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Ultrafast laser-induced control of magnetic anisotropy in nanostructures
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Employing short laser pulses with a duration below 100fs for changing magnetic state of magnetically-
ordered media has developed into a distinct branch of magnetism femtomagnetism which aims at controlling
magnetization at ultimately short timescales. Among plethora of femtomagnetic phenomena, there is a class related
to impact of femtosecond pulses on magnetic anisotropy of materials and nanostructures which defines orientation
of magnetization, magnetic resonance frequencies and spin waves propagation. We present a review of main
experimental results obtained in this field. We consider basic mechanisms responsible for a laser-induced change of
various anisotropy types: magnetocrystalline, magnetoelastic, interfacial, shape anisotropy, and discuss specifics of
these processes in magnetic metals and dielectrics. We consider several examples and describe features of magnetic
anisotropy changes resulting from ultrafast laser-induced heating, impact of laser-induced dynamic and quasistatic
strains and resonant excitation of electronic states. We also discuss perspectives of employing various mechanisms
of laser-induced magnetic anisotropy change for enabling processes prospective for developing devices. We consider
precessional magnetization switching for opto-magnetic information recording, generation of high-frequency strongly
localized magnetic excitations and fields for magnetic nanotomography and hybrid magnonics, as well as controlling
spin waves propagation for optically-reconfigurable magnonics. We further discuss opportunities which open up
in studies of ultrafast magnetic anisotropy changes because of using short laser pulses in infrared and terahertz
ranges.
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Introduction

Magnetic anisotropy is the fundamental property of
magnetically ordered materials, determining the technical
aspect of the modern world. Due to the magnetic
anisotropy, making the internal energy dependent on the
magnetization direction, ferromagnets and ferrimagnets
remain magnetized in zero external magnetic field. About
600 A.C. it led to the discovery magnetism as a phe-
nomenon [1], and now it is a base for storing huge
volumes of information on magnetic media without any
energy costs. However, the data have to be recorded.
In a modern informational world it must be done at
the maximum possible speed and minimum energy costs.
Implementation both these requirements is one of the
principal fundamental and technical goals of the modern
magnetism science.

One of the ways for magnetization control is to manage
magnetic anisotropy.  Apparently, it is the oldest and
continuously developing method applied by humanity for
controlling the magnetic order. ~ As far back as the
18th century, the shape anisotropy was a key technical
factor in the manufacture of steel magnets. Their shape
determined durability and permanence of magnetic prop-

erties [2]. Experiments performed in the second half of
the 19th century by James Joule [2] and Emilio Villari [3]
discovered a relation between the magnetization direction
and symmetry of the crystal lattice, determined by the
magnetocrystalline anisotropy. Control of its parameters
through the selection of the magnetic material composi-
tion is the main method to make the required properties
of a magnetic alloy, and sensibility to deformation is the
technical basis for magnetomechanical and thermomagnetic
devices [4]. The possibility of layer-by-layer growth of thin
magnetic layers came with the development of epitaxial
technologies, enabled using anisotropy of interfaces in
magnetic microstructures [5]. Finally, modern technologies
of molecular growth and nanolithography with the sub-
nanometer accuracy, allow us to tune parameters of mag-
netic anisotropy of nanostructures at the atomic level, by
combining all the above mentioned approaches.

Ultrafast tools are required for the subpicosecond mag-
netization management. Such a tool, available to re-
searches and engineers for the recent 20years is fem-
tosecond lasers. The first successful experiment with
the laser pulse shorter than 1ps affecting a ferromagnet
was performed in 1996 [6]. It showed the possibility
to modify the magnetization of a ferromagnet at the
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rate, earlier believed as totally unreal. That experiment
significantly expanded the concepts of the magnetic order
control and discovered the universe of ultrafast magnetic
phenomena. Now the impact of laser pulses on mag-
netically ordered materials is the subject of an individual
discipline — femtomagnetism. Its general progress is
given in a series of review papers [7-9].  Optically
induced change of magnetic anisotropy is one of the
subjects of active studies within the framework of this
discipline.

A diversity of the types of magnetic anisotropy is a
result of the variety of interactions determining it, such
as dipole-dipole, spin-orbit, and exchange. Absorption
of the ultrashort optical pulse by a material affects all
its subsystems, such as charge carriers, phonons, spin
system. A portion of the optical pulse energy will be
transmitted to each of these subsystems at some rate
and efficiency.  Consequently, laser pulse is able to
affect all types of interactions and engage all the known
mechanisms for magnetic anisotropy control. Moreover,
a technological capability to tune the composition, shape,
and morphology of a complex magnetic structure allows
providing the targeted and controllable effect of laser pulses
on magnetic anisotropy. Importantly, it happens at timescale
inaccessible by any other alternative method. The goal of
this review is to present a full diversity of experimental
effects related to the impact of laser pulses of optical
and near infrared ranges on the magnetic anisotropy of
magnetically ordered materials. In this review, we limit our
consideration by ferromagnetic and ferrimagnetic, as well
as weak ferromagnetic materials, ie. with a macroscopic
magnetization in zero external magnetic field. However,
in the general case, such effects can also be realized in
materials without macroscopic magnetization. We will
consider the main results of fundamental research and try
to highlight promising approaches from the point of view
of solving of specific applied problems of the ultrafast
magnetism. In addition, we will discuss the emergence
of a new direction in the research of ultrafast changes in
magnetic anisotropy, using pulses of the mid-infrared and
terahertz ranges.

The review is structured as follows. Sect. 1 presents
a theoretical base, used for description of the results
of ultrafast experiments. In Sect. 2 we discuss the
fundamentals of the experimental study of the effects of
laser pulses on magnetic anisotropy. Sect. 3 is devoted
to the main experimental manifestations corresponding to
various mechanisms of such effect. Sect. 4 represents
the most interesting experiments in terms of applications
and perspectives of the further development of that field
of femtomagnetism are discussed. In the Conclusion
we also consider what prospects in the field of research
of ultrafast magnetic anisotropy changes are opened by
the use of short pulses of the infrared and terahertz
ranges.

1. Magnetic anisotropy of bulk materials
and nanostructures

1.1. Phenomenological description of magnetic
anisotropy

From the phenomenological point of view, availability
of magnetic anisotropy in a ferromagnet is described by
the introduction of additional even-order magnetization
elements M:

_JKamg 4.
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where m = MMg! is the unit vector co-directional to the
magnetization, Mg is the saturation magnetization. The
coefficients in the expansion K have a physical dimension
of the energy density and are called magnetic anisotropy
parameters. The difference from zero of one or another K
parameter in the expression for the anisotropy energy (1)
is determined both by the crystal symmetry of the material
and its shape.

An uniaxial magnetic anisotropy described by the second-
order magnetization invariant in (1) is inherent for bulk
ferromagnets with crystal structure featured by the pre-
ferred z axis of symmetry, as well as for magnetic micro-
and nanoobjects, whose shape has such axis. Uniaxial
anisotropy is characterized by the presence of easy (at
Ky < 0) or the hard (at K, > 0) magnetization axis, aligned
with the z-axis. In this case, in the plane perpendicular to
the easy (hard) z axis, materials also could have additional
anisotropy described by the elements of higher m orders.
The specific form of the additional terms is determined by
the symmetry of the crystal. Without discussing in detail
herein the anisotropy features of crystals with anisotropy of
crystals with various symmetries, we refer the reader to the
classical books [10,11].

Materials with cubic crystal lattice demonstrate the
cubical magnetic anisotropy described by the fourth-order
invariant in the (1). Axes of easy magnetization in
materials with cubical anisotropy can be either spatial
diagonals (at K; < 0), or cube edges (at K; > 0). The
next element in the expansion (1) for such materials is the
6th order magnetization element. Note that the description
of magnetic anisotropy given above is also applicable to
ferrimagnets, antiferromagnets, and weak ferromagnets, etc.
In the case of antiferromagnet and weak ferromagnet, one
can write invariants similar to (1), containing expansion by
even degrees of the antiferromagnetic unit vector.

Equilibrium orientation of magnetization in a ferromagnet
placed into the external magnetic field Hey is determined
by the balance between the magnetic anisotropy energy Wa
and the Zeemann energy Wy = —MH.y. In the general
case, the efficient field is introduced for the description of
the equilibrium orientation of magnetization

Her = —— (2)
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where W = W + Wy is the full magnetic energy. If only the
energy of magnetic anisotropy W = W), is considered, ie.
without the external magnetic field, then the expression (2)
allows to obtain the efficient field of magnetic anisotropy Ha
co-directional with the easy magnetization axis. Its value
is determined as Hp ~ —NKMg ! with the accuracy up to
the n multiplier determined by the invariant degree in the
expansion (1); n=2,4 for uniaxial and cubic anisotropy,
respectively.  Full efficient field is the vector sum of
the efficient field of anisotropy Ha and external magnetic
field Hex.

In case of more complex media with two and more mag-
netic sublattices there are additional contributions related
to the exchange interaction between sublattices. In this
case orientation of magnetizations of sublattices depends
on the balance between the exchange energy, anisotropy
energy and the Zeemann energy manifested, in particular,
as the spin-flop effects in ferri- and antiferromagnets, and
spin flips in antiferromagnets in the external magnetic
field. When describing such materials, one may intro-
duce efficient fields of exchange and anisotropy acting
on each sublattice, or use the term of staggered field
on the magnetic cell scale affecting the antiferromagnetic
vector.

1.2. Mechanisms of magnetic anisotropy
emergence

The above mentioned phenomenological discussion as-
sociates magnetic anisotropy exclusively with the crys-
tal symmetry or shape of the magnetic material and
is applicable to the description of anisotropy occurring
as a result of various microscopic interactions. It is
convenient to divide the microscopic mechanisms of the
magnetic anisotropy emergence in two types: single- and
two ion ones. According to the names, in the first
case, the interactions determining anisotropy of magnetic
properties of material are determined by the energy of
a single magnetic ion in certain crystal surrounding. In
the second case, anisotropy is a result of magnetic ion
interaction with other magnetic ions. We shortly describe
the main microscopic mechanisms of magnetic anisotropy
and susceptibility of anisotropy types to main external
impacts — temperature, mechanical strains, and electrical
fields.

In the majority of magnetic crystals, the dominating
interaction, which determines the magnetic anisotropy,
is spin-orbit interaction Ws_o = —As_oS-L, by which
the ion spin moment S appears to be sensitive to its
crystal surrounding that defines orientation of the orbit
moment L. Such interaction between the spin and orbit
moments of one ion determines single-ion magnetocrys-
talline anisotropy. An absolute value of the parameter
of single-ion magnetic crystal anisotropy K depends also
on the parameter of spin-orbit coupling As_o, and on
the value of orbit moment of the ion L [12,13]. Rela-
tion of K with the value of orbit moment L is clearly
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demonstrated by the case of rare earth metals and com-
pounds based on them featuring high magnetocrystalline
anisotropy [11].

It is important to note that for magnetocrystalline
anisotropy the angular moment ,freezing plays a key role.
For example, ground state of the Fe3* ion in octahedral
surrounding is the S-state with frozen, ie. null angular
moment L = 0. This phenomenon determines a relatively
low magnetocrystalline anisotropy of the Fe** iron ions
compounds, including many of oxides. A considerably
higher value K is an indicative for the Co** compounds
with L # 0 in comparison with Fe3*-based materials, which
is analyzed in detail, for example, for cobalt ferrite
spinels [15].

