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Effect of magnetic anisotropy relaxation on laser-induced
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The rate and pathways of relaxation of a magnetic medium to its equilibrium following excitation with intense
and short laser pulses are the key ingredients of ultrafast optical control of spins. Here we study experimentally
the evolution of the magnetization and magnetic anisotropy of thin films of a ferromagnetic metal galfenol
(Fep1Gay 19) resulting from excitation with a femtosecond laser pulse. From the temporal evolution of the
hysteresis loops we deduce that the magnetization Mg and magnetic anisotropy parameters K recover within
a nanosecond, and the ratio between K and Mj satisfies the thermal equilibrium’s power law in the whole time
range spanning from a few picoseconds to 3 nanoseconds. We further use the experimentally obtained relaxation
times of My and K to analyze the laser-induced precession and demonstrate how they contribute to its frequency

evolution at the nanosecond timescale.
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I. INTRODUCTION

For the operation of spintronic and magnonic devices,
various relaxation processes following perturbation of the
magnetic state by an external stimulus play a role as im-
portant as the excitation processes themselves. For instance,
precessional switching of the magnetization in spin valves
driven by magnetic field or electric current pulses requires
substantial damping of the precession [1], while low damping
is desirable for spin-torque nano-oscillators [2,3] and spin-
wave logic devices [4]. On the other hand, heat dissipation
processes create constraints for high operation rates of devices
such as spin-transfer torque magnetic random access memory,
STT-MRAM [5,6], and heat-assisted magnetic recording,
HAMR [7].

Recent progress in the ultrafast control of magnetic me-
dia with femto- and picosecond laser pulses has put extra
emphasis on studying and manipulating relaxation processes
following strong and fast optical excitation. The rate of cool-
ing of the electronic, phononic, and spin systems defines
the laser fluence and duration suitable for all-optical single-
[8-10] and multiple-shot [11-13] switching of magnetization
in metals. Laser-driven precessional switching of nonthermal
[14] and thermal [15,16] origins appears to be enabled by the
fine balance between the magnetic damping and the lifetimes
of the altered magnetic anisotropy state. The latter works have
highlighted the importance of understanding not only how the
magnetic anisotropy responds to laser-induced heating at the
sub-picosecond timescale, but also how quickly it relaxes to
the equilibrium value [17-21].

Magnetic anisotropy parameters at equilibrium can be ob-
tained with high precision using ferromagnetic resonance [22]
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or torque measurements [23]. Since these techniques are in-
compatible with time-resolved measurements, the evolution
of magnetic anisotropy following ultrafast laser excitation is
usually evaluated indirectly by monitoring laser-driven pre-
cession. This, however, allows reliable tracking of magnetic
anisotropy changes of large magnitudes only [14,24-26]. In
the case of subtle changes, assumptions regarding the tem-
poral evolution of the magnetic anisotropy have often to be
made.

In this article we study experimentally the timescale of
recovery of the magnetic anisotropy parameters of thin films
of a ferromagnetic metallic alloy galfenol following ultrafast
optical excitation and governed by laser-induced heating. We
focus our study on the timescales beyond the first picoseconds
after the excitation, which are highly relevant to the processes
of laser-driven precessional switching of magnetization, mag-
netostatic waves, etc. By studying laser-induced changes of
magneto-optical hysteresis loops, we deduce the temporal
evolution of the saturation magnetization and of the cubic and
uniaxial magnetic anisotropy parameters independently. This
enables us to confirm that during relaxation at the nanosec-
ond timescale the ratio between the magnetic anisotropy and
saturation magnetization satisfies the established power-law
relation for thermal equilibrium. We further apply the experi-
mentally obtained timescales of magnetization and anisotropy
relaxation to the analysis of the laser-driven magnetization
precession. This allows a more precise evaluation of the pre-
cession frequency and tracking its changes.

