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Introduction

New materials and enhanced material functionality are the bedrock of modern tech-

nology. Continuous advances in material science underpinned the evolution of the

current CMOS (complementary metal-oxide-semiconductor) chip technology, which

has lasted for many decades and led to a dramatic reduction of the logical element

size, increase of element density [1] and switching frequency. Similarly, early spin-

tronic advances, such as discovery of giant magnetoresistence [2, 3], has led to a fast

increase in the density of information storage. Nevertheless, it is acknowledged that

in order to reduce the computation-related energy footprint and enhance the speed

of the information storage further, radically new approaches are required.

It has long been recognized that state switching of logical elements, needed to

process information, cannot proceed without dissipation [4, 5]. The theoretical min-

imum of the switching energy is of the order of kT , much lower than that of the

current CMOS-based state-of-the-art, which is of the order of 400aJ [6], i.e. ≈ 105

kT . A radical approach to combat the ohmic losses during the computational pro-

cesses is to avoid electrical currents altogether by moving away from the use of electron

charge to the use of electron spin, and replacing the electronic elements with magnetic

logic [7, 8, 9]. Contrary to conventional electronic devices, magnetic logical elements

can lead both to close-to-theoretical-minimum energy dissipation during the state

switching, and stay stable against thermal noise [10].

The general direction to use magnetic degrees of freedom has led to a broad set

of ideas and methods regarding control of the magnetic state of the material and

generation/detection of magnetic excitations [11]. It was realized early on that al-

though the switching energy of a magnet in itself is tiny, energy expenses, related to

inductive generation of the controlling magnetic field, are high. Alternative means

were pursued, to name a few: control of magnetization with electric field has been

demonstrated in multiferroics [12], spin polarized currents have been generated and

used to interact with material magnetization [13, 14], and the use of spin waves have

been explored in insulating materials, thus fully avoiding charge currents [15].

Ideally, magnetic elements for computing applications and memory should be con-
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trolled at high speed. This goal has been the focus of the field of ultrafast magne-

tization control; generally implemented by means other than magnetic fields. The

need to forgo magnetic fields arose because high field values are required to achieve

fast dynamics, which is not realistic in the context of most applications. As ultrafast

laser sources are readily available, optical magnetization control was a natural choice

and has been studied extensively. Optically-induced demagnetization in nickel [16]

was the first demonstrated change of magnetization in the sub-picosecond domain

and the complex details of the physical mechanisms involved garnered a lot of atten-

tion [17, 18, 19, 20, 21]. Since this first demonstration, optically excited magnetiza-

tion dynamics have been also investigated in many other materials [22, 23, 24, 25, 26].

Apart from the effects caused by the elevated temperature of electrons, coherent ef-

fects of the excitation have been explored [19], and a wide variety of non-thermal

interaction mechanisms were observed on different materials [27, 28]. Ferrimagnets

proved to be especially interesting systems from the point of view of ultrafast control

as sub-picosecond optically-induced magnetization reversal has been demonstrated in

GdFeCo [29]. Recently, strong terahertz fields were also shown to control magnetiza-

tion [30, 31], bypassing the heating of the electronic subsystem.

As is evident from aforementioned studies, the spins in the material can be con-

trolled with photons, visible, infrared or terahertz, and via the lattice heating, which

is essentially a distribution of incoherent phonons. In addition to that, magnetization

is also sensitive to the deformation of the lattice. The deformation alters electron

wave functions and, mainly via the spin-orbit interaction, couples to the dynamics of

spins, allowing acoustic control of magnetization. Following this direction, much work

on the dynamic interaction of strain with magnetization has been performed recently,

both in continuous thin layers of magnetic materials and on various geometries of

isolated, or ensembles of, nanosized magnetic elements.

Several different experimental approaches were used to generate acoustic excita-

tions in continuous magnetic layers. Pulsed lasers were used to excite short, large-

amplitude longitudinal acoustic pulses (propagating away from the surface) and trig-

ger the motion of magnetization in metals such as nickel [32, 33] and galfenol [34], and

magnetic semiconductors such as Ga(Mn)As [36, 35, 37]. Acoustic Bragg mirrors were

employed to filter the acoustic pulses in order to resonantly drive the precession [38].

Switching between in-plane easy axes and magnetization control via a sequence of lon-

gitudinal acoustic pulses was predicted in strongly magnetostrictive Terfenol-D[39].

In the second approach, a tightly focused laser beam was used to impulsively launch

broadband wavepackets of surface acoustic waves which coupled to the material mag-

netization [40] and their interaction with magnetic bubbles was studied [41]. Finally,

interdigitated contact transducers [42] (IDTs) were used to generate narrowband sur-
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face acoustic wavepackets, typically lasting from hundreds of nanoseconds to several

microseconds. Following this approach, magnetization precession was generated in

various magnetic layers [43, 44, 45, 46, 47], and magnetization switching, albeit with

tenuous control over the final state, has been reported [48, 49].

Alongside the work on continuous magnetic layers, considerable effort was di-

rected to investigate single domain nanomagnets, believed by some to be the future

building blocks of the magnetic logic [7]. For the magnetization control of nanomag-

nets, interdigitated transducers have been the preferred experimental method, as their

conversion efficiency from electrical to acoustic power is rather high. This efficiency,

coupled with the physics of acoustic switching of magnetization, makes low power

switching of the magnetic nanoparticles feasible [50]. Following a similar approach,

elliptical nanomagnet switching by application of strain was realized and dipole cou-

pled nanomagnet pairs were shown to implement the NOT logical operation with high

energy efficiency [51] and then propagate the information along the chain of nano-

magnets. In this scheme the strain temporarily compensates the shape anisotropy of

the elliptical magnet and thus sets it in an unstable state available for switching. In a

complementary approach, strain waves were used to switch bigger magnetic particles

from saturated single domain to vortex magnetic states [52]. Extrapolation shows

that the strain-controlled state switching at the level of 1aJ [51, 53] is realistically

feasible, which is two orders more energy efficient than the current state-of-the-art.

Apart from the control of classical macrospin, acoustic waves have been recently

recognized as a potential candidate for the control of qubit quantum states, analo-

gously to microwave controlled qubit systems [54, 55, 56]. Strong coupling of the

acoustic waves have been demonstrated with various types of qubits, such as super-

conducting circuits [57], N-V centers in diamond [58, 59] and semiconductor quantum

dots [60]. Quantum state control via the phonon-assisted sideband transition has been

demonstrated in N-V center in diamond [61], and backaction of the qubit state on the

acoustic field has been shown by Gustafsson et al. [62]. As another important build-

ing block, the theoretical framework of qubit state mapping back on the acoustic

wave, the latter becoming a transducer of quantum information, has been recently

developed by Schuetz et al. [63]. On a different approach, the interaction of acoustic

wave with the quantum state of a qubit also can be used for the measurements of the

acoustic excitations [64].

This variety of magnetization-related applications of acoustics has rested on three

main experimental techniques: high amplitude picosecond acoustic pulses (typically

propagating perpendicular to the surface), broadband laser generated wavepackets of

surface waves, and narrowband surface acoustic waves with a pre-determined wave

vector. The first two techniques are laser-based and the last is based on the use
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of the interdigitated contact transducers. In this thesis we expand this toolbox

with one more magnetoelastic technique, based on generation of induced transient

gratings, which we call the ‘augmented transient grating technique’. The Transient

Grating (TG) technique is laser based; a light interference grating is applied onto

the sample, absorption leads to a fast thermoelastic expansion and generates planar

acoustic waves. TG techniques have been used for a wide variety of acoustic experi-

ments [65, 66, 67, 68, 69, 70, 71, 72], however, to the best of our knowledge, this is the

first application in magnetic systems. The technique has a unique set of strengths,

which make it a useful addition to aforementioned approaches of magnetoelastic ex-

periments. The uniqueness is that the generated waves are typically in-plane, high

amplitude, easily tunable, and typically have a narrow spectrum. The easy tunability,

which does not require sample processing as opposed to IDTs, is ideal for research

purposes, and high amplitudes are beneficial for accessing nonlinear regimes of mag-

netization dynamics.

This thesis discusses the augmented transient grating technique, its applications

for planar acoustic wave generation and detection, and investigates their coupling to

the magnetization of thin ferromagnetic layers. The thesis consists of this introduc-

tion, five chapters, and a summary.

Chapter 1 provides the theoretical background of the phenomena discussed in

this thesis and introduces experimental techniques. It starts with the introduction of

basic concepts of acoustics and describes the main properties of surface acoustic waves.

Next, a description of relevant basic concepts of magnetism, uniform magnetization

precession, and magnetic waves in thin films is presented. It is followed up by a short

discussion about magnetoelasticity, which is the physical mechanism that couples

acoustic and magnetic excitations. The chapter is concluded by the description of

the experimental ‘parent’ techniques which form the basis of our measurements: the

basics of the transient grating technique and the magnetization-sensitive ultrafast

Faraday rotation measurements.

Chapter 2 presents the augmented transient grating technique: a novel combina-

tion of the transient grating technique and Faraday measurements. The chapter starts

with the discussion of the experimental setup, which enables simultaneous ultrafast

acoustic and magnetic measurements. Subsequently we demonstrate the capabili-

ties of the technique by a sample measurement, performed on a thin nickel layer on

soda-lime glass substrate. In the measurement we generate and characterize surface

acoustic waves and corresponding magnetic excitations. The second half of the chap-

ter discusses the sensitivity of the method to the in-plane magnetic waves and the

role that the induced thermal background plays in the measurement. Numerical sim-

ulations are performed in order to quantify the thermal effects and disentangle them
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from the magnetic response.

In Chapter 3 the augmented transient grating technique is applied to study mag-

netoelastic waves in thin nickel layers on MgO. First, the coupling conditions between

the acoustic waves and the magnetic excitations are explored. Then, the dispersion re-

lationships are measured, allowing us to identify the acoustic response as the Rayleigh

Surface Acoustic Wave (SAW) and verify the magnetoelastic nature of the magnetic

dynamics. An easy wavelength/frequency tunability of the observed resonances is

demonstrated.

Chapter 4 discusses magnetoelastic excitations in an acoustically richer system

than Chapter 3 - nickel on a soda-lime glass substrate. Apart form the Rayleigh

SAW related resonance, a second resonance has been observed in this system and has

been identified as a Surface Skimming Longitudinal Wave (SSLW). The existence and

temporal dynamics of the SSLW resonance is also supported by numerical calculations,

which clearly separate it from other possibilities, such as higher order guided acoustic

modes (Sezawa modes). Magnetic and elastic wave coupling conditions are described

in detail and deviations from the simple model are discussed in the Appendix.

Chapter 5 demonstrates nonlinear interactions of the elastic and magnetic planar

waves in the nickel/soda-lime glass system. It starts with the description of two

simple theoretical models allowing parametric dynamics: the Mathieu’s equation and

the Landau-Lifshitz equation with strong elastic driving. The numerical results are

presented and discussed with the goal to set the expectations for the experiment.

Experimental data, indicating the presence of parametric magnetic excitations in our

system, conclude the chapter.

Finally, the conclusion and outlook of the thesis, accessible to the non-expert

reader is given in the Summary.
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Chapter 1

Elastic and magnetic

excitations in thin films and

their measurement techniques

This thesis focuses on a few closely related topics: ultrafast laser based techniques

for generation and detection of the surface acoustic waves, surface wave interactions

with ferromagnetic thin films to drive magnetization dynamics, and the properties of

resulting magnetic excitations. In our experiments, after the energy of a laser pulse

is absorbed, the lattice of a sample heats up, and thermoelastic expansion triggers

surface acoustic waves, which in turn couple to the magnetic subsystem via the inverse

magnetostriction. The first Chapter provides introductory background information

on these topics and is meant to serve as a convenient reference for the interpretation

and discussion presented in other Chapters.

This Chapter consists of two main parts: the first describes physical phenomena

and the second discusses measurement techniques. We start from the basics of elastic

deformations and surface acoustic waves, thus skipping the topics of light absorption

and thermoelastic expansion (instrumental in the laser-based generation of the acous-

tic excitations). To aid the understanding of the acoustic results of Chapters 3 and

4, we discuss the dispersion and the depth profiles of the surface acoustic waves on

free and coated surfaces.

After the acoustic waves are generated, they interact with the magnetization of a

sample because of the presence of magnetoelastic coupling. Following this experimen-

tal sequence of events with the theoretical treatment, we provide some background

on the magnetoelastic interaction and finish with the expression of magnetoelastic
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energy, which is used throughout the thesis.

The last theoretical section covers magnetic excitations in thin ferromagnetic films

and provides the spectrum of magnetic excitations to which acoustic waves can couple.

Experimentally we are able to excite long-period magnetic waves, thus the dipolar

magnetostatic wave limit is an appropriate theoretical approximation. We briefly

outline the basics of magnetostatic approximation and discuss magnetostatic modes

in thin films. As the wavenumber we generate is usually small, it is often appropriate

to use the limit of the uniform magnetization precession, also called the Kittel mode.

The description of this limit concludes the magnetic section.

Having covered the main physical processes, we turn to the description of the

experimental techniques. To form an understanding of the time-resolved diffraction

experiments, we discuss diffraction from thin gratings, absorptive, phase-modulation,

and mixed-type, which serve as a model for the light-induced transient grating. After

connecting the diffraction intensities with the induced changes of the dielectric func-

tion, the general scheme for experimental implementation is presented and several

application examples are provided. We conclude the chapter with the description of

the magnetization-sensitive Faraday rotation technique and its experimental imple-

mentation.

1.1 Acoustic modes

Transient grating excitation in light-absorbing materials leads to impulsive heating

with a periodic spatial pattern. Subsequent thermoelastic expansion of the heated

areas triggers local elastic dynamics and interference of these local excitations results

in acoustic waves, commensurate with the spatial period of the excitation. We start

this chapter with the discussion of the acoustic modes which can be excited with the

transient grating technique. Prior to that we shortly outline the theoretical framework

used to discuss deformations in solids.

In this thesis all acoustic excitations will be discussed in the long wavelength

elastic regime where the dispersion relationship is linear and the phase velocity is

independent of frequency. As the wavelength spans over many unit cells of the lattice,

the quantized nature of the material averages out and the solid can be viewed as a

continuum.

In the continuum approximation the classical dynamics of an elastic solid is de-

scribed by Newton’s second law and Hooke’s law. When a solid body is deformed

from its equilibrium state, that sets the strain and stress profiles and launches en-

suing dynamics. In order to characterize this process, first we have to define the

parameters: deformation, strain and stress, then follow up with the stress-strain con-
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stitutive relationship (Hooke’s law) and employ Newton’s second law to describe the

dynamics.

We start the description of acoustic dynamics by the formal definition of deforma-

tion in a continuous material. Let’s consider a point in a non-deformed body, defined

by the vector ~r and apply the deformation. Each point ~r of a non-deformed body will

move to a new position ~r′ = ~r+ ~u(~r) under deformation, and its displacement will be

~u(~r) = ux(~r)x̂+uy(~r)ŷ+uz(~r)ẑ. Three components of the displacement ux(~r), uy(~r),

uz(~r), each dependent on the initial point position, describe the displacement along

all axes and fully quantify the movement of each point in the solid.

Another way to quantify the deformation is by considering derivatives of the dis-

placements, called strain, rather than displacements themselves. The reason to use

strain instead of displacement stems from the fact that it defines the local forces act-

ing in the material. Instead of proving it here, we refer the reader to other sources [1]

and simply point out that if the displacement in some part of the body is uniform, the

lattice would be locally unaffected and no local forces would be present. Therefore,

stress appears when the displacement is non-uniform and its spatial derivatives, i.e.,

components of strain, are not zero.

Three spatial derivatives of each of the three displacement functions ux(~r), uy(~r),

uz(~r) make it nine derivatives in total. However, there are only six independent strain

values. Three of them describe compression/dilation along orthogonal axes:

εxx =
∂ux
∂x

; εyy =
∂uy
∂y

; εzz =
∂uz
∂z

, (1.1)

they are also called ‘longitudinal’. The other three components of strain, called ‘shear’,

describe the local change of the angle between pairs of coordinate axes, and are equal

to the half of it:

εxy =
1

2

(
∂ux
∂y

+
∂uy
∂x

)
; εyz =

1

2

(
∂uy
∂z

+
∂uz
∂y

)
; εzx =

1

2

(
∂uz
∂x

+
∂uz
∂z

)
. (1.2)

Having defined the strain, let’s turn to the definition of stress. First, let’s consider

a cubic element of material with unity length edges and surface normal vectors along

x̂, ŷ, and ẑ as shown in Figure 1.1. Let’s denote the two strain indices i, j ⊂ {x, y, z}.
The stress component σij is defined as traction (force per unit area), applied in

a direction j to the face of an infinitesimal cube with a normal along i. Similar to

the strain definition, there are nine possible stress components, σij (as both i and j

denote any of the three coordinates), and six of them are independent: σxx, σyy, σzz,

σyz=σzy, σxz=σzx, σxy=σyx. The existence of three dependent pairs of shear stress

is easy to understand. If one applies the force in the y direction to the x face of a
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Figure 1.1: Stress components, acting on a cubic element of a solid body.

unity cube (σxy) as shown in Figure 1.1, the cube will start rotating around the z

axis. In order to keep it static, a similar force, applied to the y face of a cube in x

direction is needed for counterbalance, hence σxy=σyx. A similar argument holds for

the other two pairs of axes.

To simplify the equations, Voigt’s notation is often used where all independent

components of strain are indexed by using a single number ranging 1 through 6:

1 ≡ xx; 2 ≡ yy; 3 ≡ zz; 4 ≡ yz; 5 ≡ zx; 6 ≡ xy. (1.3)

Stress and strain are connected via Hooke’s Law σ = Cε, where C is the stiffness

tensor, which is the 4th-order tensor with components Cijkl. Recasting the indices of

the stiffness tensor components in the Voigt notation Hooke’s law becomes:

σ1 = C11ε1 + C12ε2 + C13ε3 + C14ε4 + C15ε5 + C16ε6;

σ2 = C21ε1 + C22ε2 + C23ε3 + C24ε4 + C25ε5 + C26ε6;

σ3 = C31ε1 + C32ε2 + C33ε3 + C34ε4 + C35ε5 + C36ε6;

σ4 = C41ε1 + C42ε2 + C43ε3 + C44ε4 + C45ε5 + C46ε6;

σ5 = C51ε1 + C52ε2 + C53ε3 + C54ε4 + C55ε5 + C56ε6;

σ6 = C61ε1 + C62ε2 + C63ε3 + C64ε4 + C65ε5 + C66ε6.

(1.4)

This particular form of the stiffness tensor depends on the crystal symmetry of the
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material. High lattice symmetries reduces the number of independent constants con-

siderably, for example, in case of cubic symmetry there are only three independent

constants C11, C12, and C44:

C =



C11 C12 C12 0 0 0

C12 C11 C12 0 0 0

C12 C12 C11 0 0 0

0 0 0 C44 0 0

0 0 0 0 C44 0

0 0 0 0 0 C44


(1.5)

The same form of the stiffness tensor also holds for the isotropic solid. In the isotropic

case only two independent constants, Young’s modulus E and the Poisson’s ratio ν,

determine all coefficients of the stiffness tensor:

C11 =
E(1− ν)

(1 + ν)(1− 2ν)
; C12 =

Eν

(1 + ν)(1− 2ν)
; C44 =

E

2(1 + ν)
. (1.6)

In order to write Newton’s second law, forces that act on a cubic volume element

∆x∆y∆z have to be evaluated. In the x direction, three pairs of opposite forces act

on the volume: F
(1)
x = [σxx(x) − σxx(x + ∆x)]∆y∆z act on the x faces of the cube,

F
(2)
x = [σyx(y)− σyx(y+ ∆y)]∆x∆z act on the y faces, and F

(3)
x = [σzx(z)− σzx(z+

∆z)]∆x∆y act along x on the z faces. Then the total force in the x direction is

Fx = F
(1)
x + F

(2)
x + F

(3)
x and Newton’s second law for the x direction reads:

∂2ux
∂t2

=
∂σxx
∂x

+
∂σyx
∂y

+
∂σzx
∂z

(1.7a)

Similarly, the equations of motion for the two other directions are:

∂2uy
∂t2

=
∂σxy
∂x

+
∂σyy
∂y

+
∂σzy
∂z

,

∂2uz
∂t2

=
∂σxz
∂x

+
∂σyz
∂y

+
∂σzz
∂z

.

(1.7b)

If the material has a cubic lattice, the simplest solutions of equations 1.7a-b are plane

waves, propagating along [100] direction (also along symmetry related directions [010],

[001]) in the infinite volume. If the material particles oscillate along the direction

of the wave vector (say, along x̂), only εxx strain is present, thus the wave is called

longitudinal and propagates with the phase velocity vL =
√
C11/ρ, ρ being the density

of the material. If the displacements are perpendicular to the direction of propagation,

only shear strain is present, the wave is called transverse (or shear) and its velocity
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is vT =
√
C44/ρ, which is always lower than longitudinal wave velocity. In more

complicated cases, e.g., when the material is not infinite, waves contain multiple

strain components and the phase velocity is determined by a combination of vL and

vT .

When the volume is bounded by a surface, acoustic waves have to fulfill appropriate

boundary conditions, and the solutions are different from the infinite volume modes.

In a semi-infinite geometry with a flat surface there is a class of plane waves, which

propagate along the surface and their elastic energy is localized near the surface. We

will choose the surface in the (x̂, ŷ) plane with the normal along ẑ and discuss some

properties of the surface-bound solutions by following the treatment of Farnel and

Adler [2].

In order to investigate this class of solutions we write the general wave equation

by formally inserting the stress, defined by equation 1.4, into equations 1.7a-b:

ρ
∂2uj
∂t2

− Cijkl
∂2uk
∂xi∂xl

= 0. (1.8)

Here it is more convenient to forego Voigt notation, and match the stiffness tensor

components Cijkl to those previously used (equations 1.4-1.5) by assigning a Voigt

index separately to pairs of indices (i, j) and (k, l). We choose to describe an isotropic

solid with the stiffness tensor of a form of equation 1.5. Surface-bound trial solutions

are chosen as plane waves, propagating along x̂:

uj = u0
j exp(ikbz) exp[ik(x− vt)]. (1.9)

Here u0
j (j ⊂ {x, y, z}) is the wave amplitude, k wave vector, v propagation veloc-

ity, and b is a complex number which describes the depth profile. The depth profile

exhibits exponential decay and/or oscillations, depending on the value of b. By sub-

stituting trial solutions into the wave equation we obtain three algebraic equations

for the displacement amplitudes:Γ11 − ρv2 0 Γ13

0 Γ22 − ρv2 0

Γ13 0 Γ22 − ρv2


u0

x

u0
y

u0
z

= 0, (1.10)

where
Γ11 = C44b

2 + C11; Γ13 = (C11 − C44)b;

Γ22 = C44(1 + b2); Γ33 = C11b
2 + C44.

(1.11)

The form of the matrix in equation 1.10 shows that the equation for the u0
y is

decoupled from the set of equations, which describe u0
x and u0

z. As a result, trans-
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verse modes with the amplitude u0
y and the sagittal-plane (defined by the surface

normal and the propagation direction of the wave) modes with amplitudes (u0
x, u0

z)

are independent.

Solving the system of two coupled equations describing u0
x and u0

z, one arrives

at a fourth order polynomial in the decay constant b(v). Similarly, the transverse

displacement amplitude u0
y yields an equation quadratic in b(v). According to the

complex conjugate root theorem, complex roots of a polynomial with real coefficients

come in conjugate pairs, thus if the sample is half-infinite, only one root of each pair

leads to a bounded solution. As a consequence, two independent b values (out of four)

exist for the sagital motion. In contrast, all solutions in a finite-thickness layer are

bounded and all roots lead to physically meaningful solutions.

The surface constrains the solutions via the boundary conditions. Without go-

ing into mathematical details we simply list the boundary conditions governing the

sagittal motion at an interface or at a free surface:

1. at an interface between two materials, the particle displacements along the

wave propagation direction (ux) and perpendicular to the interface (uz) must

be continuous;

2. at an interface between two materials, shear stress σzx and normal stress σzz

perpendicular to the interface must be continuous;

3. at the free surface both shear stress σzx and normal stress σzz must be zero.

In case the boundary is between two isotropic materials and in case of a free

surface of an isotropic material, the boundary conditions for sagital-plane motion

and transverse displacement uy are decoupled. As the equations of motion are also

independent, the sagital and transverse modes are fully decoupled. Those independent

modes must satisfy the boundary conditions and are constructed by taking linear

combinations of the partial waves (solutions of equation 1.10):

~u =

{∑
n

Cn~u
(n)
0 exp(ikb(n)z)

}
exp[ik(x− vt)], (1.12)

here ~u
(n)
0 = {u0

x, u
0
y, u

0
z} is the vector of displacement amplitudes in an n-th partial

wave, and the amplitudes Cn are determined by solving the boundary condition equa-

tions. The resultant sagital-plane modes are called ‘Rayleigh’ waves if one considers

the free surface and in case of a thin surface layer on a substrate they are called

‘Rayleigh-like’ waves. The independent set of transverse modes are called ‘Love’

waves.
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Figure 1.2: Rayleigh velocity dependence on material parameters. Note that surface-
bound Rayleigh mode exists when vT /vL < 0.7 and radiates away from the surface
(becomes ‘leaky’) if the ratio is higher. Reproduced from Farnell et al. [2].
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We will describe the Rayleigh modes, which propagate along the free surface of

a semi-infinite sample to gain a qualitative understanding of their properties and for

the more complicated case when the overlayer is present we will refer the reader to

Farnel et al.[2]. In the case of free surface, one has to apply free surface boundary

conditions and solve for the amplitudes of the partial waves Cn. As there is no

overlayer, two b values describe the sagital motion:

b(c) = −i
√

1− v2/v2
T ,

b(d) = −i
√

1− v2/v2
L,

(1.13)

here v is the Rayleigh wave velocity and vL and vT are longitudinal and transverse

velocities of the material. By solving for the boundary conditions one also arrives at

the equation for the Rayleigh wave velocity v normalized to the transverse velocity

of the material v̄ = v/vT :

v̄6
R − 8v̄4

R + 8(3− 2χ)v̄2
R − 16(1− χ) = 0, (1.14)

here χ = v2
T /v

2
L. The Rayleigh wave velocity is represented by the real root with

a value lower than 1. The lossless surface mode cannot propagate faster than the

transverse velocity of the material, because if v > vT , b(c) becomes real and the wave

radiates away from the surface. Therefore, equation 1.14 is satisfied in a limited

range of of transverse and longitudinal velocities as shown in Figure 1.2. We can also

see that the coefficients of equation 1.14 do not depend on k, therefore, free surface

Rayleigh waves are non-dispersive.

Particle displacements in a Rayleigh wave are described as:

ux = C
[

exp(ikb(d)z)−A exp(ikb(c)z)
]

exp[ik(x− vt)];

uz = Cb(d)
[

exp(ikb(d)z)− 1

A
exp(ikb(c)z)

]
exp[ik(x− vt)],

(1.15)

where k is the wave vector, v - propagation velocity, C is a constant defining displace-

ment amplitude, and A =
√
−b(c)b(d). Since all terms in brackets are real, there is a

π/2 phase shift between ux and uz displacements and each material particle moves

in an ellipse. To visualize this result, the depth profiles of displacement for the soda

lime glass (vT = 3414m/s and vL = 5370m/s) are depicted in Figure 1.3. The depth

profiles scale together with the wavelength of the surface wave so it is logical to use the

wavelength as a measuring unit for the z axis. This statement can be easily verified

by noting that in the equation 1.15 displacement values depend only on the product

kz ∝ z/Λ.
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Figure 1.3: Rayleigh wave is localized within several wavelengths from the surface.
Displacement amplitudes for the soda-lime glass are depicted in part (a), and cor-
responding strains are presented in part (b). Depth profile and displacement am-
plitudes scale with wavelength Λ, enabling us to use the depth coordinate scaled
to the wavelength zNorm = z/Λ and scale displacements in the x and z directions
as ux,Norm = ux/Λ and uz,Norm = uz/Λ. Soda-lime glass parameters, used in the
calculation: vT = 3414m/s, vL = 5830m/s.
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If the overlayer is present, wave propagation properties depend on the elastic pa-

rameters of the overlayer and substrate and the layer thickness h. Two characteristic

limits are when the transverse velocity of the layer v̂T is significantly higher than

that of the substrate v̂T >
√

2vT (also called substrate stiffening), and when the

opposite is true vT >
√

2v̂T (substrate loading). If the layer stiffens the substrate,

only one Rayleigh mode exists. In case of substrate loading, multiple Rayleigh modes

can propagate if the hk product is high enough. It is noteworthy that in the limit

of hk → 0 the first Rayleigh wave appears at the substrate Rayleigh velocity, and

the higher modes (also called ”Sezawa modes”) appear at higher hk values at the

transverse velocity of the substrate (which is higher than Rayleigh velocity).

1.2 Magnetoelastic interaction

Acoustic waves, described in the previous section, are generated in our experiments

by the transient grating technique and drive the magnetization dynamics via the

magnetoelastic interaction. The latter describes the coupling between the magnetic

subsystem of a material and lattice deformations. This coupling is characterized by

the magnetoelastic energy density and leads to a number of interesting phenomena:

isotropic and anisotropic magnetostriction, inverse isotropic and anisotropic magnet-

rostriction [3], and negative thermal expansion [4]. Magnetoelasticity has also recently

been proposed as one of the mechanisms which couple the ferroic orders in multiferroic

materials [5, 6]. It was also speculated that the magnetoelastic interaction is respon-

sible for the changes of the structural phase transition temperature of a hole-doped

strongly correlated material Pr(1−x)CaxMnO3 [7].

Experimental results, discussed in this thesis, describe the dynamics of magne-

tization driven by an elastic field. Consequently, our main scope is on the effects

that depend on the direction of magnetization (anisotropic magnetoelastic effects),

specifically, anisotropic magnetostriction and inverse anisotropic magnetostriction.

The magnetostriction effect describes how the magnetization (amplitude and direc-

tion) influences lattice parameters of a magnetic material. Magnetostriction can be

observed in materials which possess an equilibrium magnetic moment: both ferromag-

nets [3, 8] such as Ni, Co, Fe [9, 10] and ferrimagnets, such as spinel structures ACr2O4

(A=Mg, Zn) [11]. We will start the introduction to magnetostriction from the defini-

tion of the experimental observables, continue with underlying physical mechanisms,

and conclude with the expression of the magnetoelastic energy specific to our class of

materials - transition metals with cubic crystal lattice.

