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Ultrafast heat-assisted magnetization dynamics in a ferrimagnetic insulator
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Ultrafast laser-induced heating of ferrimagnetic iron garnet in an external magnetic field triggers magnetiza-
tion precessional dynamics with a large amplitude. The dynamics is studied as a function of magnetic field, laser
fluence, and sample temperature. Exploring the three-dimensional space of these parameters experimentally
and computationally, we identify the conditions for which the amplitude of the precession is the largest and
even achieves values sufficient for magnetic recording. We found that the range of external magnetic fields and
temperatures, which corresponds to the magnetic recording, is rather narrow. Modeling the dynamics, using
magnetization as a macroscopic parameter, reveals that this range of parameters is defined by the optimal height
of the potential barrier separating two stable states. The barrier needs to be low enough to allow the switching

but not so low that the stability of the states is lost.

DOLI: 10.1103/PhysRevB.107.094424

I. INTRODUCTION

Ultrafast magnetism is a rapidly developing research field
that explores spin dynamics in ferromagnetic, ferrimagnetic,
and antiferromagnetic media excited by sub-100 ps stim-
uli [1-6]. If such stimuli excite magnets on a time scale
faster than the characteristic times of elementary spin-lattice
or electron-lattice interactions, they bring the media into a
strongly nonequilibrium state, where the conventional de-
scription of magnetic phenomena in terms of equilibrium
thermodynamics is no longer valid, conventional approxi-
mations fail, and the triggered magnetization dynamics can
become counterintuitive [4]. Apart from purely fundamental
interest, ultrafast magnetism challenges the fundamental and
practical limits on the speed and energy dissipations of writ-
ing of a single magnetic bit [7-10]. Hence, the field has the
potential to impact future data storage technologies.

Among all magnetic materials studied in ultrafast mag-
netism, ferrimagnets represent a rich and probably the most
appealing playground to explore large amplitude magnetiza-
tion dynamics and magnetic writing induced by ultrashort
stimuli. For instance, in contradiction with Curie’s symme-
try principle, it was discovered that solely ultrafast heating,
either with the help of femtosecond and picosecond laser
pulses [11-15] or picosecond electrical pulses [16], can re-
verse the magnetization of ferrimagnetic metals. Although it
has been believed that heat-assisted magnetization dynam-
ics and recording in insulators are slow [3], ferrimagnetic
iron garnets facilitate an unconventional, precessional route
of heat-assisted magnetic recording [17]. In this mechanism,
laser-induced heating destroys magnetic anisotropy, launches
anomalously damped magnetization precession in an external
magnetic field, and eventually results in capturing of the mag-
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netization by another stable bit state [17]. In ferrimagnets,
where both the net magnetization and magnetic anisotropy
are strongly temperature dependent, the efficiency of the heat-
assisted precessional magnetic recording must be a function
not only of magnetic field but also of temperature. The goal
of this paper is to reveal the mutual interplay of temperature
and magnetic field which eventually leads to laser-induced
switching.

In this paper, we study large-amplitude heat-assisted
magnetization dynamics in ferrimagnetic iron garnet by
performing time-resolved single-shot imaging of magneti-
zation dynamics as a function of external magnetic field,
laser fluence, and sample temperature. Exploring the three-
dimensional space of these parameters experimentally and
computationally, we identify and explain the conditions for
which the amplitude of the precession is the largest and even
achieves values sufficient for magnetic recording.

This paper is organized as follows. Section II describes
the properties of the material investigated, together with the
employed experimental techniques. Section III summarizes
experimental results. Section IV describes the employed the-
oretical model and the results of the simulations, compares
them with the experimental results, and eventually interprets
the latter. The paper is concluded by Sec. V.

II. SAMPLE AND EXPERIMENTAL SETUP

Here, we  studied heat-assisted  magnetization
dynamics in ferrimagnetic lutetium iron  garnet
(Bio,g, Lu2_3)3(Feg.2, Gal, A10_8)5012. In this compound,

the spins of Fe’* ions in the octahedral and tetrahedral
sites form two nonequivalent magnetic sublattices with
oppositely oriented magnetizations M; and M,, respectively.