The article is organized as follows. In Sec. II we describe
the galfenol samples and two experimental techniques used
to track laser-induced magnetization and magnetic anisotropy
evolution and precession. Section III presents experimental
results and discussion. In Sec. III A we analyze the temporal
evolution of the magnetization and magnetic anisotropy and

©2021 American Physical Society


https://orcid.org/0000-0002-5505-3842
https://orcid.org/0000-0003-0372-8331
https://orcid.org/0000-0001-6151-5874
https://orcid.org/0000-0001-8538-3773
https://orcid.org/0000-0001-5635-6186
https://orcid.org/0000-0001-7360-1163
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.5.094407&domain=pdf&date_stamp=2021-09-20
https://doi.org/10.1103/PhysRevMaterials.5.094407
http://www.ioffe.ru/ferrolab/

P. I. GEREVENKOV et al.

PHYSICAL REVIEW MATERIALS §, 094407 (2021)

discuss the corresponding timescales. Section III B is focused
on a discussion of the magnetization precession parameters.
This is followed by conclusions, where we also discuss rele-
vance of the results to a number of prospective applications.

II. EXPERIMENTAL DETAILS
A. Samples

The experiments are performed using films of galfenol
with thicknesses d = 5 and 10 nm. The films are epitaxially
grown on (001) GaAs substrates by magnetron sputtering as
described elsewhere [27]. All films are capped with protec-
tive chromium and silicon dioxide layers with thicknesses of
2.5 nm and 120 nm, respectively. According to x-ray diffrac-
tometry on similar films, the films are polycrystalline with
linear crystallite sizes of about 12 nm and misorientation of
the crystalline axes of order of 1 degree [28]. Since the sizes of
the laser spots in all experiments are much larger than the sizes
of individual crystallites, from here on the parameters of the
sample are given in the approximation of a single-crystal film.
Galfenol films grown on GaAs substrates exhibit intrinsic
cubic magnetocrystalline anisotropy with easy magnetization
axes along (100) crystallographic directions. Additionally,
there is a growth-induced uniaxial anisotropy with the easy
axis along the [110] direction [27,29,30]. The films are in-
plane magnetized at equilibrium. Such galfenol films were
shown to support all-optical excitation of a homogeneous
long-living precession and propagating spin waves via laser-
induced ultrafast changes of the magnetic anisotropy [31-33].

B. Experimental setups

We use two optical pump-probe setups with experimental
geometries to measure the longitudinal and polar Kerr effects.
The setup of the time-resolved longitudinal magneto-optical
Kerr effect (TR-LMOKE) is used to obtain the hysteresis
loops at different time delays after the pump pulse excitation,
and then to determine the temporal evolution of the satu-
ration magnetization Mg and the uniaxial Ky and cubic K¢
anisotropy parameters, similar to works [34,35]. The setup
of the time-resolved polar magneto-optical Kerr effect (TR-
PMOKE) is used to detect the magnetization precession after
the pump pulse excitation. The geometry of TR-LMOKE
measurements is shown in Fig. 1(a). The laser pulses with
duration of 170 fs, a central wavelength of 1030 nm, and a
repetition rate of 100 kHz generated by a Femtosecond re-
generative amplifier are split into pump and probe. The probe
pulse is converted to the second harmonic with a 8-BaB,04
crystal. Linearly polarized pump pulses are focused by lenses
onto the film normally in a spot with diameter of 60 pum.
S-polarized probe pulses are focused by lenses in a spot with
diameter of 40 um at an angle of incidence of 45°. The
measurements are performed at pump fluences J =7 and
14 mJ /cm?. The fluence of the probe is about 20 times lower.
Amplitudes of the pump pulses are periodically modulated
at 997 Hz with an optical chopper. The polarization rotation
angle B, of the reflected probe is detected using an optical
bridge consisting of a Wollaston prism and a balanced de-
tector connected to a lock-in amplifier synchronized with the
chopper. An external dc magnetic field is applied in the film
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FIG. 1. The geometries of (a) TR-LMOKE, (b) TR-PMOKE ex-
periments, and (c) definitions of angles used in the calculations.

plane, as shown in Fig. 1(a). In the TR-LMOKE geometry,
By is proportional to the component of the magnetization M,
parallel to the external magnetic field Hey. The time delay
between the pump and probe pulses is controlled with an opti-
cal delay line. The hysteresis loops are measured as functions
of Hey at various delay times At between pump and probe
pulses in the range of —0.5...3 ns, where 0 corresponds to
the simultaneous arrival of the pulses.