In addition to magnetocrystalline anisotropy spin-orbit
interaction determines such types of anisotropy as magne-
toelastic, growth-induced and surface anisotropy playing a
key, and often determinant role in the magnetic properties
of thin and ultrathin films, hetero- and nanostructures.
Magnetoelastic contribution to anisotropy is manifested
when deformations emerge in the material, caused by
the application of external forces or associated with the
magnetic sample growth. This effect is known as inverse
magnetostriction. For a cubic ferromagnet, the change
of magnetic energy in the presence of tensile/compression
deformations € and shear deformationse;j is described as

Wu_g = Bl(exxrn)z( + Eyynﬁ + Ezzmg)
+ 2B (exymymy + MMy + e;mymy +...),  (3)

where Bj, B, are magnetoelastic parameters. Magne-
toelastic parameters B are connected with the magne-
tostriction coefficients A9, 1111 measured in experiments
through the expressions 4100 = 2/3B;(Ci2 —011)_1 and
A= —1/382C;‘1, where Ci1, C12, C44 are elastic stiffness
coefficients. Indices of the coefficients 1 indicate crys-
tallographic direction the sample was magnetized during
the measurement of the magnetostriction effect. The
same as the parameters of magnetocrystalline anisotropy K,
magnetoelastic parameters B can also have different signs
depending on the material.

With the development of thin film and nanostructure tech-
nologies, the study of deformations effect on the magnetic
properties of such structures entered on a new stage. On the
one hand, deformations occurring, for example, due to
the mismatch of lattice constants of different components
of epitaxial heterostructures or due to different thermal
expansion coefficients of the components, may result in
modifications of magnetic properties by compensating or
supplementing other contributions into magnetic anisotropy.
On the other hand, deformations can be created intention-
ally and controllable at the stages of growth or post-growth
processing of hetero- and nanostructures, in order to manage
their magnetic properties. It is the subject of studies in the
field of straintronics and deformations engineering [14]. For
example, deformations in heterostructures can be used for
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the creation of indirect coupling between magnetization of
one of the heterostructure layers with any of the parameters
of another layer. A good example of such deformations
engineering is implementation of indirect magnetoelec-
tric relation in synthetic multiferroics — heterostructures
consisting of layers of magnetic and ferroelectric materi-
als [14,15]. Deformations in such structures associated with
the value and direction of spontaneous polarization P of
ferroelectric layers are transmitted through the interface
into a magnetic layer, modifying its anisotropy [16] and
result in switching of magnetization M when P changes
direction [17].

In addition to single-ion contribution associated with spin-
orbit coupling, the magnetic dipole-dipole interaction can
also contribute to magnetocrystalline and magnetoelastic
anisotropy. It determines the dependence of the magnetic
moments system energy on their orientation relative to
the radius-vector between them. Such a contribution,
apparently, is an example of the two-ion anisotropy term.
However, in the majority of solid materials it appears to be
considerably lower than the spin-orbit interaction. In case
of magnetic anisotropy of thin films, micro- and nanostruc-
tures, the role of magnetic dipole-dipole interaction grows.
In these structures the most important contribution to
anisotropy is made by so called shape anisotropy, emerging
as a result of minimization of scattered magnetic fields
created by the magnetized material. Thus, for a thin
laterally extended film, the energy of shape anisotropy is
determined as

Ws = 0.5u0M32ne, (4)

where the axis z matches the surface normal, uo is the
magnetic permittivity of vacuum. According to expres-
sion (4), shape anisotropy for thin film is the ,hard axis“
type with efficient parameter K, = 0.5u0M% > 0. Since Ky
in this case depends on saturation magnetization, the shape
anisotropy often dominates in thin films of ferromagnetic
metals with high Ms.  For laterally limited thin film
structures the minimization of scattered fields could result
in the formation of spatially heterogeneous distributions of
magnetization, for example, magnetic vortices in micron
magnetic discs [18].

One more significant factor affecting magnetic anisotropy
of thin films, hetero- and nanostructures is the pres-
ence of interfaces between magnetic material and air or
other material, both magnetic, and non-magnetic. Mag-
netic ion at epitaxial interface is affected by modified
crystal field, as a rule, with low symmetry. Based
on the phenomenological consideration, this may result
in local modification of the magnetic anisotropy type.
As a result of change of symmetry and the value
of crystal field, the energy of spin-orbit interaction is
changed for magnetic ions at the interface, their orbit
moment becomes ,,defrosted® monocrystalline anisotropy
is locally modified, accordingly, and so called interface
anisotropy appears, which can considerably differ from
bulk [5]. Because of symmetry, the interface anisotropy

is uniaxial, even if the material has, for example, cu-
bic anisotropy in the bulk. In ultrathin films of fer-
romagnetic metals with the thickness d, neighboring to
oxides, the ,easy axis“ type of the interface anisotropy
energy

K
W= 5 (5)

competes with the shape anisotropy energy Ws (4).
Here K| < 0 is the interface anisotropy parameter hav-
ing the dimension of the surface energy density. If
|Ki]d=! > 0.5u9MZ, then the condition of perpendicular
magnetic anisotropy (PMA) stabilization is met, and easy
magnetization direction is normal to the film surface.
The PMA stabilization considerably affected by crystal
structure of the neighboring layer and how it is termed
indicate a key role of the magnetic ion surrounding
at the interface for the interface anisotropy emergence.
Note that the last studies show that the contribution to
interface anisotropy appears to be not exclusively single-
ion.  Two-ion contributions emerging as a result of
modified exchange and dipole-dipole interaction between
interface magnetic ions also affect the resulting magnetic
anisotropy [19].

A special case refers to structures with the interface
between the magnetic and nonmagnetic layer with a strong
spin-orbit coupling, for example, platinum (Pt). In this
case, in addition to modification of the strength and
type of magnetic anisotropy, and, for example, PMA
stabilization, the Dzyaloshinskii-Moriya interaction begins
playing a great role in the near-to-interface layer, and
noncollinear magnetic structures, including skyrmions, can
appear [20]. Regarding the boundary between two magnet-
ically ordered materials, the exchange interaction between
interface ions from different layers also contributes to the
formation of magnetic state resulting in such phenomena
as exchange bias at the ferromagnet/antiferromagnet bound-

ary [21].

1.3. Changes of magnetic anisotropy under effect
of external factors

Such external factors as the temperature, pressure and
deformation, electrical field result in changes of magnetic
anisotropy. Thus, in case of a simple ferromagnet, the
temperature increase results in the decrease of magnetiza-
tion, as well as in reduction of the magnetic anisotropy
parameters K. And the change of K with the temperature
increase is faster than the saturation magnetization Mg
change at the temperatures far from the Curie tempera-
ture Tc. Theoretical description of temperature changes
of the single-ion magnetocrystalline anisotropy parameter
was obtained in [22]. Similar approach was also ap-
plied to magnetoelastic anisotropy [23,24].  Theoretical
description was obtained in the model, when the energy
required for reorientation of magnetic moment of one
ion from the easy to hard axis, does not depend on
the temperature. And the range of angles characterizing
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directions of magnetic momenta of different ions rises with
an increase of the temperature. This results, in turn,
in an increase of the magnetic energy in the situation
when the average magnetic moment of magnetic ions,
1e. magnetization, is oriented along the easy axis, and in
reduction of that energy, when magnetization is oriented
along the hard direction. The research [22] and further
works showed that the nature of temperature depen-
dence K(T) is determined by type of magnetocrystalline
anisotropy the material, and the following expression was
derived

(6)

~ [ Ms(0)

where K(0) and Mg(0) is the parameter of magne-
tocrystalline anisotropy and the saturation magnetization at
T = 0K, nis the expansion order in the expression for the
magnetic anisotropy energy (1). Therefore, the parameter
of uniaxial anisotropy K, varies with the temperature as M2,
and cubic anisotropy K; — as M.

Changes of the nonsingle-ion magnetic anisotropy pa-
rameter with temperature, in general case, also obeys
the power law, however, with other values of the de-
gree. Thus, for two-ion uniaxial magnetic anisotropy,
the degree is close to 2. An obvious example is
the shape anisotropy (4) with efficient parameter K|
proportional M2.  Note that the study of temperature
dependences of the magnetic anisotropy parameter is also
used for the determination of dominating contributions to
anisotropy [19].

Because of the inverse magnetostriction described in
sect. 1.2, one more external factor influencing the magnetic
anisotropy of materials is the pressure and creation of
tensile/compression or shear strain. Moreover, since the
source of magnetocrystalline anisotropy is the effect of
crystal fields on the orbit moment, and, through the spin-
orbit interaction, on spin moments, application of external
electrical field is one more efficient approach to the change
of magnetic anisotropy of materials.

Co-existence of two and more sources of magnetic
anisotropy can result in a non-trivial response of magnetic
material to external effects. A good demonstration of
such response is spin-reorientation (SR) phase transitions
in bulk materials, for example, rare earth orthoferrites
REFeO3;, where RE is the rare-earth ion. In REFeOs,
there is a competition between single-ion contribution
to anisotropy of the Fe’* ion and two-ion, occurring
due to exchange interaction between Fe3* and RE3*
ion, demonstrating a strong dependence of the magnetic
moment on the temperature [25,26]. As a result, at
certain temperatures depending on the RE3* ion type,
the anisotropy axis reorients to 90° from the direction
at low temperatures defined by the Re®* to the Fe’*
determined axis. The SR-transition is also implemented
in ultrathin ferromagnetic films due to the change of
balance between the shape anisotropy and the interface
anisotropy [27-29].
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Optical radiation is also an external effect, which allows
to modify the magnetic anisotropy. The latter can be based
both on such optical excitation non-specific mechanisms as
heating or deformation, and on the optical-specific mecha-
nisms, for example, resonant excitation of ions responsible
for magnetic anisotropy [30]. Using of short, pico- and
subpicosecond laser pulses brought the study of optically
induced modifications of magnetic anisotropy to a further
stage.

2. Experimental study of laser induced
modifications of magnetic anisotropy

There are a lot experimental methods for measure-
ment of the parameters of magnetic anisotropy param-
eters in equilibrium state. =~ Among them the ferro-
magnetic resonance [31] is one of the most common,
where the anisotropy field is estimated based on the
ferromagnetic resonance frequency measured in the ex-
periment [10]. The Mandelstam-Brillouin light scattering
(BLS) method allows to measure magnetic anisotropy
locally from the spectrum of spin waves [32]. Moreover,
the type and parameters of anisotropy can be obtained
by measuring field dependences of magnetization along
hard axis, and determining saturation fields proportional
to KMg' using the vibration [33], and the SQUID-
magnetometry [34], as well as the magnetooptical (MO)
magnetometry [35].

For the study of magnetic anisotropy change with
femtosecond laser pulses it is necessary to measure its
evolution at a few picosecond timescale and less. The
methods mentioned above do not enable measurements
with such a time resolution. The most universal method
for study ultrafast laser-induced change of the magnetic
state of various materials and structures is femtosecond
MO pump-probe. It is the measurement with a high
temporal resolution of the MO response to femtosecond
laser excitation. However, the MO effects are not directly
connected with the parameters of magnetic anisotropy
of a material, and proportional to certain magnetization
projections [35].  Therefore, information on the laser-
induced change of magnetic anisotropy in MO pump-probe
experiments one can get using approach considered in
many works as the time-resolved ferromagnetic resonance
measurement.