Empirical parameters, used to describe magnetostrictive properties of materials,

are derived from some simple experiments. Magnetization dependent deformation of



24
Elastic and magnetic excitations in thin films and their measurement

techniques

Figure 1.4: (a) A ferromagnetic material in a demagnetized state, domains pointing
in random directions, and in a saturated state when the magnetization and elongation
of all domains align causing the deformation. (b) Deformation of a single magnetic
domain - unity sphere is elongated by e in the x direction, and e cos2 ϕ along a ϕ
direction.

isotropic materials is described by so-called saturation magnetostriction λ. Saturation

magnetostriction is defined as a relative change of the sample length along a freely

chosen observation axis (say, x) when the material undergoes a transition from de-

magnetized to the fully saturated magnetic state with the magnetic moment pointing

along the x:

λ =

(
δl

l

)
sat

−
(
δl

l

)
dem

; (1.16)

here l is the dimension of the sample and δl its elongation.

In this case the demagnetized state is not paramagnetic, rather, the material con-

sists of many magnetic domains with random orientation as shown in Figure 1.4a.

Each of the domains is elongated/contracted along its own local magnetization direc-

tion, and as the magnetic domains become aligned upon application of the external

magnetic field, deformations, previously pointed in random directions, add up. Such

an assumption connects elongation λ, experimentally observed in bulk materials, with

the elongation of a single domain magnet e. If one pictures a magnetic domain as a uni-

formly magnetized sphere with unit radius [3], stretched by e in the direction of mag-
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netization, at an angle ϕ with the magnetization the elongation will be δl/l = e cos2 ϕ

(Figure 1.4b) and its projection on the y axis will read (δl/l)y = e cos2 ϕ sinϕ. When

the domain orientation is random, the average strain will be defined by an integral

over all possible orientations:(
δl

l

)
dem

=

∫ π/2

0

e cos2 ϕ sinϕdϕ =
e

3
, (1.17)

resulting in an intuitively obvious result that on average one third of the magnetic

moments point along each of the three orthogonal directions x̂, ŷ, and ẑ. Conversely,

when all domains point in the same direction, the elongation is e, thus the difference

between the saturated and demagnetized states is:

λ =
2

3
e. (1.18)

The dilation/contraction equal to e = 3/2λ also appears when the saturated mag-

netization vector is rotated into the direction of observation from any direction in a

perpendicular plane, or when material transits from a paramagnetic to ferromagnetic

state with magnetization in the direction of observation.

In case the material is anisotropic, magnetostriction depends on the angle of ob-

servation direction with respect to the crystallographic axes. As an example, in cubic

materials saturation magnetostriction is described by two constants λ[100] and λ[111],

which represent elongation of the material when it becomes magnetized along the

[100] and [111] crystallographic directions respectively.

In order to understand the physical reason of magnetostriction one has to consider

the energy of the magnetic subsystem and the elastic energy of the lattice. Generally,

the magnetic energy depends on strain, as does the elastic energy. The minimum of the

total energy defines the equilibrium, i.e., strain at a given magnetization direction, or,

vice versa, the direction of magnetization at a defined strain value. In a ferromagnetic

material, typical magnetization-related energy is of the order of 0.1eV per atom [8]

and many different mechanisms contribute: Heisenberg exchange interaction EH ,

antisymmetric Dzyaloshinsky-Morya interaction EDM , single-ion anisotropy ESIA [5],

and others. All exchange parameters depend on electron wavefunctions, which are

typically affected by the lattice deformation.

The situation is simplified, however, by the fact that we are only interested in the

changes of the magnetic energy that depend on the magnetization direction. This

angle dependent (anisotropic) part of the magnetic energy is also called magnetic

anisotropy energy (MAE). MAE is much smaller than the total magnetic energy,

usually in the range of 10−6 − 10−3eV per atom [8], the higher values typical for
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Table 1.1: Anisotropy constants of Fe, Ni, and Co at 4.2K. (reproduced from
Bruno [8]). The dimensions are eV/atom.

Fe Co Ni

K1 4.02 · 10−6 5.33 · 10−5 −8.63 · 10−6

K2 1.44 · 10−8 7.31 · 10−6 3.95 · 10−6

K3 6.60 · 10−9 2.38 · 10−7

K3’ 8.4 · 10−7

monolayers and interfaces. Here, we will first present the general form of MAE in an

unstrained material, then briefly mention the physical mechanisms giving rise to the

anisotropy, and then discuss the strain-dependent part of MAE. The latter is called

magnetoelastic energy and will be used extensively in this thesis.

The general form of the MAE is dictated by the symmetry of the magnetic system.

The magnetic vector ~M changes direction to the opposite under time reversal, and

the energy stays invariant. Therefore, only even powers of magnetization can appear

in the expression of the magnetic energy:

G = b0 +
∑
i,j

bijαiαj +
∑
i,j,k,l

bijklαiαjαkαl + ...; (1.19)

here αi are direction cosines of the magnetization vector (i = 1, 2, 3). The second re-

striction comes from the symmetry of the magnetic material. The expression for G has

to be invariant under symmetry operations and that groups the terms in equation 1.19

together and simplifies the expression considerably in case of high symmetry. To give

a couple of concrete examples, the expressions for the hexagonal closely packed (hcp)

and cubic structures are provided. In case of the hcp crystal symmetry, as in cobalt,

the allowed form of MAE is:

G(θ, φ) = K0 +K1 sin2 θ +K2 sin4 θ + (K3 +K
′

3 sin 6φ) + ... (1.20)

where θ is an angle with c axis and φ is the angle with respect to the a axis. In

a higher symmetry cubic ferromagnets, such as Ni and Fe, the second order term

vanishes and the lowest order anisotropic term is fourth order in αi:

G(α1, α2, α3) = K0+K1(α2
1α

2
2+α2

2α
2
3+α2

3α
2
1)+K2α

2
1α

2
2α

2
3+K3(α2

1α
2
2+α2

2α
2
3+α2

3α
2
1)2+...

(1.21)

Typically that also means that volume magnetic anisotropy energy is much smaller

for cubic 3d metals [8], as shown in Table 1.1.

Magnetic anisotropy energy is predominantly caused by two mechanisms - dipole-
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Figure 1.5: Two interacting magnetic dipoles at a bond distance r and at an angle ϕ
with respect to the bond direction.

dipole interaction of the magnetic moments and the spin-orbit coupling [8]. Dipole-

dipole interaction is a long-range r−3 interaction and as such is the main cause of

the shape anisotropy, an effect that has been discussed in a previous subsection.

Theoretical studies show [10] that in the volume of ferromagnetic transition metals

the main contributor to the MAE is the spin-orbit interaction. It can be estimated by

averaging the spin-orbit coupling Hamiltonian HSOC = ξs ·L over all occupied states

of the material. DFT calculations, performed by varying the lattice parameter around

the equilibrium position, indicate that MAE scales linearly with the strain [12] in a

very wide range of strain values up to several percent of the lattice constant value.

This change of the MAE with strain is also called magnetoelastic energy Eme, thus,

magnetoelastic energy depends linearly on strain in most experimentally accessible

situations.

Now let’s determine the shape of the magnetoelastic energy expression considering

the system symmetry. Strain generally lowers the lattice symmetry in comparison

with an non-strained system and lower order terms can appear in the expression of

MAE. As an example, cubic structures, which have only fourth order terms in the

unstrained state and low MAE, acquire second order terms proportional to strain,

thus the changes in MAE with strain are reasonably high, in contrast with low MAE

values in the zero strain case. Following Chikazumi [3] we describe the change of MAE

in the dipolar interaction approximation. The interaction energy of two parallel spins

(Figure 1.5), connected by the bond of the length r is:

E(r, cosϕ) = g(r)+ l(r)
(

cos2 ϕ−1/3
)

+q(r)
(

cos4 ϕ−6/7 cos2 ϕ+3/35
)

+ .... (1.22)

The first term represents the exchange interaction and does not contribute to the

anisotropic magnetostriction, while the second term is the dipole term and is the

main part of the angle-dependent interaction energy. Note, that the dipolar term

generally does not originate from the dipole-dipole magnetic interaction, it simply

has dipolar symmetry. The dipolar part of the energy expression can be rewritten in
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terms of direction cosines of the magnetization αi and direction cosines of the bond

βi:

w(r, ϕ) = l(r)
(
(α1β1 + α2β2 + α3β3)2 − 1/3

)
, (1.23a)

and 1/3 can be dropped from the expression, because it does not contribute to the

angular dependence:

w(r, ϕ) = l(r)
(
α1β1 + α2β2 + α3β3

)2
. (1.23b)

If we take a simple cubic lattice and add all six independent strain components (εxx,

εyy, εzz, εyz, εzx, εxy), all bonds will change their direction and their length. As an

example, a bond along x direction with the spin pair distance r0 will change its length

to r0(1 + εxx) in the presence of longitudinal strain. When we recall the definition

of shear strain components as the change of the angle between respective axes, and

that this change happens symmetrically, a former direction along x (β1 = 1, β1 = 0,

β3 = 0 ) changes to a direction β1 ≈ 1, β2 = εxy/2, β3 = εxz/2. Then the change of

energy of the bond under consideration is:

∆wx =

(
∂l

∂r

)
r0εxxα

2
1 + lα1α2εxy + lα3α1εzx (1.24)

Summing contributions from all bonds one arrives at the magnetization-direction-

dependent energy of a strained cubic lattice, also called magnetoelastic energy:

Eme = B1

{
εxxα

2
1 + εyyα

2
2 + εzzα

2
3

}
+B2

{
εxyα1α2 + εyzα2α3 + εzxα3α1

}
, (1.25a)

or, in terms of the normalized magnetization components mi = Mi/M :

Eme = B1

{
εxxm

2
x + εyym

2
y + εzzm

2
z

}
+B2

{
εxymxmy + εyzmymz + εzxmzmx

}
.

(1.25b)

Here Eme is the magnetoelastic energy per unit volume, mx, my, mz - normalized

components of magnetization, B1, B2 - magnetoelastic coefficients, defined by ∂l
∂r and

l respectively. The form of the magnetoelastic energy is the same for face centered

and body centered cubic structures.

Magnetoelastic coefficients are also related to the saturation magnetostriction val-

ues λ100 and λ111. In order to describe the magnetostriction coefficients, we have to

minimize the magnetoelastic energy together with the elastic energy. Magnetoelastic

energy Eme, defined by Bi coefficients, changes linearly with strain, and the elastic

part of the crystal energy has a quadratic strain dependence, therefore there is always

a minimum. When magnetization changes value/rotates, the minimum of the total

energy moves to a different strain value, causing magnetostriction. As the elastic en-
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Table 1.2: Nickel parameters, related to magnetoelasticity.

Parameter Value

C11 2.51 1011N/m2

C12 1.50 1011N/m2

C44 1.24 1011N/m2

| ~M0| 0.62 T
λ100 -45.9 ·10−6 [3]
λ111 -24.3 ·10−6 [3]
B1 6.75 ·106 Pa
B2 9.0 ·106 Pa

ergy is involved, relations between magnetoelastic coefficients Bi and magnetostriction

values λ[100] and λ[111] also include the components of the stiffness tensor:

B1 =
3

2
λ[100](c12 − c11),

B2 = −3λ[111]c44,
(1.26)

here c11, c12, and c44 fully describe the elastic properties of the cubic symmetry

material (cf. equation 1.5). Magnetostrictive parameters of nickel, which is our main

test material, are summarized in Table 1.2.

Magnetostriction describes how magnetization of the sample affects its lattice,

however, there is also an inverse effect, which describes how the lattice strain affects

the magnetization. This inverse effect, describes how lattice strains modify magne-

tocrystalline anisotropy energy and is called inverse magnetostriction. Due to the

acoustic nature of our excitations we mostly deal with inverse magnetostriction.

1.3 Magnetic excitations

After the short overview of the elastic waves and the magnetoelastic coupling, we now

turn to the magnetic excitations. As the thesis discusses interactions of the magnetic

and elastic excitations, magnetization dynamics and the spectrum of the magnetic

modes are essential to understand the experimental results. Here we assume that

the substrate is not magnetic, and all magnetic dynamics takes place in the thin

ferromagnetic layer on top of the substrate.

First we present the Landau-Lifshitz-Gilbert equation which describes the dy-

namics of a magnetic dipole in a magnetic field. Next we turn to the uniform mag-

netization precession in a thin film [13], which is also often called the ferromagnetic

resonance (FMR) or the Kittel mode. We use this simplest case of the magnetic ex-
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citation to introduce important concepts of shape anisotropy and the demagnetizing

field. After discussing the uniform precession and its dispersion against the applied

magnetic field, we follow up with the description of the magnetostatic approximation

and magnetostatic waves. Although the mathematics is somewhat more complicated

and less intuitive, it provides the magnetic mode spectrum and their dispersion in

the thin film geometry. We also note that in the vicinity of the uniform precession

mode (wavenumber k = 0) the dispersion law of magnetostatic waves is rather flat,

thus the frequency of low-wavenumber modes, accessed by our experiments, can be

approximated by the uniform precession frequency.

Let’s start this section by restating the constitutive relations connecting the mag-

netic field ~H, magnetic flux density ~B, and magnetization ~M . In vacuum ~B = µ0
~H

while in a magnetic material this relation becomes [14]:

~B = µ0( ~H + ~M), (1.27)

where magnetization ~M is the volume density of the magnetic moments. As a conse-

quence of Maxwell’s equations, at interfaces the normal component of ~B and tangen-

tial component of ~H are always continuous.

Description of the magnetization dynamics starts by consideration of a magnetic

dipole in a magnetic field. The magnetic moment of an atom is caused either by

the orbital motion of the electrons or by their spin, in either case it is related to the

angular momentum. Quantum mechanically, this is represented as:

<mz
o> = −µB

~
< lz>,

<mz
s> = −2µB

~
<sz>,

(1.28)

where <mz
o> and <mz

s> are the z averaged projections of orbital and spin magnetic

moments respectively, <lz> and <sz> are averaged projections of respective angular

momenta and µB = eµ0~/(2me) is the Bohr magneton. When the magnetic moment

is placed in an external magnetic field, the field exerts a torque on the magnetic

moment ~T = ~M × ~B. That in turn leads to the precession of the magnetic moment

similarly to the mechanical spinning top [14]:

d ~M

dt
= γ[ ~M × ~H]; (1.29)

here γ = qgµ0/2me is the gyromagnetic ratio (which is negative for an electron

because its charge q is negative) and ~ω = −γ ~H is the angular frequency of the

precession, also called Larmor frequency. In the expressions above g is the Lande
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Figure 1.6: Precession with damping - the first term in LLG equation points along
the tangent of a circle and causes precession; the second (damping) term always

points towards equilibrium position (along the effective magnetic field ~H). Electron’s
gyromagnetic ratio γ < 0.

factor and me is the electron mass.

Equation 1.29 does not account for dissipation which is present in most physical

systems and brings the precessing magnetic moment back to its equilibrium position.

Dissipation is accounted for in the so-called Landau-Lifshitz-Gilbert (LLG) equation

by adding a phenomenological damping term. The damping term brings the magnetic

moment to equilibrium position, while preserving its length in the process:

d ~M

dt
= γ[ ~M × ~H] +

α

M

[
~M × d ~M

dt

]
. (1.30a)

Here α is a phenomenological damping parameter, which represents all damping pro-

cesses that take place. An equivalent form is [14]:

(1 + α2)
d ~M

dt
= γ[ ~M × ~H] +

αγ

M
[ ~M × ( ~M × ~H)]. (1.30b)

This form is somewhat simpler to implement in numerical simulations as the right

hand side of the equation can be evaluated without estimations of the derivative. Note

(Fig. 1.6) that γ( ~M × ~H) points in the direction of precession and its cross product
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with ~M in the damping term points to the equilibrium position along the magnetic

field at all times.

The LLG equation serves as a classical description for magnetization dynamics.

In case the excitation is uniform in space, LLG equation can be applied in a straight-

forward fashion, only taking into account the boundary conditions for the magnetic

field. Conversely, if the object of the study is some non-uniform excitation, such as

magnetic wave, the neighbouring spins point to different directions and the exchange

and dipole-dipole interactions have to be taken into account. Formally this can be

accomplished by replacing the external magnetic field with its effective value, derived

from the spin interaction energy. Typically, exchange interactions are important in

the discussion of the short-wavelength excitations and the dipole-dipole interactions

dominate in the long wavelength regime [15].

The simplest example of a collective magnetic excitation is the uniform preces-

sion, when the magnetization vectors rotate in phase at all points of the ferromagnet.

Uniform magnetization precession in a thin ferromagnetic film was first discussed by

Kittel [13]. In order to follow this discussion we need to introduce a concept of a

demagnetizing field. The demagnetizing field is a magnetic field inside the material

caused by magnetization of the material. Essentially it is the sum of all magnetic

dipole fields taken over the sample volume. The easiest way to calculate its magni-

tude [16] is via application of the Maxwell’s equations in the magnetostatic limit:

∇× ~H = 0; (1.31)

∇ · ( ~H + ~M) = 0. (1.32)

Equation 1.31 allows ~H to be expressed as a gradient of the ‘magnetic potential’ ψ:

~H = ∇ψ =

(
∂ψ

∂x
,
∂ψ

∂y
,
∂ψ

∂z

)
(1.33)

and by inserting it into the equation 1.32 we arrive at

∇2ψ = −∇ · ~M. (1.34)

As we can see, the magnetic potential ψ is a solution of Poisson’s equation (1.34)

where −∇· ~M acts as a source. Note, however, that the relation ~H = ∇ψ is valid only

in the magnetostatic approximation. The conditions of magnetostatic approximation

applicability become more clear in a spin wave context, thus a more detailed discussion

will be presented together with the description of spin waves. The form of the solution
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Figure 1.7: Two versions of uniform precession of the magnetic moment in a thin
film (Nx = Ny ≈ 0, Nz ≈ 1). (a) External magnetic field is out-of-plane, equilibrium
magnetization position parallel to ẑ and mx,my �Mz; (b) external magnetic field is
in-plane, equilibrium magnetization position parallel to x̂, my,mz �Mx.

of Poisson’s equation is very well established and in our case it reads [16]:

ψ(~r) =

∫
d3~r′

(−∇′ · ~M(~r′))

4π|~r − ~r′|
(1.35)

In case of a uniformly magnetized body the only source of the magnetic field appears

on the surface and the potential ψ is proportional to the normal (to the surface)

magnetization vector component. The resulting magnetic field takes the form:

~Hd = −N · ~M, (1.36)

where N is the demagnetization tensor. If the selection of coordinate axes corresponds

to the symmetry of the system, N is diagonal

N =

Nx 0 0

0 Ny 0

0 0 Nz

 (1.37)

and
~Hd = −(NxMxx̂+NyMy ŷ +NzMz ẑ). (1.38)

The diagonal components of the demagnetization tensor are positive and always add
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up to unity Nx +Ny +Nz = 1. If the magnetization points along any of the axes, ~Hd

is opposite to the magnetization; this is the reason why it is called ‘demagnetizing

field’.

Let’s choose the coordinate system as shown in Figure 1.7 and determine the

demagnetizing factors of a cylindrical sample. If L is the thickness of the cylinder

and R is its radius, then the demagnetizing factors at its center (r = 0, z = 0) are [16]:

Nz = 1− L

2R
,

Nx = Ny =
1

2
(1−Nz),

(1.39)

Note that if R � L (effectively a thin film), the out-of-plane demagnetizing factor

is Nz ≈ 1 and in plane demagnetizing factors are Nx = Ny ≈ 0. Demagnetizing

field is then perpendicular to the film surface and proportional to the out-of-plane

magnetization component. Since ~Hd points to the opposite direction with respect

to the magnetization vector, its presence raises the system’s magnetic energy U =

−µ0( ~M · ~Hd), also called ‘shape anisotropy energy’. Shape anisotropy energy has the

form [14]:

Esh =
µ0M

2

2
cos2 θ, (1.40)

where M is magnetization and θ is its angle with the surface normal. It causes the

magnetization of moderately thin ferromagnetic films to stay in plane, provided the

magnetocrystalline anisotropy energy, originating either in the bulk or at the surfaces,

is much smaller.

We assume that the magnetocrystalline anisotropy can be neglected in our system,

thus the effective magnetic field consists of the externally applied magnetic field ~Hext

and magnetization-direction-dependent demagnetizing field ~Hd. Following previous

notation, we set the x, y coordinate axes in the plane of the ferromagnetic film and z

in a normal direction as shown in Figure 1.7b. Neglecting the damping, equation 1.29

is used and the external field ~Hext and equilibrium magnetization ~M0 is set in the x̂

direction (Fig. 1.7b). The full magnetization vector also has a dynamic part ~m(t) =

~m0e
iωt and can be expressed as ~M = M0x̂+ ~m. We assume that the precession angle is

small, hence all dynamic components are small: mx,my,mz �M0 andmx � my,mz.

Neglecting mx, the final expression for the magnetization vector is:

~M = M0x̂+my ŷ +mz ẑ. (1.41)
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Figure 1.8: Frequency of the uniform magnetization precession (Kittel mode) vs.
applied in-plane magnetic field according to equation 1.47. Magnetization value used
is M0 = 5400 G.

The demagnetizing field then becomes:

~Hd = −NxM0x̂−Nymy ŷ −Nzmz ẑ (1.42)

and full effective field reads:

~Heff = ~Hext + ~Hd = (Hext −NxM0)x̂−Nymy ŷ −Nzmz ẑ (1.43)

Substituting (1.43) into the equation 1.29 one obtains a linear system of two equations

describing magnetization dynamics:

dmy

dt
= −γµ0

(
Hext + (Nz −Nx)M0

)
mz,

dmz

dt
= −γµ0

(
Hext + (Ny −Nx)M0

)
my.

(1.44)

Standard substitution of the harmonic solution ~m = ~m0e
iωt turns (1.44) into a

system of two homogeneous algebraic equations, and, by requiring the determinant

to be zero, we obtain the frequency of the uniform precession:

ω2 = γ2µ2
0

(
Hext + (Ny −Nx)M0

)(
Hext + (Nz −Nx)M0

)
(1.45)

Two notable cases are of interest: when the magnetic field is perpendicular to the
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sample and when it is in the sample plane (Figure 1.7). Mathematically those two

cases differ only by the demagnetizing factor values. When the field is perpendicular

(along the z axis), Nz ≈ 1, Nx = Ny ≈ 0 and

ω = γµ0|Hext −M0|, (1.46)

thus the precession frequency is not zero at zero magnetic field. In case of the in-plane

magnetic field we arrive at:

ω = γµ0

√
Hext(Hext +M0). (1.47)

This dependence of an uniform precession frequency is illustrated in Figure 1.8.

Having discussed the simplest magnetic excitation in thin ferromagentic films, now

we turn to magnetic waves. The properties of spin waves depend on the microscopic

interactions between neighbouring spins. Dominant interaction mechanisms change

with lengthscale: exchange interaction is the most important contribution at small

wavelengths and dipole-dipole interaction becomes dominant in the long wavelength

regime. That is to be expected, since exchange is a short range interaction and the

dipole-dipole interaction is long range; magnetic field, generated by the magnetic

dipole decreases with distance r as r−3. Here our focus is on the dipolar spin waves,

as the wavelengths currently accessible by our experiment fall in the interval where

the dipolar interactions dominate.

In the dipolar approximation magnetic dipoles interact via the magnetic field

that they create. This magnetic field generally has a static part, determined by the

orientation and distance from the source dipole. The dynamics of the dipole generally

also launches an electromagnetic wave which has its own magnetic field. However,

the phase velocity of the electromagnetic wave is usually much higher than that of

the spin wave (at intermediate spin wavelengths and magnetic field values), and thus

its influence on the spin dynamics can be neglected. This forms the basis of the

magnetostatic approximation, which is used in the analysis of spin wave modes.

We will briefly outline the magnetostatic approximation by following Hurben and

Patton [17]. Analytically it is expressed by the condition

∇× ~h = 0. (1.48)

Lowercase letters are used here to denote time-dependent magnetization and magnetic

field in order to be consistent with previous definitions. We calculate the magnetic

field in this approximation and then, stepping back to the full set of Maxwell’s equa-

tions, derive the conditions for the approximate solution to be valid. Let’s consider
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plane wave solutions for the magnetic field ~h and magnetization ~m:

~h(~r, t) = ~hke
i(~k·~r−ωt);

~m(~r, t) = ~mke
i(~k·~r−ωt),

(1.49)

with a wave vector ~k and frequency ω, and calculate the relation between magnetiza-

tion and the magnetic field. If one takes the cross product of ∇ with equation 1.48,

∇×∇× ~h = 0, it leads to the expression:

∇×∇× ~h = ∇(∇ · ~h)−∇2~h = 0,

∇2~h = ∇(∇ · ~h).
(1.50)

The left hand term is ∇2~h = −k2~h, and in order to express the right hand term via

magnetization, we use another Maxwell’s equation ∇ ·~b = ∇(~m + ~h) = 0. It follows

that ∇(∇ · ~h) = −∇(∇ · ~m) = ~k(~k · ~m) and

~hk = − (~k · ~mk)

k2
~k. (1.51)

Thus in the magnetostatic approximation the magnetic field is parallel to the wave

propagation direction and depends on the relative orientation of ~mk and ~k. It attains

maximal value when the magnetization is oriented along the direction of the magnetic

wave propagation and is zero when they are perpendicular.

Now if we use a full set of Maxwell’s equations instead of ∇ × ~h = 0 and follow

the standard procedure to obtain the wave equation, it reads:

∇2~h− εµ

c2
∂2~h

∂t2
= −∇(∇ · ~m) +

εµ

c2
∂2 ~m

∂t2
, (1.52)

where c is the speed of light and ε and µ are relative permittivity and relative perme-

ability, respectively. When the wave-like solution (equation 1.49) is substituted into

the wave equation, the result is

~hk = −
~k(~k · ~m)

k2 − k2
0

+
k2

0 ~mk

k2 − k2
0

, (1.53)

where k0 =
√
εµω/c is the wave number of the propagating electromagnetic wave of

the same frequency ω as the spin wave. Remembering the general definition k = ω/vph

(vph - phase velocity), it becomes obvious that when the spin wave phase velocity is

much smaller than the speed of light, then k � k0 and equation 1.53 transforms into

the previous result (1.51). Thus the magnetostatic approximation works in the limit
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Figure 1.9: Geometry of the Damon-Eshbach magnetostatic mode problem.

where the phase velocity of the magnetic waves is much smaller than velocity of the

electromagnetic waves.

The dipolar magnetic wave theory in the magnetostatic limit was developed for the

spheres by Walker [18] and then extended to the rectangular slab (or film) geometry

by Damon and Eshbach [19]. We will briefly touch upon the main points of the latter

derivation and then discuss some of the mode properties.

The geometry under consideration is shown in Figure 1.9; the slab of a magnetic

material with a thickness S and the coordinate system with (x̂, ŷ) in the plane of the

film and ẑ pointing perpendicular to the plane. Let the equilibrium magnetization

lie in the x̂ direction ( ~M = M0x̂), parallel to the externally applied magnetic field

Hex̂. In the small precession angle limit, the magnetization and magnetic field will

both have harmonic components with amplitudes ~h and ~m. Then the full field and

magnetization will be:
~H = Hex̂+ ~heiωt;

~M = M0x̂+ ~meiωt,
(1.54)

Following the same procedure as in the case of uniform precession (cf. equations 1.31-

1.34), we arrive at the Poisson’s equation for the magnetic potential ψ:

∇2ψ = −∇ · ~m. (1.55)

To eliminate magnetization from equation 1.55, one expresses it in terms of the mag-

netic field and magnetic potential via the Landau-Lifshitz equation 1.29. Substituting

wave-like solutions (equation 1.54) into the Landau-Lifshitz equation and retaining

only the terms linear in ~m and ~h, one can solve for the magnetization components
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and arrive at:

my = iν
∂ψ

∂z
− κ∂ψ

∂y
;

mz = κ
∂ψ

∂z
− iν ∂ψ

∂y
,

(1.56)

here κ = ΩH/(Ω
2
H − Ω2), ν = Ω/(Ω2

H − Ω2), Ω = ω/(γM0) is the dimensionless

oscillation frequency and ΩH = Hi/M0 is dimensionless Larmor precession frequency.

Substituting equation 1.56 into (1.55) one arrives at the final equation, defining the

magnetic potential inside the sample:

∂2ψi

∂x2
+ (1 + κ)(

∂2ψi

∂y2
+
∂2ψi

∂z2
) = 0. (1.57)

Outside the sample ψe satisfies Laplace’s equation:

∇2ψe = 0. (1.58)

The solution is separable ψ = X(x)Y (y)Z(z) and, when one takes into account the

boundary conditions for~b and ~h, it turns out thatX(x) and Y (y) are the same for both

internal and external potential and only the Z(z) is different: ψi,e = X(x)Y (y)Zi,e(z).

Outside the sample Ze(z) is an exponentially decaying function

Ze ∝ exp(−kez|z|), (1.59)

and inside it is

Zi = aeik
i
zz + be−ik

i
zz. (1.60)

The latter can be either oscillatory when kiz is real, or decaying when it is imagi-

nary. Substitution into the equations 1.57 and 1.58 produces relations between the k

components:

k2
x + (1 + κ)(k2

y + (kiz)
2) = 0; (1.61)

k2
x + k2

y − (kez)
2 = 0. (1.62)

We notice that the magnetic field decays outside the sample as ke =
√
k2
x + k2

y,

equal to the in-plane wave vector, hence, the decay length is proportional to the

wavelength of the magnetostatic mode. In case of uniform precession the field outside

of the sample is constant and equal to zero. Equation 1.61, on the other hand,

can be used to classify the spin wave modes. The equality can be fulfilled in two

cases: when kiz component is real and 1 + κ < 0, and when 1 + κ > 0 and kiz is

imaginary. In the first case the requirement 1 + κ < 0 brackets spin wave frequency
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Figure 1.10: The frequency of magnetostatic modes, plotted versus the in-plane wave
vector (solutions of equation 1.63). Multiple sheets of volume waves exist in the fre-
quency interval ΩH < Ω <

√
Ω2
H + ΩH for all in-plane propagation directions. Above

the certain angle φS a surface mode appears [19]. Equilibrium magnetization points
along x̂.

in the interval ΩH < Ω <
√

Ω2
H + ΩH . In addition, it can be shown (by denoting

sin2 θ = (k2
y + ki,2z )/(k2

x + k2
y + ki,2z )) that equation 1.61 corresponds to the infinite

volume spin wave solution frequencies Ω2 = Ω2
H + ΩH sin2 θ. This first group of

solutions with frequencies, corresponding to infinite volume waves, have oscillatory

depth dependence for ψi, ~h and ~m and are called volume waves. The second case,

when the kiz is imaginary, corresponds to the magnetization profile, which decays

exponentially when we move away from the surface and is called surface wave.

To derive the dispersion laws themselves, one takes into account four boundary

conditions (for ~h and ~b on each surface) and obtains the transcendental equation

connecting kx, ky, ω:

(1 + η2) + 2|
√

(1 + η2)|
√
−1 + η2 + κ

1 + κ
(1 + κ) cot

(
|ky|S

√
−1 + η2 + κ

1 + κ

)
+

+(1 + κ2)

(
1 + η2 + κ

1 + κ

)
− ν2 = 0.