The geometry of TR-PMOKE measurements is shown in
Fig. 1(b). The pump and probe pulses with duration of 120 fs,
repetition rate of 70 MHz, and central wavelengths of 750 nm
and 1050 nm, respectively, are generated with an Femtosec-
ond laser system with tunable wavelength. Linearly polarized
pulses are focused on the sample surface normally on the film
side (pump) and through the substrate (probe) using micro-
objective lenses into spots with diameters of 3 wm. The pump
pulse fluence is 2 mJ/cm?. The fluence of the probe pulses
is about 20 times lower. Amplitudes of the pump pulses are
periodically modulated at 997 kHz with an acousto-optical
modulator. The time evolution of the polarization angle Bp
is detected similarly to the method used in the TR-LMOKE
setup. In the TR-PMOKE geometry, Bp is proportional to the
out-of-plane component of magnetization M,. The measure-
ments are performed at ;oHexy = 100 mT applied in the film
plane. Here 1 is the permeability of the vacuum.

The polarization of the pump pulses is not varied in the ex-
periments. Ultrafast changes of the magnetization M and the
anisotropy parameters Ky and K¢ are due to the laser-induced
heating, which is polarization independent as discussed in
detail elsewhere [19,32,33]. All measurements are performed
at room temperature.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Temporal evolution of magnetization
and anisotropy parameters

Figure 2 shows the typical field dependence of the LMOKE
rotation gbtained at Hey, along the hard magnetization axis
(HA) [110] for the 5- and 10-nm-thick films. One of the
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FIG. 2. Field dependences (symbols) of the LMOKE rotation 8,
as measured in the 5- and 10-nm-thick galfenol films without pump
pulse excitation [(a), (d)] and under the excitation for two pump-
probe delays At: (b), (e) before the excitation (—50 ps) and (c), (f)
at 250 ps after the arrival of the pump pulse. The external field Hey,
is parallel to [110]. Solid lines show the fits with Eq. (1). The arrows
show the corresponding values of the anisotropy field H, obtained
from the fits.

dependences is obtained with no pump, while the others are
obtained at At = —50 and 250 ps. All field dependences pos-
sess the shape characteristic of the magnetization hysteresis
loop of the material with cubic anisotropy when the field
is applied along the HA. In particular, the LMOKE rotation
saturates at 8;*' ~ My when the field exceeds the value of the
effective anisotropy field H4 (marked with arrows in Fig. 2).
Below this field LMOKE rotation exhibits monotonic growth
with the field, and the abrupt switching in the vicinity of
Hex; = 0. The simplest expression which allows capturing the
main features of the field dependences in Fig. 2 for both films
has the form

F(HD™ — Hey),  if Hey > 0,
HX — ext € 1
Prifled) { CF(H™ 4 Hy), ifHoe <0,
where

F(x) =B — O(x — &)[ar(x — &) + ar(x — §)7],

where HR™ is the maximum value of the external field in
the loop, & = H* — Hy, ©(x) is the Heaviside function,
and a; and a, are the polynomial coefficients that provide
good description of the experimental data for both 5- and
10-nm-thick films. The first term in F(x) in Eq. (1) describes
the saturation above Hy, while the second term accounts for
the monotonic growth below Hy. Details of the fit are given in
Appendix A. As can be seen in Fig. 2, impact of the laser
pulse results in pronounced changes of the LMOKE field
dependences. First, at both negative and positive time delays,
there is a suppression of the signal amplitude 5;*, as well as a
decrease of the saturation field H4. The laser-induced changes

0 1 2 3 0 1 2 3
4 peHer=100mT__ (a) | @ =10 nm 1
° d=5nm o i L
< g ! ¥
=0.9} S A =
S g
Ew }§§ ©-J=7 mJ/Cm2 E‘/)OQS' -J=7 m\J/CmZ

0.8r ‘} - J=14 mJlcm? ] - J =14 mJicm?

! 1 1 ! ! !

i TN . § O L]
¥O08' 777% A gos_ ll_
J0.6 2 )

S -0 J =7 mJlcm? 2 0.6 -0 J =7 mJlcm?