The main principle of such measurements is shown in
Fig. 1,a. In a non-excited medium the magnetization is
oriented along the effective field Hex (2). If magnetic
anisotropy modification occurs as a result of the effect of
laser pulse, then, in the general case, orientation and value
H.r do not persist. If the change of orientation Her — H.g
occurs fast enough, then magnetization does not follow
effective field direction. Therefore, as a result of the laser
pulse action, the state of the material is characterized by the
noncollinearity magnetization and modified H.;. Evolution
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Figure 1. a — magnetization precession excitation as
a result of laser-induced modification of total effective field
Her — H.p; b — corresponding evolution of magnetization pro-
jections {My, My, M;}. Schematic diagram of the magnetization
trajectory (¢, d) due to the excitation of magnetic precession and
(e.f) in case of magnetization switching as a result of reduction
of the magnetic anisotropy parameter K (¢, e) or emergence of
the efficient field of laser-induced anisotropy Hyj; ea. — easy
magnetization axis.

of magnetization orientation in this case is described by the
Landau-Lifshitz (LL) equation [36]:

dM

a
E:_VMXHéﬁ—y—MX(MXHéﬂv), (7)

M

where y is the gyromagnetic ratio for electrons in magnetic
ion. The first term in the right part of the equation
describes precession motion of magnetization with the
frequency f = pH/;. The second element describing the
precession damping is given in the Hilbertian form with
parameter « [37].

Therefore, as a result of change of direction Hlg,
according to (7), magnetization is affected by the torque
T =dMdt~!, leading to the magnetization precessing
around Hs. In Fig. 1,a it is clearly seen that the direction
of T is determined by new direction of effective field. Using
the information about T, we can reconstruct the behavior
of Heg, including the change of Ha immediately after the

laser excitation. Moreover, magnetization precesses around
H/;; being a function of time due to the material relaxation
from excited state to equilibrium. By tracking the precession
frequency and trajectory, we get information about these
processes.

Note that modification of H.s under the laser excitation
may occur both as a result of changes of the anisotropy
parameters K, and emergence of new axes of anisotropy
with corresponding effective field Hy, (see Fig. 1,¢d).
Distinguishing of such processes in experiments is an
important task, since fundamentally different microscopic
mechanisms determine them, as shown in the next section.

Therefore, the detection of ultrafast change of magnetic
anisotropy assumes experimental measurement of the laser-
induced magnetization trajectory. In practice, the detection
of precession is implemented in the MO pump-probe
method [7], when the magnetization dynamics in the
medium is excited by a powerful femtosecond laser pulse,
and then the change of diffenent magnetization projections
in the pumped area are probed by the measurement of
the MO effects for weak linearly polarized probe pulse
delayed relative to the pump for the time At. Various
MO effects manifested as the rotation of the polarization
plane, emergence of ellipticity or change of the probe pulse
intensity [35] are proportional to different magnetization
projections. Therefore, in general case, one can get com-
prehensive information about the magnetization orientation
at the moment of the probe pulse interaction with the
sample [38]. By changing the delay time At between the
pump and probe pulses, one may track the dynamics of
one or several magnetization projections. Thus, the time
resolution is determined by the duration of the probe pulse.
However, from the point of view of the anisotropy change,
efficient time resolution of such experiment is limited by
the precession frequency. For example, if the time of
laser-induced magnetic anisotropy change, is considerably
lower than the precession period, then the information
about this cannot be obtained from the experiment, and
phenomenologically anisotropy change is described by the
Heaviside function.

Fig. 2 shows an example of a two-color ultrafast MO
pump-probe setup, where the MO Kerr effect is measured
as the function of delay time At between the pump and
probe pulses. Note that in the majority of experiments the
information about laser-induced magnetization precession
trajectory is successfully restored using data on time
evolution only of one of the magnetization components
and modeling based on the LL equation (7) or linearized
LL equation [39,40] in case of low precession amplitudes.
In a typical experiment, averaging is performed by a
high number of pump-probe events for each delay time.
Therefore, it is important that after the each event the
system is relaxed to the same initial condition between the
probe and next pump pulse. This is why the measurements
are performed in the external magnetic field determining
the initial magnetization orientation, and the pulse repetition
period should be longer than the relaxation time.

Technical Physics, 2022, Vol. 67, No. 15
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Figure 2. Example of a block diagram of a femtosecond MO
pump-probe setup. The pump and probe pulses are focused
on the sample surface placed in the external magnetic field, by
lens or a microobjective. In the presented configuration, the
Kerr MO rotation of the probe pulse polarization is measured
as the function of delay time At between the pump and probe
pulses. The measurement of the polarization plane rotation is
performed by polarimetric scheme consisting of the Wollaston
prism and balance photodetector. Variable time delay At between
the pump and probe pulses is provided by the change of the optical
path length of the pump pulse with mechanical delay line with a
retroreflector installed on it. In the general case, the probe pulse
photon energy may differ from the pump, for example, due to
doubling energy with non-linear optical crystal NC. Herein a part
of the pump pulses is blocked by chopper with the frequency
used as a reference in a lock-in amplifier demodulating the signal
received from the photodetector.

An exclusion is the experiments,where high repetition
rate are selected intentionally so, for example, that each next
pump pulse amplified the effect from the previous. A special
approach is also applied for the study of laser-induced
switching of magnetization, where a single-pulse pump-
probe method is implemented, enabling separate detection
of the effect of each pump pulse.

3. Main mechanisms and demonstration
of ultrafast anisotropy changes

3.1. Laser-induced heating

An obvious mechanism of the laser-induced change of the
magnetic anisotropy is laser-induced heating, since the mag-
netic anisotropy parameters demonstrate the temperature
dependence (see sect. 1.3). However, the specific scenario
of the magnetic anisotropy modification resulting from laser-
induced heating depends on the electron structure of a
magnetic material and what subsystems are involved to the
femtosecond laser pulse energy absorption.
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The most fundamental difference refers to ultrafast laser-
induced heating in magnetic metals and dielectrics. The pro-
cess of femtosecond laser pulse energy absorption in a metal
can successfully be described by so called two-temperature
model, suggesting that the laser pulse excitation results in
a fast and significant increase of the efficient temperature
of conductivity electrons (Fig. 3,c¢). Further, time of the
electron system temperature rise does not exceed 100 fs,
and the achieved temperatures are ~ 500—1000 K because
of a low heat capacity of the electron gas. Thermalization of
electron and phonon subsystems occur at a timescale about
several picoseconds and more. Due to a high heat capacity
of the phonon subsystem, the lattice heating is much lower
than for electrons, being ~ 100 K.

In a magnetic metal, ultrafast heating of electron and
phonon subsystems results in the emergence of the ultra-
fast demagnetization [6]. Specific times of that process
make ~ 100 fs for 3d-metals, because the 3d shell electrons,
hybridized with the conductivity 4sp-electrons, determine
the magnetic order. On the contrary, in 4f -metals, ultrafast
demagnetization is much lower, because magnetism is
determined by electrons of the 4f -shell, not hybridized with
Sd6sp-electrons absorbing the laser pulse energy. As a
result, demagnetization in such materials features longer
times ~ 100ps and is associated with the lattice heating.
The details of ultrafast demagnetization in metals and the
current state of the theory of this process are discussed in
the works [41-43].

Energy absorption in magnetic dielectrics in visible and
near infrared ranges is mainly occurs due to the excitation
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Figure 3. a — magnetic optical pump-probe setup for monitoring
of the laser-induced magnetization precession in a thin film of Ni;
b — signal showing modifications of the magnetization component
out of plane M, as a function of the delay time At between
pump and probe pulses [45]; ¢ — example of the temperature
dependence of the Te electron subsystem and the T lattice on
the delay time between pump and probe pulses calculated for
Co [46]; d — scheme of the magnetic precession excitation process
as a result of laser-induced modification of the shape anisotropy.
(Figures are reproduced from [45] (a, b) and [46] (c).)
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of localized transitions with further emissionless relaxation
accompanied by the energy transfer to the lattice at the
times below picosecond. Laser-induced demagnetization
has characteristic times ~ 100 ps [44].

3.1.1. Laser-induced heating in metals

According to discussions in sect. 1.3, the shape
anisotropy (4) and corresponding effective field
Hs = —uoMsm; depend on saturation magnetization Ms.
Ultrafast demagnetization results in the change of magnetic
anisotropy of thin films of ferromagnetic and ferrimagnetic
metals just by the modification of the shape anisotropy.
For observation of this effect experimental geometry is
required when equilibrium magnetization, ie.  before
the femtosecond laser pulse excitation, has a non-zero
projection on the film surface normal, for example,
when the external magnetic field is applied along the
normal. In this case, laser-induced reduction of saturation
magnetization AMg(t) results in a change of the direction
of the total effective field Heg, namely, to an increase of
its projection on the normal with the value proportional to
AMsg(t), and to the excitation of precession according to
the scheme given in Fig. 3, d.

This approach was applied in the work [45], where
the experimental observation of laser-induced precession
of magnetization was achieved for the first time. In
this work laser-induced dynamics of the magnetization M,
projection to the normal of Ni film with the thickness
of 7nm (Fig. 3,a) was measured. Three time ranges
were distinguished in the dynamics of the magnetization
measured in the experiment (Fig. 3, b). Fast reduction of M,
is observed within the range of I (0—1ps) due to ultrafast
demagnetization. There is partial magnetization restoration
in range II, and in range III — magnetization precession.
Importantly, in the transient region between ranges II and
III the change of M; is observed with a sign, opposite to
ultrafast demagnetization. Based on it the authors concluded
that the precession is triggered due to the partial suppression
of the shape anisotropy orienting magnetization in the film
plane.

Note, that the idea of magnetization precession excitation
through ultrafast demagnetization and shape anisotropy
suppression is very often used in MO pump-probe exper-
iments, when the main interest is directly focused on the
study of the magnetization precession of thin metallic films.
Indeed, with that approach even a small demagnetization
of about one percent is enough to excite precession with
the frequency close to equilibrium value. This is why such
method is an alternative for the ferromagnetic resonance
(FMR). Furthermore, it provides spatial resolution of up to
the units of micrometers.

It can be expected that the laser-induced heating of a
magnetic material will also result in the modifications of the
temperature-dependent parameters of magnetocrystalline,
magnetoelastic and other types of single-ion anisotropy
(see sect. 1.3). Thus, beginning from [46], a series of works
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Figure 4. ¢ — diagram showing orientation of magnetization M
and effective field Her = Hext + Han in thin Fe/MgO(001) film in
equilibrium (top) and immediately after excitation by laser pulse
(bottom); b — magnetization projection normal to the film plane;
¢ — in film plane along [100] crystallographic axis as a function of
the delay time between the pump and probe pulses. The dashed
line shows azimuthal angle of effective field Her. Hexi = 75 Oe.
(Figure is reproduced from [47].)

by various teams is devoted to the experimental study of the
magnetization dynamics associated with the laser-induced
modifications of the parameter K. One of the highly detailed
studies from the point of view of methodology of laser-
induced modifications of the magnetocrystalline anisotropy
was performed in [38,47].

The work [47] studied the impact of laser pulses on
8nm film of iron grown on the MgO (001) substrate.
Iron possess cubical magnetocrystalline anisotropy with
Ki > 0 (1). Due to the orientation of the substrate and
shape anisotropy, such film has two easy magnetization
axes along the directions [100] and [010] laying in the
film plane (Fig. 4,a). Fig. 4,a schematically shows the
process of the magnetization precession launch as a result
of ultrafast laser-induced heating with the further change
of the parameter of magnetocrystalline anisotropy in the
geometry, when external field is oriented at the angle of 45°
to the axes of anisotropy. Experimental dependences of
the magnetization polar angle proportional to the out of
plane magnetization extension from the film plane, and the
angle between magnetization and direction [100] in plane
are shown in Fig. 4,b and c, respectively. Analysis of time
dependences for various magnetization components allows
to determine the evolution of the effective field direction
and, hence, of the anisotropy field change. Thus, red
dots in Fig. 4,b (in online version) show the maxima and
minima of the magnetization polar angle. Since precession is
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harmonic and effective field lays in the film plane, these dots
correspond to the time, when the magnetization projection
on the sample plane lays along the effective field H.;. By
marking the same time points on the dependence of the
magnetization azimuthal angle in plane [47] we identified
the changes in time of the effective field orientation (dashed
line in Fig. 4,c¢). These changes match the fast (picosecond
like) reduction of the value Ha ~ KiMg U and its further
relaxation to the equilibrium on a timescale about hundreds
of picoseconds.