(1.63)
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Here η = kx/ky introduces the dependence on the in-plane wave vectors and κ and ν

- dependence on frequency Ω and magnetic field ΩH .

The solutions of this equation are depicted in Figure 1.10. An infinite number

of volume mode surfaces (each represents a different interval of kz values) exist in

the frequency interval ΩH < Ω <
√

Ω2
H + ΩH , in contrast, there is only one surface

mode, and its frequency lies in the interval
√

Ω2
H + ΩH < Ω < ΩH + 1/2. Note,

that Ω =
√

Ω2
H + ΩH is equivalent to equation 1.47 and represents the frequency of

uniform precession.

Let’s outline the main features of the volume modes. Separate sheets depicted in

Figure 1.10 correspond to different values of the kz, thus each sheet has different depth

profile. It is easiest to describe the depth profiles at the point of laterally uniform

precession kx = ky = 0. There the depth profiles are represented by an integer number

of standing waves, starting from the uniform depth profile (the bottom sheet) and

following up with a single period of a standing wave, two periods, and so on. As

one can see from Figure 1.10, the frequencies of the uniform precession with different

depth profiles are degenerate, meaning that uniform precession can have any depth

profile, which will not change with time.

When the waves propagate along the magnetization direction (ky = 0), the fre-

quency decreases from that of uniform precession
√

Ω2
H + ΩH to ΩH as kx increases.

As shown in Figure 1.10, the fastest decrease of frequency is experienced by the mode

with a uniform magnetization profile. In contrast, all waves, propagating perpendic-

ular to the magnetization, have degenerate frequency. That is not a surprise when

we recall that according to equation 1.51, the magnetostatic wave which propagates

perpendicularly to its magnetization does not generate magnetic fields (similarly to

kx = ky = 0 case), therefore, magnetization at each point precesses independently of

others and ky value has no impact.

The volume waves can propagate in any direction with respect to equilibrium

magnetization. The surface waves, however, can propagate only above a certain

angle tanφS = ky/kx >
√

ΩH . In the limit when the wavelength is much longer than

the sample thickness, all mode frequencies are close to the frequency of the uniform

precession. Because of this fact, we use the properties of uniform precession as an

approximation to the spin modes that are generated by long-wavelength acoustic

waves.

1.4 Transient grating technique

Having discussed the physical phenomena that could take place after the sample is

optically excited, we now turn to the experimental techniques, namely, time-resolved
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Figure 1.11: Transient grating measurement concept: two linearly polarized pump
beams (denoted blue) intersect at an angle creating the interference pattern with
sinusoidal intensity. Probe pulse is diffracted from the periodic modulation induced
by the pump.

transient grating measurements and time-resolved Faraday rotation measurements.

To achieve the time resolution necessary to investigate ultrafast phenomena one

needs probes with comparably short duration. Currently the shortest temporal probes

available are laser pulses: commercial systems routinely deliver the pulses lasting

several tens of femtoseconds, close to Fourier-transform limited durations of several

femtoseconds are achievable with some effort, and the field of attosecond optics is

extremely active. This availability underpins the family of optical pump probe tech-

niques, widely used to investigate short processes taking place in various materials [20].

In an all-optical pump-probe scheme the sample is excited with a short laser

pulse (‘pump’) and monitored with a second pulse (‘probe’) coming after a vari-

able delay. The excitation pulse induces changes of the sample dielectric function,

which in turn are imprinted on a probe pulse via the change of its transmitted

intensity/reflectivity, polarization, or, as demonstrated very recently, the quantum

statistics of probe light [21]. Since the changes of the probe pulse are very small,

high sensitivity detection schemes are required, usually warranting implementation of

modulation techniques [20].

The transient grating technique is a special implementation of pump probe spec-

troscopy, adding spatial selectivity to the time resolved measurement. The sample
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is excited with two simultaneous non-collinear pump pulses as shown in Figure 1.11,

which create a spatially periodic interference pattern. The excitation density in the

sample is proportional to local light intensity, thus a periodic pattern of excitations

is created. It evolves in time, and the probe pulse, coming after a certain delay,

finds a modified periodic modulation of the sample properties, diffracts from it and

is detected at the Bragg angle. The diffraction efficiency depends on the modulation

depth, therefore the spatial dynamics of the dielectric function can be measured by

monitoring the intensity of diffracted light at different time delays. It is also notewor-

thy that the diffracted signal is zero when the induced modulation is absent, making

transient grating measurement a zero background measurement and increasing its

signal to noise ratio. This is opposite to transmission and reflection pump-probe

measurements, where the signal is just a small change on a fairly large background,

coming from equilibrium transmittivity or reflectivity, respectively.

Before going into the detailed description of the technique and its implementation,

let’s briefly discuss the differences of observing the spatially modulated excitation dy-

namics as opposed to the ‘simple pump-probe’ where the excitation density is assumed

to be spatially uniform. Broadly speaking, pump probe techniques, which use uniform

excitation, are sensitive to the population dynamics of the excited states. The signal

dynamics allows us to observe how certain states are being populated, either directly

by laser excitation or internal energy transfer, and how they are being depopulated

via various relaxation channels. These relaxation dynamics also takes place when the

excitation is spatially modulated, causing the modulation depth decreases just as the

uniform excitation does. Therefore, transient grating measurements are sensitive to

the same dynamics as the uniform pump-probe. However, there is a second source

of the signal that sets the transient grating technique apart - modulation depth de-

creases not only because of average population relaxation, but also because of the

lateral transport which keeps average excitation density constant. Combined with

supporting pump probe measurements to separate and identify population relaxation

related dynamics, transient grating technique measures lateral transport processes in

materials.

We will start the discussion on the transient grating technique by establishing the

connection between the modulation of light intensity/phase and diffraction efficiency

of conventional diffraction gratings, then move on to the interference grating gen-

eration methods and experimental implementation. We will finish this section with

several application examples, which illustrate different transport regimes which have

been accessed by the transient grating measurements.



44
Elastic and magnetic excitations in thin films and their measurement

techniques

1.4.1 Diffraction gratings

Diffraction gratings come in several varieties: light can be diffracted in reflection

and in transmission; and the effect can be based on the periodic modulation of light

intensity, or phase, or both. To start the discussion on the transient grating technique

we will briefly describe diffraction in transmission for absorptive, phase, and ‘mixed’

thin gratings, which closely resemble the effect of induced changes in the dielectric

function when the transient excitation is applied to the sample.

Let’s consider diffraction from a thin absorptive grating with a sinusoidal absorp-

tion profile [22]. The average transmittivity is tav modulated by the amount 2m with

the spatial period Λ (its inverse is the spatial frequency f0 = 1/Λ). Assuming that

the wave vector of the grating points along x axis, the grating transmittivity function

is:

t(x) = tav +m cos(2πf0x). (1.64)

The directions of diffraction peaks are determined by the Fourier transform of equa-

tion 1.64. Employing the unitary shape of the Fourier transform f̄(ξ) =
∫∞
−∞ f(x)e−2πixξdx,

we arrive at:

t̄(ξ) =

∫ ∞
−∞

e−2πixξ
{
tAv +m cos(20x)

}
dx = tAv

∫ ∞
−∞

e−2πixξdx+

+m

∫ ∞
−∞

e−2πixξ cos(2πf0x)dx. (1.65)

Remembering the definition of the delta function δ(ξ − a) =
∫∞
−∞ e−2πix(ξ−a)dx and

expanding the cosine as a sum of exponents we can rewrite equation 1.65 as:

t̄ = tavδ(ξ) +
m

2
δ(ξ − f0) +

m

2
δ(ξ + f0). (1.66)

Thus three plane waves are generated: one in the direction of the initial propagation,

and two with additional wave vector components kx = ±2πf0 = ± 2π
Λ . The intensity

of each peak is proportional to the square of the electric field amplitude, thus an

absorptive sinusoidal grating generates a zero order peak with efficiency η0 = |tav|2

and first order diffraction peaks with diffraction efficiency η±1 = m2/4. Limited

aperture necessarily broadens the peaks, however, if the aperture is much bigger than

the fringe spacing Λ, this additional structure can be safely neglected.

Letâs now take a brief look at a thin sinusoidal phase grating. In this case trans-

mittivity amplitude does not change but the phase delay is periodically modulated.

If we denote phase modulation amplitude p, keep previous conventions for other vari-

ables, and choose the phase reference in a way that the average phase is zero, we can



Transient grating technique 45

write:

t(x) = eip sin(2πf0x). (1.67)

Employing the expansion eip sin(2πf0x) =
∑∞
q=−∞ Jq(p)e

2πiqf0x and the Fourier trans-

form one arrives at:

t̄(ξ) =

∞∑
q=−∞

Jq(p)δ(ξ − qf0). (1.68)

Thus diffraction efficiency into the q-th order is ηq = J2
q (p). To illustrate the result

of the equation 1.68, diffraction efficiencies for 0th, 1st, and 2nd diffraction maxima

are plotted in Figure 1.12a as a function of modulation depth p. The sum of the

diffraction efficiency of the first five diffraction orders is plotted alongside as well.

In a limited modulation range the sum is very close to unity, as should be expected

because there are no power losses in a phase diffraction grating (more maxima should

be included to account for all energy at higher modulation depth p). In the context of

most induced grating experiments, relevant modulation values are small; this interval

is illustrated in Figure 1.12b. Close to zero the Bessel functions can be represented

by the series:

Jq(m) =

∞∑
j=0

(−1)j

j!Γ(j + q + 1)

(
x

s

)2j+q

(1.69)

Taking first few terms in the expansion we get

J0(m) ≈ 1− m2

4
+
m4

64
− ...; η0 = J2

0 (m) ≈ 1− m2

2
+

3m4

32
− ...;

J1(m) ≈ m

2
− m3

64
+
m5

384
+ ...; η1 = J2

1 (m) ≈ m2

4
− m4

16
+ ...,

(1.70)

thus it is clear that diffraction efficiency depends quadratically on the modulation

depth, similar to the amplitude grating result. One should also note that at low

modulation depths only the first order maxima are generated efficiently.

When the grating modulates both amplitude with the depth m and phase with

the depth p, repetition of the same procedures leads to:

t(x) = [tav +m cos(2πf0x)]eim sin(2πf0x) (1.71)

and

t̄(ξ) =

∞∑
q=−∞

{
tavJq(p) +

m

2i
Jq−1(p)−+

m

2i
Jq+1(p)

}
δ(ξ − qf0) (1.72)
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Figure 1.12: Diffraction efficiency of a phase mask as a function of phase modulation
depth p (see equation 1.67). (a) Wide range of phase modulation, 0th, 1st, 2nd order
diffraction efficiency and sum of the efficiencies of the first five diffraction orders.
(b) Low modulation regime, typical for the induced gratings in a transient grating
experiment. Note, that 1st order diffraction efficiency increases as a quadratic function
of the modulation depth.
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Thus diffraction efficiency of the ±1 maxima in a weak diffraction limit is

η1 =
m2

4
+
tavp

2

4
, (1.73)

equal to the sum of amplitude modulation and phase modulation induced diffraction

efficiencies. This is also the case in the transient diffraction experiments [23].

1.4.2 Interference grating

Transient grating excitation is achieved by projecting an interference pattern of light

onto the material surface or, in case the sample is transparent [24], into its volume.

The simplest sinusoidal interference pattern can be created by intersecting two coher-

ent waves at a specific angle, i.e., intersecting two coherent pulses of light.

In case both incoming light pulses are linearly s-polarized (electric field is oriented

perpendicular to the plane of incidence), the result is an intensity grating with sinu-

soidal profile and perfect fringe visibility. We approximate the beams by the plane

waves of equal intensity, which impinge on the sample at an angle ±θ with respect to

the surface normal ẑ and their wave vectors are ~k± = ±kxx̂+ kz ẑ. The sum of their

electric fields is:

E =
1√
2

[
E1e

ikxx+ikzz+iϕ/2 + E
−ikxx+ikzz−iϕ/2
1

]
. (1.74)

Then the intensity distribution can be characterized by:

I ∝ |E|2 =
|E1|2

2

[
1 + cos(2kxx+ ϕ)

]
, (1.75)

where ϕ is the phase offset between pulses and kx and kz are wave vector projections

onto corresponding axes. The wave vector of the intensity grating (wave vector direc-

tion is perpendicular to the fringe direction) is K = 2kx = 2k sin θ, and corresponding

period is Λ = λ/(2 sin θ). The intensity distribution is independent of the z coordi-

nate, thus the pattern is invariant in the direction of propagation. It is also evident

that the phase shift ϕ between the pulses shifts the grating laterally.

Selecting two s-polarized pulses is not the only possible option. One other inter-

esting option is to use two linearly polarized pulses with perpendicular polarizations

(s and p). That leads to a constant-intensity grating with periodically changing po-

larization helicity, or, in another picture, a sum of circularly polarized left and right

helicity gratings with a quarter-period lateral shift. Of interest here are possibilities

to generate spin state selective transitions [25, 26]. A more general discussion about

possible polarization choices and their outcomes can be found in Fourkas et al. [27, 28].
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Figure 1.13: (a) Pump and probe beams intersect on the phase mask with a small
vertical tilt between them. The ±1 diffraction maxima form the BOXCAR configu-
ration. (b) The wave vector difference between ±1 diffraction orders ∆~k± does not
depend on wavelength and is the same for pump (blue) and probe (red) beams. In-
coming pump beams induce the grating on a sample with the wave number q = 2kx;
it is added to the wave vector of the trailing −1 probe pulse and leads it to diffract
along the propagation direction of probe +1. Probe +1 (dashed red line) can be fully
blocked or can be used as a local oscillator for optical heterodyning.
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Having described the general scheme of the transient grating technique, let’s now

look at the implementation. Transient grating experiments were conducted since the

80’s and the experimental setups have evolved considerably over time. In early im-

plementations of the technique a beam splitter was used to split the pump pulses and

then separate optical elements guided the beams to the sample [29, 30], some groups

used active phase control to achieve better phase stability between the two pump

beams. In order to avoid that and to reduce experimental complexity, a scheme was

proposed by Maznev et al. [31] replacing a beam splitter with a diffractive grating.

In this scheme both pump and probe beams pass through the same diffractive op-

tic (Figure 1.13a). Before the phase mask the beams are horizontally collinear and

slightly vertically tilted with respect to each other; they intersect on the phase mask

and are split into diffraction maxima upon transmission. An imaging system is then

used to deliver and intersect first order maxima of pump and probe onto the sample

surface (Figure 1.13b) and all other diffraction orders are blocked.

When the pump beam impinges on the grating at normal incidence, the angle of

the first order diffraction maxima after the grating is sin θ = λ/d, where λ is the

wavelength of light and d is the phase mask period. The grating period on the sample

then is

P =
λ

2M sin θ
=

d

2M
, (1.76)

where M is the magnification of the imaging system. Note that if M = 1 (image

and object sizes are equal), the period of the intensity grating on the sample is twice

smaller than the period of the initial phase mask. That stems from the fact that we

observe intensity of the optical wave rather than the electric field, electric field still

has the original periodicity d.

The probe beams, diffracted from the phase mask, are imaged by the same imaging

system as pump, intersect at the same spot of the sample, and diffract once more

from that pump-induced grating as shown in Figure 1.13b. We should note, that

after the phase mask the ~k difference is the same between diffracted ±1 order pump

beams and the ±1 order probe beams (Figure 1.13b). Any phase mask adds its

wave number q = 2π/Λ to the in-plane (the plane here is that of the phase mask)

projection of the wave vector of the incident light, consequently, at normal incidence

first diffraction maxima occur at kx = ±q = ±2π/Λ. Added wavenumber does not

depend on wavelength, thus the difference between wave vectors of the pump beams

∆~kpump,±1 = 2~q and the probe beams ∆~kprobe,±1 = 2~q is the same. Such four beam

configuration, called the BOXCAR configuration, greatly simplifies the alignment and

enables an easy way to implement optical heterodyning [32].

The two pump beams, with ‘perpendicular’ wave vector components kx = ±q
form the induced grating on the sample surface. The wave vector of the resultant
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grating, as shown by equation 1.75, is ~qinduced = 2~kx = 2~q which exactly matches

the difference between two incoming probe beams ∆~kprobe,±1. When the probe ‘1’

diffracts from the induced grating, its wave vector is changed by the induced grating

wave vector and it diffracts in the exact direction of the second probe. Note, that this

is true for any combination of wavelengths, thus any color scheme will work with this

approach: either degenerate color, or two color pump probe, or tunable-wavelength

pump/white-light probe.

Diffraction of the probe photons in the direction of the other probe also leads to

an easy alignment procedure. Diffracted beams are extremely weak, so the second

probe can act as a guide-to-the-eye during the setup alignment and can be blocked

afterwards. On the other hand, the second probe, automatically collinear with the

signal beam, can be used as a local oscillator in a heterodyned experiment [32].

An additional benefit of this approach is that intensities of the two diffraction

maxima are automatically equal, leading to a very good contrast of the intensity

grating. In the imaging condition, pump pulses come on the sample at the same

time and all pump and probe beams overlap at the same point. Since all beams are

guided by the same optical elements, relative beam movement is reduced, leading to

reduction of measurement noise.

Finally, the use of the diffractive optics is very convenient if the laser pulses are

ultrashort. As discussed by Maznev et al. [31], femtosecond pulses have very small

extension in the direction of propagation (100 fs corresponds to only ≈ 30 µm), and,

when intersected at an angle, interfere only in a very narrow central region of a beam

spot. In contrast to that, the use of the phase mask as a beam splitter creates a

pair of tilted pulses with parallel wave fronts and they form an interference pattern

in all cross section of the pump beam. In such a way we can create several hundred

interference fringes and a very narrow distribution of induced grating wave vectors.

1.4.3 Application examples

As mentioned above, transient grating measurements are employed to characterize the

in-plane transport of the excitation. The regimes of movement can differ: ballistic,

superdiffusive, and diffusive for separate particles and in the case of the acoustic waves

or second sound it is coherent wave-like propagation. In the following we will look at

the typical dynamics of the TG signal in each of those regimes.

Diffusive transport of the charge-neutral excitations is described by the equation:

∂n

∂t
= D

∂2n

∂x2
− n

τ
, (1.77)

where n is excitation density, D is the diffusion coefficient and the lifetime of the
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excited state is τ . The equation above also hold for charged particles if the spatial

charges can be neglected. The solution of (1.77) with the initial conditions represent-

ing sinusoidal excitation intensity

n(x, t)
∣∣∣
t=0

=
1

2

[
1 + cos(qx)

]
(1.78)

(here q â grating wave vector) was published by Salcedo et al. [33]. The excitation

density n evolves as:

n(x, t) =
1

2
e−t/τ +

1

2
e−t/τe−Dq

2t cos(qx) =
1

2
e−t/τ +

1

2
e−t/τeff cos(qx). (1.79)

The first term represents the average value of excitation density which decays with a

characteristic relaxation constant τ similarly to a standard pump-probe experiment.

The depth of modulation is proportional to the second term, which decays with an

effective time constant
1

τeff
=

1

τ
+ q2D. (1.80)

This equation shows that performing a set of measurements at different grating pe-

riodicities, plotting the inverse of the extracted time constants 1/τeff versus q2, and

fitting the result with a straight line, we can extract the value of the diffusion coeffi-

cient and the relaxation time. It is important to note that, according to equation 1.73,

intensity of diffracted light depends on the square of modulation at low diffraction

efficiencies. Because of that the measured time constant is τM = τeff/2.

A lot of measurements of the diffusive phenomena have been performed in the

transient grating regime. Earliest works investigated ambipolar diffusion in semi-

conductors: CdS, CdSe, ZnSe [29], Ge [34] and Si [35], spin resolved measurements

allowed to resolve electron-only mobility in the GaAs quantum wells [25]. Other

notable results include exciton transport and transport in superconductors.

As one approaches the timescale and volume where particles have low probability

to be scattered in the bulk of the material, ballistic transport starts to dominate.

When the timescale is comparable with scattering time, there is an intermediate

regime between ballistic and diffusive transport. Transient grating measurements

have recently been proposed to address several different systems in this regime. As

an example, Maznev et al. [36] analyzed the importance of long wavelength phonons

in thermal conductivity at room temperature and showed that the presence of the

ballistic phonon component should lead to a modification of slow grating decay (see

equation 1.80):

γ = Dq2 +
cω
2τ

q2v2
xτ

2

1 + q2v2
xτ

2
, (1.81)
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here τ is the scattering time. This regime of thermal transport has been observed in

crystalline silicon by Minnich et al. [37, 38], deviations from the Fourier law due to

ballistic transport have been also reported in GaAs [39].

The excitation can be also transferred by the coherent wave propagation, such as

acoustic, spin wave or a plasmon-polariton. The propagating wave induces a periodic

modification of the sample dielectric function. Usually those changes are very weak,

thus it is safe to assume that the dielectric function depends linearly on the amplitude

of a passing wave. It can be assumed without any loss of generality that only the

real part of the refractive index is modified by the presence of the wave. The phase

modulation depth ∆ϕ is linear with respect to the modulation of the refractive index

and, assuming that the modulation is small (which is the case in the experiment),

also linear with respect to the amplitude of a passing wave u = u0e
−t/τei(kx−ωt):

∆n(x, t) ∝ u0e
−t/τei(kx−ωt)

∆ϕ(x, t) =
2πd

λ
∆n(x, t)

(1.82)

The modulation depth decays exponentially with the time constant τ , thus the diffrac-

tion efficiency decays with a time constant τ/2. The result is exactly the same as in

the case of a stationary grating. The movement of the wave changes only the phase of

the diffracted electric field and it has to be mixed with a reference wave for oscillations

to become visible.

In the transient grating configuration the interference pattern created by pump

beams is symmetric, thus, provided there is no positive/negative direction asymmetry

in the material under study, it generates counter-propagating waves. Thus, in contrast

to the previous result, we arrive at a standing wave expression:

u = u0e
−t/τei(kx−ωt) + u0e

−t/τei(−kx−ωt) = 2u0e
−t/τ cos(kx)eiωt. (1.83)

As we can see, modulation depth oscillates in time and that leads to the oscillations

of the diffracted signal intensity.

A number of different systems have been studied in this regime. In the 80’s acoustic

wave generation and detection [30, 40, 41, 42] received a lot of attention and early

studies in molecular crystals [42], liquids [24, 43] and minerals under high pressure [44]

have been conducted. At the same time acoustic wave control was demonstrated [45].

A decade later it evolved into a tool for the thin film characterization, starting from

the accurate determination of the polyimide elastic constants [46, 47], applying it

to the opaque film thickness measurements [48], metallic films on isotropic [49] and

anisotropic [50] substrates and metallic multilayers [51]. In a recent example, transient

grating with a heterodyned detection was also employed to generate helical spin waves
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and detect their propagation in GaAs/AlGaAs quantum wells [26, 52].

1.5 Faraday rotation measurement

In order to access the magnetization dynamics we employ the time-resolved Faraday

technique. It is well-known that magnetization of the material affects the polarization

of transmitted and reflected light, an effect, first noticed by Michael Faraday in 1845.

Since then optical methods have been developed to probe the magnetization of ma-

terials and, with the advent of ultrafast lasers, very short lived magnetic excitations

can be investigated. Here we will briefly discuss how magnetization alters transmitted

linearly polarized light and how these changes are detected and used to characterize

magnetic dynamics.

Linear magneto-optical effects are usually accounted for by adding off-diagonal

terms to the dielectric tensor of the material. If the magnetization points along the z

axis, constitutive relation for displacement and electric field reads:

~D =

 εxx iγ 0

−iγ εyy 0

0 0 εzz

~E, (1.84)

where the off-diagonal terms are linearly dependent on magnetization ~M . Note, that

here εij represent components of the dielectric permittivity tensor, not the strain

tensor. Looking at the diagonal terms we can see that equation 1.84 corresponds

to a rather general case of an anisotropic birefringent material. The easiest way to

describe polarization changes is to decompose the initial wave into normal modes of

propagation, propagate them through the material and sum them up for the final

result. Normal modes of propagation are obtained by assuming plane wave trial

solutions, ~E = ~E0e
i(ωt−kz) and ~H = ~H0e

i(ωt−kz), substituting them into Maxwell’s

equations ∇× ~H = ∂ ~D/∂t and ∇× ~E = −∂ ~B/∂t:(
εx − µk2/ω2 iγ

−iγ εy − µk2/ω2

)(
Ex

Ey

)
= 0, (1.85)

and solving this simple algebraic system. Two normal modes are obtained: elliptical

right-handed and and elliptical left-handed:

~E+ = E0(~x0 −
i

α
~y0)ei(ωt−k

+z);

~E− = E0(~x0 + iα~y0)ei(ωt−k
−z),

(1.86)
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Figure 1.14: Balanced scheme of polarization detection consists of a (a) λ/2 plate
for the polarization adjustments, Wollaston polarizing prism which splits polarized
beams and two detectors. Electric field components of the linearly polarized light
when the pump is off (b) and when the pump is on (c).

where E0 is amplitude, α = 2γ/(2εzz − (εxx + εyy)− [(εyy − εxx)2 + 4γ2]
1
2 ) and

k2
± =

1

2
ω2µ{(εxx + εyy)± [(εyy − εxx)2 + 4γ2]

1
2 }. (1.87)

When the material is isotropic, α = −1, the normal modes are circular and their

propagation velocity is split by the off-diagonal term γ.

When the linearly polarized light enters the isotropic material, it is a sum of left

and right handed circular components with equal amplitudes. Propagation through a

magnetized material induces a phase difference between left- and right-handed modes

∆ϕ = (k+ − k−)d, where d is the sample thickness, and this phase retardation rotates

the polarization plane of the linearly polarized light. If the initial polarization is along

the x axis, after propagation through an isotropic material the modes will be:

~E+ =
E0

2
(x̂+ iŷ)eiωteiϕ/2;

~E− =
E0

2
(x̂− iŷ)eiωte−iϕ/2.

(1.88)

Here the phase difference ϕ is written in the symmetric form, assigning half of it to
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each mode. Adding up the electric field we arrive at:

~E = ~E+ + ~E− = E0

[
1

2

(
eiϕ/2 + e−iϕ/2

)
x̂− 1

2i

(
eiϕ/2 − e−iϕ/2

)
ŷ

]
eiωt =

= E0

[
cos

ϕ

2
x̂− sin

ϕ

2
ŷ

]
eiωt.

(1.89)

Thus, propagation through a magnetized material rotates the polarization plane of

linearly polarized light by the angle θ = ϕ/2. If γ � εxx, εyy, the phase delay is linear

with γ (one can see it by expanding equation 1.87), thus the rotation angle is also liner

with γ and, consequently, linear with magnetization. As one of the consequences, the

polarization rotation changes sign together with the magnetization vector.

Light polarization is usually detected by the use of a balanced detection scheme

(Figure 1.14a). The beam is transmitted through a λ/2 plate, split into polarization

components by the Wollaston polarizer prism, and the intensities of the polarization

components are registered by the diode detectors. The λ/2 plate is used to set the

‘equilibrium’ light polarization at 450 with respect to the Wollaston axes in order to

achieve equal light intensities on both detectors and the difference signal is detected.

Let’s show how the signal, detected that way, is related to the polarization state

of the incoming light. Letâs assume incoming probe intensity is I0 ∝ |E0|2 and the

detectors are balanced as shown in Figure 1.14b. If we introduce a magnetic sample

which rotates the polarization by an angle θ (Figure 1.14c),

Ex = E0 cos(π/4− θ) =
E0√

2
(cos θ + sin θ),

Ey = E0 sin(π/4− θ) =
E0√

2
(cos θ − sin θ).

(1.90)

At the limit of small angle θ, the intensities registered by the respective diodes will

be:

Ix ∝ ExE∗x =
E2

0

2
(1 + 2 sin θ cos θ) ≈ E2

0

2
(1 + 2θ),

Iy ∝ EyE∗y =
E2

0

2
(1− 2 sin θ cos θ) ≈ E2

0

2
(1− 2θ),

(1.91)

The difference signal will be proportional to

S = Ix − Iy = 22
0 ∝ 2θ(Ix + Iy) = 2θI. (1.92)

Thus measuring in the linear regime of diode sensitivity we can obtain absolute

rotation angle values, and the signal is linear with the rotation angle. For comparison
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letâs imagine a situation where the diodes are not balanced, but the initial polarization

is along the x axis. In this situation Ey = E0 sin θ and the signal will be proportional

to θ2. In a typical experiment θ is a small value of the order of 100mdeg, and its

square is hardly detectable. The balancing effectively heterodynes the signal and is

essential for achieving detectable signal values and signal linearity with θ.

1.6 Conclusions

In this chapter we summarized the main properties of the acoustic and magnetic ex-

citations in metallic ferromagnetic materials. We did also discussed our main experi-

mental techniques used to generate and detect these excitations, namely, time-resolved

transient grating and time-resolved Faraday rotation measurements. We listed the

main properties of the elastic waves in thin layers on the surface of a substrate and

the mechanisms of magnetoelastic coupling. We also provided some basic concepts

related to the magnetic excitations in thin films, discussed the properties of uni-

form magnetization precession and magnetostatic waves. All these ‘building blocks’

are instrumental in understanding the magnetoelastic excitations investigated in this

thesis.
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Chapter 2

Augmented transient grating

technique for magnetoelastic

measurements

In this chapter we introduce a new implementation of ultrafast transient grat-

ing measurements which are extended by an additional magnetooptical measurement

channel. This augmented approach allows us to generate high amplitude surface

acoustic waves, characterize them, and study their interaction with magnetic materi-

als in a time resolved manner, leading to new experimental possibilities.

We start the chapter by a detailed discussion of the experimental setup, both

the scheme and the implementation, used in our measurements. Schematically, it

consists of optical components to generate a spatially periodic excitation on the sample

surface and multiple detection channels that access the elastic and magnetic degrees

of freedom. To demonstrate the capabilities of the system when acquisition channels

are used simultaneously, we show an example of experimental data, taken on a thin

ferromagnetic nickel film, and discuss the relevance of diffraction and magneto-optical

characterization.

The second half of the chapter investigates the mechanism which allows us to

detect planar-wave magnetic excitations in the direct transmission and in reflection,

rather than diffraction. We show that this sensitivity is a consequence of heat-induced

Published in:
J. Janušonis, T. Jansma, C. L. Chang, Q. Liu, A. Gatilova, A. M. Lomonosov, V. Shalagatskyi,
T. Pezeril, V. V. Temnov, and R. I. Tobey, Transient Grating Spectroscopy in Magnetic Thin Films:
Simultaneous Detection of Elastic and Magnetic Dynamics. Sci. Rep. 6, 29143 (2016).
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periodic demagnetization, which effectively heterodynes the propagating waves, com-

mensurate with its periodicity, and creates a net magnetic profile detectable by a

spatially averaging measurement.

For the quantitative estimates, we employ numerical modeling to describe the

light-induced thermal profile and its dynamics. We demonstrate that a correction to

the measured results is needed and also show some applicability constraints of this

technique when the measurements are performed at very small grating periods or long

timescales. Finally we suggest a method to circumvent those constraints by the use

of an additional pre-probe pulse.