= J =14 mJ/cm? 04k | = J=14 mJlcm? |
1 I 1 ) i 1 1 1
ﬂ . A (c) 0 1 2 3
-4 % A Time delay At (ns)

——-J = 14 mJ/cm?
Heye | [170]

- J =7 md/lcm
—f— J =14 mJ/lcm

0 1 2 3
Time delay At (ns)

Kuy(At)/Kyo

<)

o

T

4—\_

L3 © —d
1
s0-AMs)/Mso

o

O

F

b d=5nmm
v085' 1 1 1 n
0 5 10

Time delay At (ps)

FIG. 3. (a)—(e) Time dependences of the magnetic parameters vs
pump-probe delay time At obtained from the LMOKE field depen-
dences (Fig. 2) using Eqs. (3). The lines show the fit according to
Eq. (4). Shaded areas show 95% confidence levels for the fit. (f)
Laser-induced demagnetization as measured using the conventional
pump-probe technique in the 5S-nm-thick film.

seen at the negative time delays can be readily ascribed to the
accumulated heat occurring because of the laser excitation at
high repetition rate. Therefore, below we use this curve as a
reference, representing the magnetic properties of the sample
at an elevated, but stabilized, temperature.

At positive delays there are two transient changes, i.e.,
those dependent on At. The excitation by the pump pulse
causes a transient decrease of H4 and My. The temporal evolu-
tions of Mg and H, obtained from fitting the hysteresis loops
with Eq. (1) at different At and different orientation of Hey al-
low one to determine the temporal evolution of the anisotropy
parameters Ky, K¢. Indeed, two different types of anisotropies
(cubic and uniaxial) give the following form of the total

anisotropy field H, along two different HA, [110] and [110]:
Hyp10)(A7) = He(At) + Hy (At), @
Hyn101(At) = He(At) — Hy (At),

where Hcs and Hpy are the cubic and uniaxial effective
anisotropy fields, respectively.

Equations (2) allow us to separate the temporal depen-
dences of K¢ and Ky by using the equations for anisotropy
fields [36]:

Ky(At) = JuoMs(AD[Hyp10(A1) — Hapioy(AD],
Kc(At) = 3puoMs(AD[Hyp10/(A) 4+ Hapo(AD]. (3)

Figures 3(a)-3(e) show the temporal dependences Ms(At),
Kc(At), and Ky (At), obtained from Egs. (3) using the pa-
rameters of the hysteresis loops. Only the time dependences
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TABLE I. Relaxation time t (ps) of the saturation magnetization
Mg and anisotropy parameters K¢ and K extracted from the fit of the
LMOKE field dependences (Fig. 2) using Eq. (4) for the 5-nm and
10-nm films and the pump fluences 7 and 14 mJ/cm?.

J KC KU MS KC MS

(mJ /cm?) 7 (ps) ford =5 nm 7 (ps) ford = 10 nm
7 300 =50 210 4£80 560 £ 150 400 4+ 120 340 + 140
14 270 240 40+40 230+ 110 640 330 740 £ 290

Hx(At) differ for two HA; thus we use averaged Mg(At)
for both directions. The experimentally measured Ky (At)
could be obtained for the 5-nm-thick film only [Fig. 3(c)]. In
galfenol films on GaAs substrates, the uniaxial anisotropy is
substrate-induced and is more pronounced in thin films [22].
On the other hand, cubic anisotropy is defined by the bulk
material. Thus, the changes K¢ (Atr) can be reliably obtained
from the experimental data for both the 5- and 10-nm-thick
films, while Ky (At) is determined for the former film only.

For all parameters, a rapid decrease in the absolute value is
observed, followed by a slow relaxation. The recovery process
is approximated using the exponential function:

X(At) =Xy — AXe 27, 4)

where X is My, K¢, or Ky, AX is the laser-induced change of
the corresponding parameter, and 7 is a relaxation time. Fits
of the experimental data with Eq. (4) are shown by the lines
in Fig. 3.