The fact that laser-induced heating results in the reduction
of the ratio K{Mg ! indicates that the anisotropy parameter
K; changes stronger than the saturation magnetization Msg,
analogously the case of equilibrium heating (see sect. 1.3).
Moreover, the authors of [47] demonstrated that agreement
between the changes of the anisotropy field and laser-
induced increase of the lattice temperature with its further
cooldown can be described by the model of temperature
changes of the magnetic anisotropy parameter. In further
works, using similar methods, several teams showed that in
different ferromagnetic metals and metallic alloys the exci-
tation by femtosecond laser pulses and heating result in the
decrease of the parameters of magnetocrystalline [48,49],
growth [49,50], magnetoelastic [51], and interface [29,52]
anisotropy.

A number of studies paid special attention to confirming
the validity of the relationship between changes of magne-
tization due to the laser-induced heating and the magnetic
anisotropy parameters (6) at the time exceeding 10 ps, when
the electron, spin and phonon subsystems of metal are
in equilibrium [49,51). However, the issue of the ratio
between laser-induced changes of parameters of the single-
ion magnetic anisotropy and saturation magnetization in
metals during the first picoseconds after excitation, is still
open.

3.1.2. Laser-induced heating in dielectrics

In magnetic dielectrics, in case of femtosecond laser pulse
absorption, demagnetization is not ultrafast, but has charac-
teristic times about a few hundreds of picoseconds [44,53].
Moreover, most of the time, the dielectrics saturation
magnetization is considerably lower than in ferromagnetic
metals. Therefore, the contribution of shape anisotropy
to total magnetic anisotropy of dielectric is low, and its
changes due to laser-induced demagnetization do not excite
of magnetic dynamics with a significant amplitude.

In the absence of ultrafast demagnetization, laser-
induced changes of magnetocrystalline and growth-induced
anisotropy play a significant role in magnetization dy-
namics excitation in dielectrics. For example, in epi-
taxial monocrystalline films of practically relevant fer-
rimagnetic dielectrics — iron garnet with the general
formula M13(Fe,M2)5015, where M1 is yttrium, lan-
thanoid or rare-earth metal, M2 is gallium or alu-
minum, the growth-induced and associated with inter-
nal deformations anisotropy dominate and depend on a
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series of factors, such as chemical composition of the
film, mismatch on the film/substrate interface, and the
growth conditions [54]. The cubic anisotropy in garnets
usually is considerably lower than the growth-induced.
Therefore, in iron garnet the required anisotropy can
be tuned at the growth and post-growth stages, and
the laser-induced heating allows to control it at short
timescale.

A detailed study of laser-induced changes of the growth-
induced anisotropy parameters due to the absorption of laser
pulse and heating was performed in the work [53] for Bi-
substituted iron garnet (Bi:YIG) grown on the substrate of
gadolinium-gallium garnet (GGG) with orientation (210).
Growth-induced magnetic anisotropy of such films has
several contributions [54,55]:

WAZ Kumg‘f'Kimi'i‘Kyzmymz’ (8)

where Ky, K; and Ky, are parameters of the uniaxial out-
of-plane, uniaxial in-plane and orthorhombic components
of anisotropy, respectively. The work [53] considers the
excitation of the Bi:YIG by femtosecond laser pulses with
photon energy in the range 1.65—2.0eV, where the BiYIG
absorption coefficient changes from 300 to 750cm~!. As a
result, the laser-induced magnetization precession amplitude
increases when the pump pulse photon energy corresponds
to more intensive absorption. These experiments demon-
strated that the parameters of the growth anisotropy change
as a result of laser-induced heating at timescale about a
few picoseconds. According the estimates, heating at 10K
resulted in the change of the parameters AK about 1%.

In addition to the demonstration of the possibility of
change of the parameters K due to laser-induced heating,
the work [53] applied the method of separation of laser-
induced changes of the parameters K, describing different
types of anisotropy (8). Fig. 5, a shows the time dependence
of the Faraday rotation for the probe pulses, proportional
to the changes of the magnetization projection on the
normal M, film and measured for different directions of the
external magnetic field Hexy = 0.26 T, applied in the film
plane. In such a geometry of the experiment, the initial
precession phase depends on the external field direction. It
is determined by changes of the z-component of the torque
Ty = det71|At:0~

Its part derived from expressions (2), (7), (8), dependent
on the laser-induced change of anisotropy parameters, has a
form

2(AK; — AK)mym, + AKy, (Mg — ng)
20K MMy + AKyzmyemy, )
2AK;memy, — AKy,memy,

T():y

As can be seen from (9), the torque direction in case
of laser pulse excitation is determined both by the ratio
between the values of changes of different anisotropy
parameters K, and by the initial direction of magnetization
defined by equilibrium direction of the effective field of
anisotropy Ha and external magnetic field Hey. Fig. 5,0
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(Figure is reproduced from [53].)

shows that the initial phase of precession significantly
changes depending on the external magnetic field Hex orien-
tation. Calculation of the z-component of Ty as a function of
azimuthal angle of the external field for the relative change
of the parameters of the growth anisotropy AK; = 2AK,,
leads to a good agreement with the experimental data.
Therefore, an analysis of the initial phase of precession
allows to distinguish the laser-induced change of various
parameters of magnetic anisotropy, even if they have similar
time dependences.

Note, the fast laser-induced change of magnetic
anisotropy parameters in dielectrics cannot be related to
the slow laser-induced demagnetization [S3]. Apparently,
a decrease of the anisotropy parameters in a dielectric
can be described by heat-induced increase of non-coherent
optical and acoustic phonons disturbing crystal surrounding
of magnetic ions. This results, in average, in loosening
of the coupling between spin moments and the lattice.
The work [53] demonstrated that at time delay ~ 500 ps,
when the laser-induced demagnetization achieves its max-
imum, the ratio between changes of the anisotropy and
magnetization satisfies (6).

Achievement of significant laser-induced changes of the
parameters K in dielectrics requires the use of pulses with
central energies of photon, corresponding to the high level
absorption in green and blue regions of the optical spectrum.
An alternative way of implementation of high anisotropy
modification by laser-induced heating is possible in materi-
als, where the competition between contributions of various
nature to anisotropy results in its significant changes even
at relatively low heating. An example of such materials is
rare-earth orthoferrites REFeO3; with temperature-induced
spin-reorientation (SR) transitions occurs [25], when the
anisotropy axis orientation is changed by 90° (see Fig. 1.3).
Relatively low laser-induced heating REFeOs at the tem-
perature a bit lower the SR transition is enough for the
ultrafast transition detected by observing the magnetization
precession around a new axis of anisotropy [56].

The SR transition in orthoferrites is determined by the
temperature-dependent change of the magnetic moment
RE3*, ie. the population of the ground state sublevels in
the 4f-shell RE3* [26]. Thus, the laser-induced ultrafast
excitation of 4f -electrons must result in significant changes
of magnetic anisotropy in rare-earth orthoferrites of a non-
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thermal origin. However, the spectral width of femtosecond
pulses is too broad versus the electron transitions in RE3*
ions, and absorption in visible and near infrared ranges is
mainly determined by transitions in 3d-shell of ions Fe’*.
Since the lifetime of excited 3d-electrons is short, thermal
equilibrium between them and the lattice takes place within
a few hundreds of femtoseconds. The change of population
of the 4f-states of rare-earth ions occurs as a result of
interaction with the lattice, and characteristic time of this
process is determined by the electron-phonon interaction
limiting the rate of the laser-induced SR transition to a few
picoseconds [57].

3.2. Laser-induced dynamic and quasi-static
strains

Ultrafast laser-induced heating in metals provides the
feasibility of the magnetic anisotropy control by picosecond
strains.  This method uses approaches of picosecond
acoustics developed in the 1980s [58]. Generation of strain
pulses with the duration about 10 ps occurs due to ultrafast
expansion of crystal lattice under the effect of femtosecond
laser pulse absorbed in a narrow surface layer of the excited
structure [59]. The most common excitation scheme with
the use of metallic film as an optoacoustic transducer is
shown in Fig. 6,a. Bipolar strain pulse (see Fig. 6,b)
propagates in a crystal at the speed of sound and is a wave
packet of coherent acoustic phonons with the frequencies
up to 100GHz. Its amplitude depends on the density
of optical excitation and may exceed 1073. The main
mechanism determining the laser pulse energy conversion
into coherent excitation of crystal lattice is optically-induced
heating, but other mechanisms can also be involved, for
example, deformation potential or piezoelectric one.

The feature of the first experiments on the ultrafast elastic
control of magnetic anisotropy [60-62] was the generation
of strain pulse in the substrate of the studied sample with
further injection into film of a ferromagnet. The scheme
of such experiment is shown in Fig. 6,c. The strain pulse
injected into the film changes the value and direction of the
magnetic anisotropy field, consequently, the direction of the
effective magnetic field due to the inverse magnetostriction
effect. The dynamic change of the energy of magnetic
anisotropy is described by the formula (3), however, at the
same time it has the spatial distribution varying in time
and space during the strain pulse propagation within the
magnetic layer.

However, in the majority of experiments with the films
having thicknesses below 100nm, the effect of magnetic
anisotropy change can be described with a high accuracy by
averaging the pulse-induced strain over the ferromagnetic
film thickness. Precessional response of magnetization to
such a ultrafast excitation allows to register changes of
magnetic anisotropy and to determine its main parameters.

In the first experiments [60-62] performed according
to the above mentioned method, epitaxial layers of the
(Ga,Mn)As ferromagnetic semiconductor were used. This
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Figure 6. a — generation of picosecond strain pulse in case of
femtosecond laser excitation of metallic film applied to a substrate
of the studied structure; b — specific spatial profile of the strain
pulse injected from a metallic film into the substrate. The pulse
parameters match excitation of 100-nm aluminum film with the
energy density of 1 mJ/cm®. ¢ — scheme of the first experiment
for the modulation of magnetic anisotropy by laser-induced strain,
performed in the geometry shown in panel (d); e — precession
response of the (Ga,Mn)As film magnetization to the modulation
of magnetic anisotropy by the strain pulse [60]. The time At = 0
corresponds to the point when the strain pulse is reaching the
(Ga,Mn)As film. High-frequency oscillations observed in the signal
(including those at At < 0) refer to manifestations of the elasto-
optical effect. They are not associated with the magnetization
modulation; their frequency does not depend on the magnetic field.
However, the time interval 0 < At < 100 ps, where the elasto-
optical modulation has the maximum amplitude, corresponds to
the strain pulse propagation time in the (Ga,Mn)As layer towards
free surface and, after reflection, back towards the substrate.
Red curve (in online version) refers to the result of numerical
modeling of the magnetization response to spatial-time evolution
of the magnetic anisotropy. Inset shows the outcome of control
measurements with spatial misoverlap of the pump and probe
pulses (blue curve (in online version)) resulting in a sharp drop of
the amplitude of the measured kinetic signal, confirming coherent
(non-thermal) behavior of the magnetic anisotropy modulation.
(Figure is partially reproduced from [60] (c—e).)
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material with cubic magnetocrystalline anisotropy features
high magnetoelastic coefficients By = 25T, B, = 150T and
low saturation magnetization Mg~ 10mT, which makes
the deformation a dominating factor determining direction
of the easy magnetization axes. In the scheme of the
first experiment shown in Fig. 6,c, the external magnetic
field was applied along the normal to the plane of the
200-nm thick GagosMnggsAs film. A change of the
energy of magnetocrystalline anisotropy by the uniaxial
strain pulse (the first element of the expression (3)) resulted
in change of the effective field direction, consequently,
in precession response of magnetization measured by the
polar magnetooptical Kerr effect. Such experiment features
considerably shorter time, when anisotropy differs from
the equilibrium, in comparison with the experiments based
on the ultrafast heating described above. This time is
determined by the strain pulse duration and propagation
time in a magnetic film.