2.1 Introduction

Ultrafast phenomena in magnetic systems has been an active research topic for several

decades [1, 2, 3]. In the context of applications, the ability to control magnetization

on short timescales is important for the realization of fast magnetic memory and low

power magnetic logic [4, 5]. Many different mechanisms of magnetization dynamics

activation have been explored - spin transfer torque [6, 7], thermal effects of the optical

excitation [8], coherent spin coupling with light [9], inverse Faraday effect [10, 11, 12],

and lately inverse magnetostriction [13, 14, 15, 16, 17]. This latter aspect engages

the material structure and its deformations to control magnetization dynamics. In

particular, the bidirectional deformation of the lattice, i.e. compression or dilation,

can lead to bidirectional control of magnetization, or, as shown in a number of recent

reports, the control over precessional direction and amplitude [18, 19]. In the high

frequency limit, gigahertz acoustic waves coherently drive magnetization dynamics.

In order to investigate these high frequency, dynamic, magnetoelastic effects, one

requires the ability to excite and monitor structural deformations while simultaneously

monitoring the magnetization in a time resolved manner. One approach is to use

interdigitated transducers to generate narrowband elastic waves [17, 18, 20]. In this

case a harmonic voltage is applied to an interdigitated set of contacts evaporated

on a piezoelectric substrate. The applied voltage leads to local substrate strains

and their interference - to the excitation of planar elastic waves. The excitation is

both wavelength and frequency selective where the contact spacing determines the

wavelength and the radio frequency voltage determines the frequency. Achievable

frequencies in the interdigitated contact approach are generally below 2 GHz and

strain values cited in the literature are small [18] - of the order ε = 10−5.

A complementary approach relies on ultrafast laser excitation of a material, where

thermoelastic processes are able to drive large amplitude strain waves that emanate

from the excitation region. For example, in a ‘tight-focus’ geometry, elastic waves
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propagate uniformly away from the focal spot, and have been shown to couple to

the magnetization of the material [21, 22]. Similarly, relaxing the tight focusing

requirement, broadband longitudinal wavepackets propagating into the material bulk

have also been shown to drive magnetization dynamics [14, 15, 16, 19].

Here, we demonstrate a novel manner for generating surface magnetoelastic waves,

implemented using the ultrafast optical transient grating technique. This approach

harnesses the efficiency and ease of optical spectroscopy (non-contact, easily ad-

justable, large amplitude strain generation) with the planar geometry associated with

transducers. The transient grating (TG) geometry is a special configuration of time-

resolved pump-probe spectroscopy in which two coincident pump pulses interfere at

the sample surface to generate a spatially periodic excitation profile. The spatial pe-

riodicity is encoded onto the material properties, (e.g. carrier concentration, temper-

ature, surface deformation) from which a time delayed probe beam can be diffracted

to provide information about dynamics at a specific spatial length scale. TG has a

long history for measuring dynamics of carriers at metal, semiconductor [23, 24], and

superconductor [25] surfaces, lateral nucleation dynamics in insulator-to-metal tran-

sitions [26], as well as a range of measurements of elastic dynamics at surfaces of thin

films and bulk materials [27, 28, 29, 30, 31, 32, 33, 34]. TG spectroscopy continues

to be developed in novel ways, including implementations of X-rays for detection of

dynamics [26, 28], as well as recent demonstrations of X-ray generation of transient

gratings [35].

Here we discuss the optical setup which extends the transient grating technique

to incorporate magnetization sensitivity based on magnetooptic detection. As we will

show, transient diffraction enables us to follow structural dynamics (a feature already

well-recognized [27]), while time resolved magnetooptics (Faraday rotation/ellipticity,

Kerr rotation) measures the average magnetization dynamics (also a well recognized

feature [36]). The novelty of our implementation is in merging the two techniques;

that allows us to perform time resolved magneto-optical measurements in the presence

of periodic in-plane excitations generated by the transient grating, and support the

results with diffraction data. In our experimental setup three time-resolved measure-

ments can be performed simultaneously - 1) diffraction in transmission, 2) diffraction

in reflection and 3) polarization analysis in transmission (cf. Fig. 2.1a-b) - the combi-

nation of which demonstrates the resonant interaction between elastic and magnetic

degrees of freedom. Finally, we discuss the implications of the magnetooptics detec-

tion when performed on the periodic thermal background inherent to our geometry.

As we will show, this feature leads to wave vector selective sensitivity and introduces

a correction to the measured magnetization precession angles.
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Figure 2.1: Optical arrangement at the sample position. Two linearly polarized 400nm
pump pulses overlap onto the sample at an angle 2θ, creating a sinusoidal intensity
grating. (a) 800nm probe pulses impinge at an angle θPR. Probe light is simulta-
neously diffracted (both in transmission and reflection) and transmitted. The polar-
ization dynamics of the transmitted probe (Faraday configuration) are analyzed to
provide information on the average magnetization of the sample. Simultaneous mea-
surement of diffraction provides information on the structural dynamics associated
with the elastic waves. In this ‘Bragg configuration’, the smallest spatial periodicity
is determined by the long wavelength probe and the size of upstream optical com-
ponents (for us 2.2 µm). (b) In a second configuration, probing is implemented at
normal incidence, where now the smallest achievable spatial period is dictated by
the shorter pump wavelength and the size of upstream optical components (for us
1.1 µm). (c) Setup schematic in (a) configuration: BS - beamsplitter, PC - polariza-
tion cube, λ/4 - waveplate, DL - delay line, M1-M7 - mirrors, ND - neutral density
filter, CH - chopper, AT - attenuator of the pump power, BBO - BBO crystal for
second harmonic generation, CF - shortpass color filter to block fundamental beam,
L1-2 focusing lenses, PM - phase mask, S - sample, ~H - magnetic field, applied in a
sample plane. (d) The setup photo in (b) configuration: the focusing mirror M6, the
folding mirror M7, compact rotatable magnet, and the sample holder are visible and
pump (blue) and probe (red) beams are drawn.
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Figure 2.2: Interference grating at the image plane; one of the biggest grating periods
is used in order to be able to directly image with the help of the camera. Full fringe
visibility can be observed across the whole beam area.

2.2 Experimental Setup

At the front end of our experiment, pulses of light are generated by an amplified

Ti:Sapphire laser system from Coherent, consisting of a Mantis oscillator and Legend

Elite amplifier. It provides pulses of 120 fs duration at 800nm wavelength and ≈
5 mJ energy at 1 kHz repetition rate. A part of the laser output is directed to the

experimental setup shown in the Figure 2.1c and split into pump and probe. The

pump beam is directed onto a delay stage providing up to eight nanoseconds of time

delay and then frequency doubled to λ=400 nm, while the probe light is kept at the

laser fundamental λ=800 nm. The pump beam is split in two and recombined at a

variable angle to form an intensity grating pattern at the sample surface. The sample

is placed in a magnetic field which can be tuned between ±2000 G and rotated in the

sample plane around the surface normal.

The sinusoidal light intensity pattern (Fig. 2.2) is achieved by overlapping two

simultaneous pump pulses on the sample surface. An elegant manner in which to

implement this is to image a binary phase mask (square profile phase grating) onto

the sample surface [37, 38, 39] (Fig. 2.1c). When only first order diffraction maxima

(±1) of light transmitted through the phase mask are used (and 0-th, ±3,±5... orders

blocked), a sine spatial profile of light intensity is generated at the image plane (also

see Chapter 1). The imaging condition provides full fringe visibility across the entire

spatial aperture (Fig. 2.2) of the beam (due to pulse front tilting associated with

diffractive optics), and at the same time automatically provides the temporal overlap.
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The use of diffractive optics also greatly simplifies the alignment of the probe

beam. When the probe beam is split by the same phase mask as the pump, and

imaged onto the sample by the same optics, it impinges onto the pump-induced tran-

sient grating at an angle such that the light is perfectly back diffracted along the

incoming path, the so-called Bragg configuration, (Fig. 2.1a), providing for easy lo-

cation of both reflected and transmitted diffraction beams (see chapter 1). As an

additional benefit, heterodyne detection can be implemented with the aid of the sec-

ond probe beam used as a local oscillator, which can greatly enhance signal levels

and access phase information [39]. In the Bragg configuration, one must be cognizant

of the effective numerical aperture of the imaging system. As the first element in

the imaging system, the plane wave traverses the phase mask with a period d and

acquires a lateral addition to its wave vector qPM = ±2π/d, while keeping the total

wavenumber constant. Notice, that this addition is independent of the wavelength

of the impinging light, thus the period of the final interference grating produced by

the imaging system is wavelength independent. A second consequence is that the

light with longer wavelength (and smaller wavenumber) will diffract from the phase

mask at higher angles. Therefore, when the measurement is performed using 400nm

pump/800nm probe wavelengths the smallest achievable interference grating period is

limited by the need to image probe, i.e., to keep it within the aperture of the imaging

optics (mirror M6 in Fig. 2.1c in our implementation).

An alternative geometry employs normal incidence probing as shown in Fig-

ure 2.1b. Here, both Faraday rotation and diffraction can be implemented, however,

alignment of the diffraction probes proves more challenging. Now the smallest achiev-

able grating periodicity is determined by the pump wavelength λ = 400nm and (at

the same numerical aperture of the imaging system) is twice smaller than in the Bragg

configuration.

In our implementation, pump and probe light are directed onto the phase mask,

a precision etched quartz glass (Toppan Photomasks, shown in Fig. 2.3) providing

for maximum 1st order diffraction efficiency at the pump wavelength λ = 400 nm. A

number of phase masks are etched onto a single quartz glass substrate, their periods

ranging from 1.5 µm to 18 µm with a step of 0.5µm. The excitation period can be

changed by a lateral shift of the phase mask and a dovetail rail is installed for easy

and repeatable phase mask movement. The phase mask is imaged onto the sample

surface by the spherical mirror M6. The excitation period on the sample surface is

given by the phase mask period, d, and the magnification of the imaging system M:

Λ =Md
2 .

The smallest achievable period of the interference grating is Λmin = λ
2NA , here NA

is the numerical aperture of the imaging system and λ is the wavelength of light. The
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Figure 2.3: A photo of the phase mask in its holder. The holder can be repeatably
moved by the use of a dovetail rail. The rail is placed at an angle to compensate for
spherical aberration.

periodicity at an imaging condition is Λ = pΛmin

p−1 , where p is the distance between the

grating and the spherical mirror (PM and M6 respectively in Figure 2.1c) normalized

to the M6 focal length. Setting very high p values is impractical as the gain in

resolution is rather limited and the setup size increases considerably. In our case the

imaging condition is p = 3.6, limiting the grating period to Λ = 2.1 µm in the Bragg

configuration (Fig. 2.1a) and ≈ 1.1 µm in the normal probing scheme. The pump

beam is focused by the lens L1 in such a way that the BBO crystal is near the focus

(thus maximizing the efficiency of the second harmonic generation) and the pump

effective diameter on the sample is ≈ 400 µm. Therefore the beam envelope is wide

enough to encompass many tens to several hundred of fringes (fringe spacing ranges

1.1 − 8 µm) and deliver narrowband in-plane acoustic excitations. The probe beam

is filtered by an aperture and also focused on the sample to an effective diameter of

≈ 120 µm, which is smaller than the pump diameter, but still much bigger than the

fringe period.

Care has been taken to avoid aberrations in the imaging system. When the imag-

ing mirror M6 is spherical, spherical aberration makes the pump (and probe) beams

intersect respectively closer to the M6 when the grating period is small (the beams

are close to the edges of the mirror) and further away when the grating period is large

and the beams are close to the center of a mirror. This movement of the image plane

becomes sizable when a relatively high NA mirror is used and the beams are directed
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to the very edges of the aperture in order to image phase masks with smallest periods.

A simple technical trick can be used to alleviate most of the spherical aberration and

simplify the alignment when the measurement contains multiple-period grating data.

We did compensate for most of the spherical aberration by ensuring that when the

phase mask period is changed by the lateral movement of the quartz template, it

also moves closer/further away from the focusing mirror M6, automatically adjusting

the imaging condition. That is implemented by placing a dovetail rail, upon which

the phase mask is moved, at a small calculated angle (Fig. 2.3), and decreases the

movement of the image plane by a factor of ≈ 20. Theoretically the spherical aberra-

tion could be fully compensated by adjusting the distances between the etched phase

masks.

Magneto-optical and diffraction detection is implemented using silicon photodi-

odes and lockin amplifiers, and where possible all detection channels are collected

simultaneously. Diffracted light is collected in transmission and in reflection. Mag-

netic dynamics in the Faraday (transmission) or polar Kerr (reflection) geometries are

monitored via balanced detection of the induced rotation and ellipticity of the probe

beam polarization [36] (see also Chapter 1).

Most magnetooptical measurements in this thesis have been performed in trans-

mission employing the Faraday effect in both Bragg and normal incidence experi-

mental configurations (Figure 2.1a-b). Therefore it is worthwhile to establish the

connection between the Faraday measurement results obtained in both geometries.

Linear magnetooptic signals are proportional to the magnetization component along

the probe wave vector ∆θ ∼ ~k · ~M , thus one can expect that these two different

configurations should lead to different results. In the normal-incidence configura-

tion (Fig. 2.1b), the probe is only sensitive to the out-of-plane component Mz, while

in the angled configuration (Fig. 2.1a) a component of the in-plane magnetization

direction Mx might also affect the signal. When the probe impinges at an angle

Θ with respect to the sample normal, the Faraday signal is sensitive to the mag-

netization projection Meff = Mz cos Θ + Mx sin Θ. If the magnetization precesses

around the x axis with a small precession angle α, the Mz oscillatory component

is proportional to α: Mz = M sinαeiωt ∝ αeiωt and larger than the change of the

Mx = M cosα ≈ M(1 − α2). The time dependent part of Mx is proportional to

α2, which is very small and therefore can be neglected. Our measurements to date

support this notion, both detection schemes providing similar results.
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Figure 2.4: Transient grating measurements on the 40 nm thick nickel film on soda
lime glass, excited with a grating periodicity of 2.1 µm. Diffraction in reflection (a)
and transmission (b) at two applied fields shows no sensitivity to magnetic field. (c)
Faraday rotation signal at zero magnetic field. Fourier Transforms of (a), (b), and (c)
are shown in panels (d), (e), (f) respectively, demonstrating that the Faraday response
is sensitive to both elastic waves while the two diffraction channels exhibit different
sensitivities to elastic transients. Transient diffraction in reflection exclusively mea-
sures the surface corrugation due to SAW, while in transmission a combination of
surface corrugation and photoelasticity leads to sensitivity of both SAW and SSLW.
The angle between the magnetization and the grating wave vector is ϕ = 7.5 deg.

2.3 Measurement Example

In order to illustrate the capabilities of the setup we discuss a sample dataset, mea-

sured on a 40 nm thick nickel film evaporated on a 1mm thick soda lime glass substrate

(microscope slide). The sample was excited with 2.1 µm period grating in Bragg ex-

perimental geometry and simultaneous acquisition of both transmission and reflection

diffraction as well as polarization analysis in transmission (sensitive to Faraday rota-

tion) was enabled. The equilibrium magnetization was in the plane of the sample and

at a small azimuthal angle ϕ = 7.5 deg with the grating wave vector ~k. The sample

was initially poled under the H ≈ 2000 G magnetic field and then the measurements

were performed at zero field.

In opaque (or partially opaque) materials such as metallic thin films, transient
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grating excitation results in the thermoelastic generation of acoustic waves, where

the spatially periodic excitation locally heats the lattice and creates a periodic stress

profile. The experimental geometry is wavevector selective, and thus all elastic waves

(at any allowed frequency, in contrast with interdigitated transducer experiments)

are excited simultaneously subject to the initial conditions of the thermal stress.

Two dominant surface propagating elastic waves are generated in this geometry:

the Rayleigh Surface Acoustic Wave (SAW) and the Surface Skimming Longitudi-

nal Waves (SSLW); they will be discussed in detail in subsequent chapters. In the

case of SAW, the penetration depth of the elastic deformation is typically equal to a

few acoustic wavelengths [40] Λ, where in our measurements 1.1 µm < Λ < 8 µm. As

the majority of elastic energy is contained within the substrate material, the propaga-

tion velocity is largely determined by the substrate elastic properties, and exclusively

so when Λ is much greater than the film thickness. In the case of SSLW, the elastic

wave is ‘leaky’, and energy is quickly carried away from the surface region.

Diffraction data in the two configurations (reflection and transmission) are shown

in Figure 2.4a-b where differences in sensitivity can readily be seen. The reflection

channel exhibits low frequency oscillations with minimal attenuation in our time win-

dow. Meanwhile, the transmission channel exhibits high frequency, small amplitude

oscillations with large attenuation. We understand these differences to arise from

the disparate sensitivities in the two detection channels. For the case of reflection

diffraction, light is scattered due to periodic phase variation imposed by surface de-

formation, and is less sensitive to photoelastic effects [41, 42], which describe the

modulation of the complex refractive index of the film because of strain. Surface

acoustic waves such as the Rayleigh mode are known to have large surface displace-

ments, and thus lead to large amplitude diffraction. Conversely, the transmission

geometry is more sensitive to the lateral phase variation arising from photoelastic

effect. This phase variation is accumulated when the light propagates through the

strained film/substrate heterostructure, a few acoustic wavelengths deep.

The difference in measured frequencies is displayed as a Fourier Transform (FT) of

the signal in Figure 2.4d-e to illustrate the differences in detection sensitivity. Both

reflection and transmission signals are insensitive to the applied magnetic field as

shown in Figure 2.4a-b and follows only elastic dynamics.

The new aspect implemented in these measurements is the additional magneto-

optical measurements subject to TG excitation. The results of this detection channel

are shown in Figure 2.4c, where a complex series of oscillations can be seen. As

in pump-probe spectroscopy, we understand that the Faraday analysis of the trans-

mitted beam measures the average magnetization dynamics of the sample. In the

parlance of transient gratings, no lateral momentum is provided by the spatially peri-
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odic excitation and thus on the direct transmission beam we measure the zero spatial

frequency response (the average value). Understanding the response of Figure 2.4c

is aided by the Fourier Transform, which is shown in Figure 2.4f. Comparing the

FFT to those of the elastic signals, it is now clear that the oscillations observed in

the Faraday detection channel match the frequencies observed in the two diffraction

channels. This result is therefore suggestive of the intimate coupling between the

elastic and magnetic degrees of freedom in this material system and will be the topic

of discussion in the following chapters.

2.4 Magnetooptic Sensitivity to the in-plane mag-

netic waves

The magnetic sensitivity in the Faraday channel relies on the non-trivial interplay

between elastically activated magnetostatic spin waves (see Chapters 3 and 4) and

the optically induced thermal gradient. Over one period of the elastic wave, the

magnetization precession samples all phases of oscillation and therefore the detectable

net out-of-plane magnetization of the sample would sum to zero. This is particularly

true since the dimensions of the probe beam are much bigger than grating period.

It is the additional aspect of thermal excitation that suppresses a portion of this

magnetostatic wave, and provides for a net magnetization that is measured in the

Faraday configuration. Thus, the spatial profile of the magnetic wave as well as the

thermal profile, and the dynamics of the thermal profile, dictate the measurement

sensitivity and should be evaluated in order to assess the underlying magnetization

behavior.

We start this section by a brief discussion of the magnetic waves, generated as a

result of the magnetoelastic interaction. Then we formally convolve the result with

the thermal profile to obtain the correspondence with magneto-optical measurements,

which average over many periods of the magnetic wave and the thermal background.

In order to be able to implement this correction we perform numerical simulations

of the thermal profile dynamics and illustrate the effect by correcting a measured

dataset.

The magnetic waves are excited by the underlying elastic waves via inverse mag-

netostriction effect (a detailed discussion will follow in Chapters 4 and 5). After

the excitation, two counterpropagating elastic waves are generated for each surface

wave mode. Obviously, the effects we describe can be accounted for equally well by

considering the time dependent elastic distortion as a standing strain wave.

Let’s consider the profile of displacement and strain of the propagating surface

acoustic waves, while retaining only longitudinal strain component for simplicity. If
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Figure 2.5: (a) Displacement and strain for the ‘+’ wave which travels to the right,
(b) displacement and strain for the ‘-’ wave which travels to the left. The arrow shows
the direction of wave propagation.

we adopt a coordinate system shown in the Figure 2.1a, namely, x axis along the

direction of the grating wave vector, and z perpendicular to the surface, and denote

the wave propagating along x as ‘+’ and in the opposite direction ‘-’, then the particle

displacement in the x direction is:

u±x = u0
xe
i(±kx−ωt). (2.1)

Strain, evaluated according to the common definition ε±xx =
∂u±x
∂x , then reads:

ε±xx = ±iku±x . (2.2)

Equation 2.2 indicates that the strain profile of a wave trails the displacement profile,

as illustrated in Figure 2.5a-b. Consequently, in the case of two counterpropagating

waves, the displacement and strain read:

ux = u+
x + u−x = 2u0

x cos(kx)eiωt;

εxx = ε+
xx + ε−xx = 2ku0

x sin(kx)eiωt.
(2.3)

For ease of comparison with the figures, I shift the origin of the coordinate system

by Λ/4 and denote the displacement and strain as:

ux = −2u0
x sin(kx)eiωt;

εxx = 2ku0
x cos(kx)eiωt.

(2.4)

Thus two counterpropagating waves create a standing wave of displacement and
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strain, with the same temporal phase and a lateral shift of a quarter of wave period.

In a surface acoustic wave, the strain component εxx is accompanied by the εzz, which

forms a standing wave similar to εxx, just with the opposite sign.

Turning now to the magnetic dynamics, we note that as the generated periodicity

is coarse (minimum value of Λ = 1.1 µm) the frequency of the dipolar magnetostatic

wave differs less than 5% from the frequency of the Kittel mode. Thus, we neglect

dipolar interactions between different points along the grating wavevector, and treat

each point in space as an independent oscillator driven by the passing elastic wave

via the inverse magnetostriction.

Employing the Landau-Lifshitz equation for the precessing classical magnetic mo-

ment, taking the magnetoelastic interaction into account (see chapters 3, 4 for details),

and neglecting the shear strain we arrive at a driven oscillator equation for the my

magnetization component:

d2my

dt2
+ ω2

0my = 2γ2bϕ
(M0 +Hext)

µ0M0
εxx(t), (2.5)

here ω0 is the magnetic precession frequency, γ - gyromagnetic ratio, b - magnetoelastic

coupling coefficient, ϕ - the angle between the equilibrium magnetic moment and

elastic wave propagation direction, M0 - magnetization value, Hext - externally applied

magnetic field. Shear strain εxz is omitted because its value is zero at the free surface,

and is less than 10% in comparison with εxx when averaged through the thickness of

the film. Rewriting the strain profile defined in equation 2.4 as εxx(x, t) = εxx(x)eiωt,

and denoting 2γ2bϕ (M0+Hext)
µ0M0

εxx(x) = A cos(kx) = F (x), we arrive at a standard

driven oscillator equation:

d2my

dt2
+ ω2

0my = F (x)eiωt, (2.6)

with a well-known solution:

my =
F (x)eiωt

ω2
0 − ω2 + iγω

=
A cos(kx)eiωt

ω2
0 − ω2 + iγω

= A′(ω) cos(kx)eiωt. (2.7)

Equation 2.7 describes a spatially non-uniform magnetization profile, where themy

component gradually changes as a function of position; the out-of-plane component

mz will follow the same envelope with a π/2 phase shift in time. In the elastic

standing wave picture the nodes in the elastic wave strain εxx provide no torque to

the magnetization, and thus these are the regions of space where the magnetization

is stationary to a first approximation. On either side of the nodes, magnetization

precession is π out of phase.
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Figure 2.6: Saturation magnetization of nickel as a function of temperature (open
circles) and corresponding Brillouin function for spin 1/2 particles (solid line). The
temperature interval is from zero to Curie temperature (TC = 631K), TR denotes room
temperature, TD is an arbitrarily chosen temperature value in the interval where the
decline of magnetization with temperature is relatively slow.

Having discussed the general features of the generated magnetostatic waves, we

turn to describe the spatially periodic thermal profile T (x, t) generated by the TG ex-

citation. At an elevated temperature, the saturation magnetization MS(T ) decreases

with respect to the saturation magnetization at zero temperature MS(0) as described

by the Curie-Weiss law, depicted in Figure 2.6. Thus the local temperature defines

the local magnetization and the temperature profile leads to non-uniform magneti-

zation profile. The combined effect of the magnetostatic wave and the temperature

profile can be written for the out of plane component as:

Mz(x, t) =
MS

(
T (x, t)

)
MS(0)

A′(ω) cos(kx)e−iωt. (2.8)

The net out-of-plane magnetic vector will be an average of this expression over

one full spatial period:

<Mz(t)>= A′(ω)e−iωt
Λ∫

0

MS

(
T (x, t)

)
MS(0)

cos(kx)dx. (2.9)

Equation 2.9 relates the measured result <Mz> with the ‘real’ precession amplitude

of the propagating magnetic wave A′(ω). This correction is necessary in order to
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Figure 2.7: Magnetic wave detection on a periodically heated background. (a) A
long wavelength magnetostatic spin wave samples all phases of precession orientation
and thus the out-of-plane component, Mz, averages to zero over a the full period.
(b) A spatially periodic thermal excitation suppresses the magnetization, and corre-
spondingly Mz. Under low fluence conditions, one phase of precession is suppressed
resulting in a net magnetization. (c) Under high fluence conditions, more than half of
the period demagnetizes. (d) Temperature profiles after the equilibration throughout
the thickness of the 40 nm thick film (corresponding to t ≈ 35 ps after the excitation)
and corresponding magnetization values (e), normalized to the saturation value at
T=0 K. Due to the spatially dependent suppression, the detected magnetization is a
fraction of the magnetostatic wave amplitude. The sensitivity dependence on fluence
is shown in (f).
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estimate absolute amplitude and correct dynamics of the underlying magnetic excita-

tions. We call the ratio between the observed net magnetization and the amplitude of

the magnetic wave <Mz>
A′ magnetic contrast and note that it describes the sensitivity

of the averaged measurement.

The measured result is therefore determined by the details of the temperature

dependence of the magnetization profile, MS

(
T (x, t)

)
, and its position relative to

the envelope of a standing magnetic wave, cos(kx). While the magnetization profile

can be calculated from the temperature distribution based on a Curie-Weiss law or

experimental data, the phase of the magnetic wave relative to the thermal background

can be determined considering the strain/displacement relation. The thermal profile

is symmetric around the maximal and minimal temperature points, consequently,

those points experience zero displacement along x and, according to the equation 2.4,

maximal strain amplitudes.

These effects are pictorially represented in Figure 2.7a-c where the Mz magne-

tization component of a single wave period is plotted. In the absence of a thermal

gradient (Fig. 2.7a), equal amount of positive and negative Mz values appear over

one period of elastic deformation, providing zero net magnetic moment. However,

when the thermal profile is taken into account (here the hottest portion of the sample

is at the midpoint of the displayed period, cf. Fig. 2.7d), one phase of oscillation

is suppressed, and net magnetization emerges. The temperature and magnetization

profiles for a 40 nm nickel film are plotted in Figure 2.7d-e respectively for a range of

excitation fluences (at ≈35 ps after the excitation; a time, when the temperature is

equilibrated across the thickness of the film but lateral diffusion is still negligible). As

the fluence is increased, the thermally excited region has its magnetization reduced

and at a certain fluence value the magnetization is completely suppressed. The mea-

sured net moment is largest when approximately half of the period is above Curie

temperature, whereas if the fluence is increased further, wider portions of the period

begin to demagnetize (Fig. 2.7c) and the averaged magnetic moment decreases. This

effect is summarized in Figure 2.7f by depicting the ratio between the net magnetic

moment and the amplitude of the magnetic wave.

In order to obtain quantitative results we have to evaluate the thermal profile in

the TG configuration. For this purpose, we employ a numerical simulation which

uses two-temperature model to assess the initial temperature distribution (following

Shalagatsky et al. [43]) and then accounts for lateral and longitudinal thermalization

by the use of COMSOL Multiphysics simulation package.

For the thin film/substrate heterostructure, thermal diffusion into the substrate

includes the possibility of thermal boundary resistance (Kapitza resistance) whose

value is extracted by fitting pump probe data (the sample is excited by one beam and
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Figure 2.8: Calculation of the time dependent magnetic contrast requires a detailed
knowledge of the temperature evolution and the resulting magnetization amplitude.
Panels (a) - (c) show the temperature profiles at three different time slices, t = 0 ps,
35 ps, and 4 ns. Calculation of the initial dynamics is based on the two-temperature
model, while subsequent thermalization is calculated using the COMSOL simulation
package. The time axis starts at the moment of the electron-lattice thermalization,
typically <2 ps after the pump pulse, with excitation fluence of 3.6 mJ/cm2. Note that
the vertical length scale is in microns while the depth length scale is in nanometers.
Panels (d) - (f) show the spatial distribution of the magnetization, where unity repre-
sents the magnetization at zero temperature. The dynamics of the hottest and coldest
points of the sample are shown in panel (g) for grating periodicities of 1.1 µm and
2 µm, along with the difference in temperature. Panel (h) displays the resultant con-
trast which incorporates both the precession amplitude and temperature profile. Also
shown are the different contrast curves which incorporate variations in the thermal
boundary resistance between film and substrate. Finally in (i) the Faraday measure-
ment resonant with the SSLW excitation is corrected for the magnetic contrast.
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the excitation is spatially uniform) with a one dimensional thermal diffusion model.

The fit estimates the Kapitza resistance value to be less than 10−8 m2K/W; further

reduction of the Kapitza resistance to 10−9 m2K/W has no impact on the simulated

curves. We ascribe this lack of sensitivity at very low values to the low thermal

conductivity of the glass substrate (k = 0.9 W/Km), which largely determines the

speed of thermal transport from the hot nickel layer to the cold substrate.

To illustrate the simulation results we show the temperature and magnetization

profiles at a modest excitation fluence 3.6 mJ/cm2. The simulation data are plotted

in Figures 2.8a-c, for time slices 0 ps, 35 ps, and 4 ns in order to provide a range of

sample temperatures experienced in our measurements. In the plots, one sees a fast

thermalization across the entire film thickness by 35 ps, while lateral thermalization

and heat diffusion into the substrate can be seen on 4 ns delays. Simultaneously, we

show the depth profile of the sample magnetization in Figures 2.8d-f for the same

time slices.

Figure 2.8g shows the time dynamics of the temperature at the hottest and coldest

points of the film with the temperature difference plotted below. The magnetization

contrast is then an integration along the sample depth for the Mz component of

one full period of the strain/temperature modulation (eqation 2.9). A plot of the

time evolution of the magnetic contrast for the pump fluence of 3.6 mJ/cm2 for both

Λ=1.1 µm and Λ=2.0 µm is shown in Figure 2.8h. As expected, thermalization ef-

fects limit the Faraday visibility more strongly when the grating period is smaller,

suppressing the magnetic sensitivity at shorter time delays. These plots also demon-

strate the effect of varying the Kapitza resistance, which impacts thermalization across

the film/substrate interface, and ultimately on the magnetic sensitivity.