Abrupt reduction of My is ascribed to ultrafast demagneti-
zation [37]. This is confirmed by the time dependence Mg(At)
measured at saturation in the same LMOKE geometry using
the conventional pump-probe technique [Fig. 3(f)]. As a result
of laser excitation, M reduces from the initial value to a min-
imum with a characteristic time less than 1 ps. In agreement
with literature data [38,39] the initial partial recovery of Mg
occurs within a few ps, followed by a slower recovery seen in
Figs. 3(a) and 3(d). It is established that after initial recovery,
spins, electrons, and lattice are in equilibrium with each other
[39]. Below we focus our discussion on time delays exceeding
this range.

Values of relaxation times t for K¢, Ky, and My for the
two studied films and two laser pulse fluences are given in
Table 1. All parameters show partial or full recovery with
characteristic times t of several hundreds of picoseconds [see
Figs. 3(a)-3(e)]. At time delays longer than 1 ns the relax-
ation time becomes much longer, and Ms, K¢, and Ky can be
considered as constants at this timescale. AtJ = 14 mJ/ cm?,
the material parameters do not fully recover to their initial
values within 3 ns. At J = 7 mJ/cm?, the values of the ma-
terial parameters at At = 3 ns are close to those before the
excitation. The relaxation process longer than 3 ns can be
used to locally control the parameters of propagating spin
waves in future opto-magnonic devices [40—42]. On the other
hand, complete relaxation of magnetic parameters in less than
1 ns is beneficial for magnetization switching processes in
information storage devices [9,15].

We note that the obtained relaxation dynamics of the
anisotropy parameters at thermal equilibrium between elec-
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FIG. 4. (a), (b) Logarithmic plot of the cubic anisotropy param-
eter K¢ vs saturation magnetization Mg. Power-law fit is shown by
the solid line. The best fit corresponds to a = 4.7 and 8.7 for film
thickness d = 5 and 10 nm, respectively. (c) Illustration of the appli-
cability of the power law for the case of temporal evolution at a pump
fluence 7 mJ /cm?. Film thickness d = 5 nm, j1oH. = 100 mT. Red
stars at panels (a) and (b) are K¢ and Mg obtained from the analysis
of precession (Table II) with K¢y = K& and Mgy = M5.

trons, spins, and the lattice has a form similar to the one
obtained from magnetization precession of a thin Fe film [43].

Separation of the dynamics of Mg(At) and K¢ (At) al-
low us to verify the applicability of a power-law dependence
between these parameters, established for the thermal equilib-
rium in [44]:

Kc(At)/Kco = [Ms(At)/Msol”, )

where K¢¢ and Mg, are the cubic anisotropy parameter and
saturation magnetization values before the excitation, respec-
tively. The exponent a is determined only by the origin of the
anisotropy and for the single-ion cubic one is expected to be
equal to 10.

In Figs. 4(a) and 4(b) we plot K¢/Kco vs Ms/Mgq as ob-
tained at different time delays Ar. Fitting these dependences
with Eq. (5) gives a = 4.7 £ 0.2 and 8.7 £ 1 for the 5- and
10-nm-thick films, respectively. For the 10-nm-thick film, the
change in My is small, which increases the relative error in
determining the change in the cubic anisotropy parameter and
the exponent a. However, as can be seen in Fig. 4(a) for the
5-nm-thick film, the power law [Eq. (5)] describes well the
changes in the material parameters at both pump pulse flu-
ences and at all At, apart from the case of the largest AMg and
AKc, corresponding to the short-time delays. To demonstrate
this we plot in Fig. 4(c) Kc(At)/Kco and [Mg(At)/Mgyl*”
for the 5-nm-thick film. The deviation of the relation between
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AKc and AMg from the power law with exponent (10)
is more pronounced for the thinner film. This feature can
be explained by an additional two-site contribution to the
anisotropy present along with the conventional single-ion one,
as recently noted in [45].

Thus, our results show that at the timescale spanning from
several picoseconds up to 3 ns in a magnetic metal, the evo-
lution of the saturation magnetization and cubic anisotropy
parameter do indeed relate to each other according to the
power law known for the case of thermal equilibrium. We
note that experimentally the temporal evolution of the sat-
uration magnetization Mg can be readily obtained using the
conventional pump-probe technique [see, e.g., Fig. 3(f)]. The
evolution of the magnetic anisotropy parameters cannot be
obtained with matching precision, as it requires the analysis
of hysteresis loops. Therefore, the verified power-law relation
between the time dependences of Mg and K- provides an
approach for the analysis of the evolution of magnetic pa-
rameters in this important time range. We demonstrate this in
the following section for laser-induced magnetization preces-
sion in the studied films, which is observed at the considered
timescale.