Further experiments demonstrated the efficiency of uni-
axial strain as a tool for the dynamic magnetic response
excitation also with the in-plane application of external field
in the (Ga,Mn)As films. In this case, a change of the
effective magnetic field direction is determined by the mod-
ulation of the energy of magnetocrystalline anisotropy due
to the higher order elements (~ B3;nt). Though a low value
of the magnetoelastic coefficient B3 (effective field 0.5T)
results in a low amplitude of modulation, nevertheless, this
effect is detected in the experiment. Also, because of the
presence of additional uniaxial anisotropy in plane of the
(Ga,Mn)As films the dynamic strain-induced modulation
of cubic anisotropy results in the change of direction of
the effective magnetic field and excitation of precession
even in zero external magnetic field. Further experiments
with (Ga, Mn)As films grown on a low-symmetry substrates
showed a high efficiency of the shear strain pulses, achieved
due to a considerably higher value of the magnetoelastic
coefficient B,. A detailed theory of ultrafast modulation of
magnetic anisotropy by strain pulses and the parameters of
precession response of magnetization to such modulation
was developed in the work [63].

The methods of ultrafast control of magnetic anisotropy
by laser-induced strain pulses were also examined in the
films of ferromagnetic metals of nickel [64] and galfenol
Feg1Gajg [65] and in the ferrimagnetic dielectric yittrium-
iron garnet [66]. The experiments with anisotropic films of
nickel were carried out in the geometry with the external
magnetic field oriented at an angle to the film plane,
allowing to use non-zero projection of magnetization on
the z axis for the modulation of magnetic anisotropy. In
the galfenol films, as in the (Ga,Mn)As, having a high
cubic anisotropy, the precession response of magnetization
is detected also in the magnetic field oriented in the film
plane.

Taking into account the combination of characteristics:
saturation magnetization up to 1.8 T, Curie temperature up
to 900K, strong magnetocrystalline anisotropy, high values
of magnetoelastic coefficients (B; = —6T, B, =2T) and

technological availability, for now, galfenol is the most
promising material for applications in magnetic anisotropy
control by means of laser-induced strain.

One of the branches of the development of this technique
is the study of dynamic magnetoelastic effects in ferrimag-
netic and ferromagnetic structures with pronounced elastic
(phonon) resonances. In experiments with FeBOs films
with the thickness of a few microns [67] a femtosecond
laser pulse excited elastic (phonon) eigenmodes of the
ferrimagnetic film, quantized along the normal to the plane.
The modulation of magnetocrystalline anisotropy induced
by periodic strain with the frequency of up to 1GHz
(determined by the film thickness) manifested in driven
oscillations of magnetization at this frequency and at higher
harmonics.

Considerably higher frequencies (up to 35GHz) of
the driven precession of magnetization were obtained in
the experiments with galfenol films with the thickness
65nm [68]. High Q-factor elastic eigenmodes there were
formed using phonon Bragg mirrors — semiconductor
superlattices arranged between the substrate and the fer-
romagnetic film. At the magnetic acoustic resonance
condition, when the precession frequency controlled by the
external magnetic field matched the phonon resonance, the
magnetization oscillations amplitude demonstrated the sharp
maximum. Resonance experiments were also carried out
in nickel membranes [69] with spatially periodic optical
excitation [70], in the structures with spatial periodicity
in plane — 2D arrays of nickel nanomagnets [71] and
galfenol-based ferromagnetic nanolattices [72,73], where
surface phonon resonances are formed, as well as in single
nanomagnets [74].

A common feature of experiments for the laser-induced
modulation of magnetic anisotropy in the structure with
high-Q elastic eigenmodes is not the pulsed, but the
long-term effect of strain, periodically varying in time.
The effects observed in such experiments, — magnetic
acoustic resonance [68-74] and, when the strong coupling
condition is achieved, formation of collective magnetoe-
lastic excitation [73,74] — were also observed in clas-
sic magnetoacoustics [75]. However, the use of laser
pulses for the generation of strain allows to implement
them at considerably higher frequencies and nanometer
scale.

It is important to know that in case of direct excitation
by laser pulse of a thin film of a ferromagnetic metal, the
strains occuring in it can be called quasi-stationary in the ex-
periments on the laser-induced precession of magnetization.
These strains are resulted from subpicosecond heating, and
their quasi-stationary behavior is ensured by the fact that
the metallic film cooldown process usually takes several
microseconds exceeding by orders of magnitude typical
period of magnetization precession. Until recently, such
strains in the magnetic dynamics excitation and relaxation
processes were not comprehensively studied. However,
emergence of such quasi-static strain as a result of laser
excitation leads to the emergence of additional terms in
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the expression for magnetic part of free energy, associated
with the inverse magnetostriction effect, and, in the general
case, to the change of effective magnetic field affecting
magnetization.

Experimental observation of the effect of such strain on
the magnetization dynamics excitation is highly hindered by
matching of the characteristic times describing the changes
of the effective field due to quasi-static deformation and
thermal change of the anisotropy parameters (see sect. 3.1).
For distinguishing of two effects demonstrating similar
temporal evolution, one must select experimental geometry,
where the changes of the effective field Hey orientation
caused by such effects, would be different. In the work [50]
this concept was implemented through the selection of a
low-symmetry galfenol film grown on the GaAs substrate
with orientation [311]. On the one hand, magnetocrystalline
and growth-induced anisotropies make the axes of easy and
hard magnetization lay in the film plane. In the experiment
performed in the external magnetic field oriented along
the axis of hard magnetization, laser-induced heating and
reduction of the anisotropy parameters results in the change
of the H.g orientation in the film plane. On the other hand,
laser-induced heating and film expansion resulted in the
generation of quasi-static strains having quasi-longitudinal
and quasi-transversal character (this process was reviewed
in detail, for example, in [76]). An additional effective
field Hy_g emerging due to the inverse magnetostriction
effect, both changed the orientation of the total effective
field in the plane, and resulted in its tilt from the film
plane.

It was experimentally found that the trajectory of laser-
induced precession varies depending on the value of the
external magnetic field allowing to identify the direction
of the effective field as a result of the laser excitation.
It was shown that in external fields below the saturation,
the direction of H.y is affected both by the change of
K, and quasi-stationary strains. With the increase of the
external field above the saturation, the role of the laser-
induced changes of K decreases, and the effect of quasi-
stationary strains first of all the shear one persisted. The
latter observation is a good illustration of the fundamental
difference between laser-induced change of the parameters
of magnetic anisotropy, but not its type, and the processes
leading to emergence of new axes of magnetic anisotropy.
The latter is interesting in terms of excitation of the
magnetization precession in high magnetic fields, when the
efficiency of the former considerably decreases. Note that
identification of the role of laser-induced quasi-stationary
strains in excitation of the magnetization dynamics was
further developed in the work [77], where, in addition
to the study of precession characteristics indicating the
excitation mechanism, the authors measured directly the
value and time profile of the laser-induced strain in a
magnetic film using the Sagnac interferometry method with
time resolution.
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3.3. Ultrafast photomagnetic effects

The processes resulting in the change of the magnetic
anisotropy type include an important class of the femto-
magnetism phenomena — ultrafast photomagnetic effects.
They are usually understood as laser-induced processes
leading to the emergence of anisotropy axes not associated
with heating. These phenomena are featured, generally, by
pronounced dependence on the laser pulse photon energy
and polarization. In terms of symmetry, the polarization-
dependent laser-induced magnetic anisotropy is described
by the introduction of the effective field

Hu i = BijwE;EgMy, (10)

where Biju is the 4th order polar tensor, whose number
of non-zero independent components is determined by the
symmetry of the material, E is the light wave electrical field
vector.

A good example of such phenomena are the pro-
cesses observed in Co®* substituted yittrium-iron garnets
(Co:YIG) [78-80] and several other complex substituted
garnets [81,82]. The feature of Co:YIG is to that a part
of Fe3* ions, in tetrahedral and octahedral positions, is
substituted by Co?* ions with unfrozen orbit moment. This
results in a strong modification of the magnetic anisotropy
value. Co:YIG with cubic anisotropy, in zero external mag-
netic field is divided into 90-degree domains. Earlier works
on photoexcitation of Co:YIG showed the possibility to
shift the 90-degree domain wall in case of excitation by
linearly-polarized light with the wavelength 533 nm [83].
The domain wall shift towards one or another domain is
determined by the laser pulse polarization, this implies
that the observed effect is associated with the charge
transfer between Co?* ions in different positions. The
charge transfer lead to the changes of magnetic anisotropy,
described as the emergence of additional easy magnetization
axis.

These works motivated the experiments with the exci-
tation of Co:YIG films by linearly-polarized femtosecond
laser pulses. The first experiments [78] on the Co:YIG films
excitation by linearly-polarized pulses with the central wave-
length of 800nm, truly demonstrated the magnetization
precession launch described by introducing an additional
laser-induced axis of anisotropy, determined by the laser
pulse polarization. Two key results were obtained in this
work. First, it was found, that the effective field of the
laser-induced anisotropy is enough for the observation of
change of the magnetization precession period. It allowed
to determine the effect relaxation time comparable with
the magnetization precession period. Second, polarization
dependence of the effect differs from observed in earlier
works using longer laser pulses at the wavelength 533 nm.
This observation indicated that, in different spectral ranges,
the photomagnetic effect was determined by the excitations
of Co?* ions in different crystallographic positions. The
development of studies of the photomagnetic phenomena
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in Co:YIG further resulted in the implementation of a basi-
cally new method of spectrum- and polarization-dependent
ultrafast recording of information discussed in sect. 4.1.3.

4. Applications and perspectives of the
ultrafast control of magnetic
anisotropy

As we discussed in the previous section, the ultrafast
change of magnetic anisotropy results in the excitation of
the magnetization precession, used in experiments to get in-
formation about the characteristics, timescales and absolute
values of this process. However, ultrafast anisotropy change-
induced precession of magnetization itself is prospective for
different types of applications discussed in this section.

4.1. Precessional switching of magnetization
4.1.1. Switching by anisotropy suppression

One of the goals of the studies in the area of femtomag-
netism is implementation of fast and efficient magnetization
switching by single laser pulse [7,9,84]. On the other hand,
precession switching of magnetization with the magnetic
field and electric current pulses provides efficient and fast
recording. This is why laser-induced changes of magnetic
anisotropy being the precession triggers are now considered
as a promising concept for the laser-induced information
recording in magnetic materials.

In fact, if there are several magnetization orientations,
corresponding to the minimum of free energy, for example,
when the external constant magnetic field below the satura-
tion is applied perpendicularly to the easy magnetization
axis in uniaxial material. In this case there will be
two minima of free energy, as shown in Fig. 1,e, and
in case of ultrafast laser-induced suppression of magnetic
anisotropy, magnetization precession is started. In case of
sufficient precession amplitude and considerable damping,
magnetization may relax into a position corresponding to
the minimum of free energy different from the initial. Such a
scenario for 90° magnetization switching was implemented
in the iron film with the thickness of 8 nm grown on the
MgO (001) substrate, where laser-induced heating results
in the decrease of the cubic magnetocrystalline anisotropy
(Fig. 4). The axes of magnetocrystalline anisotropy, between
which switching was observed, are co-directional with crys-
tallographic axes [100] and [010]. The external field was di-
rected at the angle of 44° to [100], so the directions of [100]
and [010] are non-equivalent, and in equilibrium position,
magnetization is oriented almost longitudinally [100]. Fig. 7
shows two trajectories of laser-induced magnetic dynamics
for the different values of the external field. In case of
laser-induced excitation, the effective field of anisotropy
Ha ~ KiMg ! fastly decreases, followed by relaxation to the
equilibrium value. Precession switching is controlled by the
change of the external magnetic field altering the precession
frequency. The balance between the precession period,

damping time and the relaxation time of anisotropy field
determines whether magnetization after a half of the period
continues precession around the initial direction [100] or
[010], what was observed in the experiment (Fig. 7, and a
respectively).