©2023 American Physical Society
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The difference in the volume fraction of the octahedral
and tetrahedral sites leads to a nonzero net magnetization
M =M, + M, below the Curie temperature Tc ~ 600K
[18]. In the parent compound LusFesO;;, the net
magnetization is dominated by the tetrahedral sublattice.
Substituting Fe>* ions in the tetrahedral positions with Ga**
and AI’* levels off the magnetizations of the sublattices such
that, at the magnetization compensation point Ty = 50 K, the
magnetizations of the sublattices cancel each other such that
M, (Ty1) = —M, (1) and the net magnetization vanishes M =
0. We note that neither Lu®>* nor Bi** has a magnetic moment,
and thus, they have no impact on the net magnetization M.
However, the magneto-optical Faraday effect depends not
only on the magnetization but also on the Verdet constant.
Adding Bi** ions increases the Verdet constant [19-22] but is
known to change 7¢ as a side effect [23].

The epitaxial film of iron garnet with a thickness of 8 um
was grown on a (111) Gd;Gas0;, substrate using liquid-
phase epitaxy. Although crystals of iron garnet have a cubic
magnetic anisotropy, thin films normally acquire a uniaxial
anisotropy during growth, with the easy axis along the sam-
ple normal. At room temperature, the magnetization can be
saturated by applying a magnetic field of about H; = 50 Oe
along the easy axis [24]. The film of iron garnet is charac-
terized by a strong magneto-optical Faraday effect reaching
6° for light at the wavelength of 800 nm (hv = 1.55eV).
The magneto-optical effect at this wavelength is dominated
by the magnetization of the Fe’* ions of the octahedral
sublattice [22].

To study laser-induced magnetization dynamics in the
iron garnet, we employed time-resolved single-shot magneto-
optical imaging. To trigger magnetization dynamics, we
employed a femtosecond laser pulse having a 100-fs dura-
tion at the central wavelength of 625 nm (hv = 1.98¢eV).
We experimentally estimated the absorption coefficient at
this wavelength to be ~300cm™~!. Hence, the light pene-
tration depth (40 wm) is still substantially larger than the
sample thickness. This condition ensures a nearly homo-
geneous pump-induced heating across the whole sample
thickness.

The linearly polarized pump beam was at the angle of
incidence of 20 ° and was focused into a spot with the width
at half maximum equal to 100 um. A magneto-optical image
of the sample was obtained using linearly polarized probe
pulses with a duration of ~100 fs at the central wavelength of
800 nm. The unfocused probe beam at normal incidence was
used to visualize spatial dynamics induced by the pump pulse.
Due to the magneto-optical Faraday effect, the component of
the magnetization normal to the sample plane M, results in
a polarization rotation of the probe pulses o ~ M,. Using
an optical analyzer, we transform the polarization rotation
into intensity changes, which are subsequently detected by a
charge-coupled device (CCD) camera [Fig. 1(a)]. This exper-
imental scheme enables visualization of spatial distribution of
the sample magnetization and is characterized by a particu-
lar sensitivity to the out-of-plane magnetization component.
With varying time delay between the pump and probe pulses,
one can obtain time-resolved magneto-optical snapshots of
the pump-induced magnetization dynamics with a temporal
resolution down to 100 fs.
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FIG. 1. (a) A schematics of the experiment: unfocused probe
illuminates the sample; rotation of the probe polarization plane ag
is detected by the charge-coupled device (CCD) camera. (b) Evo-
lution of the sample magnetic state. From left to right: unperturbed
state; pump pulse heats the sample, reduces the field of magnetic
anisotropy H“ and thus launches magnetization precession; after
relaxation, H* is restored, and the magnetization M is fixed in the
switched direction. (c) The free energy profile corresponds to the
cartoons in (b).

The measurements were performed for a wide range of
magnetic fields H**' such that 0 < H®' < 3.5kOe. The field
was applied in the sample plane, leading to a tilt of the magne-
tization from the sample normal. For the field applied exactly
in the sample plane, the magnetization has two equivalent
energy minima of thermodynamic potential corresponding to
magnetizations oriented at angles +¢ and —¢ with respect
to the sample plane, see Fig. 1(b). Here, ¢ = 0 corresponds
to the peak of the potential barrier separating the minima.
It means that, if the magnetization has deviated from one
minimum over an angle larger than ¢, there is a chance that,
upon relaxation, the magnetization will relax to another min-
imum. In this case, the whole procedure will resemble the
recording of a single magnetic bit, as explained in Ref. [17].
A slight tilt of the magnetic field out of the sample plane
breaks the equivalence between the potential minima such
that, at H;"“ > Hy, one of the minima eventually disappears,
and the magnetization saturates. In this paper, we intentionally
tilted the external magnetic field over an angle of ~0.5 ° from
the sample plane. The tilted field did not destroy the second
minimum but ensured that, if the magnetization is switched
under an action of a single pump pulse, it relaxes back to the
initial state before the next pump pulse arrives.