The primary consequence of this distribution of magnetization amplitudes is that

the acquired data must be corrected by this time dependent curve in order to ex-

tract the real precessional motion of the magnetic wave. Thus, as a final step, we

take the data collected at a grating period Λ = 1.1 µm and the applied magnetic field

H = 500 G (corresponding to the SSLW acoustic wave in resonance with the magnetic

precession) and divide it by the magnetization contrast to reveal the actual preces-

sional dynamics, displayed in Figure 5i. Here we see that the correction increases

the precessional amplitude and also changes the dynamic profile. The precessional

motion remains a complex process, especially for the case of resonance with SSLW.

The observed buildup and attenuation of magnetization precession depends on the

resonant interaction between elastic and magnetic modes, the attenuation of the leaky

elastic wave, and finally the magnetic sensitivity that we have detailed above. Since

the elastic wave is also being measured separately (and if it were measured for long

enough in time) the magnetic precession could be fully determined over the course of
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Figure 2.9: Magnetization contrast dynamics for different fluences. Magnetization
contrast is defined as the averaged Mz normalized to the magnetic wave amplitude.
Nickel film thickness 40 nm, period 1.1 µm. Theoretical maximum is reached when
half of the period is fully demagnetized and the other half is at room temperature

many tens of nanoseconds and beyond.

So far we have investigated the dynamics of the magnetic contrast at one partic-

ular fluence, now we will extend the discussion to a wide interval of fluences. The

main reason why magnetic contrast dependence on fluence isn’t trivial is the non-

linear relation between temperature and magnetization (Fig. 2.6) and the interplay

between heat diffusion related demagnetization and remagnetization of the cold and

hot regions.

First let us note that there is an upper value of the magnetic contrast which

corresponds to the situation when half of the period is demagnetized and the other

half is at room temperature (dashed line in Figure 2.9). In practice the sensitivity

is lower as shown by the numerical simulation of the magnetic contrast dynamics in

a wide fluence range (Fig. 2.9). The sensitivity curves here have been calculated for

1.1 µm grating period, and exhibit dynamics on both fast and slow timescale. Initial

dynamics, taking place in the first tens of picoseconds after the excitation, is described

by a fast change of the magnetic contrast; this is the timecale of thermal equilibration

across the thickness of the ferromagnetic film. As the temperature equalizes across

the film thickness, the contrast drops sharply at low fluence values <5 mJ/cm2 and

increases at higher fluences.

After the fast initial phase, lateral thermal diffusion in the film and diffusion into

the substrate become central and magnetic contrast starts to decrease on a slower
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timescale. At low fluence the contrast decreases fast in the first 0.5 − 1 ns, mostly

because of lateral heat diffusion in the highly conductive nickel film. Simulation

results show that this decrease of contrast mostly reflects the temperature dynamics

of the heated area as it rapidly remagnetizes when the thermal energy is transferred

to the cold area of the film.

The dynamics is different in the range of higher fluences (12 − 20 mJ/cm2): the

sharp contrast decrease is delayed. This slow decrease in the first 1 − 1.5 ns can

be attributed to the remagnetizing sides of the hot region while the central part still

stays above the Curie temperature. A sharp subsequent decline of the contrast follows

when the center of the hot area moves below TC and, past the temperature interval

where fast remagnetization occurs, to TD (Fig. 2.6). The temperature of the cold

spots also increases due to lateral diffusion, however in the low and moderate fluence

regime this temperature change is still in the range where saturation magnetization

is almost constant and cannot markedly influence the magnetic contrast.

Thus working in the low fluence regime poses no difficulties, magnetization con-

trast dynamics consisting of just two timescales - fast equilibration in the thickness

of the magnetic film and slow thermal diffusion. However, the thermal dynamics will

limit the potential for measuring magnetoelastic responses beyond the dipolar regime.

If we aim to measure magnetic oscillations, we should be able to observe at least a

few cycles before the contrast disappears, and the rate of the contrast loss limits de-

tectable spatial scales. It is well known that lateral diffusion leads to the exponential

decay of sinusoidal grating amplitude with characteristic decay time [44]:

τ =
1

Dq2
=

Λ2

4π2D
, (2.10)

here D is the thermal diffusion coefficient, q is the grating wave number and Λ is the

grating wavelength. Subject to a simplified assumption that the oscillation period of

an acoustic/magnetic wave is proportional to its wavelength T ∝ Λ, the number of

observable oscillations also decreases together with the grating period N = τ/T ∝ Λ.

In case of metallic samples such as Ni, one can crudely estimate that the minimal

period is of the order of ≈ 100 nm and could go down to 30-50nm in low thermal

conductivity insulating magnetic material such as YIG.

As demonstrated in the last paragraph, performing measurement on a timescale,

long in comparison with the lateral thermal equilibration, poses difficulties and pre-

vents the use of this technique in mesoscopic acoustic experiments as well as investi-

gation of the exchange magnetic waves. However, this obstacle can be circumvented

by decoupling the excitation of the acoustic/magnetic dynamics and generation of

the thermal contrast used for detection. These two functions can be separated by
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Figure 2.10: The scheme of the enhanced measurement. A uniformly magnetized
sample(black line, t0−) is excited by the first pair of pump pulses at the moment t0,
leading to the launch of acoustic and magnetic excitations. At the same time pump
creates demagnetization profile (t0+, red line) enabling detection. After the lateral
heat diffusion has taken place, at time t the magnetization is almost constant (blue
line) and measurement sensitivity is small. The probe pulse, coming at a delay ∆t,
is preceded by the second pair of pump pulses, which recreate the magnetic contrast
(magenta solid line). With the use of wedge prism pair (grey) one of the pump pulses
of the second pair can be phase delayed, thus moving the contrast grating with respect
to the excitation grating (magenta dashed line).
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adding a second pair of pump pulses to the conventional TG technique as schemat-

ically shown in Figure 2.10. The first pair excites the sample at t0, the magnetic

system evolves freely after the excitation and is probed after some time delay ∆t. In

order to enhance the contrast, the probe pulse is preceded by a second pair of pump

pulses, which recreate the temperature gradient and a non-uniform magnetization

profile. The delay between the second pump and the probe should be fixed to allow

for the electron-lattice thermalization and demagnetization in a material under study.

This approach would allow us to extend the detection window considerably with-

out the loss of signal-to-noise, which happens due to loss of the measurement contrast.

It would also provide a less simulation-dependent approach to obtain magnetic dy-

namics; data interpretation should be especially straightforward at longer time delays,

when the initial thermal modulation (created by the first pair of pump pulses) is gone

and the thermal contrast is defined only by the second pulse pair. As an added ben-

efit, one of the pump pulses in the second (‘contrast’) pair can be phase delayed,

thus shifting the lateral position of the contrast grating. That would allow a direct

measurement of the profile of the standing magnetic waves.

2.5 Conclusions and outlook

We have presented a simple optical spectroscopy setup for measuring magnetoelastic

waves in thin magnetic samples. Our technique is based on the well-known transient

grating scheme which we have augmented to detect diffraction and magnetooptical

dynamics simultaneously. By detecting diffracted light in reflection and transmis-

sion geometries, we are able to address different aspects of the structural dynamics

while the simultaneously acquired Faraday rotation measures the magnetic dynamics.

The correspondence between all channels allows us to uniquely identify the intimate

interaction coupled elastic and magnetic degrees of freedom.

We understand the measured precessional dynamics to arise from a combination

of elastic driving force and the measurement sensitivity function that accounts for

the temperature dependent magnetization as a function of time. The spatially peri-

odic temperature dynamics is described by combining a two-temperature model and

thermalization modeling using COMSOL, while the temperature dependent magneti-

zation is extracted from a Curie-Weiss law for nickel. This combined approach allows

us to extract a time dependent sensitivity, which we understand as a scaling factor

between the observed magnetization amplitude and the actual precessional amplitude.

We foresee a number of interesting applications of our technique, particularly the

use of magnetoelastic probing of deeply subwavelength transient gratings. New capa-

bilities in free electron laser science have made possible X-ray generation of transient
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gratings [35] with grating periods of tens of nanometers and below. Conventional

transient grating spectroscopy requires the diffraction of a short wavelength probe

that satisfies the Bragg diffraction condition, implying that X-ray probes are required

to diffract from X-ray induced transient gratings.

One of the consequences of detecting the average magnetization using a normal

incidence probe is that we have opened a new detection channel to dynamics occurring

at a fixed wavevector, while the dynamics are encoded onto an average material

properties. In our measurements to date, we have demonstrated that elastic and

magnetic degrees of freedom are intimately coupled and that the oscillation frequency

measured in the magnetic degree of freedom is equal to that of the elastic degree of

freedom. Thus elastic dispersion can be probed without a diffracted probe beam.

Furthermore, owing to the complex elastic profiles that are generated as the grating

period begins to coincide with film thickness (the waveguided modes of thin films),

magnetoelastic coupling could begin to excite and probe the interactions between

narrow band elastic modes and exchange coupled magnons. Here the specific choice

of grating period, material, and applied field can be used to tune the dispersion

relations of both magnon (quantized along the film thickness or in plane in the limit

of very small gratings) and the elastic modes to effectively couple the two modes and

provide for a new coherent control methodology where the material structure, and

it’s deformations, can be used to coherently excited quantized magnetic modes in

materials.

It is also interesting to make a comparison with another laser-based method for the

generation of the in-plane elastic waves proposed almost at the same time by Ogawa

et al. [21]. In this approach a tightly focused laser beam generates a wavepacket of

acoustic waves in a weakly absorbing iron garnet and acoustic modes of both longi-

tudinal and transverse character are observed by the means of magnetic microscopy.

Thus the generation and detection route appears quite similar, with the difference

that we probe the response of the system at one specific acoustic wave vector, whereas

Ogawa et al. generate a broad Gaussian distribution of wave vectors. Both techniques

have their benefits: the angular symmetry of the acoustic wave propagation and pos-

sible anisotropies are immediately evident in the Ogawa approach, while the detailed

properties of the magnetic dynamics are not obscured by the presence of multiple

waves in our measurement. A second difference is that thermal gradients are not

necessary for the detection in the Ogawa et al., however, the resolution obtained is

limited to the resolution of an optical microscopy, whereas an averaged nature of our

measurement allows us to detect shorter wavelength excitations as discussed above.

The presented technique may also be helpful to provide the direct access to fun-

damental magneto-acoustic non-reciprocity effects. Indeed, the coupling between the
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magnetic and elastic degrees of freedom leads to formation of magneto-elastic surface

(eigen)modes with propagation velocities depending on the direction of the exter-

nal magnetic field and sometimes different for opposite orientations of the external

magnetic field. This magneto-elastic non-reciprocity effect is proportional to the

magnitude of the magnetostriction coefficient and is quite small for the case of tran-

sition metals. However, it can be boosted in giant magneto-strictive materials like

Terfenol-D [15] and we are looking forward to probing the magneto-elastic interac-

tions in functional materials with optimized properties, which would also enable the

excitation of large-angle magnetization precession ultimately leading to the nonlinear

magnetization dynamics.
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Chapter 3

Generation of frequency

tunable surface magneto

elastic waves

In this chapter the new augmented transient grating technique is applied for the

study of generation of magnetoelastic waves in thin ferromagnetic layers. As described

in Chapter 2, the measurement method relies on the combination of the ultrafast

optical transient grating technique to generate and characterize surface-propagating

acoustic waves and ultrafast magnetoptical measurements to monitor the magnetiza-

tion dynamics.

Firstly, we discuss the general oscillatory magnetic responses obtained on 40-60 nm

polycrystalline nickel films on MgO substrates. Afterwards we follow with the more

detailed analysis of the acoustic signal: we measure oscillation frequency dispersion

against wavelength and show that the generated acoustic response can be ascribed

to the Rayleigh type surface waves. We corroborate this result by the dispersion

measurements performed along two crystalline symmetry directions of MgO and by

the angular dependence of the acoustic response (Appendix). This data shows a good

correspondence with calculations and is indicative of Rayleigh and pseudo-Rayleigh

surface acoustic waves (SAW’s).

After establishing the nature of the acoustic excitations, we measure the magnetic

response with the ultrafast Faraday rotation technique. The results show that the

Published in:
J. Janušonis, C. L. Chang, P. H. M. van Loosdrecht, R. I. Tobey, Frequency tunable surface magneto
elastic waves. Applied Physics Letters 106, 181601 (2015).
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acoustic waves couple to magnetization and excite precessional modes. By performing

the measurement under the applied in-plane magnetic field, we demonstrate a resonant

coupling between the acoustic wave and the magnetization precession. To verify the

parameters of the magnetic precession reported previously [1], we also measure the

all-optically induced magnetization precession with the out-of-plane magnetic field

and report it in the Appendix.

3.1 Introduction

In recent years, the influence of elastic waves on the magnetization of material has seen

renewed interest. While the ground work for the subject matter is well established [2,

3, 4], new technologies and techniques have recently demonstrated how elasticity can

be implemented as a spatially and temporally controllable mechanism by which to

efficiently alter magnetic properties. These studies fall into two broad categories,

those utilizing transducer based surface acoustic wave generation [5, 6, 7, 8, 9, 10,

11] and those implementing ultrafast optical excitation of longitudinal acoustic wave

packets [12, 13, 14, 15, 16]. In the former scenario, surface acoustic waves (SAW) are

generated by an acoustic transducer, in most cases interdigitated metal electrodes [6,

8, 9, 11], fabricated onto piezoelectric substrates. The coupling between elastic and

magnetic degrees of freedom is understood to be a resonant process but is measured

indirectly, for example by acoustic power attenuation, or by the inverse spin Hall

effect in a contacted metal. This method is constrained by the strict requirements

of piezoelectric substrate material and achieves frequencies up to a few GHz in the

higher harmonics of the transducer fundamental frequency.

The optical approaches rely on generation of acoustic pulses via a thermoelastic

process [17, 18, 19], leading to broadband longitudinally polarized acoustic wavepack-

ets. These elastic pulses propagate into the depth of the material and appear on the

‘backside’ where they interact with the magnetization of a thin magnetic material.

The acoustic pulse length generated in this geometry is largely dictated by the laser

absorption depth in the material and thus several picoseconds in duration, leading to

an impulsive interaction between acoustic and magnetic degrees of freedom. While

the optical approach appears cumbersome and less amenable to technological imple-

mentation, it is notable that strains generated can exceed those of transducer methods

by several orders of magnitude and approach levels of 1%, thus providing a manner in

which to study dynamical behaviour in the limit of large strains (and their gradients)

as well as approaching nonlinear regimes for the acoustic pulse propagation.

Here we bridge the divide between these approaches by optically generating nar-

rowband, frequency tunable surface acoustic waves, which resonantly excite a magne-
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Figure 3.1: Measurement schematics at a sample position. The sample is excited with
two simultaneous pump pulses and probed by (a) Faraday rotation in transmission,
(b) transient diffraction in transmission. The magnetic field is in the plane of a

sample, x axis lies along the grating wave vector ~k and z is the normal to the sample
surface.

tization precession in a ferromagnetic film. We measure both the elastic distortion and

its magnetization response independently, thus allowing us to ‘visualize’ the resonant

coupling between the strain wave and magnetization. Strikingly, when an external

magnetic field is applied we witness the excitation of the propagating ferromagnetic

resonance, the frequency of which is tunable with grating periodicity and applied field.

Our method relaxes the substrate requirements of the transducer based schemes and

provides broader frequency tunability, while maintaining the planar geometry not

yet demonstrated using optical techniques. The resultant excitations propagate at

velocities approaching 6000 m/s and distances of several tens of microns.

3.2 Experimental methods

To generate the elastic response we implement the ultrafast transient grating tech-

nique [18, 20, 21], in which two spatially overlapping short pulses of light generate

a sinusoidal intensity grating on the sample, and launch counterpropagating in-plane

Rayleigh surface acoustic waves. The response is subsequently probed in two ways:

1) through normal incidence Faraday rotation, which is sensitive to the magnetic

component of the magnetoelastic excitation, and 2) through phase matched (Bragg

configuration) transient diffraction which is sensitive to the elastic deformation.

A schematic of our experimental geometry is shown in Figure 3.1. A thin 40 nm

thick polycrystalline nickel film deposited on an MgO (001) substrate is placed at the
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intersection of two, linearly polarized, λpump = 400 nm pulsed laser beams (blue).

The crossing angle between the beams can be adjusted, resulting in a sinusoidal

intensity grating of variable wavelength, Λ, as discussed in detail in Chapter 1. For

the measurements described, the grating periodicities are varied between 1.4 µm and

8 µm while the excitation beam diameter remains constant at 350 µm, thus ensuring

several tens to 100s of grating periods excite the sample.

In the Faraday configuration (described in Chapter 1), we monitor the evolution

of the sample response in transmission with a second linearly polarized laser pulse

(λprobe = 800 nm, red in Figure 3.1a), whose complex polarization, Θ(t) = θ(t) +

iε(t) [22], is measured to provide information about the magnetic component of the

magnetoelastic wave. In the transient diffraction configuration (Figure 3.1b), we

record the elastic deformation by measuring the intensity of the diffracted probe

pulse. A magnetic field can be applied in the sample plane and parallel to, or at a

small azimuthal angle to, the grating k-vector. The sample can be rotated so that the

grating wave vector can point along different crystallographic directions of the MgO

substrate.

3.3 Results

3.3.1 Faraday rotation: main features

We start the results section by a short qualitative description of the magnetooptical

response after the system is excited by the pump pulses in the transient grating con-

figuration. Figure 3.2a shows representative time-resolved Faraday rotation curves

for excitations with spatial periodicity of Λ = 1.4 µm. As is well-known, the Fara-

day effect measures the polarization rotation of an electromagnetic wave when it is

transmitted through a magnetized medium, and has a long history of probing mag-

netization dynamics on ultrafast timescales [23, 24, 25]. Characteristic curves are

shown at three values of the applied in-plane magnetic field (the magnetic field points

at a small azimuthal angle with respect to the grating wave vector), after t0 has been

cropped and a suitable exponential background has been subtracted. The temporal

response is dominated by a single oscillatory component which persists for the entire

measurement window. While all traces exhibit a fixed oscillatory frequency, it is their

attenuation and amplitude that is clearly altered by the applied field, most notably in

the intermediate case where the signal is nearly completely suppressed. Contrary to

nearly all other ultrafast studies of magnetization dynamics, where the precessional

frequency, either of uniform or the magnetic waves, depends strongly on the applied

field [26, 27], ours does not. Therefore, the experimentally observed fixed oscillation

frequency implies that something more subtle is occurring in our experiments, and not
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Figure 3.2: (a) The Faraday signal is dominated by a single frequency that persists
for the entire sampling window. The oscillation amplitude and damping is modified
by an in-plane magnetic field, showing complete suppression at 160 G and recovery at
410 G. A single oscillator fit, with in-growth and decay, is overlayed onto the 410 G
data. (b) Comparison of the Faraday rotation and ellipticity measurements indicating
the magnetic nature of the signal. Wavelength Λ = 4 µm, H = 0, 40 nm nickel on
soda-lime glass substrate.
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Figure 3.3: Faraday rotation signal at different grating periodicities. The oscillation
frequency scales linearly with the excitation wave vector ~k, and is absent when the
sample is excited by a single pump pulse, in effect mimicking Λ → ∞. The average
fluence is the same in all measurements. Exponentially decaying background has been
subtracted from all traces.

solely related to the free precession of the magnetization as previously demonstrated.

As we will show, the fixed frequency of precession is precisely that of the underlying

acoustic waves.

To formally tie these measurements to magnetization dynamics, we will make two

observations to show that (a) the signal is of magnetic origin and (b) that its dynamics

reflects the magnetization dynamics. The first of these requirements is clear. Based

on the magnetic field dependence (e.g. Fig. 3.2a), it is obvious that application of

a magnet field markedly changes the signal amplitude. The second criterion is more

subtle, and can be understood by looking at the expression of the complex polarization

angle [22]:

Θ̃(t) = F̃ (t) ·M(t) (3.1)

which expresses its proportionality to the magnetization M , the effective Fresnel

coefficient F̃ (t) acting as the proportionality constant. Pump induced change can be

expressed as:

∆Θ̃

Θ̃
=

∆M(t)

M(t)
+

∆F̃ (t)

F̃ (t)
(3.2)

As follows from these equations, the signal has to be proportional to magnetiza-
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Figure 3.4: Dependence of the elastic response on the grating period. Transient
diffraction signal, measured along the [100] MgO crystallographic axis (a) can be fit
well with a single oscillator, as can be seen from the fit curve overlay on the 2.4 µm
trace. The oscillation frequency decreases with the increase of grating periodicity. (b)

shows the dispersion results obtained fitting the datasets taken with the ~k along the
[100] and [110] axes.
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tion (equation 3.1), and the underlying magnetic dynamics can be assessed by a single

transmission/reflection measurement only if the effective Fresnel coefficient is fairly

constant ∆F̃ /F̃ � ∆M/M (equation 3.2). As an example, discrepancies between

the Faraday rotation dynamics and magnetization dynamics have been previously

observed in degenerate (same photon energy for pump and probe) pump probe ex-

periments investigating ultrafast demagnetization process in nickel [28]. They have

been attributed to dichroic bleaching, originating from the fact that the probe ‘sees’

the change in pump-induced carrier population, although the spin population stays

the same.

A practical criterion often used for attributing the observed signal dynamics to the

magnetic dynamics is the similarity of Faraday rotation and ellipticity signals [22].

This requirement becomes obvious when one takes into account that in equation 3.1

the Fresnel coefficient is complex, F̃ (t) = F ′(t) + iF ′′(t), hence real and imaginary

parts of the ∆Θ̃ are:

∆θ

θ
=

∆M(t)

M(t)
+

∆F ′(t)

F ′(t)
;

∆ε

ε
=

∆M(t)

M(t)
+

∆F ′′(t)

F ′′(t)
.

(3.3)

Consequently both the rotation and ellipticity dynamics caused by the magnetization

are proportional to the same term ∆M(t)/M(t). Figure 3.2b shows that the measured

ellipticity temporal trace indeed closely follows the polarization rotation. That is to be

expected, as the aforementioned ultrafast demagnetization study performed on nickel

shows [28] discrepancies between Faraday rotation and ellipticity only on much faster

timescales than we concern ourselves with. In addition, the bleaching should exhibit

(multi)exponential decay/ingrowth, and should have little influence on the oscillatory

signals. Having proven that the dynamics measured in Faraday angle are magnetic

in origin, we only measure Faraday rotation for all subsequent measurements.

We finish this initial demonstration of Faraday response by showing that the fre-

quency of oscillation is also modified by the choice of grating periodicity. In Figure 3.3,

we show the effect of changing the grating period from Λ = 1.4µm, to 2.4µm, to infin-

ity. The ‘infinity’ is effectively achieved by pumping with either one of the excitation

beams, resulting in almost spatially uniform excitation, its slow variation determined

by the pump beam diameter. The frequency of oscillation clearly depends on the

choice of grating periodicity and decreases when the grating period becomes larger.

At the extreme case when one of the pump beams is blocked the oscillatory response

is completely suppressed.
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3.3.2 Dispersion: elastic and magnetic response

After describing the general features of the magnetic signal, we move on to the detailed

examination of the dependency of the acoustic and magnetic response on the induced

grating periodicity. As noted previously, the transient grating technique is most

often used to excite and characterize surface acoustic waves in thin films (details

can be found in reviews on the topic [18]), therefore we would like to compare the

measured acoustic frequencies with the results typical for the surface acoustic waves,

after which, we would like to reconcile them with respective frequencies in the Faraday

measurement.

We measure the temporal evolution of the diffraction signal (Figure 3.1b geome-

try) as a function of excitation grating wavelength and plot the observed oscillation

frequency versus wave number. By the use of the fact that the transient grating

generates excitations with the same wave number, we are able to construct the dis-

persion relation. A representative set of measurements, performed with the grating

wave vector ~k along the [100] axis of the MgO substrate, is shown in Figure 3.4a.

The frequency dependence on k, extracted from the measurements performed along

[100] and [110] MgO crystallographic directions, is shown in the Figure 3.4b. The

extracted frequencies are the result of a single oscillator fit to the temporal evolution

which includes both the possibility for in-growth and decay time constants; an exam-

ple of the fit is shown in Figure 3.4a on the Λ = 2.4 µm data. A similar fit for the

Faraday response is depicted in Figure 3.2a on the H = 410 G dataset.

The data in 3.4b is well-fit by a linear function with zero intercept along both

crystallographic axes. The definitions of the phase velocity and group velocity of a

wave are vph = ω/k, vgr = ∂ω/∂k, respectively, and thus the linear dispersion law

with the zero intercept implies that the phase velocity is constant and equal to the

group velocity. The slopes of the linear fits result in acoustic wave phase velocities of

v = 5290± 40 m/s along the [100] and v = 5460± 40 m/s along the [110] direction.

This allows us to make a definitive assignment of the acoustic response as a

Rayleigh Surface Acoustic Wave (Rayleigh SAW). Its velocity depends on the elas-

tic properties of the substrate and the overlayer, and in the long wavelength limit

is dictated by the Rayleigh velocity of the substrate material [29]. The propaga-

tion velocity for the uncoated MgO is calculated [30] to be v[100] = 5500 m/s and

v[110] = 5680 m/s respectively, and when the elastically softer nickel layer (40 nm

thick) loads the substrate, propagation velocity decreases to v[100] = 5180 m/s, very

similar to the experimental value. The generation of Rayleigh surface acoustic waves

has been observed in many similar systems [18, 31, 32, 33] so our results fall well in

line with previous observations. Additional details on this topic can be found in the

Appendix to this Chapter.



102 Generation of frequency tunable surface magneto elastic waves

Figure 3.5: The extracted frequencies for both Faraday and transient diffraction mea-
sured along [110] direction are plotted versus wavevector and show near perfect cor-
respondence. The velocity extracted from a linear fit is 5480± 20 m/s, within 10%
of the expected Rayleigh velocity.

The diffraction signal in transmission geometry is usually caused by a combina-

tion of photoelastic effect and surface corrugation, as discussed in detail in Chapter 1

and it is believed to be the case in this diffraction experiment as well. Nevertheless,

one should note that the magnetic wave has the same periodicity and technically can

contribute to the total diffracted intensity. Thus, to estimate the possible impact of

magnetic waves and clarify the nature of the signal, transient diffraction measurements

were also performed at different values of the applied magnetic field. No changes in

the diffraction signal were observed between the measurements at field values corre-

sponding to either maximal amplitude (0 G or 400 G) or fully suppressed magnetic

oscillations (160 G or 1000 G), and that lead to the conclusion that diffraction mea-

surements represent exclusively elastic response. Similar measurements have been

performed on a nickel on soda-lime glass samples, and depicted in the Figure 4.3b in

Chapter 4.

After having discussed the elastic waves, we turn to the periodicity dependence of

the Faraday signal, measured at zero applied magnetic field, for example as shown in

Figure 3.5. The frequency response of the Faraday rotation is analyzed in the same

manner as transient diffraction data, and the resulting dispersion relation is overlayed

on the acoustic data. Figure 3.5 shows the near-perfect correspondence of the two

measurements, a strong indication of coupling between the two degrees of freedom.
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3.3.3 Magnetic field dependence

We now revisit the effect of applying an in-plane magnetic field to the Faraday sig-

nal and plot the Fourier transform of the temporal response as a function of applied

field, as shown in Figure 3.6a. We can identify in this plot the responses displayed

in Figure 3.2a, namely the near complete suppression of Faraday amplitude is evi-

dent at ≈ 160 G, and the subsequent reemergence of amplitude at yet higher field

strengths. The acoustic frequency for this particular grating periodicity, Λ = 1.4 µm,

is ≈ 4 GHz and is indicated by the horizontal rectangle. Also included in the figure is

the frequency response of optically excited uniform spin precession, alternately called

the Kittel mode or the ferromagnetic resonance (FMR). The overlay is a result of in-

dependent ultrafast FMR measurements (data shown in the Appendix) following the

work of van Kampen [1]. It is evident that the reemergence of oscillation amplitude

occurs near the intersection of the acoustic wave frequency with that of the FMR,

thus suggesting a coupling between the two phenomena, or more precisely, the abil-

ity of the acoustic excitation to resonantly excite a precession of magnetization. At

present, we don’t make the explicit assignment of acoustic-FMR coupling and rather

note that several spin wave modes (k 6= 0) could also be excited. However, in the

long wavelength limit all these modes have similar energy scales.

Resonant coupling is further supported by plotting the Fourier amplitude and

phase of the Faraday response (Figure 3.6b). The amplitude is calculated by ver-

tically averaging the data enclosed in the rectangular region around the acoustic

frequency (marked by white dashed lines in Figure 3.6a). The oscillation phase has

been determined by the same fitting procedure that was employed for the analysis of

the frequency dispersion of the elastic response.

Notably, the lineshape on resonance closely resembles a Lorentzian function (

Lorentzian fit is included for the amplitude), while the extracted phase of oscilla-

tion experiences a π phase shift as the resonance is traversed, the response expected

from a harmonic oscillator driven at a fixed frequency. In the time domain this

phase retardation manifests itself as a tilt of the equal phase lines against the chang-

ing magnetic field as shown in Figure 3.6c. Based on this data, we can understand

that the excitation is a combined elastic deformation and magnetic precession, where

each component is measured individually by the either Faraday rotation or transient

diffraction. When the magnetic field is appropriately tuned, the elastic wave reso-

nantly couples to the ferromagnetic resonance, and results in an in-plane propagating

magneto elastic wave.
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Figure 3.6: Part (a) shows the frequency response of the Faraday signal when the
acoustic waves propagate along [110] direction an in plane field is applied at a small
azimuthal angle ϕ. The acoustic frequency, denoted by the horizontal box exhibits a
nontrivial response. The reemergence of oscillation amplitude at ≈ 410 G coincides
with the frequency of the ferromagnetic resonance (red line). In (b) we show the
oscillation amplitude and phase which exhibit a classical driven resonator response,
including Lorentzian lineshape and a π phase shift across the resonance. The response
at low fields is likely the result of domain reorientation. The time domain signal
against the applied magnetic field (c) shows that the equal phase lines of the resonant
response are tilted, further illustrating retardation of the phase.
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3.4 Discussion

We come to a phenomenological understanding of these effects by considering the

manner in which elastic and magnetic degrees of freedom are coupled via the mag-

netoelastic contribution to the free energy. For a cubic polycrystalline material, the

magnetoelastic free energy takes the form [34]:

Fme = b[εxxm
2
x + εyym

2
y + εzzm

2
z] + 2b[εxymxmy + εxzmxmz + εyzmymz] (3.4)

where b is a material dependent magnetoelastic coupling constant, mi are normalized

magnetization components along the i = {x, y, z} direction, and εij are the compo-

nents of the time dependent strain tensor. In the framework of the Landau-Lifshitz

(LL) equation, d~m/dt = γ ~m× ~Heff , the magnetization precesses in the effective field
~Heff . The effective field comprises the static externally applied field and dynamic

components such as demagnetizing field and the effective field due to the magnetoe-

lastic interaction Hme. The latter is defined as the gradient of the free energy with

respect to magnetization:

~Hme =
1

µ0M0
(−∂Fme/∂mx,−∂Fme/∂my,−∂Fme/∂mz) (3.5)

and initiates precessional motion of the magnetization [14, 8, 34]. To elucidate the

important strain components, we expand equation 3.5:

Hme,x =
2b

µ0M0

(
εxxmx + εxymy + εxzmz

)
;

Hme,y =
2b

µ0M0

(
εxymx + εyymy + εyzmz

)
;

Hme,z =
2b

µ0M0

(
εxzmx + εyzmy + εzzmz

)
.