Implementation of such scenario of precession switching
seems to be promising in materials, where magnetic
anisotropy can be created locally at micron and submi-
cron scales. An example of such structure is synthetic
multiferroic — a ferromagnetic/ferroelectric heterostructure.
The work [51] demonstrates the excitation by femtosecond
laser pulses the CoFeB/BaTiO; multiferroic [16], consist-
ing of 50nm ferromagnetic amorphic metallic layer of
CogoFe40Byp grown on the ferroelectric substrate BaTiO3
(Fig. 8,a). At room temperature BaTiOs is divided into
stripe 90° ferroelectric domains. Because of the strain
transfer from the substrate to a magnetic layer, as well as
of the inverse magnetostriction (see sect. 1.2), CoFeB is
also divided into magnetic 90-degree domains characterized
by uniaxial magnetoelastic anisotropy (Fig. 8,a). Its axes
are oriented along the direction of spontaneous polarization
in BaTiO3; domains, since the magnetoelastic parameter
CoFeB Bi < 0. This material features the absence of
magnetocrystalline contributions to magnetic anisotropy.

It was shown experimentally that in case of laser-induced
heating, the magnetoelastic parameter and magnetization
decrease (AB; ~ 27%, AMs ~ 10%), resulting in excitation
of the magnetization precession. Measurements of the
ultrafast magnetic dynamics were performed in individual
domains at different orientations of the external magnetic
field relative to the anisotropy axes. Fig. 8, b shows experi-
mental field dependences of the frequency and amplitude of
precession in the experimental geometry, when the external
field is oriented perpendicularly to the axis of anisotropy in
a magnetic domain. The lines correspond to calculations
based on the linearized solution of the LL equation. As we
can see, the calculation curves for the precession frequency
depending on the external field match the experimental data
both quantitatively and qualitatively, meanwhile, there is a
considerable disagreement, both quantitative and qualitative,
for the amplitude. In case of excitation of the magnetization
precession by anisotropy suppression, the precession ampli-
tude maximum is achieved in the field, when the precession
frequency is minimum. However, it is not observed in the
experiment, and the amplitude maximum is shifted to the
low fields. Therefore, within the range of fields, where
precession of magnetization has the maximum amplitude,
the amplitude of oscillations, detected in the experiment,
of one of the magnetization projections was considerably
suppressed.

Simulations of the laser-induced dynamics based on the
LL equation (7) showed that around Hcq = 50mT, the
amplitude of excited precession is sufficient for the pre-
cession switching (Fig. 1,e¢). Depending on the relaxation
time of the magnetization and magnetoelastic parameter B;
to the equilibrium (Fig. 8,¢,d) in the field Hex = S0mT,
two scenarios of magnetization switching between two
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Figure 7. The Fe/MgO(001) film magnetization trajectory as a function of the delay time between the pump and probe pulses for two
values of the external magnetic field (a—c) Hex = 1300e and (d—f) Hex = 230 Oe. Red dots (in online version) refer to experimental
data, black lines are simulations based on the LL equation solution. Polar (a,d) and longitudinal (b, e) components were used for the

reconstruction of the magnetization trajectory (c,f), projected on the surface normal to the magnetic field as shown in insets. (Figure is
reproduced from [85].)
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conditions, respectively. (Figure is reproduced from [51].)

directions, corresponding to the minima of free energy, are
realized (Fig. 8,f). In case of fast relaxation, the stable
precession switching is achieved, otherwise — stochastic
switching through metastable state. Around Hey = 30mT,
the precession amplitude is lower and no switching occurs
(Fig. 8,¢). In the MO technique of pump-probe, assuming
averaging over a large number of events, if magnetization
is switched after every excitation by laser pulse, then the
measured signal is close to zero, what is observed at
Hext = 50mT. A reliable demonstration of switching in syn-
thetic CoFeB/BaTiO3; multiferroic and determination of the
switching scenario details requires further experiments with
single-pulse excitation and detection of the magnetization
dynamics.

Precessional switching of magnetization in synthetic fer-
romagnet/piezoelectric multiferroics and magnetoelectrics
attracts a lot of interest, since in such structures there

is a possibility to additionally control the orientation of
anisotropy axes and the value of the anisotropy energy by
applying electrical field to the ferroelectric or piezoelectric
layer with high spatial resolution [17]. Moreover, in such
structures there is a possibility to form a ferromagnetic
layer with tuned properties, for example, the precession
damping rate, being crucial for the precessional switching
of magnetization, as shown in experiments with switching
in iron garnet [86], discussed below.

Precessional switching of magnetization can be imple-
mented in a dielectric as well, as was shown for the
Bi:YIG film, epitaxially grown on the gadolinium-gallium
garnet substrate with the orientation (111) [86]. In contrast
with the work on precession excitation in the iron garnet
film [53] discussed above, femtosecond laser pulses with
the central photon energy of 3eV, corresponding to the
fundamental absorption in garnet, were used in order to
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Figure 9. a — temperature dependence of equilibrium value
of magnetization M (black circles) and field of perpendicular
magnetic anisotropy Hani (blue crosses (in online version)) of the
Bi:YIG/GGG(111) film; b — in ground magnet state magnetization
M lays along the effective field Hcy, consisting of the field of
anisotropy Ham and external field Hg oriented in the film plane;
¢ — the anisotropy field temporarily decreases as a result of laser-
induced heating, launching magnetization precession around new
effective field, mainly defined by the external field Hg; d —
after thermal energy dissipation, the anisotropy field returns to
the equilibrium value fixing a new magnetization orientation; e —
MO image of film taken 3.5ns after excitation by single pump
laser pulse, where dark regions with switched magnetization can
be seen. The images were taken at the values of pump fluence and
the external magnetic field oriented in the sample plane as shown
in figure. (Figure is reproduced from [86].)
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achieve significant suppression of the growth magnetic
anisotropy and switching. Thus, ultrafast laser-induced heat-
ing was 30K and resulted in the anisotropy field reduction
by 45%. Such effect of femtosecond laser pulses led to
the excitation of the magnetization precession with higher
amplitude around the new position of the effective field, in
this case mainly determined by the external field laying in
the sample plane, as shown in Fig. 9,b—d. An important
outcome also is the increase of the precession damping with
the laser fluence. Because of that, when certain threshold
fluence is achieved, a deterministic precession switching
occurs, which was registered in magneto-optical images
shot 3.5ns after excitation by single laser pulse (Fig. 9,¢).
With the further increase of the pump fluence, precession
becomes stochastic and then vanishes. It indicates that
the Gilbert damping parameter « in this case is not a
constant and is a function of time and amplitude of spatial
distribution of the magnetic dynamics. It is important to
note that such a temporary increase of damping is very
high and contributes to magnetization switching to the other
energy minimum. Therefore, [86] implemented more effi-
cient approach to precessional switching of magnetization,
requiring the precession damping time be comparable to a
half of the precession period. If no such condition is met,
then switching could not occur, since the magnetization
relaxes to the initial state, as shown, for example, in the
work with thin iron film (Fig. 7,f).

4.1.2. Switching by means of the spin-reorientation
transition

The scenario discussed above for switching magnetiza-
tion is implemented in the external magnetic field and
in general case requires significant laser-induced increase
of the temperature. These limitations are eliminated if
switching is implemented by ultrafast laser-induced SR tran-
sition (see section 3.1). However, magnetization switching
in case of ultrafast SR transition is stochastic because
magnetization can be oriented in two opposite directions
along the emerging axis of anisotropy equivalent in zero
external magnetic field. To make controllable switching
of magnetization through the ultrafast SR transition, it is
necessary to additionally engage a special optomagnetic
mechanism of interaction of laser pulses with magnetic
materials [8].

Thus, the work [87] considered the excitation by single
circularly polarized 60 fs laser pulses with the central photon
energy 1.55eV of the (Sm,Pr)FeO; bulk with the thickness
93 um, cut perpendicularly to the crystallographic axis z.
In the equilibrium state, at the temperature below T; = 98§ K
the system is at the minimum thermodynamic potential,
and magnetization is oriented along the crystallographic
axis X, which is the easy magnetization axis (Fig. 10,4, b).
Femtosecond circular polarized laser pulse excites long-term
precession of magnetization by means of the ultrafast in-
verse Faraday effect [88]. The amplitude of such precession,
as a rule, is lower than 10°, and its initial phase depends
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Figure 10. a — magnetic structure of rare earth orthoferrite (Sm,Pt)FeOs at the low temperature (I';), in an intermediate phase I'»
and in case of high temperature I's; b — field dependences of z-component of a weak magnetic moment M in these phases. These
measurements show the presence of two SR transitions leading to magnetic moment rotation 90° from the X axis to the z axis through
the canted state; ¢ — single-pulse MO image of a sample obtained at different delays after excitation by 60 fs laser pulse with the central
wavelength 800 nm. Initial sample temperature — 90 K. Magnetic moment component out-of-plane is oriented either up (white color),
or down (black color). It can be seen that laser pulses with different circular polarizations induce SR transition and emergence of the
domain with opposite directions of the z-component of magnetization. Linearly polarized pulses create a multi-domain state. Size of
images ~ 70 x 70 um; d — illustration of the mechanism of control of laser-induced spin-reorientation transition through the dynamic
symmetry breaking between two energy minima in high-temperature laser-induced phase (see text). (Figure is reproduced from [87].)

on the polarization of the exciting laser pulse. At the
same time, laser pulse is partially absorbed and induces
the second-order SR transition, when new anisotropy
axis emerges several picoseconds after the excitation, and
the profile of thermodynamic potential is changed (see
sect. 3.1). Therefore, there are two simultaneous processes
in the material. The first — precession of magnetization
around the X axis with the period about 10ps. The
second includes gradual disappearing of the initial minimum
and emergence of two new minima of the thermodynamic
potential, corresponding to the orientation of magnetization
along the z axis with different signs of the M, component.
Which one of the minima the magnetization will relax
to, is determined by the initial precession phase, since it
determines the proximity of M; to one or another minimum,
as well as by the number of half-periods in the time
interval At between excitation and the emergence of new

minima of thermodynamic potential (Fig. 10,d). Therefore,
with the initial temperature of the sample, exciting pulse
fluence, as well as polarization of the pump pulses, one
can control the switching of magnetization in rare earth
orthoferrites [87).

Similar scenario of switching was also realized in
DyFeOs3, between low temperature antiferromagnetic state
and high temperature weak ferromagnetic, ie. mag-
netization emergence was observed [89]. In DyFeOs
the polarization dependence of the SR transition was
always associated with another optomagnetic effect — the
inverse Cotton-Mouton effect [90]. However, it should
be noted, that ultrafast SR transition results in switching
of magnetization between directions, stable at different
temperatures. Therefore, switched state is preserved less
than 1 ms, determined by the sample cooldown rate.
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4.1.2.1. Photomagnetic switching

The use of the ultrafast photomagnetic effect discussed in
sect. 3.3 for the implementation of precessional switching
of magnetization fundamentally differs from the above
considered methods, based on the change of the magnetic
anisotropy parameters. Since the photomagnetic effect
leads to the emergence of a new axis of anisotropy,
switching between equilibrium states corresponding to the
magnetization orientation along anisotropy axes in this case
must be possible in zero field (Fig. 1,f). It was confirmed
in [79] and further developed in [80,91].