B. Effect of evolution of anisotropy parameters
on magnetization precession

To reveal the effect of the temporal evolution of Ky, K¢,
and My on the laser-induced magnetization precession, we
performed experiments with the optical excitation and detec-
tion of the precession in the TR-PMOKE geometry [Fig. 1(b)].
We use pump pulses of 2 mJ/cm? fluence which ensure that
Mg, K¢, and Ky restore values close to the initial ones after
~1ns (see Fig. 3). An example of a measured signal for
the 5-nm-thick film with H,, directed along [110] is shown
in Fig. 5(a). In the frequency spectrum of the precession,
obtained by the fast Fourier transform (FFT) in the whole
experimental time range 0-2 ns, a single strongly asymmet-
ric peak is observed [squares in Fig. 5(b)]. To elucidate the
frequency composition of the FFT peak, we can now use the
information on the relaxation timescales for the magnetization
and anisotropy parameters discussed above. A strict approach
would require modeling the magnetization precession around
the time-dependent effective field. Instead, in order to use a
simple approach based on FFT, we divided the experimental
timescale into two time ranges corresponding to the range of
the transient changes of the magnetic parameters following
the excitation (I), and the range of parameters corresponding
to the cooled film (II) (see Fig. 3 and Table I). Then we used
a short-time FFT with a Hann window [46] with the width of
1 ns at the central positions of At = 0 (range I) and 1 ns (range
II), as shown by black lines in Fig. 5(a). The operation yields
two peaks in the spectrum approximated by Gaussian func-
tions with different central frequencies: 8.88 4+ 0.03 GHz and
7.99 £ 0.02 GHz in the time windows I and II, respectively
[lines in Fig. 5(b)].

Figures 6(a) and 6(b) show the azimuthal dependences of
the frequencies of the two peaks in the FFT spectra obtained
at various orientations ¢y of Hey, in the range between [110]
and [110]. The azimuthal dependence of the precession fre-
quency reflects the cubic and uniaxial anisotropy of the film.

T I T |
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:E i IJOHext =100 mT 1
35 0_ —
g |
S
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FIG. 5. (a) Experimental TR-PMOKE signal (red line). Lines I
and II show the applied Hann time windows. (b) Whole-time FFT
(red squares) and short-time FFT (green circles and blue diamonds)
of data from (a). Lines show Gaussian fits of data.

The difference between the precession frequency in the [110]
and [110] directions is proportional to K and increases with
decreasing film thickness d.

The magnetic anisotropy parameters are determined from
the approximation of the azimuthal dependences of the central
positions of peaks I and II [Fig. 5(b)] (see Appendix B for
details). The approximation results are shown in Figs. 6(a)
and 6(b) by lines. The corresponding magnetic parameters of
the film right after excitation, i.e., within the FFT window I
", Kg, K{}), and after cooling down, i.e., in the FFT window
IT (M§, K&, K, are shown in the Table II. The values K2/K¢
and Mg /Mg are also added to the plots K¢ /Kco vs Mg/Ms
[Figs. 4(a) and 4(b)], and are close to the power-law relations
deduced in Sec. IIT A for the corresponding films.

Figures 6(c) and 6(d) show the azimuthal dependences of
the out-of-plane component of the magnetization M., char-
acterizing the precession amplitude and found as the area
under the FFT curve obtained with the time window I. As
can be seen, in both studied films the precession amplitude
depends on the applied field direction, with larger amplitudes
seen when the field is applied along neither the easy axis nor
HA. However the characteristics of the dependence noticeably
change with the change of the film thickness.

TABLE II. Magnetic parameters of the film right after excitation
(M2, K!, K!) and after cooling down (M§, K&, K{).

d oMt oM K K& Kh K
mm) (T) (T) (10*J/m%) (10*I/m®) (10* J/m3) (10* J/m3)
5 169 1.7 2.4 2.7 14 -15
10 169 17 3 3.4 —0.7 -0.8
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FIG. 6. (a), (b) Azimuthal dependences of whole-time FFTs of the detected magnetization precession signals. Lines show the results of
approximations of the azimuthal dependences of the frequencies using Eq. (B1) for the short-time FFTs in the windows I and II (see Fig. 5).