(3.6)

Let the coordinate axis z point out of plane and let the planar acoustic wave propagate

along the x axis. Then the material displacements in the x and z directions ux and

uz (see Chapter 1) are constant along y direction due to translational symmetry and,

because of the same reason, uy = 0. Consequently, all strains with the y index are

absent εxy = εyy = εyz = 0. Then the effective field becomes:

Hme,x =
2b

µ0M0

(
εxxmx + εxzmz

)
;

Hme,y = 0;

Hme,z =
2b

µ0M0

(
εxzmx + εzzmz

)
.

(3.7)
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Within this framework, we can explain the elastically driven resonant coupling to

the ferromagnetic precession at large fields. The propagating acoustic wave, via the

strain components, acts as a driving force by locally modulating the effective field

Heff at the frequency f = vph/Λ, dependent on the phase velocity of the elastic

wave and on the grating wavelength. The effective magnetic field exerts a torque

on the magnetization vector, providing a harmonic driving term in the precession

equation. The system is then brought into resonance when this elastic-wave-related

driving frequency matches that of the field tuned FMR, resulting in the increased

oscillation amplitude of the Faraday response.

When the equilibrium direction of magnetization is at a small azimuthal angle ϕ

with the acoustic wave propagation direction x (~m = (cosϕ, sinϕ, 0) ≈ (1, ϕ, 0)) the

precession is started by the torque, provided by the cross product Hme,x ×my, while

Hme,z = 0 at equilibrium. Equation 4.2 shows that the strain component responsible

for the start of the precession is εxx.

In the special case when the magnetic field is parallel to ~k ( ~H ‖ ~k ‖ x̂) and

strong enough to saturate the magnetization along the in-plain direction, my = 0

and subsequently no torque is produced by εxx. The remaining strain term that still

can produces a torque is the εxz, however the shear strain (εxz) is always zero at a

free surface (see Figure 1.3b in Chapter 1) and thus also unable to exert a torque.

The average value of the shear component εxz slightly deviates from zero because of

the finite thickness of the nickel film, however this deviation is still comparatively

small. The experimental consequence, depicted in Figure 3.7a is that the resonant

precession signal is absent when the angle between the magnetic field and the grating

wave vector is close to zero. This measurement has been performed along a [100]

axis of the MgO substrate, different from the dataset depicted in Figure 3.6, which

was measured along [110]. To complement the data of Figure 3.7a we also provide

the measurement where the initial magnetization is at a small angle to the [100] axis.

Similarly to the measurement along the [110], the resonant signal is clearly visible in

Figure 3.7b.

Apart from the resonant response, an oscillation of similar amplitude is present at

low magnetic field values (see Figure 3.2a, Figure 3.6a, and Figure 3.7a-b). Currently

its origin is not fully clear, so here we will limit ourselves to a short discussion on the

possible sources of this effect.

The first suggestion is that the low field response might be understood by incor-

porating into our description the possibility of a generalized magnetic domain, whose

orientation is determined solely by a competition between shape anisotropy and mag-

netocrystalline anistropy. XRD measurements indicate that a portion of the thin film

is (111) oriented, which is the easy axis for fcc nickel films and suggests an out of
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Figure 3.7: Faraday signal dependence on the in-plane external magnetic field. The
acoustic waves propagate along the [100] axis of the MgO substrate. (a) The magne-

tization is parallel to ~k, (b) the magnetization ~M is at a small angle with respect to
~k.
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plane component to the magnetization orientation. In performing the above calcula-

tion, one again arrives at a net torque provided by the shear strain on all domains.

Importantly, this contribution vanishes at ≈ 75 G, comparable to the coercive field

required to orient all domains along the field direction, but not yet in resonance with

the force applied by the passing acoustic wave.

A second possible suggestion is that the observed dynamics might have a con-

nection to the magnetization surface pinning effects. Extending the speculation even

further, a possible source of pinning could be, for example, the formation of a NiO

antiferromagnetic layer on the Ni surface while the metal film is repeatedly irradiated

and heated by pump pulses in air.

3.5 Conclusions

In summary, we have demonstrated a simple geometry in which to generate broadly

tunable surface magnetoelastic waves. We showed a one-to-one correspondence be-

tween the acoustic and magnetic response, and demonstrated that under appropriate

conditions of applied field, the strain excitation resonantly couples to a propagating,

frequency tunable, ferromagnetic resonance.

The importance of this result rests upon the fact that optically generated strains

can exceed those generated by transducers by several orders of magnitude. Here we

expect to routinely generate strains in excess of 0.1% [33, 35] and in certain cases an

order of magnitude larger [36]. Our demonstration of pure in-plane magnetoelastic

waves rivals pure spin wave propagation [37] as a means of transporting spin informa-

tion over macroscopic lengthscales and could be implemented in a range of phononic

devices [38] where a coupling between elastic and magnetic degrees of freedom can be

used to store or transfer information.



Appendix 109

3.6 Appendix

3.6.1 Acoustic response: angular dependence

In a sample consisting of a thin layer and a substrate propagation of the acoustic waves

depends on the elastic constants of both the substrate and the film. The relative im-

portance of the substrate and the layer parameters is determined by the ratio of the

film thickness h to the wavelength of the acoustic excitation λ: h/λ ∝ hk [29], where

k is the corresponding wavenumber. If the thickness of a film is much larger than the

wavelength, the acoustic wave is mostly contained within the film and its propagation

is determined by the acoustic properties of the film. Conversely, when the film be-

comes thinner, the influence of the substrate grows and in the thin film limit hk → 0,

the Rayleigh wave velocity approaches that of the free surface of the substrate. The

substrate used in our experiments, MgO, is a cubic acoustically anisotropic material.

Its elastic constants and propagation velocities of the longitudinal and shear waves

are listed in Table 3.1.

The main acoustic properties of our samples were discussed in the body of this

chapter; here we supplement these data by the angular dependence of the Rayleigh

wave propagation. In order to do it, a series of transient diffraction measurements were

performed on the 40 nm nickel/MgO samples by launching the acoustic wave prop-

agation at various azimuthal angles. During the measurement series the sample was

rotated around its normal while the grating direction was kept constant. The results

in Figure 3.8a show characteristic oscillations as the acoustic wave propagates through

the sample, similar to the results depicted in Figure 3.4. After the single frequency

fitting, we observe that the phase of the oscillation is independent of the acoustic

wave propagation direction (Figure 3.8b) and the phase velocity clearly increases by

≈ 150 m/s as the propagation direction changes from [100] to [110] (Figure 3.8c).

Table 3.1: MgO substrate parameters - density and longitudinal and shear wave
velocities along the [100] and [110] crystallographic directions [39].

ρ v
[100]
L v

[100]
T v

[110]
L v

[110]
T

g/cm3 m/s m/s m/s m/s

3.58 8940 6430 9660 5270

The calculation to estimate the azimuthal dependence of Rayleigh wave velocity

on the uncoated MgO substrate yields results shown in Figure 3.8d. As we can see,

the velocity of the Rayleigh wave increases by ≈ 180 m/s as we turn from the [100]

direction to the [110] direction. By contrast, the shear wave velocity decreases, and

when it becomes smaller than the Rayleigh velocity, the wave radiates away from
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Figure 3.8: The azimuthal angle dependence of the acoustic response. The sample is
40 nm nickel on MgO, zero angle is along to the [100] axis of the MgO, 45 deg is along
[110], wavelength of the grating is Λ = 2.4 µm. (a) measured transient diffraction
signals, shifted vertically for convenience, (b) extracted phase of the oscillation, (c)
extracted signal frequency and corresponding phase velocity, (d) calculation result
of the Rayleigh (blue) and pseudo-Rayleigh (red) response of the MgO substrate.
Dashed black line represents the shear wave velocity.



Appendix 111

the surface, thus becoming ‘pseudo-Rayleigh’ or ‘leaky’ mode. The reason can be

understood by looking at the equations 1.13 and 1.15 in Chapter 1: b(c) is imaginary

when v < vT and becomes real when the opposite is true, therefore exponential decay

along the direction of a surface normal changes into propagation and the wave is no

longer bound to the surface.

The experimentally obtained velocity follows the same trend as the calculation,

however the calculated velocity is somewhat higher. It is easy to explain remembering

that the propagation velocity in nickel is lower than in the MgO thus it loads the

substrate and lowers Rayleigh wave propagation velocity. When the loading is taken

into account, as was done for the [100] direction in the main body of the chapter, the

velocity matches the experimental result closely.

To conclude, the transient diffraction measurements have shown an expected be-

havior and have corroborated the notion that the waves generated by us are Rayleigh

surface acoustic waves.

3.6.2 Ferromagnetic resonance

To complement the magnetic field dependence data (Figure 3.6), the optically-driven

ferromagnetic resonance was measured on our samples. The frequency dependence

of the uniform precession was taken against the magnetic field on a 40 nm nickel on

soda lime glass substrate similarly to van Kampen et al. [1]. The magnetic field was

applied out of the sample plane at an angle α = 9 deg as shown in the inset of the

Figure 3.9b and varied from 500 G to 2500 G. A single optical pump pulse was used

to trigger the precession and the out-of-plane component of the precessing magnetic

moment was detected via Faraday rotation in transmission measurement.

The observed response has a simple form of a single damped oscillator as can be

seen in Figure 3.9a. After fitting with a damped oscillator function S = C cos(2πft+

φ)e−t/τ we determine the oscillation frequencies and plot them them against the

magnetic field in Figure 3.9b. Taking the general form of FMR dispersion f =

A
√
H(H +Ha) and fitting the frequency data we obtain the parameter values A =

2.63± 0.08 MHz/G and Ha = 5400± 430 G. The anisotropy Ha is expected to match

the magnetization value, which is MRT = 5800 G [39] at room temperature. Obtained

anisotropy value is somewhat lower than expected and higher than the one reported

in the measurements by van Kampen [1]. We think that this discrepancy reflects the

amount of the heat residue after the excitation pulse, which leads to demagnetization

and reduction of Ha. The obtained fitting curve was used also as a guide-to-the-eye

in Figure 3.6 to approximate the dispersion of close-to-FMR magnetic excitations.

To check if the results holds when the sample is excited with the interference

grating, a measurement was also performed with a double-beam pump excitation.
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Figure 3.9: Optically induced ferromagnetic resonance measurement. (a) The Fara-
day signal (exponential background has been removed) is well-represented by a sin-
gle damped oscillator and exhibits a phase flip when magnetization direction is
changed to opposite. (b) Oscillation frequencies obtained by fitting and a fit with
the Kittel-mode-like function. The precession is triggered with the single- and
double-beam pulse (TG geometry). The inset shows experimental geometry - the
magnetic field is applied at an out-of-plane angle α = 9 deg and the equilibrium
magnetization has an out-of-plane component.
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The observed signal shows no qualitative changes, the only difference being that the

precession frequency is slightly higher at magnetic field values H > 1000 G. The

frequency differs by approximately 1% and is to a high degree independent of the

grating periodicity Λ. Therefore the results are generally valid as a guide-to-the-eye

on the temperature modulated background.
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Chapter 4

Ultrafast Magnetoelastic

Probing of Surface Acoustic

Transients

In this chapter we employ the augmented transient grating spectroscopy to inves-

tigate a magnetic system with a richer set of acoustic properties than the Ni/MgO

reported in Chapter 3. On thin nickel films evaporated on soda-lime glass substrate

we simultaneously generate two surface acoustic modes with the same wavenumber

and investigate their coupling to the magnetization in the linear regime. Along with

the Rayleigh Surface Acoustic Wave (SAW) described in the previous chapter, a sec-

ond, high frequency longitudinal leaky acoustic mode is observed and identified as

the so-called Surface Skimming Longitudinal Wave (SSLW).

We start the chapter by discussing the magnetic response of the system excited

with the transient grating geometry and the dispersion of this response against the

grating periodicity. We identify two modes with different propagation velocities and

match these data with the acoustic response to show one-to-one correspondence be-

tween the two.

After demonstration of the magneto-elastic nature of the excitations, we measure

the Faraday response against an applied magnetic field and investigate its symmetry

as a function of angle between magnetic field and elastic wavevector. It is demon-

Published in:
J. Janušonis, C. L. Chang, T. Jansma, A. Gatilova, V. S. Vlasov, A. M. Lomonosov, V. V. Temnov,
and R. I. Tobey, Ultrafast magnetoelastic probing of surface acoustic transients. Physical Review B
94, 24415 (2016).
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strated that the phase of the oscillation behaves as would be expected from a simple

theoretical model and that the amplitude of oscillation grows linearly at small angles,

which is also expected.

Next, in order to support the assignment of the acoustic responses, a Green’s

function based calculation of the thermoelastic response is presented. Using the si-

nusoidal thermal grating as an initial condition, the strains and displacements of the

glass substrate and the nickel/glass system are calculated and the effect of the nickel

layer thickness on the acoustic properties is shown. Two different acoustic responses

appear in the calculation, identified as Rayleigh SAW and SSLW, which exhibit dif-

ferent temporal properties. Additional calculations demonstrate well-known higher

order (Sezawa) surface acoustic modes, define experimental conditions where they

would become observable, and further identify our high frequency acoustic response

as SSLW rather than Sezawa.

Finally, in the Appendix we present the measurements of the magnetic response

triggered by the acoustic wave propagating at small angles with respect to magneti-

zation vector. The data indicates that the angles where the acoustic resonances are

decoupled from the magnetization deviate from those predicted by the simple theoret-

ical model that we employ. One of the observed deviations, the difference between the

zero-coupling angles of SAW and SSLW, might be explained by including the shear

strain component εxz of the SAW along with the dominant longitudinal component

εxx. The offsets between the expected angles of the same resonance, however, seem to

break the symmetry of the system and might provide an interesting topic for further

study.

4.1 Introduction

Generating elementary excitations at solid surfaces and interfaces underscores many

processes in materials and enhances their use in modern technology. With the in-

creased emphasis on new materials and enhanced functionality of existing materials,

generating and detecting multiple, competing excitations at the surface provides op-

portunities to expanded implementation. As many of these excitations are transient

in nature, the use of ultrashort optical pulses provides for the generation and real-time

monitoring of their dynamics, and allows for the time-domain identification of their

effects on the state of the material [1].

The effects of competing excitations on material properties are exemplified in

plasmonics. In research related to extraordinary transmission of light through sub-

wavelength apertures [2, 3, 4] a long-lasting controversy exists over the nature of the

responsible mechanism. It is currently understood that two competing excitations,
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the so-called Composite Diffraction Evanescent Waves (CDEW) and the conventional

Surface Plasmon Polaritons (SPPs), conspire to enhance transmission through aper-

tures, while their contributions depend strongly on the experimenal geometry. Alter-

natively, new model systems are sought in order to shed further light on extraordinary

transmission effects, and acoustic analogues have been demonstrated [5].

In this work we report on the generation and selective detection of two surface

acoustic waves, which are analogous to CDEW and SPP in plasmonics. The combi-

nation of femtosecond transient grating (TG) excitation with ultrafast time-resolved

magneto-optical spectroscopy allows for an unambiguous observation of Rayleigh Sur-

face Acoustic Wave (SAW) and a short-living Surface Skimming Longitudinal Wave

(SSLW), both of which couple to the magnetization of the material. The differences in

the acoustic properties between SAW and SSLW provides the possibility to selectively

probe the individual acoustic modes via the resonant magneto-elastic excitation, and

represents an advantage when compared to the analogous plasmonic investigations,

particularly in regards to the selectivity in detection between the two competing exci-

tations. The combination of novel experimental and analytical theoretical tools repre-

sents a powerful playground for the design of ultrafast magneto-optical and magneto-

acoustic devices. As the most straight-forward application, our results can contribute

to the detailed understanding of the extraordinary high acoustic transmission through

the periodically microstructured surfaces, and by searching for novel phenomena in

the magneto-optical transmission measurements through sub-wavelength hole arrays

patterned in hybrid metal-ferromagnet multilayers.

4.2 Experimental results

In the TG geometry, short pulses of light at 400 nm are crossed onto the sample

surface, which upon superposition result in a spatially periodic excitation of the sam-

ple, as shown in Fig. 4.1 and discussed in detail in Chapter 1. In this excitation

geometry, all elastic modes that satisfy the elastic boundary conditions are excited

at the wavevector 2π/Λ determined by the crossing of two beams. Subsequent to

the excitation, a time-delayed 800nm probe pulse impinges normally onto the sample

surface and the transmitted radiation is polarization analyzed (Faraday detection).

The sample in held in a magnetic field that can be swept continuously from -1.5 kG

to +1.5 kG and rotated around the sample normal.

The samples under study are composed of thin polycrystalline nickel films (40 -

60 nm - which provide qualitatively similar results) on 1mm thick soda lime glass

(SLG) substrates. Representative data showing the grating dependence of the Fara-

day response are shown in Fig. 4.2(a) for a film thickness of 40nm. In contrast to
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Figure 4.1: Experimental geometry showing the thin nickel film on the glass sub-
strate. The transient grating is generated by two crossed femtosecond laser pump
pulses, leading to a spatially-periodic impulsive heating of a thin nickel film (the ini-
tial thermal profile is shown by the color scale) and launching of acoustic waves along
the surface of the semi-infinite glass substrate. Grating periodicities as small as 1 µm
can be achieved. A magnetic field can be rotated continuously in the sample plane.
Faraday rotation of time-delayed optical probe pulses transmitted through the sample
monitors the interaction between elastic and magnetic degrees of freedom.
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the results of Chapter 2, which describe the nickel/MgO sample structure, when

performing measurements on glass substrates additional dynamics can be observed.

Cursory evaluation of the data in Fig. 4.2(a) shows that both oscillation amplitude

and frequency reduce as the excitation grating period is increased, and eventually

disappear when a single pump beam is used to excite the material similarly to the

results presented in Chapter 2. Secondly, the dynamics in the first nanoseconds are

comprised of two oscillating contributions, which suggests the presence of two distinct

magnetoelastic waves.

Assignment of the modes is accomplished by plotting the frequencies of both modes

as a function of excitation wave number and matching them with corresponding acous-

tic response. In Fig. 4.2(b) we display the Fourier Transform of the zero field response

showing two oscillations. For Λ = 1.57 µm, and correspondingly k = 4 µm−1, the

extracted frequencies are 1.75 GHz and 3.6 GHz, respectively. In Fig. 4.2(c) these

frequencies are plotted for a range of applied grating periodicities.

Having thus constructed the dispersion relations of the magnetic excitations, we

analyse elastic responses in a similar fashion. Figure 4.3a depicts the transient diffrac-

tion signals, obtained in two different configurations: diffraction in reflection and

diffraction in transmission. Two diffraction signals are very different, as the the

oscillation in the reflection channel is predominantly of lower frequency and higher

frequency oscillations are evident in the transmission channel. As it was discussed in

Chapter 2, two main effects contribute to diffraction in our systems: surface corruga-

tion and the photoelastic effect. Diffraction in reflection is much more sensitive to the

surface corrugation and both effects contribute almost equally to the diffraction in

transmission, therefore two different surface waves are best seen in two complementary

channels.

Similarly to the case of the MgO substrate, we believe that the transient diffraction

signal originates from the elastic deformation rather than magnetic effects. This is

proved by the measurements at 0G and 1000G external magnetic field as shown in

figure 4.3b. One can see that both fast (inset) and slow dynamics, observed in the

transmission channel, do not depend on the applied field, and also on the amplitude

of the magnetic oscillations depicted in figure 4.5. The transient diffraction signals

were measured for a range of grating periods resulting in the traces depicted in figure

4.4. The data were fit with a two oscillator model in a similar fashion as the Faraday

rotation response and the frequencies were overlayed on the magnetic data in figure

4.2c.

From the correspondence between the two detection schemes, we are able to fit a

single linear relationship (with zero intercept) providing the following mode assign-

ments and their respective velocities: The lower branch propagates at 3120±20 m/s



124 Ultrafast Magnetoelastic Probing of Surface Acoustic Transients

0 1 2 3 4

0

4

8

12

16

20

Time Delay (ns)

 

Fa
ra

da
y 

R
ot

at
io

n 
(a

.u
.)  ( m)

 8.0
 6.4
 5.6
 4.6
 4.0
 3.2
 2.4
 2.0
 1.6
 1.4

(a)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5

0 2 4 6 8 10

0
20
40
60

          

   

 

Frequency (GHz)

Fr
eq

ue
nc

y 
(G

H
z)

Wavevector ( m-1)

   Faraday rotation                 
 Transient Diffraction

(b) Spectrum at q=4 m-1 

A
m

pl
itu

de
 (a

.u
.)

(c)

Figure 4.2: (a) The time-resolved Faraday rotation measures the acoustically induced
magnetization precession. As the period of the transient grating is increased, the
precession decreases in frequency and amplitude. In the limit of a single pump beam
excitation, the magnetic precession is completely suppressed. (c) The frequency of
oscillation versus wavevector measures the velocity of acoustic propagation. Red
and black data points represent frequencies extracted from (a), and blue data points
are extracted from the nonmagnetic transient grating detection. Near perfect linear
dependence allows us to identify two types of excitations as the Rayleigh Surface
Acoustic Wave (lower branch) and the Surface Skimming Longitudinal Wave (upper
branch) propagating at 3120± 20 m/s and 5590± 15 m/s, respectively.
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Figure 4.3: Illustration of transient diffraction measurements. (a) Two frequency
components dominate the signal; the lower frequency is prominent in the diffraction
in reflection signal and the higher frequency dominates the diffraction in transmission.
(b) Diffraction signal in transmission does not depend on the applied magnetic field.
This proves that the diffraction signal follows elastic properties rather than magne-
tization. The inset shows fast longitudinal oscillations caused by the acoustic pulse
moving perpendicularly to the film surface [6, 7]

.
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Figure 4.4: Normalized diffraction time traces vs. the induced grating period. The
measurement has been performed in transmission geometry.

which we assign as the Rayleigh Surface Acoustic Wave, the same excitation witnessed

on MgO substrates (Chapter 3). In the long wavelength limit (Λ > 1 µm), the prop-

agation velocity of the Rayleigh SAW in the Ni/substrate heterostructure is dictated

by the substrate elastic constants due to the finite penetration depth (≈ Λ � h) of

the elastic wave. This velocity compares favorably with the Rayleigh SAW velocity

of the glass substrates, 3100 m/s for soda lime glass. The upper branch, propagating

at a velocity of 5590± 15 m/s, is the in-plane longitudinal acoustic wave, which has

been termed previously as a Surface Skimming Longitudinal Wave (SSLW) [8], or

the Surface Skimming Bulk Wave (SSBW) [9], an elastic excitation that has been

used for non-destructive material evaluation [10, 11]. Again, the velocity is very close

to the longitudinal sound velocity in glass (literature value 5400 m/s) due to the

predominant concentration of elastic energy in the substrate.

We now discuss the effect of applying an in-plane magnetic field. As we had shown

previously [12], applying a magnetic field
−→
H ext in the plane of the sample provides the

coupling between the elastic field at frequency vac/Λ and the ferromagnetic resonance

of the film at frequency fFMR ∝
√
Hext(Hext +M). The magnitude Hext of the

applied field tunes the precessional FMR frequency of the film to match either SAW

or SSLW frequency (M is the saturation magnetization of the thin magnetic film).

The effect of having two elastic fields present, provides for the selective excitation

of one magnetization precession response. A representative field scan is shown in

Fig. 4.5 where the precessional amplitude is plotted as a function of applied field
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Figure 4.5: Under appropriate field conditions the time-periodic effective magnetic
field of the elastic wave resonantly couples to the precessional motion in the film,
driving large amplitude precessional motion. For Λ = 2.0 µm, the upper frequency
at 2.8 GHz is that of the SSLW while the lower frequency at 1.5 GHz corresponds to
the SAW. At the intersection of the elastic waves (white dashed lines) and ferromag-
netic resonance (white solid line) an increase in oscillation amplitude is observed. In
the upper panel, spectral amplitude is shown, integrated in the frequency intervals
[1.5..2.0]GHz and [2.2..4]GHz.
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Figure 4.6: Time resolved Faraday traces at the resonances for (a) SAW and (b)
SSLW, taken from Fig. 4.5(main panel). Switching the polarity of the magnetic field
yields nearly identical oscillation amplitudes and phases which can be understood
by considering the applied torque induced by magnetoelastic coupling (see text).
(c) Rotation of the applied magnetic field around the grating wavevector (geometry
displayed in inset) results in an opposite sense of magnetization precession. The data
shown in (c) is for Λ = 1.1 µm, and field tuned to the SSLW resonance.
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(main panel) for a grating period of 2.0 µm. The elastic frequencies at Λ = 2.0 µm

associated with SAW and SSLW are indicated by the horizontal lines over the data,

while vertically-integrated amplitude dependences on the magnetic field are displayed

in the upper panel of Fig. 4.5.

As the applied field is tuned into resonance, the oscillation amplitude of the magne-

tization precession peaks, and then reduces as the field is tuned above resonance. The

maxima occur at different magnetic fields for the SAW-related oscillation and for the

SSLW-related resonance. SSLW resonant peak is distinctly different from the low-field

response, which is prominent at both resonance frequencies when Hext < 75G. The

SAW resonance, on the other hand, is merged together with the low field response,

and become clearly separated when a smaller grating period pushes the resonances to

higher frequencies and, consequently, to higher external magnetic fields, as shown in

the figure 4.10 in the Appendix.

For all applied fields, it should be recognized that two elastic waves are active, but

the resonance condition drives a single precessional motion of the magnetization at a

specific field. The maxima occur at the location where the elastic driving frequency

matches FMR frequency as indicated by the dashed white lines.

Next we move to discuss the symmetry of the magnetic response with respect to

the angle φ between the saturated magnetization ~M and the grating wave vector ~k. In

order to do so we employ the Landau-Lifshitz equation and make use of the effective

magnetic field produced by the magnetoelastic interaction as discussed in the previous

chapter. To recap, the effective field for the plane waves propagating along x reads:

Hme,x =
2b

µ0M0

(
εxxmx + εxzmz

)
;

Hme,y = 0;

Hme,z =
2b

µ0M0

(
εxzmx + εzzmz

)
,

(4.1)

and the magnetization precession is driven by the torque ~T (t) = ~M(t)× ~Hme(t). We

will look into the torque value ~T (0) at the start of the precession in order to explain

the phase of oscillation under the changes in the magnetization angle.

The temporal response for three configurations of the applied magnetic field are

displayed in figure 4.6. In the first two scenarios, (Fig. 4.6(a,b)) the in-plane magnetic

field is fixed at a small angle with respect to ~k, while reversing the direction of the field

results in the same phase of magnetization precession. At the moment of excitation

t = 0 the magnetization is in plane ~m = (mx,my, 0) so the torque can be expressed
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as:

Tx ∝ εxzmxmy;

Ty ∝ −εxzm2
x;

Tz ∝ εxxmxmy,

(4.2)

The dominant torque component is Tz (the strain εxz � εxx), which originates from

the coupling of in-plane longitudinal strain, εxx, to in-plane components, mx and

my, of magnetization vector: ∂mz/∂t ∝ εxx(t)mxmy. When the magnetization is

inverted, i.e. mx → −mx and my → −my, the magnetoelastic torque direction,

and therefore the precessional direction, remains unchanged. On the contrary, if the

magnetization is reflected with respect the acoustic wavevector (Fig. 4.6(c)) (mx →
mx and my → −my, which is equivalent to φ→ −φ), the direction of magnetization

precession changes in accordance with the above equation. In a small angle limit

the magnetization precession amplitude of both modes scales linearly with angle, as

demonstrated in the Appendix.

The differences in lifetime of the respective modes (Fig. 4.6(a),(b)) can be traced

directly to the nature of the elastic driving field underscoring these effects. Whereas

the SAW is a surface propagating elastic eigenwave with low energy dissipation, the

SSLW is not a surface bound wave in this strict sense, and thus significant elastic

energy propagates away from the active magnetic layer. Thus the strain amplitude

of this higher frequency mode decays rapidly as elastic energy leaks away from the

magnetically active material.

Measurements performed in similar planar geometries using elastic transducers to

generate elastic waves and drive magnetic precession [13, 14, 15, 16] do not witness

similar SSLW excitations. In the TG geometry, we launch all elastic modes which

satisfy the boundary conditions imposed by the spatially periodic stress conditions.

The transducer measurements additionally control the driving frequency, and thus

primarily excite the SAW excitation only. Furthermore, as evident from our time

traces, the SSLW excitations at multi-GHz frequencies experience far larger decay

rates than SAW and thus would inhibit their detection in a non-local geometry based

on generation and detection transducers that are spatially separated. In our local

measurements, where the excitation and detection are performed in the same position,

detection becomes possible.
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4.3 Calculation of time-dependent strains

The existence and generation of multiple elastic responses can be understood by

Green’s function calculations of an elastic half space loaded with a thin, elastically

different, layer. To identify the acoustic responses the calculations were performed by

our collaborators and are presented here for the completeness of the discussion. Such

an analytical calculation assumes absorption of pump light results in the spatially

inhomogeneous distribution of temperature in the metallic layer. After the electron-

phonon equilibrium is established in the film on the time scale of a few picoseconds,

the thermal stress begins acting on the glass substrate.

We can describe the generation of elastic transients by calculating the Green’s

function response in the frequency domain [17]. When an elastic half space is sub-

jected to a temporally instantaneous, spatially localized force, the Green’s functions

that must be calculated are Gxx and Gxz, which in turn can be converted into elastic

displacements via a convolution with the excitation source:

Ui(t, x) =

∫
Gxi

(
x− x′, t) cos

(2π

Λ
x′
)
dx′ . (4.3)

Finally strains are calculated as spatial derivatives of the displacements: εij(t) =
1
2

(
∂uj

∂i + ∂ui

∂j

)
(i, j = x, z). Taking the source geometry into consideration (sinusoidal

along x, translationally invariant along y) and assuming both film and substrate are

isotropic, the displacement and gradient components along the y axis equal zero:

uy = 0 and
∂uj

∂y = 0.