Monocrystalline Co:YIG film on the GGG (001) sub-
strate demonstrates a strong cubic anisotropy with easy
axes (111). In [79], using single-pulse MO microscopy with
femtosecond time resolution, authors demonstrated that the
pulse linearly polarized along [100] with the central photon
energy 0.95 eV induces the anisotropy axis along that
direction with lifetime 20ps. Therefore, if magnetization
before laser pulse excitation is oriented along the easy
axis close to [111], then the emergence of a laser-induced
axis along [100] triggers the precession, which results in
magnetization switching to [111]. Return of magnetization
into the initial state is possible through the emergence of the
anisotropy axis induced by laser pulse polarized along [010].
Having studied the magnetization dynamics in the process
of switching, the authors [79] demonstrated that with a
sufficient excitation pulse fluence, switching occurs within
a fraction of the precession period. It is possible because
of the balance between the precession period and lifetime
of the induced axis of anisotropy, as well as a short time of
the precession damping. Therefore, magnetization switching
control in zero magnetic field was implemented changing
the polarization of single laser pulses.

Further studies [80] performed using linearly polarized
pulses with the central photon energy in the range
0.8—1.2eV, demonstrated that the observed switching has
more degrees of freedom. Thus, switching between two
cubic axes of anisotropy can be done also by the pulse
polarized by [110] or [110], if the photon energy is changed
from 095 to 1.1eV. This observation, first, enables the
implementation of complex switching schemes between
different axes using different combinations of laser pulses
polarizations and the photon energies [80], inaccessible for
the ultrafast heating. Second, this study explicitly showed
that the emergence of one or another anisotropy axis is de-
termined by the femtosecond laser pulse energy absorption
in 3d-shell of Co?* ions occupying tetrahedral (absorption
at 0.95eV) and octahedral (absorption at 1.1 eV) positions.

Note that the authors [79] called such magnetization
switching ,,cold“ recording, in opposite to other con-
cepts of magnetization switching, anyhow involving the
heating and based on it. Search for other ,,cold*
mechanisms of magnetization switching requires iden-
tification of materials, where localized electron transi-
tions may considerably affect magnetic anisotropy, as
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well as determination of spectral ranges of these transi-
tions [92,93].

4.2. Ultrafast optomagnonics

Above, we discussed magnetic phenomena — precession
and magnetization switching observed directly in the area
of material affected by the laser pulse or laser-induced pulse
of deformation. In this section, we review papers on the
application of ultrafast change of magnetic anisotropy for
the excitation of spin waves propagating in space, as well as
on the impact on their parameters.

4.2.1. Optically reconfigurable magnonics

Today, alternatives to electronic devices for data process-
ing and transmission at micro- and nanoscales include the
elements of magnonics, where the transfer of magnetic
moment in space occurs without charge transport due to
the propagation of spin waves (SW) or coherent magnons
in magnetically ordered structures [94,95]. The magnonics
has numerous advantages over conventional electronics. One
of these is the possibility of additional minimization of heat
losses, as well as emergence of new degrees of freedom
of processing of information associated with the wave
properties of coherent magnons [96]. It is expected that the
magnonics allows to solve a series of issues inherent to con-
ventional electronics, such as ohmic losses, low frequencies,
achieved limit of Moore’s law, etc. Currently, active research
is underway on the physical foundations for fast and efficient
control of the spin-wave properties of magnonic elements,
ie. reconfigurable magnonic structures. The control
concepts rely upon the sensitivity of magnetic parameters of
materials, primarily, magnetization and magnetic anisotropy,
to the external magnetic and electrical fields, temperature,
mechanical stress, etc. [97]. By using one or a combination
of these stimuli, one can modify the magnetic properties of
structures and thus control a group and phase velocities of
SW, direction of their propagation and other parameters.

One of the main challenges of creating reconfigurable
magnonic structures is the provision of their fast switching
(up to THz frequencies), high degree of localization of the
excitation used for the reconfiguration of magnetic material’s
properties. A promising solution of that problem is the
application of sub-picosecond dynamic processes initiated
by the femtosecond laser pulses in magnetically ordered
media.

The first works on control of the parameters of SW
propagating in YIG films by optical pulses, appeared at
the end of the last century [98-100]. Change of the
YIG films magnetization in experiments occurred due to
optical heating under the action of millisecond light pulses
generated by a gas discharge lamp. As a result, the change
of velocity, wave number and SW frequency was observed.
The authors explained these effects based on the change of
the SW dispersion in the case of reduction of magnetization,
and, as a result, shape anisotropy of the YIG film. In a later
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Figure 11. Schemes of implementation of 2D detection of optically excited spin waves: a — pump pulses and probe pulse are focused
on the sample surface with microobjective or a lens; relative displacement of spots on the sample is provided by the change of the
incidence angle of one of the pulses by a scanning mirror in front of the objective [110]; » — pump and probe pulses are focused on the
sample surface from opposite sides with two different microobjectives; relative displacement of spots on the sample is provided by the
displacement of one of the objectives [125]; ¢ — use of CCD matrix to obtain the information on magnetization within a certain area of
the sample at the same time [124]. (Figures are reproduced from [110] (a), [125] (b), [124] (c).)

work [101], optical heating of the YIG film was applied to
create reconfigurable magnonic structures with a complexl
geometry. The authors made spatially periodical heating of
the magnonic wave guide with continuous laser radiation.
It resulted in spatial modulation of local magnetization
of the film, and, consequently, emergence of a magnonic
crystal, whose band gaps’ frequencies are determined by the
distance between heated regions, with width is determined
by laser intensity. A development of these studies led
to the demonstration of activation/inactivation of magnonic
lenses with the creation of the spatial gradient of laser-
induced heating [102]. One more approach is the use
of optical radiation for the modulation of the substrate
properties, where magnetic medium is placed, thus changing
the boundary conditions for propagating spin waves [103].

Regardless of the progress achieved in the area of optically
reconfigurable magnonics, the issue of experimental imple-
mentation of the ultrafast dynamic reconfiguration of built-in
elements and generation of induced magnonic elements, in
fact, still remains open. From this perspective application of
femtosecond phenomena for the local and ultrafast control
of one or another characteristic of materials could solve the
task.

4.2.2. Optical excitation of spin waves

The first application of femtomagnet phenomena concepts
for the solution of the magnonics tasks, namely, generation
of SW propagated in space by laser pulse, was realized
in 2012. In a pioneer experimental work [104] by all-
optical excitation and detection of SW with time and space
resolution, the authors demonstrated that the application of
optical pulses allows to control the initial parameters of SW.
Thus, the change of the geometrical shape of the pump spot
allows to control of the directional pattern of emitted SW
through the change of the initial spectrum of excited wave

vectors. These results have initiated a series of studies of SW
excited in different materials by laser pulses. In particular,
application of optical techniques for all-optical excitation
and detection of magnetostatic SW in metals was imple-
mented in thin permalloy films [105-109], CoFeB [110]
and Heusler compounds [111-113]. Excitation mechanism
of this process is heat-induced ultrafast demagnetization
(see sect. 3.1). However, most of the studies in this area
are devoted to dielectrics — iron garnets substituted with
bismuth Bi:YIG [114-124]. As a rule, for dielectric Bi:YIG
films, excitation of SW occurs through inverse magneto-
optical effects, what is out of scope of this review. This is
why further we discuss metallic films in detail where SW are
excited as a result of ultrafast change of magnetocrystalline
or shape anisotropy.

4.2.3. Experimental pump-probe technique with
space resolution

For the observation of SW propagating along the magnetic
film surface, the optical pump-probe technique described in
sect. 2 must be modified. In particular, Besides to temporal
evolution of the magnetization state, it is necessary to add
the spatial scanning. There are three basic concepts of doing
this given in Fig. 11:

1. The pump and probe pulses are focused on the sample
surface with one microobjective or single lens; relative
displacement of spots on the sample is achieved by the
change of the incidence angle of one of the pulses by the
scanning mirror in front of the focusing element;

2. The pump and probe pulses are focused on a magnetic
film from the opposite sides with two different microob-
jective lenses; change of relative position of laser spots on
the sample is provided by the displacement of one of the
objectives;
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3. Detection of the MO response is performed by CCD
matrix to obtain the information on magnetization at the
same time from a specific area of the sample lighted by
probing pulses.

Methods 1 and 2 were successfully applied in experi-
ments with metallic films. In experiments with Bi:YIG films,
techniques 1 and 3 were used.

We also mention here the combined methods, when SW
excitation occurs directly by AC magnetic field without
the change in magnetic parameters of the material, and
detection is implemented by optical methods — BLS or
MO microscopy with time resolution [126,127]. In recent
works [105,109] for the first time, resonance excitation of
SW by fs laser with the pulse repetition rate of 1 GHz was
combined with the waves’ detection by BLS method.

4.2.4. Ultrafast change of magnetic anisotropy
and excitation of spin waves

The ultrafast change of magnetic anisotropy results in
the excitation of SW in metallic films and has not been
experimentally demonstrated yet for Bi:YIG films and other
dielectrics. The first experimental demonstration of the
excitation of standing over the thickness SW was performed
in the work [45] for films and structures made of nickel
and permalloy. The change of magnetic shape anisotropy
with ultrafast demagnetization was the physical mechanism
initiating precession and SW (see sect. 1.3). Consequently,
it is the optical change of the shape anisotropy that was
used for the excitation of magnetostatic SW propagating
along the film surface. Thus, asymmetric X-like propagation
of SW pulses was observed in permalloy film by spatial
scanning of the magnetooptical response [128]. Such X-
shape is associated with anisotropy of SW dispersion relative
to the external magnetic field direction. The change of in-
plane component of magnetization results in the spatially
asymmetric excitation of SW, meanwhile the film normal
component determines asymmetric excitation. Since the
presence of both components of the external magnetic fields
is required for the excitation of SW through the change of
shape anisotropy, the final picture of the SW propagation is
neither fully symmetrical, nor antisymmetrical.

The work [128] stimulated the study of magnetostatic SW
propagation in metallic films [105-113]. However, in all of
these works, the exciting mechanism for SW is the change of
shape anisotropy due to ultrafast demagnetization. It limits
the experiment geometry by the need for magnetization
tilt from the film’s plane. This limit was overcome in the
work [125], where the excitation mechanism is the ultrafast
change of magnetocrystalline anisotropy. For the experi-
ment, the authors used a 20nm galfenol film (Feg;Gajg)
with a strong cubic magnetocrystalline anisotropy and
induced growth anisotropy of the easy axis type. Wherein,
two axes of cubic anisotropy and the uniaxial anisotropy
axis lay in the film’s plane. It allowed exciting SW in
the geometry when the external magnetic field is oriented
parallel to the film plane (Fig. 12,a). Moreover the
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presence of axes of anisotropy allowed to observe different
velocities and lengths of the SW propagation for different
mutual orientations of the external magnetic field and axes
of magnetocrystalline anisotropy (Fig. 12,5). In addition,
the narrowing of the SW spectrum was observed, when
the wave propagates from the excitation region with the
changed value of the anisotropy parameter into the region
of undisturbed material. This was also observed earlier for
in-plane isotropic films of permalloy [108], however, only
to the region of low frequencies of the initially excited
spectrum. The presence of in-plane magnetocrystalline
anisotropy allowed to get such an effect also in the high-
frequency region with the external magnetic field orientation
along hard axis of anisotropy (Fig. 12,¢ d). Dependence
of the SW spectrum change behaviour in the presence of
the spatial gradient of the magnetic anisotropy parameter is
explained based on the SW dispersion [129).