(c), (d) Azimuthal dependences of the precession amplitudes.

Having determined the magnetic parameters of the films
right after excitation and after their recovery, we now turn
to describing the azimuthal dependences of the laser-induced
precession amplitude [Figs. 6(c) and 6(d)]. The laser-induced
heating alters the equilibrium direction of M described by
angle ¢ on a timescale much shorter than the precession pe-
riod. Therefore, as detailed in [33], the precession amplitude
is proportional to the pump-induced change of ¢y. As noted
above, the magnetic parameters completely relax to their ini-
tial values in a time of the order of 1 ns at J < 7 mJ/cm?
(see Fig. 3). Therefore, one can use the values of the magnetic
parameters obtained from the approximation of the azimuthal
dependences of wy for At =0 and 1 ns, i.e., in the FFT
windows I and II, to determine ¢y for the heated (¢") and
cooled (¢°) film, respectively. These values serve as a good
approximation of the effective field’s orientation before (¢y)
and immediately after the excitation (q‘)oh). Thus, the differ-
ence ¢o" — ¢o" corresponds to the amplitude of the in-plane
deviation of M, while the experimental data are obtained for
the M, component. Therefore, it is necessary to take into
account the ellipticity N” of the precession (see Appendix B
for details), found for the time window I. Thus we get for M

M. = Mssin [N"(¢" — ¢o°)]- (©)

Approximation of the azimuthal dependences of the pre-
cession amplitude using Eq. (6) is shown in Figs. 6(c) and
6(d) by lines. The approximation is carried out up to a scaling
factor and demonstrates good agreement with the experimen-
tal data. The difference between the azimuthal dependences
of the precession amplitudes for the 5- and 10-nm-thick films
evident in Figs. 6(c) and 6(d) stems from different relation-

ships between the cubic and uniaxial anisotropy parameters.
Asymmetry of azimuthal dependences of wy and M, in the
investigated range of ¢y depends on the growth-induced uni-
axial anisotropy parameter and is more pronounced for the
5-nm-thick film.

IV. CONCLUSIONS

We have studied the laser-induced dynamics of magnetiza-
tion and magnetic anisotropy in thin films of the ferromagnetic
metal galfenol based on the analysis of the evolution of the
hysteresis loops following ultrafast laser-induced heating. We
have demonstrated that the abrupt decrease of magnetization
and magnetic anisotropy parameters is followed by an ex-
ponential recovery occurring within a nanosecond and being
slower for the thicker film. We verified that the power-law
relation between the magnetization and magnetic anisotropy
known for the thermal equilibrium holds during the laser-
induced relaxation processes over the time range from a
few picoseconds up to 3 nanoseconds. This suggests that
the temporal evolution of the magnetic anisotropy in the
metallic films excited by femtosecond laser pulses can be
obtained from the laser-induced demagnetization dynamics,
which, in turn, can be directly measured in pump-probe ex-
periments. We note that magnetization recovery following
ultrafast demagnetization proceeding at pico-, nano-, and even
microsecond timescales recently became a subject of exten-
sive research motivated by the practical importance of such
timescales [47].

Indeed, understanding the evolution of magnetic
anisotropy along with magnetization at pico- and nanosecond
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timescales allows more detailed evaluation of the dynamics
of magnetization excited by laser pulses. We demonstrate it
for the case of laser-driven magnetization precession in the
studied films which is observed at the timescale comparable
to the characteristic time of the magnetization and magnetic
anisotropy relaxation. By taking into account the timescales
at which the recovery of the magnetic parameters occurs,
we unveil a shift of the precession frequency of ~0.9 GHz
(10% of frequency) occurring within a nanosecond after the
excitation.

Such time-dependent shifts of precession frequency con-
trolled by laser-induced anisotropy changes may be further
exploited in optically reconfigurable magnonic devices based
on tuning the magnetostatic wave dispersion [40]. The possi-
bility to tune the eigenfrequency of magnetic dynamics may
find its application in the realization of laser-assisted spin-
torque nano-oscillators [48].