Figure 2 shows the magneto-optic Faraday effect o as a
function of the applied magnetic field in the geometry of the
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FIG. 2. The probe polarization rotation vs the external magnetic
field at T = 275 K. Experimental data are represented by red circles,
black lines extrapolate the dependence to high magnetic fields. For
the extrapolation, we fit the experimented data points for H**' > H;
with function ar = Acos¢, where A is a fit parameter and ¢ =
arctan F%l is obtained as explained in the text. The inset shows the
estimated H* as a function of temperature as explained in the text.

experiment. Due to the small out-of-plane z component of the
magnetic field, the magnetization is saturated along the easy
axis. Hence, the maximum value of the Faraday effect o™
(Fig. 2) corresponds to the case when the magnetization is
aligned along the normal to the sample. A stronger external
field pulls the magnetization toward the sample plane, which
is seen as a negative slope for the fields H**' > 1kOe when
H™ > Hj. Using the slope, we estimated the effective field
of magnetic anisotropy H“. Assuming that the equilibrium
orientation of the magnetization is defined by an interplay
between the mutually perpendicular external magnetic field
and the effective field of magnetic anisotropy, the slope from

Fig. 2 was fitted using
Hext
, 1
)] m

where oeg is the Faraday rotation of the saturated sample,
i.e., the maximum rotation. The anisotropy fields H* were
estimated from the measured hysteresis loops as a function
of temperature, and the results are summarized in the inset
of Fig. 2. Applying linear fit to the data and extrapolating
the fitted function to higher temperatures suggests that the
anisotropy field can even reach zero far below 7¢. Such be-
havior appears to be typical for this type of ferrimagnetic iron
garnet [23].

o = Otg COS |:arctan <

III. EXPERIMENTAL RESULTS

Figure 3 shows time-resolved magneto-optical images of
the magnetization dynamics excited by an intense femtosec-
ond pump with the fluence of 80 mJ/cm?. The measurements
were performed in a magnetic field H**' = 3kOe at several
temperatures above Ty. It is seen that, during the first few
nanoseconds, the laser-induced dynamics evolves in a large
area. Starting from 4 ns, one observes an onset of an intense
signal in an area ~7 pum in diameter just in the center of

0ns
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225K

/

FIG. 3. Temporally and spatially resolved laser-induced magne-
tization dynamics.

the spot. This area is surrounded by a ring with a weaker
signal resembling a bull’s eye pattern much like those reported
in Refs. [7,17,25]. To process the magneto-optical data, we
calculated the z component of the magnetization after the
pump excitation M* normalized on M. The changes of M*/M
by >100% imply that the amplitude of the magnetization
dynamics is sufficiently large to overcome the potential bar-
rier separating two energy minima, see Fig. 1(c). Digitizing
the images, we obtain quantitative data on the magnetization
dynamics. We chose an area inside the spot with the largest
and seemingly homogeneous magneto-optical signal for the
delay of ~8 ns. Integrating the signal in this area, we obtain a
measure of the net magnetization, which we plot as a function
of time for various temperatures (see Fig. 4). To account for
the nonlinear character of the dependence between the inten-
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FIG. 4. Pump-induced traces of magnetization dynamics ob-
tained by spatial integration of the images shown in Fig. 3 as
explained in the text. The red lines are guides to the eye shown to
emphasize the fact of the oscillations.

094424-3



A. DOLGIKH et al.

PHYSICAL REVIEW B 107, 094424 (2023)

~
o
N

0 ns

20 mJ/cm?

100 mJ/cm?

~
o
~

4 ns 8 ns

0 50 100

Fluence (mJ/cm?)

FIG. 5. (a) Temporarily and spatially resolved magnetization
dynamics for low F = 20 mJ/cm? (upper panel) and high F =
100 mJ /cm? pump fluence (lower panel), respectively. (b) Out-of-
plane component of the magnetization at 8 ns after pump pulse.
M?*/M§ = 1 corresponds to the magnetization in the initial state (up).
M?/M§ = —1 corresponds to the reversed state (down). The red line
is a guide to the eye shown to highlight the nonlinear character of the
dependence.

sity detected by the camera and the Faraday rotation proving
information about M*, we followed the routine described in
Ref. [26]. The dynamics reveals such a fingerprint of preces-
sional magnetic switching as oscillations of the magnetization
with a large amplitude. The signal in the center of the images
corresponds to the rotation of the magnetization over a large
angle, which can even exceed ¢ [see Fig. 1(b)]. According to
Ref. [17], such a large amplitude of the magnetization preces-
sion can be sufficient for switching. The switching amplitudes
are observed only in a narrow temperature range between
250 and 292 K, pointing to the heat-assisted nature of the
pump-induced changes.

