases to 0.3 and 0.7, the de-

cay times of uniform precession mode under various excitation

fluences (F) were also extracted and plotted in Figs. 3(d) and
3(e), respectively. We further confirm the fact that the rapid
reduction of decay time occurs at low magnetic field, but the
slow reduced one presents at high magnetic field. In other
word, the slope of 7—F curve at low magnetic field is larger
than that at high magnetic field. As the excitation fluence
increases, the magnetic anisotropy effective field decreases
with the rising of equilibrium temperature, so that the applied
magnetic field drives a more uniform magnetization. At high
magnetic field, the heating induced reduction of the magnetic
anisotropy effective field does not result in a more uniform
magnetization, since the external magnetic field is much larger
than the anisotropy effective field. Yet, at low magnetic field,

this reduced effective field causes a significant trend from a

097502-4



Chin. Phys. B Vol. 28, No. 9 (2019) 097502

nonuniform to a uniform magnetization state.!?®! Therefore,
the enhancement of homogeneity with the increase of excita-
tion fluence at low magnetic field relates to the rapid decay of
uniform precession mode.

The magnetic damping observed in our experiment sig-
nificantly differs from the results reported in many Heusler

12-141 which is dominant by the mechanism of inho-

alloys,!
mogeneous magnetization. In contrast, it is consistent with
the increased magnetic damping observed in FezO4 films due
to the enhancement of homogenous magnetization.>3! As re-
ported, the homogeneous magnetization facilitates the exci-
tation of spin wave mode,?’! and then the uniform preces-
sion mode can transfer its energy to the spin wave mode. %!
In the low-field regime, the inhomogeneity dominated by the
competition between Hy and Hj hinders the energy transfer
from uniform precession mode to spin wave mode, leading to
the small magnetic damping. In the high-field regime, this
transfer increases since the magnetization precession becomes
more uniform owing to the neglecting magnetic anisotropy
effective field compared to external field, so that the mag-
netic damping increases. Therefore, the magnetic damping
increases with magnetic field as the inhomogeneity of sample
changes to homogeneity. As x decreases, the competition be-
tween H, and H4 becomes weak due to the larger Hy, [29] 1ead-
ing to the enhancement of homogeneity of sample. So that, the
magnetization precession becomes more uniform, which thus
causes the increased magnetic damping. Meanwhile, as the
excitation fluence increases, the magnetic anisotropy effective
field decreases owing to the heating, and thus the magnetiza-
tion of sample becomes more uniform. This process occurs
significantly at low magnetic field, so that more energy dis-
sipates from the uniform precession mode to the spin wave
mode, leading to more rapid increase of the magnetic damp-
ing. We therefore indicate that the increased magnetic damp-
ing of uniform precession mode in 10-nm CoyFe;_,Mn,Al
films is attributed to the enhancement of homogeneous magne-
tization, but not the inhomogeneous magnetization. In 10-nm
CoyFei_Mn,Al films, the PSSW mode can be excited and
acts as an additional channel for the energy relaxation of uni-
form precession mode. So that one possible origin of such in-
creased magnetic damping could be the energy transfer from
uniform precession mode to PSSW mode. The frequency of
this PSSW mode is huge, on the order of 250 GHz, due to
the inverse relationship of square of the thickness.!'®%7! Tt is
difficult to detect this huge-frequency PSSW mode in our ex-
periment because of the very small period and very fast decay.
Therefore, in future, more experiments are needed to study the
characteristics of this increased magnetic damping in uniform
precession mode, and then to deeply understand the behind
mechanism.

4. Conclusion

In conclusion, the unique magnetic damping enhance-
ment of uniform precession mode was observed in 10-nm
epitaxial CoyFe;_,Mn,Al films by using the time-resolved
magneto—optical Kerr effect under out-of-plane configuration.
The magnetic damping increases with the increase of external
magnetic field, which increases rapidly at low magnetic field
comparing with that at high magnetic field. In addition, the
magnetic damping increases as x decreases due to the weaker
competition between in-plane uniaxial and fourfold magnetic
anisotropy. Moreover, the excitation fluence-dependent mag-
netic damping shows the rapid reduced decay time at low mag-
netic field than the one at high magnetic field. These therefore
indicate that the increased magnetic damping of uniform pre-
cession mode in 10-nm Co,Fe;_,Mn,Al films is attributed to
the enhancement of homogeneous magnetization, but not the
mechanism of inhomogeneous magnetization. These observa-
tions enrich the magnetic damping property for Heusler alloy
films, although its origin remains subject of speculation. How-
ever, its future understanding could enable the magnetization
characteristics of Heusler alloy films to the needs of the given
application.
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