To understand the relative amplitudes of in-plane and out-of-plane strains, we first

show this calculation for the case of no bounding film. The Green’s functions and

the corresponding strains are shown in figure 4.7 with the primary result being that

εzz(t) is smaller than the in-plane strain εxx(t), while both waveforms comprise sig-

natures of both acoustic modes. In the inset of Fig. 4.7, the Green’s function is shown

and the SAW and longitudinal velocities are identified. The SSLW exhibits a broad

peak extending up from the SAW velocity, whose width and amplitude determine

the attenuation of the wave with propagation distance. Since the Green’s function

extends over a large range of velocities, the identification of individual mode contri-

butions to the total strain is difficult. However, to some reasonable approximation,

one may extract the strain contribution of the SSLW by calculating the convolution

for all values v > v0 (the zero-crossing point above the SAW velocity, see the in-

set in Fig. 5). The result takes on a form of a gradually decaying oscillation with

approximately 1/t amplitude dependence, as expected for acoustic diffraction in the

cylindrical geometry. This procedure does not differ significantly from curve fitting

of the total strain waveform assuming two strain components which take the form of
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Figure 4.7: Volumetric elastic strain are calculated for a bare substrate showing both
in-plane and out-of-plane compressional components. The solution to the Green’s
function Gxx and Gxz are shown in the inset with the zero crossings indicating the
velocities of respective SAW and SSLW modes. The convolution of Green’s function
with a periodic temperature variation (with period Λ = 1.1 µm) obtain the time
dependence of εxx and εzz inside the glass near the surface. Calculated strains are
subsequently incorporated into the magnetoelastic free energy and their effect on the
magnetization drives precessional motion.
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SSLW(t)∼ sin[vLt/Λ]/t and SAW(t)∼ sin[vSAW t/Λ]. Finally, when applying elastic

boundary conditions we can also neglect the shear strain εxz(t) (which is intrinsic to

SAW) since it is identically zero at the free surface, and small when the film thickness

is much smaller than the acoustic wavelength.

We can now apply a similar calculation to the case of film/substrate heterostruc-

ture to study the effect of film loading on the elastic velocities, and the possible

appearance of higher order elastic modes as the wavevector increases. Figure 4.8(a)

shows the evolution of the Green’s function as the thickness of nickel, h, is varied

over a range of common experimental thicknesses: h = 20, 40, 60 nm. With increas-

ing h, the velocities of both SAW and SSLW decrease, a signature of the reduced

sound velocity in nickel as compared to glass. Additionally, signficant modification

to the Green’s function shape is evident for SSLW, which in-turn results in a modi-

fication to the SSLW temporal response. Performing the same procedure as detailed

above, namely convolution with the Green’s function for all velocities above v0 to

obtain SSLW dynamics, the resultant SSLW contribution is now well approximated

by an exponential decaying function (compare SSLW(t) for h = 0 and h = 40 nm

in Fig. 4.8(b,c)). The proposed approximation for SSLW(t) works very well as con-

firmed in Fig. 4.8(b,c) by a good quantitative agreement between the exact Greens

solution obtained by Eq. (1) (purple line) and the approximate solution based on

mode decomposition, i.e. SAW(t)+SSLW(t) (points).

We conclude that a Green’s function formulation can, at the very least, identify

the underlying elastic forces which act on the magnetization through magnetoelastic

coupling and verify the existence of two modes, which we identify as SAW and SSLW.

Finally, the modifications to the temporal evolution of the SSLW wave guide our

understanding of the TG responses and their associated magnetic modes.

The existence of the SSLW has attracted some attention over the years [18, 19],

nevertheless, the frequency of the higher order surface acoustic waves in the thin

film/substrate heterostructures (termed Sezawa modes) [20], also falls in the range of

our experimental results. That makes it worthwhile to discuss the existence condi-

tions of the Sezawa modes, verify the statement about the nature of the high frequency

acoustic mode, and anticipate the regime where Sezawa modes become relevant. The-

oretical analysis shows that the higher order surface acoustic modes (Sezawa) emerge

as the TG periods become comparable to the film thickness, Λ ∼ h. In Fig. 4.9(a)

the existence and dispersion of these higher order guided modes can be witnessed.

For a fixed sample thickness, as the grating period is reduced, additional guided

modes appear first as unbound, highly damped, pseudo surface acoustic modes, and

subsequently as guided modes in the film. The spatially dependent (along the film

thickness) structural strain profiles likewise are modified for each mode, leading to
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Figure 4.8: The Green’s function Gxx for nickel films of different thickness h =
0, 20, 40, 60 nm on glass substrate calculated for TG period Λ = 1.1 µm. As the
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potentially complex magnetoelastic couplings. As these higher order modes emerge,

the well-defined SSLW peak becomes indistinguishable, or at the very least, highly

intertwined (Fig. 4.9(b)) with multiple overdamped pseudo-Sezawa modes [21], while

at sufficiently thin samples (Λ = 50 nm), additional bound modes are clearly visible

and identified as the Sezawa mode in Fig. 4.9(b). The analysis of this much more

complex elastic mode distribution, and their respective distortion profiles, is beyond

the scope of this chapter. However, new techniques based on transient gratings at

the FERMI@Elettra free electron laser could soon provide access to these interest-

ing length and time scales [22] and provide experimental results to compare with

calculations.

4.4 Direct comparison between glass and MgO sub-

strates

As a final point of discussion, we highlight the differences in measurements described

here on glass substrates and those from the Chapter 3 on MgO substrates, where only

a single SAW excitation can be seen. The distinction we make between elastic waves

relies on a detailed consideration of the dispersion relation, the propagation velocity,

and also to the elastic deformations associated with SAW and SSLW. In both TG and

Faraday channels, SAW will generally exhibit oscillations over many nanoseconds of

pump-probe delay time. In fact, a TG measurement clearly indicates that SAW

oscillations persist for much longer than the time window we probe (see Fig. 3 and

Fig. 4 in Chapter 2). On the contrary, SSLW is strongly attenuated since it propagates

away from the metallic surface. The elastic deformations of the surface are different

for the two waves, in that SAW exhibits a strong surface deformation that much less

pronounced in SSLW, which is clearly discerned in diffraction measurements. For this

reason, even though the SSLW in glass and the SAW in MgO have similar velocities

and dispersions, we can clearly identify each individually. Finally, to understand the

dynamics of the magnetization we also need to take into account the temperature

evolution of nickel film since the amplitude of magnetization is closely linked to it. A

more thorough discussion of temperature dynamics and their effect on magnetooptic

sensitivity has been presented in Chapter 2.

Overall, the magnetization precessional amplitudes on glass substrates are sig-

nificantly larger, while the general phenomenology of resonant excitation and field

tuning remains the same. The larger signal levels on the glass substrates can be ac-

counted for by two effects, the first associated with the strain amplitudes that can

be generated on the respective substrates, while the second concerns the averaging

effects of the non-uniform magnetization in the Faraday detection. With regard to
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strain amplitudes, we note that in both materials light absorption is dictated by the

bounding nickel film, and therefore the imposed temperature gradient responsible for

elastic excitation is the same provided the overlayer is the same material and thick-

ness. Since the linear expansion coefficients are similar for both substrate materials

(αSLG = 9× 10−6 m/K, αMgO = 9− 12× 10−6 m/K), the induced stress is likewise

the same in both situations. However, their respective Young’s Moduli are markedly

different, leading to a five fold larger strain amplitude for the glass substrates. Mag-

netoelastic effects couple elastic strain to the magnetization direction, and thus we

generally observe significantly higher signal levels in amorphous glass substrates (e.g.

Soda Lime, Fused Silica, BK7, etc.), an effect that is born out in the measurements

on SAW and SSLW. Secondly, since we monitor the average magnetization of the

material, our detection scheme naturally requires a gradient in temperature along the

sample surface as discussed in chapter 2. For substrates with high thermal conductiv-

ities, such as MgO, the temperature along the sample surface quickly equilibrates due

to the additional cooling into the substrate, and thus the sensitivity in the Faraday

detection channel reduces. For crystalline substrates such as MgO, the thermal con-

ductivity is 40 - 50 times larger than in soda lime glass. These considerations, both

with respect to strain amplitude and detection sensitivity, hold for both the SAW and

SSLW signals.

4.5 Conclusions

In summary, we have demonstrated the generation of two distinct elastic waves using

a single excitation geometry, based on the transient grating technique. The two modes

are identified as the surface-bound Rayleigh Surface Acoustic Wave (SAW) and the

leaky Surface Skimming Longitudinal Wave (SSLW). Both elastic excitations couple

to and drive the magnetization precession in a resonant fashion when an appropri-

ate magnetic field is applied. Furthermore, since both elastic distortions are active

simultaneously, we demonstrated the field tuned selectivity of each magnetoelastic ex-

citation. Calculations based on a Green’s function approach reveal the excitation of

each elastic wave via impulsive excitation and their subsequent time dynamics. Com-

pared with the experimental data, we understand the temporal evolution to arise

from their distinct nature at the surface of the film, namely the SSLW is not a surface

bound elastic wave while the SAW is. Our measurements are distinguished by their

time-domain approach which allowed us to witness the coupling between acoustic and

magnetic degrees of freedom in real time. We envisage further experimental efforts to

focus on extraordinary transmission of acoustic waves through subwavelength aper-

tures while the magnetoelastic detection scheme provides for individual sensitivity to
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both elastic wave effects, opening possibilities to study competition between different

elastic contributions to transmission measurements.



Appendix: Magnetic and acoustic wave decoupling conditions 139

4.6 Appendix: Magnetic and acoustic wave decou-

pling conditions

A simple model, employed in this chapter and chapter 3, predicts that a purely lon-

gitudinal acoustic wave will not couple to magnetization when it propagates either

parallel (ϕ = 0 deg) or perpendicular (ϕ = 90 deg) to the magnetization vector. This

follows from the expression of the effective field, which is derived from the magnetoe-

lastic free energy (Chapter 3: equations 4-5):

Hme,x =
2b

µ0M0

(
εxxmx + εxymy + εxzmz

)
;

Hme,y =
2b

µ0M0

(
εxymx + εyymy + εyzmz

)
;

Hme,z =
2b

µ0M0

(
εxzmx + εyzmy + εzzmz

)
.

(4.4)

If the magnetization lies along the x axis and the longitudinal wave (only εxx is not

zero) propagates (anti)parallel to it, the effective field ~Hme lies in the same direction

and provides zero torque ~T = ~m× ~Hme = 0 on the magnetization. In the second case,

when the longitudinal wave propagates perpendicularly to the magnetization vector,

the effective field itself is zero.

As some preliminary experimental results indicated that the ’zero coupling’ an-

gles deviate from this simple model, we chose to measure the angular dependence of

the magnetic response in narrow intervals around the ϕ = 0 deg and ϕ = 180 deg,

i.e., when the magnetoelastic wave propagates close to (anti)parallel with the mag-

netization direction. This appendix discusses the results of these measurements and

demonstrates that the angles, where the magnetic excitations are absent, indeed de-

viate from predicted 0 deg and 180 deg.

The samples used for this measurement were thin 40nm nickel layers evaporated

on the soda-lime glass substrate, uncapped and capped with a 10nm Al2O3, both

exhibiting similar magnetic and elastic response. The experiments were performed at

a grating period Λ = 1.1 µm and two magnetic field values, ≈ 130 G and ≈ 520 G,

corresponding to resonant peaks of the SAW and the SSLW response (Fig. 4.10),

respectively.

Let us define the procedure to extract the amplitudes of the magnetic oscillation

from the experimental data. While obtaining the oscillation amplitude by fitting

is the most straightforward way, it is hard to realize in case of small amplitudes,

thus we choose to analyze the spectrum of the oscillations. The first 200 ps of the

signal are removed to avoid the non-oscillatory features (cf. Fig. 4.14), then the
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Figure 4.10: Dependence of the Faraday response spectrum on the magnetic field.
The transient grating period is Λ = 1.1µ m and the angle between magnetization and
acoustic wave propagation direction is ϕ = 20 deg. The sample is 40 nm nickel on the
soda-lime glass substrate, capped with 10 nm of Al2O3. Red dashed lines represent
the magnetic field values chosen for the ’zero-coupling’ angle measurements.

signal is background subtracted and Fourier transformed. The amplitude is then

defined as a square root of the power spectrum, integrated in the frequency intervals

around the peaks of the response, 1.8 . . . 3.5 GHz and 4 . . . 7 GHz for the SAW and

SSLW, respectively. The sign of the amplitude is assigned accordingly to the spectral

phase. The amplitude is then plotted versus the azimuthal angle between the magnetic

field and the grating wave vector ϕ and the zero amplitude position is calculated by

interpolation. Finally, to confirm these data and show that the oscillations are absent,

the time traces are measured with long integration at the inferred zero-amplitude

points.

We investigate the angles within a narrow interval around ϕ = 0 deg by the

azimuthal rotation of the magnet and then the same is done for the angles close to

ϕ = 180 deg by switching the magnetic field polarity. For clarity of the figures, the

amplitude is plotted against the physical angle of a magnet, the close to 0 deg angle

data are called ”positive polarity”, and close to 180 deg data as ”negative polarity”.

Since in the case of magnet polarity switching no mechanical movement is involved, it

also allows us to make direct comparisons of the measurement pairs, set apart exactly

by 180 deg.

The SAW resonance amplitude was measured with positive and negative polarity

on the capped sample as depicted in figure 4.11(a-b). The amplitudes were defined
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Figure 4.11: Magnetic response at the SAW resonance (H ≈ 130 G). Capped sample,
40 nm nickel/10 nm Al2O3 on soda-lime glass. The Faraday signals are measured in
a narrow magnet angle interval around (a) ϕ = 0 (positive polarity) and (b) ϕ = 180
deg (negative polarity). (c) The amplitude dependence on the magnet angle for both
polarities and linear fits.
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Figure 4.12: Magnetic response at the SAW resonance (H ≈ 130 G) in narrow in-
tervals around ϕ = 0 and ϕ = 180 deg. The sample is uncapped, 40 nm nickel on
the soda-lime substrate. The measurements are performed at and plotted against the
same set of magnet angles by switching the between positive (a) to negative (b) mag-
netic field polarity. The difference between 0 deg result at the positive and negative
polarity illustrates that the zero-amplitude angles are not 180 deg apart.
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by spectral integration according to the previously described procedure and plotted

in Figure 4.11(c). As becomes evident, the oscillation amplitude, measured in a small

interval around zero angle, is highly linear for both positive and negative magnetic

field. Thus the amplitude data are fitted with a linear function and zero-amplitude

intersections are obtained, at 0.2± 0.02 deg for positive polarity and ≈ 1.1± 0.03 deg

for the negative polarity. Thus we can see that the zero coupling angles are not exactly

180deg apart as could be expected, but rather ≈ 181 deg.

The offset of the positive and negative polarity SAW zero angles is also confirmed

by the measurement performed on the uncapped sample and shown in Figure 4.12.

Here, a set of measurements is performed at the same set of azimuthal angles of the

magnet, switching between opposite field polarities, as plotted in 4.12(a) and 4.12(b).

By looking at the ϕ = 0 deg data we can see that it corresponds to nearly zero

amplitude on the positive polarity and quite sizable oscillations on the negative side.

The amplitude calculation and fitting suggests that the difference between zero angles

is ≈ 181 deg, similarly to the previous sample.

After establishing zero-coupling angles of the SAW response, we move to investi-

gate the SSLW resonance. The SSLW resonance amplitude is measured with positive

and negative polarity on the capped sample; the positive part is depicted in Figure

4.13(a). Following the same procedure, the amplitude data are fit with linear func-

tions (Fig. 4.13(b)) and zero-amplitude angles are obtained. For the SSLW resonance

the zero angles are at −0.11 ± 0.02 deg for positive polarity and +0.13 ± 0.01 deg

for the negative polarity, i.e., also not exactly 180deg apart, however, the difference

is smaller than in the case of SAW resonance. It should be noted, however, that the

reported error of the SSLW zero-coupling angles represents only the error of fitting.

Therefore we claim that in case of SSLW the data only indicate the order of magni-

tude of the angle offset. That said, repeated measurements (not performed back to

back) with positive magnetic field polarity yielded zero-coupling angle values within

the error of the initial measurement: −0.12 ± 0.03 deg. The existence of this offset

is indicated again by choosing the angle where the response at one of the polarities

is fully suppressed and then switching to the opposite side. Figure 4.13(c) shows this

type of measurement when the negative polarity spectral response is minimal and a

peak at the SSLW frequency is clearly visible on the opposite side. Seemingly high

noise in the spectrum comes from the fact that the signal amplitude at ≈ 0.1−0.2 deg

offset from zero angle is still small.

Looking at the results of the SAW and SSLW we note that the zero-coupling

angles of these two resonances are different. The existence of this offset between

SAW and SSLW zero angles is tested in the same way by choosing the angle where

the amplitude of one of one of them is zero. The measurement, performed close to
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the zero amplitude angle of SAW (of positive polarity) is shown in Figure 4.11(d),

clearly, the SSLW amplitude is not zero.

Finally, in order to confirm the results, all four zero angles of the capped sample

are checked by the direct long integration. The signal traces obtained do not show any

discernible oscillations, as shown in figure 4.14(a). The resulting zero-coupling angles

are schematically shown in the Figure 4.14(b). Dashed lines represent additional

’guides to the eye’; zero coupling angles of SAW and SSLW are offset symmetrically

from those lines.

To summarize, we showed that the angles of zero coupling are different from those

predicted by a simplified model, represented by equation 4.4. The zero angles of both

SAW and SSLW resonances have been found to be not exactly 180deg apart, in case

of SSLW the offset might be in the range of 0.1 deg and in case of SAW the offset is

≈ 1 deg. Furthermore, the SAW zero angle resonances are rotated from the respective

SSLW values as summarized in Figure 4.14(b).

We hypothesize that the mismatch between the SAW and SSLW zero-coupling

angles can be caused by the presence of the shear strain εxz. To back this up we expand

the analysis presented in the chapter by recasting the Landau-Lifshitz equation to

the oscillator form. We start by expanding the Landau-Lifshitz equation into its

components:

dmx

dt
= −γµ0

(
myHeff,z −mzHeff,y

)
;

dmy

dt
= −γµ0

(
mzHeff,x −mxHeff,z

)
;

dmz

dt
= −γµ0

(
mxHeff,y −myHeff,x

)
.

(4.5)

We assume that the elastic wave propagates along the x and the external magnetic

field H is at a small angle ϕ with x̂. We also assume that my,mz � mx Then the

full effective field is:

Heff,x = H cos(ϕ)− 2b

µ0M0

(
εxxmx + εxzmz

)
;

Heff,y = H sin(ϕ);

Heff,z = −M0µ0 −
2b

µ0M0

(
εxzmx + εzzmz

)
.

(4.6)

Substituting the effective field into equation 4.5, setting mx = 1 and retaining only
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Figure 4.13: Magnetic response of the SSLW resonance, measured in a narrow az-
imuthal angle interval around the ϕ = 0 deg. The measurements are performed with
a positive and negative magnetic field polarity, thus switching the magnetization by
180deg. (a) shows the Faraday signals at the positive magnetic field polarity, (b)
calculated amplitudes and linear fits for the positive and negative polarity, used for
the determination of the zero coupling angles, (c) Opposite polarity measurements
at the negative polarity zero amplitude angle, as determined from the (b) data. The
spectrum shows a clearly resolved SSLW peak on the positive polarity side. (d) Fara-
day response signal of SAW and SSLW resonances near to the zero amplitude angle
of SAW.
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linear terms in my and mz, we arrive at:

ṁy = −γµ0

(
Bεxz +

[
H +M0 −B(εxx − εzz)

]
mz

)
;

ṁz = −γµ0

(
Hϕ−

[
H −Bεxx

]
my

)
,

(4.7)

where B = 2b
µ0M0

. Following standard procedures, we combine the two vectoral com-

ponents into a single second order differential equation for my. The result is the

equation of the driven oscillator:

m̈y + Γ(t)ṁy + Ω2(t)my = F (t), (4.8)

where, if we assume that the strains are reasonably small bεij � H +M0, the driving

force has a simple form:

F (t) = C1ε̇xz + C2(H)(εxx − εzz)ϕ. (4.9)

The force disappears at an angle ϕ0, dependent on the ratio between shear and lon-

gitudinal strain:

ϕ0 = − C1ω

C2(H)

εxz
εxx − εzz

. (4.10)

Therefore it can be suggested that the offset between the SAW and SSLW zero angles

can be caused by a different amount of shear strain in respective acoustic waves and,

with proper analysis, might even serve as a gauge for evaluation of the shear strain

components.

The offset between positive and negative polarity zero-coupling angles of both

SAW and SSLW is currently more difficult to explain. It could be argued that small

in-plane sample anisotropy is responsible for this effect, offsetting the angle between

the external magnetic field and the magnetization just enough to couple to the pe-

riodic strain, but not sufficiently to develop a sizable optically induced FMR signal.

Reproducibility of this effect on two different samples (capped with Al2O3 and un-

capped) somewhat diminishes this probability, but it could be fully ruled out by

repetition of the same measurements while the sample is rotated and by the magnetic

anisotropy measurements. Provided the anisotropy is ruled out, the offset between

the zero coupling angles for the opposite magnetic field polarities shows a breaking

of the system symmetry, and provides an interesting opportunity for further study.
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Chapter 5

Exploring the parametric

regime of magnetic

excitations

In this Chapter we explore possibilities to reach the regime of nonlinear interaction

of an impulsively generated gigahertz-frequency surface acoustic wave with magneti-

zation of thin ferromagnetic films. The Chapter consists of an introduction and two

main parts - Section 5.2 describes theoretical and numerical results and Section 5.4

follows with experimental data.

In the Section 5.2 two simple models are employed to describe parametric dynam-

ics. We start with a simple parametric oscillator, governed by Mathieu’s equation,

and then move on to the model of a precessing magnetization vector, which inter-

acts with an acoustic wave. After a brief discussion of analytic results, a numerical

simulation is carried out in order to set the predictions for the experiment.

The experiment (described in Section 5.4) is performed using the augmented tran-

sient grating technique, described in detail in previous chapters; we generate surface

acoustic waves and monitor magnetization dynamics. Under appropriate experimen-

tal conditions the magnetic response exhibits characteristic features of the parametric

oscillation: the response is observed at half-frequency of the acoustic excitation and

exhibits a characteristic dependence on the excitation fluence. The Chapter is con-

The data of this chapter supported the publication:
C. L. Chang, A. M. Lomonosov, J. Janusonis, V. S. Vlasov, V. V. Temnov, and R. I. Tobey, Paramet-
ric frequency mixing in a magnetoelastically driven linear ferromagnetic-resonance oscillator. Phys.
Rev. B 95, 60409 (2017).
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cluded with a discussion.

5.1 Introduction

The push for faster magnetic memory and advanced spin logic applications [1, 2, 3]

produced a necessity for new magnetization control mechanisms and fostered an active

field of research [4, 5]. Recently, spin waves have emerged as a candidate to control

magnetization of the materials [6, 7] and as a means for information transfer. It has

been demonstrated that spin waves exhibit much larger propagation length [8] com-

pared with the spin polarized currents, have frequencies in the gigahertz range, and,

as the charge current is not required, does not suffer from the Joule heating. There-

fore, methods of spin wave generation, amplification and manipulation are important

in the context of magnetic logic.

One of the possibilities to generate spin waves is to excite surface acoustic waves

(SAWs) and resonantly couple them to magnetization in magnetostrictive materi-

als [9, 10]. Typically, an AC voltage is applied to a set of interdigitated contacts

evaporated on a piezoeletric substrate (so-called interdigitated transducer), the con-

tact spacing determining the wavelength of the SAW and acoustic frequency matching

the frequency of the applied voltage.

In previous chapters we have described the generation of narrow-band surface mag-

netic waves via a novel application of the optical transient grating technique, which

previously has been widely used for the acoustic characterization of materials [11] and

layered systems [12]. Our previous results discuss magnetic precession, excited at the

frequency of the elastic wave and described in terms the linear magnetic mode driven

by the effective magnetic field of an acoustic wave. This Chapter extends our approach

to the regime of parametric generation, thus potentially opening novel possibilities

for amplification of spin waves in spintronic devices. Measured magnetic response of

nickel layers on glass show that the magnetic waves are excited at a characteristic

degenerate half frequency of the driving wave and the dynamics exhibit characteristic

changes upon the change of excitation intensity. The results are supported by the

model calculations.

5.2 Theoretical considerations

Linear coupling between acoustic and magnetic waves was first considered back in

1958 by Kittel [13]. Classical field theory treatment led to a set of coupled equa-

tions governing the magnetic and elastic dynamics and to predictions on the linearly

coupled magneto-elastic wave behavior, such as rotation of the polarization plane



Theoretical considerations 153

of phonons and frequency difference of magnetic waves which propagate in opposite

directions (so-called acoustic non-reciprocity). The analysis was expanded by Com-

stock and Auld [14], who retained the nonlinear terms in the equations and described

generation of a half-frequency magnetoelastic wave by the ‘pumping’ of the magnetic

component. The breakdown of intense microsecond duration acoustic wavepackets in

a single-crystal rod of gallium-substituted yttrium iron garnet was observed and ex-

plained as a magneto-elastic parametric process by Matthews and Morgenthaler [15];

this work has been expanded by Lyons [16] to describe the interaction of magneti-

zation with a transverse acoustic wave. Recently the topic of acoustic and magnetic

wave interactions has been revisited with the extension of previous theoretical studies

both on the topic of spin wave excitation by the elastic waves in a linear regime [17]

and the parametric regime [18].

Parametric oscillations exhibit a number of features which set them apart from

driven systems. In order to set the predictions for the experiment we briefly list the

main features of a parametric oscillator, then proceed to describe the dynamics of

the magnetic moment within the Landau-Lifshitz-Gilbert framework, and finish with

numerical results. The numerical model we employ is simplified, as we consider a

magnetic oscillator instead of a magnetic wave, thus omitting the interactions be-

tween neighbouring magnetic moments. We also do not take into account the back

action of magnetization dynamics on the acoustic wave. The consequence of the first

simplification is that the resonance appears on the intersection of the acoustic wave

dispersion with the ferromagnetic resonance (FMR) curve rather than on the inter-

section with the spin wave resonance, i.e., at a slightly different magnetic field. The

second simplification is also expected to have only minor consequences as the back

action typically does not significantly alter the magnetic response in materials with

moderate values of magnetostrictive coefficients.

Parametric oscillations take place when a periodic modulation of the oscillator’s

resonance frequency is used to deliver the energy into the system. They are very well

understood and have been realized in many different physical systems. The equation

describing a parametric oscillator reads [19]:

ẍ+ 2γẋ+ ω2
0 [1− 2m sin(ωt)]x = 0, (5.1)

where ω0 represents the natural resonance frequency, γ is the damping coefficient

and m is the frequency modulation depth. When the damping is absent (γ = 0),

equation 5.1 is called Mathieu’s equation.

Let’s list some of the properties of the parametric equation solutions. First, it

is well known that both the energy losses due to damping and energy gain per cycle

depend linearly on the oscillation energy. The energy gain also depends linearly on the
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modulation depth, therefore, once the modulation is big enough that the energy gain

per cycle overcomes damping losses, the oscillation is predicted to grow exponentially

without saturation. This behavior differs from driven oscillations; the latter do not

have oscillation threshold and their amplitude saturates.

In terms of the oscillation spectrum, if the parametric modulation frequency is

f = ω/2π, then the oscillations appear when the natural frequency of the system

f0 = ω0/2π coincides with an integer multiple of the half excitation frequency fn =

nf/2 (here n = 1, 2, 3, ...). As the modulation amplitude m increases, the frequencies

detuned from the central frequency also become amplified and the ‘instability interval’

broadens. In the first instability interval, located at the half excitation frequency

(n = 1 and f1 = f/2), the amplitude of oscillation changes as exp(αt), where

α ≈ 1

2

√
(mω0)2 − 4ε2 − γ, (5.2)

and ε is the detuning of the half driving frequency from the resonance frequency ω0:

ε = ω/2− ω0. Exactly at the resonance the damping term expression simplifies to:

α = mω0/2− γ. (5.3)

Provided that the initial amplitude is not zero, the oscillation amplitude will decay

exponentially at small modulation values α < 0, and will grow exponentially when

α > 0 (consequently, m > 2γ/ω0). If the initial amplitude is zero and α > 0, random

fluctuations will become amplified.

Thus there is a number of predictions that a parametric magnetoelastic system

has to follow. First, the parametric response should appear close to the point where

fn = const intersects with the FMR. As the modulation threshold of the parametric

instability is lowest in the first instability interval, the response at the half-frequency

of the elastic wave should be easiest to observe. As demonstrated in previous chap-

ters, transient grating generates two types of elastic waves - Rayleigh Surface Acoustic

Wave (SAW) and Surface Skimming Longitudinal Wave (SSLW). Half-frequency para-

metric response, driven by Rayleigh SAW should be easily observable, and the SSLW

response should appear close to the resonance peak corresponding to SAW linear cou-

pling with the FMR. The growth parameter expressed by equation 5.3 depends on the

damping, modulation depth, and the resonant frequency. Assuming that the damping

stays fairly constant, one can expect that the parametric oscillations will be amplified

above a certain modulation threshold, hence, above some minimal excitation fluence.

To verify if these general statements hold in our specific context we turn the
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Landau-Lifshitz-Gilbert (LLG) equation, which reads:

~̇m = −γµ0[~m× ~HEff ] + α[~m× ~̇m]; (5.4)

where ~m is the normalized magnetization vector, γ is the gyromagnetic ratio (it

is taken to be positive, hence a minus in front of the precession term) and α is

the damping constant. We use the LLG equation to describe a magnetic oscillator

in a thin ferromagnetic film, which interacts with a surface acoustic wave; these

conditions are accounted for by the expression of the effective magnetic field ~HEff .
~HEff comprises of an external field ~Hext, demagnetizing field caused by the shape

anisotropy of the thin film ~Hd, and the effective magnetic field resulting from the

magnetoelastic interaction with the passing elastic wave ~Hme. Because ~Hme depends

on magnetization, the LLG equation is nonlinear even when the damping is neglected.

Here we retain the largest nonlinear terms of the LLG equation to account for the

nonlinear response.