The pump fluence is 80 mJ/cm?. Magnetic field H*' =
3kOe is applied in the sample plane. The color code
represents the orientation of the magnetization such that
magnetization pointing up corresponds to blue (1), while mag-
netization pointing down corresponds to red (—1).

The upper and lower panels of Fig. 5(a) show magnetiza-
tion dynamics for low and high pump fluences, respectively.
Even measuring the magnetization dynamics up to 8 ns for

(@) 230 K

260 K

292K

230 260 290
r(K)

FIG. 6. (a) The magneto-optical images obtained 8 ns after the
pump for various temperatures (horizontal) and magnetic fields (ver-
tical). The pump fluence is 80 mJ/cm?. (b) Phase diagram of the
pump-induced magnetization state as obtained after digitizing the
images shown in (a).

a low pump fluence, switching is revealed only after strong
pump excitation. Figure 5(b) summarizes amplitudes of the
precessional dynamics as a function of fluence and highlights
its nonlinear character.

Finally, to summarize the conditions necessary for the
switching, we built up a phase diagram showing snapshots of
the photo-induced magnetic changes at long time delays after
the pumping. Figure 6(b) summarizes the snapshots obtained
at the pump-probe delay At = 8ns for various temperatures
and external magnetic fields. Note that, while for some com-
binations of H*" and T the changes of M”/M{ exceed 100%
(M*IM§ < 0), there are also regions where the magnetization
was impacted only slightly. Moreover, the largest changes
in the magnetization are achieved along one diagonal of the
square formed by the horizontal (7) and the vertical (H")
axes.

IV. DISCUSSION

Our results show that large amplitude magnetization dy-
namics and switching in the studied iron garnet are strongly
dependent on temperature and magnetic field. Although the
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geometry of the experiment and the mechanism of the switch-
ing are like those described in Ref. [17], in this paper, we
reveal that the magnetization dynamics depends not only on
the external magnetic field and laser fluence but also on tem-
perature. To understand the origin of this dependence, we
carried out a set of numerical simulations.

In the mechanism described in Ref [17], ultrafast laser-
induced heating destroys the magnetic anisotropy, thus
changing the equilibrium orientation of the magnetization.
To reach the new equilibrium, the magnetization starts a
large-amplitude precession around the external magnetic
field. Due to damping, the magnetization can be caught by
the second stable state. We estimated the temperature in-
crease produced by the laser pulse using the heat balance
equation:

oaFS
AT = —, @)
cm

where S and m are the surface area and the mass of the
irradiated sample, c is the specific heat, and « is the absorption
coefficient. The specific heat ¢ and the mass density of the
garnet were taken from Refs. [27-31], and o was estimated
experimentally with the help of the Beer-Lambert law. Con-
sidering a Gaussian profile of the pump intensity, the pump
fluence of 80 mJ/cm? must be enough to increase the sam-
ple temperature for ~20 K. According to the data shown in
the inset of Fig. 2, such heating is indeed large enough to
weaken and nearly destroy the magnetic anisotropy in the
sample.

We assume that the dynamics could be described us-
ing magnetization as the only macroscopic order parameter.
While such an approximation overlooks the multisublat-
tice nature of the iron garnet, it can be used far from the
compensation temperature 7y [32]. The dynamics is further
described using the Lagrange formalism and the Rayleigh
dissipation function [33-35]:

£=M{1- cos@)% —U®B, 9), U®O, ¢)

1
= —EMHA(T)sinZQSian) — MH cos 6
— MH{sin6sing, R
g (0 + sin®0p?)
‘}/ b

3

where U(0, ¢) is potential energy, M is the total magneti-
zation of the magnetic film, y is the gyromagnetic ratio, ¢
and 6 are azimuthal and polar angles of the magnetization
vector, respectively, ay is the Gilbert damping parameter,
and H{* and HP* are in-plane and out-of-plane compo-
nents of the applied magnetic field, respectively. The first
term in the potential energy represents the anisotropy en-
ergy, the second and the third the Zeeman energy. From the
potential energy, one finds two ground states of the system

exl

corresponding to the angles: o) = Z, 6" ~ arccos[,,’iu—(Tl)]
and 9@ =32, 9@~ arccos[%], respectively. Using