Since the change of the magnetocrystalline anisotropy
parameter by femtosecond laser pulse results in the local
change of the SW dispersion, the area of light exposure
can be considered as local inhomogeneity for the propagat-
ing SW [131,132]. In the work [130] it is suggested to use
this feature for the formation of reconfigurable resonator for
SW from optically pumped area and domain wall. Wherein
the change of parameters of the laser pulse affects the
parameters of one of the resonator mirrors, leading to the
change of the spectra of the excited SW packet (Fig. 12,¢).
It should be noted that the presence of a domain wall or any
other magnetic defect is a determinant factor for the SW
excitation in considered system in zero external magnetic
field. An interesting features of the system in the presence of
a defect is that spatial position of the laser pulse determines
the amplitude of the excited SW.

4.3. Localization of high-frequency magnetic
excitations and fields at submicron scales

The most promising effects in terms of practical appli-
cations are caused by the interaction of localized elastic
resonances and magnetization of the nanostructure. This
is confirmed by a gradual transition occurred in studies
of ultrafast optically induced magnetoelastic effects from
injection of picosecond strain pulses with a wide spectrum
in magnetic nanostructure to the experiments with direct
optical excitation of magnetic nanostructures with high-Q
elastic resonances.

The work [72] suggested using the effect of magne-
toacoustic resonance at the frequencies ~ 10 GHz for the
generation of AC magnetic fields with nanometer localiza-
tion. In the experiment with nanolattices based on galfenol
(Fig. 13,a) the laser pulse excites a localized surface elastic
(phonon) mode. Under resonance conditions controlled by
the external magnetic field (Fig. 13,5), the amplitude of
magnetization precession at the frequency of crystal lattice
exceeds 1073 of the saturation magnetization. The field
generated by precessing magnetization and localized in the
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Figure 12. Pump-probe signals in case of optical excitation of the SW propagating in a thin FeGa/GaAs(100) galfenol film: a —
time-resolved polar Kerr effect for different distances between the centers of pump and probe spots Ay; b — azimuthal dependence of the
SW propagation length Lpop. In figures (a, b) symbols — experimental data, lines — theoretical calculation [125]. ¢, d — experimental
spatial-spectral maps [129] illustrating the change of the spectra of the SW packet with distance from the excitation center with the external
magnetic field orientation along the hard magnetization axis (c¢) and close to the easy magnetization axis (d). e — spatial-spectral map
of the SW packet excited by laser pulse with the center Xp near to domain wall with the center at Xo [130]. (Figures are reproduced

from [125] (a, b), [129] (¢, d), [130] (d, e).)

grooves of nanolattice reaches ~ 10 mT, exceeding the val-
ues achievable with stripe nanoantennas [133]. Similar effect
of resonance pumping of the magnetization precession with
optically excited localized phonon mode can be reached also
in the structures with a more complex morphology, where
nanometer localization of the generated magnetic field is
reached in three directions. The results of such experiments
are given in [134]. The suggested approach is an alternative
for the use of nanooscillators excited by spin transfer torque.
Practical applications, boosted by such technology include
microwave-assisted magnetic recording [135] and magnetic
resonance tomography with a nanometer resolution [136].
Another area, where the effects of resonance interac-
tion of laser-induced deformation and magnetization in
nanonstructures can become widely applicable, refers to
hybrid quantum magnonics [137]. Formation of hybridized
excitation in the conditions of strong coupling of magnon

and phonon modes expands significantly the degrees of
freedom for the manipulation of magnetic and elastic states.
Until recently, observation of a strong magnon-phonon
coupling in the experiments with femtosecond laser pulses
seemed impossible. Significant limitations were imposed by
the experimental method itself, meanwhile the generation of
elastic and magnetic excitation with a wide spectrum and,
consequently, their fast dephasing made the conditions for
the observation of a strong coupling unfeasible. However,
the use of structures with a complex design allowed to
reach selective interaction only for a few optically-excited
phonon and magnon modes out of a high number. As a
result, manifestation of strong coupling and emergence
of hybridized states excited by femtosecond laser pulses
was demonstrated in nickel nanomagnets [74] and galfenol
nanolattices [73].
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of induction generated by precession magnetization of nanolattice [72]. (Figures reproduced from [72].)

4.4. Ultrafast laser-induced control of magnetic
anisotropy beyond a research laboratory

Regardless of continuous development of the research
methods for ultrafast magnetic effects by using femtosecond
laser pulses and their great application potential, the need
for the use of complex and large laser modules is a
considerable limitation. To leave the laboratory optical
table, a compact source of ultrashort laser pulses is
needed. The solution is the technology of semiconductor
mode-lock lasers (SMLL) [138]. A semiconductor laser
radiation source with size 100um, is able to generate
laser pulses with the duration below 1ps at the repetition
rate ~ 10GHz and integral power up to 100 mW. The
main application area of such laser systems in magnetic
materials can be the resonance excitation of spin waves
with optomagnetic effects. The resonance excitation of spin
waves with a specified wave vector, as demonstrated in the
experiments with classic laser systems [115], can be directly
implemented with SMLL. The use of SMLL is also possible
for the realization of elastic and temperature modulation of
magnetic anisotropy.

A high repetition rate with low energy of a single
pulse (~ 10pJ), specific for SMLL, is not a limiting
factor, regardless of small changes of the parameters of
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the excited structure with the period considerably shorter
than typical relaxation times. Recent experiments with
metallic films demonstrated that the amplitude and duration
of deformation pulses generated by SMLL is sufficient
for direct optical detection [139]. Such pulses can be
used for the ultrafast control of magnetic anisotropy.
Recently performed experiments for optical excitation of
galfenol films with the thickness of several nanometers
by laser pulses with the repetition rate 10 GHz [140]
showed that the temperature modulation at 0.1K re-
sulted in the excitation of quasi-stationary precession of
magnetization, provided that the ferromagnetic resonance
frequency controlled by the magnetic field matches the
frequency of laser pulses repetition rate or its harmonics.
The amplitude of not suppressed harmonic oscillations of
magnetization in the resonance condition coincides with the
precession amplitude achievable in the experiments with
industrial laser amplifiers. Therefore, a combination of
the SMLL technology and the methods of laser control
of the nanostructures magnetic anisotropy can provide
the implementation of as compact as possible (on-chip)
devices of spin electronics with working principle based
on all-optical control and readout of magnetic excita-
tions.
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Conclusion

The purpose of the review is to provide a reader a wide
spectrum of phenomena occurring in magnetic materials
under the excitation by femtosecond laser pulses of optical
and near infrared ranges resulting in the ultrafast changes
of various contributions into magnetic anisotropy. Among
the best known phenomena there are effects associated
with the ultrafast heating of magnetic material. As we
demonstrated in the review, ultrafast heating efficiently
suppresses the contributions to anisotropy, based on the
spin-orbit interaction both in magnetic metals, and in
dielectrics. In particular it relates to magnetocrystalline and
magnetoelastic, and growth anisotropy.

After the excitation by femtosecond laser pulses, at the
timescale of thermalization of electrons, lattice and spins,
such changes of magnetic anisotropy are quite successfully
described by the thermodynamic model connecting heating,
magnetization reduction and parameters of magnetocrys-
talline anisotropy. However, the issue of correlation between
laser-induced dynamics of magnetization and parameters
of anisotropy at shorter timescales still remains open.
In particular, in metals within the first picoseconds after
excitation, electrons, lattice and spin subsystem are not in
equilibrium. Evolution of parameters of magnetocrystalline
anisotropy at these times is not studied, and it is not
clear, whether it follows ultrafast changes of magnetization.
Answering to this question is complicated, because the
majority of studies of laser-induced anisotropy are based on
the detection of the magnetization precession induced by
such changes. Effective time resolution of such experiments
is determined by the period of magnetization precession,
i. e tens of picoseconds in moderate magnetic field.
Apparently, for the detailed study of laser-induced dynamics
of magnetic anisotropy parameters during the first femto-
and picoseconds after excitation by laser pulse, it is required
to apply the techniques allowing to directly observe the
changes of spin and orbit moments and interaction between
them [141].

Magnetic metals have additional channel of the ultrafast
suppression of magnetic anisotropy, related with ultrafast
demagnetization. Due to this, in many experiments with
ferromagnetic metals it is important to detect ultrafast
changes of shape anisotropy of magnetodipole nature
dominating in thin films and nanostructures. Moreover, in
thin films and nanostructures magnetocrystalline and shape
anisotropy coexist and the result is a balance between these
two contributions. Such a situation provides perspectives
for the implementation of a more complex response of
magnetic anisotropy to ultrafast heating, because different
contributions change differently with the same impact.
It allows, for example, to implement laser-induced spin-
reorientation transitions in metal-based nanostructures.

Such transitions have already been implemented in a
series of magnetic dielectrics — rare earth orthoferrites,
where the laser pulse excitation leading to the ultrafast
heating change the balance between two contributions to

magnetic anisotropy, causing the fast reorientation of the
easy magnetization axis. Although in these experiments,
the mechanism for changing the contributions to magnetic
anisotropy was heating, it was necessary to repopulate the
ground state sublevels of rare-earth ions. Therefore, the
question of realization of magnetization switching by the
ultrafast spin-reorientation transition in other iron oxides,
such as magnetite, hematite, ferroborates, where no such
channel of laser-induced change of anisotropy is presented,
still remains open.

On the other hand, a determinant role of the electron
state of rare-earth ion in the emergence of the ultrafast spin-
reorientation transition gave rise to a new area in the studies
of ultrafast changes of magnetic anisotropy, where instead
of the non-resonant excitation of dielectrics leading to
heating the selective excitation of certain electron transitions
was realized. Such an excitation causes changes of spin-
orbit or even exchange interactions determining magnetic
anisotropy. For rare earth orthoferrites such transitions are
in the infrared and even terahertz region, therefore, the
experiments using exciting pulses in these spectral ranges,
are promising. Significant progress in the area of excitation
of magnetic dynamics by short pulses in these ranges,
including change of the magnetic state and anisotropy of
orthoferrites [92,142,143] can be the subject for a special
review.

Note that the concept of resonant excitation of electron
transitions due to the change of magnetic anisotropy can be
realized also in the optical range [80,144], what is discussed
in this review is shown by the example of cobalt substituted
iron garnet. Of course, such approaches to anisotropy
change have important benefits such as spectral selectivity
and sensitivity to polarization of the exciting pulse. In
addition to the resonant excitation of electron transitions, for
anisotropy control one can also resonantly pump of phonon
modes in the middle infrared range, what was demonstrated
for rare earth DyFeOs orthoferrite, where phonon mode
modulated the exchange contribution to anisotropy [144].

The change of magnetic anisotropy by laser-induced
deformation has become another main line of research in
this field. In addition to the direct anisotropy change in case
of deformation in a material, these studies rely upon a key
role of interactions between magnetic and elastic modes
excited in magnetic nanostructures due to the ultrafast
heating. Note, the interest appeared in this field to transition
to the use of laser pulses beyond the optical range, allowing
to directly excite phonon modes with further conversion
into dynamic or quasi-static deformations [145]. Based on
this approach the magnetization switching has already been
implemented in iron garnet through deformations obtained
by non-linear transformation of phonon modes excited in
the middle infrared range [146)].

The practically promising techniques can be implemented
based on the mechanisms of magnetic anisotropy change
reviewed herein. As part of the review, we elaborated on
several approaches to implementing magnetization switching
to record information, as well as to excite localized and
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propagating magnon modes for magnonics and nanotomog-
raphy.
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