Finally, we note that, for optically reconfigurable magnon-
ics [40], plane and patterned thin galfenol films on GaAs
substrates are found to be prospective structures. Ultrafast
laser-induced heating of galfenol resulting in demagnetization
and anisotropy changes has been shown to trigger magne-
tization precession [32], propagating magnetostatic [33,42]
and standing spin [31] waves, coupled magnon-phonon
modes [49], and spin currents [30]. The relaxation pro-
cesses investigated here may both facilitate and hinder such
processes.
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APPENDIX A: FITTING THE HYSTERESIS LOOPS

In Eq. (1), we use a second-order polynomial F'(x) with
coefficients {a;, a} to fit the experimental hysteresis loops.
The first-order polynomial does not provide a good fit in the
case of the 10-nm-thick film. Using a third-order polynomial
leads to the zeroing of the coefficient before the cubic term.
Nonlinear growth of the signal at |Hex¢| < Hy found for the
10-nm-thick film suggests that there was a small misalignment
between the applied field and the hard axes. The polynomial
coefficients {a;,a,} used in Eq. (1) for two magnetiza-
tion directions of [110] and [110] are {6.54 x 1073, 8.60 x
10~%}5 m along [110], {3.87 x 1073, 8.72 x 10~ %}5m along
[110] and {—1.35 x 107,5.37 x 107} ;gum along [110],
{—1.50 x 1072, 5.95 x 107} 19 nm along [110] for 5- and 10-
nm-thick films, respectively. The average error in determining
the Hy field using Eq. (1) is 3 mT and 5 mT for 5- and
10-nm-thick films, respectively.

APPENDIX B: ANALYSIS OF AZIMUTHAL
DEPENDENCES OF THE PRECESSION PARAMETERS

We use the Smit-Beljers approach to describe the azimuthal
dependences of the precession parameters [50]. Taking into
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FIG. 7. (a), (b) Ellipticity of magnetization precession after ultra-
fast heating for 5- and 10-nm-thick galfenol films. (c), (d) Difference
between equilibrium magnetization directions for heated and cooled
5- and 10-nm-thick galfenol films.

account a small deviation of the magnetization from its equi-
librium orientation and performing calculations similar to
[51], we obtain expressions for the frequency w and ellipticity
N of the laser-induced magnetization precession:

YV / 2
0 M Si 9 00V o 0¢ ( )
V LGOL¢¢ L0¢>2

N = ,
Use — aUyg csc Oy

(B2)

2

where y is the gyromagnetic ratio, U;; = 3787 and {i, j} =
1]

{60, 0}, {0, ¢}, {0, ¢} at equilibrium direction of M (6 = 6,
and ¢ = ¢yp). U is the film free energy density:

U = — poHexMs sin 6 cos (¢ — o)

1 K
+ EMOMSZ cos? 6 — TU sin2¢ sin” 6
KC . 4 .2 .2
+ T[sm 6 sin” 2¢ + sin” 26]. (B3)

The polar angle 6y of He is equal to 77 /2 in our case.

The azimuthal dependences of the ellipticity N" right after
excitation are shown in Figs. 7(a) and 7(b) for film thickness
d = 5 and 10 nm, respectively.

Due to the strong shape anisotropy and 0y = 7 /2, 6 is
always equal to 7 /2. The ¢ is obtained from the solution of
the equation for the equilibrium direction of M:

104
= —0. (B4)
b lo=z =4,

The analytical solution for ¢y can be obtain in the case of
Hex > Hy. However, a high value of Hey leads to a vanishing
magnetization precession amplitude and cannot be used in the
experiments. Due to the that, we perform all experiments at
He ~ Hy and determine ¢y numerically from Eq. (B4) for
each direction of H.y;.

The azimuthal dependences of the difference between the
equilibrium magnetization direction ¢, for the heated )
and cooled (¢°) film, i.e., in-plane angular amplitude, are
shown in Figs. 7(c) and 7(d) for film thickness d =5 and
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10 nm, respectively. The parameters of the material right after
excitation and after complete cooling are determined from

the azimuthal dependences of the magnetization precession
(Sec. III B) using Eq. (B1).
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