Eq. (1), the Euler-Lagrange equations can be written as

follows:
. (T ) sin 0 sin 2
0 +asinfp = @al )51r21 hee +a)ﬁcos<p
Sin6p — ol — _a)a(T)sinzgo sin 26
2
+ a)[”{ sinf — wé cos O sin g, (@]

where w,(T) = yH(T), w]H{ = yH”e’“, wiy = yH™. The
temperature of the magnetic film changes in time 7 = T{(¢)
due to laser pulse heating. To model the time dependence, we
solve the power balance equation:

T
xF = CVVE + (T — To), ®)

where F is the laser fluence, Cy is the isochoric specific heat,
Vis the volume of the heated area, T is the bias temperature of
the substrate, x and ¢ are material parameters whose ratio can
be defined by fitting experimental data assuming that AT =~
AF, where A = 0.25K - cm?/mJ was calculated from Eq. (2),
AT =T(t) — Ty, and t is the pulse duration. This model
implicitly assumes instantaneous heat transfer from light to
the lattice. Indeed, it is known in optically excited magnetic
dielectrics, such as iron garnets [3,36,37], that the energy
from optically excited electrons to the lattice is transferred
at the subpicosecond timescale. Afterwards, the equilibrium
lattice temperature is established at the time scale of thermal-
ization of phonons, which is given by the characteristic time
of phonon-phonon interaction (~100 ps). As this time scale
is much shorter than the characteristic time scales of the spin
precession presented in this paper, the assumption of instan-
taneous heating holds true for the modeling of magnetization
dynamics.

We performed the modeling by taking the states with

p=9" =2 6=60" as the initial state. The second
metastable state is thus ¢ = ¢ = 3, 9 = 0?. In the mod-
eling, we also set that oy = 0.05, % =0.01, V=63 x

10* um3, Cy =4.1J/Kcm?, and F = 80 mJ/cm?. The tem-
perature dependence of the anisotropy field H%(T) is taken
from the experiment (see Fig. 2).

Figure 7(a) summarizes combinations of the applied
magnetic fields and the bias temperatures for which the laser-
induced magnetization dynamics eventually results in the
switching of the magnetization between two stable states. At
a fixed magnetic field, the switching is possible only in a
relatively narrow range of temperatures. This range shifts to
lower temperatures upon an increase in the strength of the
applied magnetic field. Indeed, a temperature increase results
in a decrease in the anisotropy field H“. To preserve the con-
ditions leading to the switching, upon an increase of the bias
temperature, the applied magnetic field must be decreased.
Upon even further increase of the bias temperature, the mag-
netic anisotropy does not result in a potential barrier between
the initial and the final states any longer and the concept of
switching loses its sense. Figure 7(b) shows the route of the
precessional dynamics on the unit sphere for three different ar-
eas of the diagram from Fig. 7(a). The corresponding profiles
of the free energy and the trajectories of the magnetization are
presented in Fig. 7(c), respectively. The results of the model-
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FIG. 7. (a) Calculated H-T diagram of the final magnetization
state. Hatched area corresponds to the reversed magnetization. Three
types of dynamics (I-III) are described using (b) three-dimensional
(3D) trajectories and (c) free energy profiles. The symbols IS and FS
on the trajectories stand for the initial and final states, respectively.

ing are in good qualitative agreement with the experimental
data shown in Fig. 6. However, the experimentally observed
range of temperatures at which the switching is possible is
much narrower than the one in theory. This discrepancy can be
explained by the fact that our simple model does not account

for stochastic magnetic fields randomly affecting spins in
a magnet at nonzero temperatures. Inhomogeneous heating
across the sample thickness also can be a reason for the
observed differences between the experiment and modeling.

V. CONCLUSIONS

Using femtosecond laser pulses and laser-induced heating,
we have experimentally explored heat-assisted magnetization
dynamics in external magnetic fields and variable temper-
atures. More particularly, we reveal how the magnetization
dynamics depends on magnetic field, laser fluence, and sam-
ple temperature. We demonstrate that heat-assisted magnetic
recording can, in principle, be realized only in a relatively
narrow range of the parameters. Modeling the dynamics using
magnetization as a macroscopic order parameter, we show that
this range of the parameters is defined by the optimal height
of the potential barrier separating two bit states. We show
that, to achieve deterministic switching, the optimal height of
the barrier is required. It should be low enough to allow the
switching. At the same time, if the barrier height is reduced
further, the stability of the bit states is lost, and two minima
cannot be distinguished any longer.
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