We solve this equation in the orthogonal coordinate system (x, y, z) = (x1, x2, x3)

with the z axis perpendicular to the plane of the film, and x along the applied magnetic

field direction. The acoustic wave propagates in the (x, y) plane at an angle ϕ with the

x axis. In a thin film geometry, the demagnetizing field reduces to a single component,

normal to the film surface Hd,i = −M0miδi3, while the external magnetic field points

along the x axis Hext,i = Hδi1. The full effective field Heff,i = Hext,i +Hd,i +Hme,i

then reads:

Heff,i = Hδi1 −M0miδi3 −
1

µ0M0
bεijmj . (5.5)

In this expression b is the magnetoelastic coefficient of the (isotropic) material and εij

denotes strain components of the acoustic wave, All strain components are harmonic

in time: εkj = ε0
kje

iωt. The easiest way to obtain the strain amplitudes is to express

the strain tensor in a rotated coordinate system (x′, y′, z) with the x′ axis pointing

in the direction of wave propagation and then transform it to the (x, y, z) coordinate

system by rotation. The acoustic field amplitudes of the Rayleigh SAW, described in

the rotated coordinate system (x′, y′, z) have the following form:

ε′ =

 ε0
11 0 iε0

13

0 0 0

iε0
13 0 −ε0

33

 (5.6)

Longitudinal strains are of opposite signs, i.e., when the material is compressed along

one of the axes of the sagital plane, it dilates in the perpendicular sagital plane

direction. The shear strain has a π/2 phase shift with respect to the ε11 longitudinal

component. The strain tensor in the (x, y, z) coordinate system then reads ε =
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R(ϕ)ε′R(ϕ)−1, where R(ϕ) is the rotation matrix around the z axis:

R(ϕ) =

 cos(ϕ) sin(ϕ) 0

− sin(ϕ) cos(ϕ) 0

0 0 1

 , (5.7)

and R(ϕ)−1 = R(−ϕ) is its inverse. The resulting strain tensor is:

ε(ϕ) =

 ε0
11 cos2 ϕ − 1

2ε
0
11 sin 2ϕ iε0

13

− 1
2ε

0
11 sin 2ϕ ε0

11 cos2 ϕ 0

iε0
13 0 −ε0

33

 (5.8)

From here we will proceed with two different lines of argument. Firstly, following

ref. [20], we will simplify the LLG equation and show that in a small oscillation

limit the magnetization component my behaves as a driven parametric oscillator.

Secondly, we will use the full equations to obtain a numerical estimate of the magnetic

response at different conditions and the simplified equations to address the nature of

the responses.

To obtain the simplified equations of magnetization dynamics we substitute equa-

tions 5.5 and 5.8 into equation 5.4. By the definition of the coordinate system, the

normalized magnetization initially points along the x direction ~m0 = (1, 0, 0), and we

assume that the precession angle is small enough so that my,mz � mx. As in this

case mx is almost constant, we are left with two equations describing the dynamics of

my and mz. All strain components are small quantities as well, typically of the order

of εij ≈ 10−5 − 10−3 and, since ε13, ε33 � ε11, we neglect ε33 and ε13 for simplicity.

Expressing my and keeping only the largest nonlinear terms with respect to small

quantities εij and mx,my we arrive at the oscillator equation:

m̈y + (Γ0 + Γ1ε11(t))ṁy + (Ω2
0 + χε11(t))my+

+A0ε11(t)myṁy +B0ε̇11(t)m2
y = F0ε11(t).

(5.9)

As we can see, both frequency Ω2 = Ω2
0 +χε11(t) and damping Γ = Γ0 + Γ1ε11(t) are

modified by the presence of strain. The coefficients are:

Ω2
0 = γ2µ2

0H(H +M); χ =
γ2µ0b

M0

(
H +M0 − (3H + 2M0) cos2 ϕ

)
(5.10)

Γ0 =
γα

(1 + α2)
µ0H; Γ1 =

γα

M0(1 + α2)
b(1− 2 cos2 ϕ), (5.11)

where M0 is saturation magnetization. Equation 5.9 also contains a force term, which
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reads:

F0 =
γ2µ0

2M0
b(H +M0) sin 2ϕ, (5.12)

and nonlinear terms A0ε11myṁy and B0ε̇11m
2
y, with the coefficients given by

A0 =
2αγ sin 2ϕ

M0(1 + α2)
b, B0 =

2αγ sin 2ϕ

M0(1 + α2)
b. (5.13)

A comparison of (5.1) and (5.9) shows that equation 5.9 represents a driven nonlin-

ear oscillator which also has parametric terms, therefore, it is reasonable to expect

parametric behavior.

5.3 Numerical simulation

Now that it has been established that the form of the magnetic equation 5.9 points

to the existence of parametric response, we use the full form of a LLG equation (5.4)

to calculate the results numerically. The effective field, expressed by equation 5.5,

contains magnetization components, therefore (5.4) is a system of three nonlinear dif-

ferential equations. It is solved numerically by the use of Matlab ordinary differential

equation solver, which implements Runge-Kutta 4-5 order method.

In order to simplify the system we retain only Rayleigh SAW acoustic excitation

and omit the SSLW. It is well-known (see Chapter 1) that SAW has three strain

components (ε11, ε13, ε33) and their relative size depends on the elastic parameters of

the overlayer and the substrate and the thickness of the overlayer. The results of the

direct numerical calculation, performed in a similar manner as described in Chapter 4,

show that in case of the 60 nm Ni film on the soda-lime glass, the strains, averaged over

the film thickness, are (ε11, ε13, ε33) = ε(1, 0.15,−0.11). The film is much thinner than

the typical length scale of the strain variation (which is comparable to the acoustic

wavelength), so the averaging does not strongly impact the ε11 and ε33 values, but

accounts for the fact that the shear strain value is non zero below the surface. The

SAW amplitude is assumed constant in time. The initial conditions are the same as

in derivation of equation 5.9: magnetization is initially oriented along the external

magnetic field: ~m0 = (1, 0, 0) and the elastic SAW wave propagates at an angle ϕ to

the x axis.

First we investigate how the magnetic response depends on the strain amplitude

of the elastic wave. The longitudinal strain component ε = ε11 is varied from 10−6 to

2 · 10−4, and the driving frequency is set to 2.73 GHz to match typical experimental

conditions (SAW frequency at P = 1.1 µm grating period on nickel/soda-lime glass

samples). It is also worthwhile to note that the strain amplitude is proportional to
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Figure 5.1: The spectrum of the elastically driven magnetic oscillator against an
in plane magnetic field. Surface acoustic wave frequency is 2.73 GHz (matches ex-
perimentally determined SAW frequency on soda-lime glass substrate at P = 1.1 µm
wavelength), strain components are defined as (ε11, ε13, ε33) = ε(1, 0.15,−0.11), where
ε is the strain parameter, equal to the dominant longitudinal component ε11. The
ratios of the strain coefficients are calculated numerically for the 60 nm nickel film
on glass as described in Chapter 4. The acoustic wave propagates at ϕ = 5 deg angle
with respect to the direction of the magnetic field; prior to excitation magnetization
lies along the field direction. Strongest peaks are allowed to saturate in order to
highlight smaller responses.
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Table 5.1: Integration intervals for peak characterization.
Peak Frequency (GHz) Magnetic Field (G)

f 2.5 - 3.0 0 - 500
2f 5.25 - 5.75 0 - 500
f/2 1.125-1.625 0 - 75
3f/2 3.875-4.375 0 - 75
5f/2 6.125-6.750 0 - 75

the magnitude of the temperature gradients after excitation and can be easily tuned

by changing the excitation fluence. The elastic wave propagates at a ϕ = 5 deg angle

with respect to the external magnetic field. The simulated time-trace duration is 8 ns

calculated with 50 ps steps (thus the Nyquist frequency is 10 GHz) and the external

magnetic field is varied between 0 and 500 G. Each calculated time trace is then

Fourier transformed, and the spectral amplitude is plotted versus the magnetic field

in Figure 5.1.

The spectra shown in Figure 5.1 are a part of a larger set and represent different

regimes of the rich dynamics that takes place in this driven parametric system. At low

strain amplitude ε = 5 · 10−6 the main observed feature is the magnetic oscillation at

the frequency of the driving field, representing linear magnetoelastic response. From

low field values it extends to ≈ 250 G and then the intensity declines. One can also

notice an x-like structure, which becomes even more evident at a higher strain value

(ε = 10−5). One of its branches extends roughly along the ferromagnetic resonance

curve and the other, almost vertical and covering a wide spectral range, appears in the

vicinity of the intersection of the acoustic excitation and the ferromagnetic resonance,

approximately at Hext ≈ 125 G magnetic field.

When the strain is further increased to ε = 6 · 10−5, a new resonance becomes

evident at double excitation frequency, peaking at the intersections with the FMR

and the broad vertical branch at 125 G. At even higher strains a set of narrow peaks

at odd multiples of the half elastic frequency appears, the f/2 at ≈ 9 · 10−5, followed

by the 3/2f at 1.2 · 10−4. At ε = 1.4 · 10−4 the half frequency peak becomes the

dominant spectral feature and at even higher strain 5/2f frequency peak becomes

visible as well (not shown).

To quantify this behavior we locate the peaks and sum the spectral amplitude

in the frequency/magnetic field intervals listed in the Table 5.1. Linear and double

frequency responses are integrated in the full range of the magnetic fields, while the

boxes around half frequency peaks are smaller because the odd multiple half frequency

peaks are much more localized along the magnetic field axis, the resulting integrated

amplitudes are plotted in Figure 5.2.

Figure 5.2a depicts the intensity of f and 2f responses in the low to moderate
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Figure 5.2: Magnetic response spectral amplitude dependence on strain. Calculated
amplitude is integrated in five intervals, which correspond to different responses and
are defined in Table 5.1: parametric peaks f/2, 3f/2 and 5f/2, the response at
the acoustic wave frequency f , and at the double frequency 2f . (a) The response
at the SAW frequency (f) grows linearly with strain when the strain is < 2 · 10−4,
and the double frequency 2f response grows superlinearly, quadratic polynomial fit
is overlayed on the model data. The strain dependence is similar for ϕ = 0 deg
and ϕ = 5 deg, with different amplitudes. The amplitudes of all five peaks are
depicted when the acoustic wave frequency is (b) 4.3 GHz, P ≈ 0.7µm; (b) 2.73 GHz,
P ≈ 1.1 µm; (d) 1.5 GHz, P ≈ 2.0 µm.
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strain region for two acoustic wave directions: along the equilibrium magnetization

direction ϕ = 0 and at an angle ϕ = 5 deg. The two situations differ in magnetoelastic

coupling conditions: when the acoustic wave propagates in the direction of the mag-

netic field, the longitudinal strain ε11 does not drive precession (as becomes evident

from equations 5.9 and 5.12) and when ϕ 6= 0, it provides a torque. As the results

show, that mostly affects the amplitude of the oscillation, but not the functional form

of the intensity dependence. The response at the excitation frequency f depends on

strain amplitude linearly up to moderate strain values < 2 · 10−4. Meanwhile the

2f response grows faster than linear. Figure 5.1 shows that the 2f response has a

double peak structure; the first maximum is located at Hext ≈ 120 G and the second

at Hext ≈ 400 G, where the 2f intersects with the FMR. The latter has a quadratic

intensity dependence and the peak at Hext ≈ 120 G grows faster than a quadratic

function.

The responses at f/2, 3/2f and 5/2f exhibit very different intensity dependence,

as shown in Figure 5.2b-d. The results are calculated for three different excitation

frequencies: 1.5 GHz, 2.73 GHz and 4.3 GHz, which correspond approximately to

2.0 µm, 1.1 µm and 0.7 µm acoustic wave period respectively. As mentioned above,

1.1µm is an experimental result, and the 0.7µm and 2.0µm are obtained assuming that

the phase velocity of the acoustic wave is constant. Spectral amplitude, integrated

in boxes around odd-numbered half-frequency peaks, increases slowly below a certain

strain value, and then the amplitude grows strongly above that threshold. All three

peaks exhibit similar thresholds; dependent, however, on the acoustic wave period -

lower excitation frequency leads to lower threshold.

The existence of a clear threshold and the frequencies multiple to half-integer of

the driving frequency are reminiscent of the parametric process. To further strengthen

the argument, we use the linearized approximation defined by equation 5.9 to calculate

the response of this simplified system under the same conditions as the simulation

described above, and compare the responses. The results, presented in Figure 5.3,

show the magnetic response when the full equation 5.9 is employed, and when the

parametric part is neglected by setting χ = 0. In both cases the linear interaction

peak f is the most prominent feature, but the half frequency peak exists only when

χ 6= 0.

Having discussed the nature of the observed responses, we turn to explore the

dependence of their amplitudes on the acoustic wave propagation angle. Figure 5.4

provides the details on all five responses: f , f2, and f/2, 3/2f , and 5/2f . Once again,

the peaks follow different trajectories - linear response seems to follow the sin(2ϕ),

similarly to the driving term in equation 5.12. The double frequency response peaks

at ≈25 deg.
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Figure 5.3: Numerical simulation of the magnetic response, obtained by solving the
simplified equation 5.9. The spectrum of the magnetic response is presented on the
(a) linear scale and (c) logarithmic scale to emphasize low amplitude responses. The
same calculation without oscillation frequency modulation χ = 0, plotted on the (b)
linear scale (d) and logarithmic scale.
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The parametric response exhibits a more complex behavior, which depends on the

level of the applied strain. Below the threshold, the amplitude of the f/2 and 5/2f

grows with the angle similarly to the linear response f and the 3f/2 curve peaks at

around ≈22deg similarly to the 2f response. A possible explanation is that integration

of the box around f/2 peak also encompases a part of the broad FMR-like response

evident in Figure 5.1a-b and in the case of 5/2f it is the broad vertical response that

contributes. The amplitude of the 3/2f peak at small strains seems to be similarly

connected with the 2f resonance as the f/2 is connected with the broad structures

around the f . At higher strains above the threshold a peak develops with a maximum

at ϕ ≈10deg and then with increasing strain the maximum of the response moves to

zero angle. This is true for all responses: f/2, 3f/2, and 5f/2.

To conclude, numerical results predict that in the strain interval < 5 ·10−4 five dif-

ferent responses exist - integers of the acoustic frequency f and 2f , linear and double

frequency, and odd half frequencies f/2, 3/2f and 5/2f . While the f response grows

linearly with applied strain, the odd half-frequency peaks exhibit a clear threshold

behavior. The odd half-frequency peak threshold depends on the excitation frequency

and decreases together with decrease in acoustic frequency. In addition to that, the

odd-half-frequency peaks depend on the existence of parametric term in the linearized

equation and disappear when the term is absent. All of that leads to the conclusion

that the peaks are parametric in nature. The intensity dependence on the acoustic

wave direction predicts that parametric peaks have maximum amplitude in the vicin-

ity of ϕ = 10 deg at moderate values of strain and move toward zero angle at high

strain values.

5.4 Experimental results

We will start the experimental section by revisiting the magnetic response, already

discussed in some detail in Chapter 3. The experiment is performed by the use of

the augmented transient grating technique (described in detail in Chapter 2) which

allows generation of in-plane acoustic excitations and time-resolved measurement of

magnetization dynamics. The samples are 60 nm thick ferromagnetic nickel films on

soda-lime glass substrate, coated by the use of the e-beam evaporation, and mea-

sured at room temperature. They are placed in an external magnetic field, which

can be applied at a variable azimuthal angle. The nickel films were excited with fre-

quency doubled λ = 400 nm, τFWHM ≈ 120 fs pump pulses at 1 kHz repetition rate

and probed at a normal incidence at 800 nm wavelength (an amplified laser system,

consisting of the Mantis oscillator and Legend amplifier from Coherent was used).

The Faraday rotation response was acquired at a fairly high average pump fluence
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Figure 5.4: Angle and strain dependence of the magnetic response amplitude. Five
different areas in the frequency-magnetic field plot are chosen as representative of
different responses; their parameters are summarized in Table 5.1. (a) f peak, in-
tegrated around the SAW excitation frequency, (b) double frequency 2f peak, (c)
half frequency f/2 peak, (d) 3/2f peak, (e) 5/2f peak. Strain values mostly cover
the interval where the odd multiple of half-frequency peaks appear. (f) Normalized
responses at low strain value 5 · 10−5: comparison of the response around the para-
metric peaks’ locations and f and 2f response suggests that ‘background’ of the
half-frequency responses and broad resonances around f and 2f are connected.
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Figure 5.5: The spectrum of Faraday rotation signal, plotted against the (in-plane)

magnetic field. The angle between the external magnetic field ~Hext and transient
grating wave vector ~q is ϕ =3 deg. Apart from the SSLW and SAW resonances at
Hext ≈ 200 G and Hext ≈ 550 G respectively, a maximum at f ≈ 1.5 GHz can be
easily discerned at Hext ≈ 120 G. Pump fluence is F = 7.1 mJ/cm2.

F = 7.1 mJ/cm2 and a small angle ϕ = 3 deg between the applied magnetic field ~Hext

and the wave vector of the transient grating. The Faraday rotation signal was mea-

sured up to 8 ns delay after the excitation, then background-subtracted and Fourier

transformed. This dependence of the Faraday rotation spectrum on the magnetic field

is depicted in Figure 5.5.

Several resonances are clearly visible in the plot. First, we recognize the magnetic

precession at intersections of the magnetic resonance curve and the Rayleigh SAW

at Hext ≈ 200 G and f ≈ 2.73 GHz, and an intersection with the SSLW at Hext ≈
600 G. Both peaks correspond to linear couplings with respective acoustic excitations,

which are directly observed by the transient diffraction technique and discussed in

Chapters 3 and 4. In the vicinity of 120 G, however, a smaller amplitude peak

appears, located nearby a ferromagnetic resonance line and not overlapping with any

of the observed acoustic frequencies. The position of the peak suggests that it might

be one of parametric peaks, predicted by the model calculations. In order to test

this hypothesis, we will characterize its properties against the angle of the magnetic

field ϕ and investigate the behavior of the temporal response versus the excitation

intensity.

We start the characterization of the low frequency peak response by measuring

the dependence of the magnetic response on the angle ϕ between the magnetic field
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Figure 5.6: Characterization of low frequency magnetic response at different azimuthal
magnetic field angles ϕ. Excitation fluence F = 11.5 mJ/cm2).
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and the induced grating wave vector. The goals are to compare the result with model

calculations and to locate maximal response amplitudes for the easier characterization

of temporal dynamics. To achieve that, narrow magnetic field scans were performed

at a relatively high pump fluence F = 11.5 mJ/cm2 and the acoustic wave period

of P = 1.1 µm, while varying the azimuthal angle of the in-plane magnetic field ϕ

from 1 deg to 13 deg. The results are then background subtracted, corrected for

temperature effects as described in Chapter 2, Fourier transformed, and plotted in

Figure 5.6.

In this narrow magnetic field interval two resonances are prominent: the linear

response at the Rayleigh SAW frequency ≈ 2.73 GHz and the low frequency peak,

located between 1-2 GHz. The amplitude of the linear magnetization response (at

the SAW frequency) increases together with the angle ϕ, which is consistent with the

behavior reported in Chapter 4. In order to analyse the properties of the low frequency

peak, we integrate the plots depicted in Figure 5.6 in the 1-2 GHz frequency interval

and plot the amplitude profiles for all ϕ values in Figure 5.7a. Two parameters, the

position of the peak and its amplitude, are extracted from those plots and shown

in Figure 5.7b. As we can see, the peak amplitude increases with the angle ϕ, is

maximised at 9 deg and decreases towards higher angles. At the same time the

peak gradually moves towards lower magnetic field values as the angle ϕ increases.

Experimentally determined maximum intensity position at ϕ = 9 deg is similar to the

model result in low-to-medium range of strain (Figure 5.4c). The shift of the peak to

lower magnetic field values (when ϕ is increased) is not captured by the model; we

propose that this effect might be caused by demagnetization-related shape magnetic

anisotropy in the sample.

Having established the location of the low frequency peak, we now turn to deter-

mine its frequency. Theory predicts that the frequency of the parametric response

should be twice smaller than the frequency of the parametric modulation provided

by the surface acoustic wave. We test this prediction on two datasets with different

acoustic wavelengths: the magnetic field dependence at P = 1.1 µm (its spectrum

is shown in Figure 5.8a, ϕ = 5 deg), and the fluence dependence at P = 1.3 µm

and ϕ = 9 deg. To determine the frequency, all acquired time traces are background

corrected and fitted with a sum of two damped oscillators, which represent the SAW

resonance and the low-frequency response:

S = A1/2 cos(2πf1/2t+ ϕ1/2)e−b1/2t +ASAW cos(2πfSAW t+ ϕSAW )e−bSAW t. (5.14)

The frequency f1/2, extracted from the P = 1.1µm dataset, is divided by the acoustic

frequency fSAW = 2.73 GHz and the ratio is plotted against the magnetic field in

Figure 5.8b, alongside the integrated intensity of the peak. The dataset, acquired at
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the grating period P = 1.3 µm is treated similarly and the resultant frequency ratio

is plotted against the excitation fluence in Figure 5.8c. As we can see in Figure 5.8b,

at the peak amplitude position the ratio is ≈ 0.51, very close to the expected value,

and remains at that level when the magnetic field is detuned to the lower side. At

higher fields the response merges with the SAW frequency in a similar fashion as

in Figure 5.1c-d. The measurement at a different grating period P=1.3 µm yields a

similar result (Fig. 5.8c); the frequency ratio at the maximum is f1/2/fSAW ≈ 0.5,

furthermore, it shows that the frequency ratio is independent of the excitation fluence.

Now that the spectral properties of the half frequency peak are established, we

turn to the temporal response. Mathieu’s equation suggests that the oscillation am-

plitude should have exponential character - exponential growth above the threshold

and exponential decay below. Thus a distinctive feature of the parametric dynamics

should be that with the increase of the modulation strength, a decay in amplitude

should change to a growth in amplitude. The modulation depth, in the approximation

used in the equation 5.9 is linearly dependent on strain ε11, therefore, on the temper-

ature gradients and excitation fluence F : m ∝ ε ∝ ∇T ∝ F . To check this prediction,

we compare the magnetic dynamics at the SAW frequency and at the maximum of

the half-frequency peak.

The SAW-related signal appears at the point of intersection of the acoustic fre-

quency and the frequency of magnetic precession (Figure 5.5). The measurement was

performed at the grating period of P = 1.1 µm, the acoustic wave propagation angle

ϕ = 5 deg and magnetic field Hext = 224 G, which corresponds to the maximum

amplitude of the SAW-related response. The intensity dependence of the signal ‘as

measured’ is depicted in the Figure 5.9a. At very small fluence (0.2 mJ/cm2) the

signal is invisible, but already at the 1.6 mJ/cm2 the oscillations extend up to 4 ns

and up to 8 ns as the excitation fluence increases to F ≈ 5 mJ/cm2. At even higher

fluences 5-15 mJ/cm2 the changes of the line shape are minimal.

In order to assess the magnetic dynamics, the results have to be corrected for the

thermal effects as described in Chapter 2. Taking the temperature profiles into ac-

count we calculate the measurement sensitivity curves, provided in Figure 5.9b, and

correct the experimental results to obtain the magnetization dynamics, as depicted

in Figure 5.9c. The quality of data here deserves a mention: measurement sensitiv-

ity becomes low at low excitation fluence and long time delays, so the final result

is obtained after division by small numbers, leading to strong amplification of the

measurement noise at longer time delays. Thus, although measured up to 8 ns, time

traces at SAW resonance are used up to 4-5 ns and discarded at larger delays.

Based on the results of Chapter 3, we assume that at the frequency of the elastic

wave we observe the response of the driven magnetic precession. As a result, in the
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Figure 5.8: (a) Measured magnetic field dependence of the low frequency response.
Grating period P = 1.1µm, ϕ = 5 deg, fluence F = 11.5 mJ/cm2. (b) Fit result - the
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Figure 5.9: Magnetic response at resonance with the Rayleigh SAW. (a) Time traces
of the Faraday rotation response, measured in a wide fluence range. Measurement
conditions are: grating period P = 1.1µm, acoustic wave propagation angle ϕ = 5 deg,
magnetic field Hext = 224 G. (b) Fluence dependence of the thermal correction factor;
60 nm nickel film on soda lime glass, 1.1 µm period. (c) Magnetization dynamics,
corrected for the measurement sensitivity.



172 Exploring the parametric regime of magnetic excitations

small oscillation limit the shape of the magnetic transients should be independent of

the excitation intensity and the amplitude should be the only parameter that changes

together with the level strain. We suggest that the SAW time traces, depicted in

Figure 5.9c, indeed behave as expected. The time traces here are scaled and overlaid

on top of each other indicating similarity of the observed dynamics.

Now, having established the reference, we turn to the half-frequency peak data.

The measurement is performed in the same geometry: the grating period P = 1.1µm

and the acoustic wave propagation angle ϕ = 5 deg at 97 G external magnetic field,

which corresponds to the maximum of the half-frequency peak (Figure 5.8). The

time traces, measured at various average excitation fluence values are depicted in

Figure 5.10a. All data here are background subtracted and normalized to the signal

amplitude in the first nanosecond. The dynamics clearly changes with increasing

intensity - at 2.2 mJ/cm2 only the initial peak is visible and at higher fluence the

oscillations extend to longer delays. One has to notice, though, that the signal is

decaying at all fluence values, but the decay rate decreases.

Temperature-corrected dynamics is presented in Figure 5.10b. Similarly to the

SAW measurements, data become noisy above ≈ 3 ns at low excitation intensity and

above ≈ 4 ns at higher fluence values, thus we will not consider the data at longer

time delays. Taking that into account, the trend in the data is very clear - at low

fluences the oscillations decay, then their amplitude becomes close to constant at

≈ 6.2 mJ/cm2 and grows with time at higher fluences.

5.5 Conclusions

In summary, we have investigated the possibility to generate parametric oscillations

in thin ferromagnetic films by the use of the laser-triggered surface acoustic waves.

Simplified theoretical models suggest that the elastically excited magnetic oscillations

are driven and parametric at the same time. Here we have formulated a tentative set

of indications to be able to define the nature of the magnetic parametric oscillation

and followed up with the experimental data.

We have observed the magnetic response at half driving frequency, which does not

correspond to any of the elastic excitations. It peaks around ϕ = 9 deg angle between

the magnetic field and the acoustic wave propagation direction, and this result does

not contradict the predictions of the simplified model of the local magnetic oscilla-

tor, interacting with an acoustic wave. The parametric nature of the corresponding

simulated peak has been confirmed by the analytic approximation. The intensity dy-

namics, characteristic of the parametric response, has been observed experimentally

on the f/2 peak.
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This result could be supported with additional measurements in a longer mea-

surement window. A more precise measurements of longer dynamics can be easily

envisioned by decoupling the excitation of the acoustic wave and generation of con-

trast for the magnetic wave detection. Present results have been obtained in a scheme

where the pair of simultaneous pump pulses excites the acoustic wave and also serves a

source for contrast for the measurement of magnetization dynamics. Those two func-

tions can be decoupled if the elastic dynamics is excited by the one pair of pulses, and

then the temperature grating is subsequently imposed by the second pair of pulses,

arriving just a few picoseconds before the probe pulse. This approach would allow us

to probe longer delays without noise amplification because of low contrast and would

provide a less simulation-dependent approach to obtain the magnetic dynamics.
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[4] I. Žutić, J. Fabian, and S. D. Sarma, “Spintronics: Fundamentals and applica-

tions,” Reviews of Modern Physics, vol. 76, no. 2, pp. 323–410, 2004.

[5] A. Kirilyuk, A. V. Kimel, and T. Rasing, “Ultrafast optical manipulation of mag-

netic order,” Reviews of Modern Physics, vol. 82, no. July-September, pp. 2731–

2784, 2010.

[6] Y. Kajiwara, K. Harii, S. Takahashi, J. Ohe, K. Uchida, M. Mizuguchi,

H. Umezawa, H. Kawai, K. Ando, K. Takanashi, S. Maekawa, and E. Saitoh,

“Transmission of electrical signals by spin-wave interconversion in a magnetic

insulator.,” Nature, vol. 464, no. 7286, pp. 262–266, 2010.

[7] A. A. Serga, A. V. Chumak, and B. Hillebrands, “YIG magnonics,” Journal of

Physics D: Applied Physics, vol. 43, no. 26, p. 264002, 2010.

[8] L. J. Cornelissen, J. Liu, R. A. Duine, J. B. Youssef, and B. J. van Wees, “Long-

distance transport of magnon spin information in a magnetic insulator at room

temperature,” Nature Physics, vol. 11, pp. 1022–1026, 2015.

[9] L. Dreher, M. Weiler, M. Pernpeintner, H. Huebl, R. Gross, M. S. Brandt, and

S. T. B. Goennenwein, “Surface acoustic wave driven ferromagnetic resonance in

nickel thin films : Theory and experiment,” Physical Review B, vol. 86, p. 134415,

2012.

[10] L. Thevenard, C. Gourdon, J. Y. Prieur, H. J. Von Bardeleben, S. Vincent,

L. Becerra, L. Largeau, and J. Y. Duquesne, “Surface-acoustic-wave-driven fer-

romagnetic resonance in (Ga,Mn)(As,P) epilayers,” Physical Review B, vol. 90,

no. 9, pp. 1–8, 2014.

[11] K. A. Nelson, R. Miller, D. R. Lutz, and M. D. Fayer, “Optical generation of

tunable ultrasonic waves,” Journal of Applied Physics, vol. 53, no. 2, p. 1144,

1982.



176 Exploring the parametric regime of magnetic excitations

[12] R. M. Slayton, K. A. Nelson, and A. A. Maznev, “Transient grating measure-

ments of film thickness in multilayer metal films,” Journal of Applied Physics,

vol. 90, no. 9, pp. 4392–4402, 2001.

[13] C. Kittel, “Interaction of Spin Waves and Ultrasonic Waves in Ferromagnetic

Crystals,” Physical Review, vol. 110, pp. 836–841, 1958.

[14] R. L. Comstock and B. A. Auld, “Parametric Coupling of the Magnetization and

Strain in a Ferrimagnet. I. Parametric Excitation of Magnetostatic and Elastic

Modes,” Journal of Applied Physics, vol. 34, no. 5, pp. 1461–1464, 1963.

[15] H. Matthews and F. R. Morgenthaler, “Phonon-Pumped Spin-Wave Instabili-

ties,” Physical Review Letters, vol. 13, no. 21, pp. 614–617, 1964.

[16] D. H. Lyons and H. Matthews, “Parametric excitation of spin waves by phonon

pumping,” Journal of Applied Physics, vol. 44, no. 3, pp. 1348–1355, 1973.

[17] A. Kamra, H. Keshtgar, P. Yan, and G. E. W. Bauer, “Coherent elastic excitation

of spin waves,” Physical Review B, vol. 91, p. 104409, 2015.

[18] H. Keshtgar, M. Zareyan, and G. E. W. Bauer, “Acoustic parametric pumping

of spin waves,” Solid State Communications, vol. 198, pp. 30–34, 2014.

[19] E. I. Butikov, “Parametric excitation of a linear oscillator,” European Journal of

Physics, vol. 25, pp. 535–554, 2004.

[20] C. L. Chang, A. M. Lomonosov, J. Janusonis, V. S. Vlasov, V. V. Temnov, and

R. I. Tobey, “Parametric frequency mixing in a magnetoelastically driven linear

ferromagnetic-resonance oscillator,” Physical Review B, vol. 95, p. 060409, 2017.



Summary

In this thesis the generation and detection of magnetoelastic excitations have been

studied. The topics discussed encompass several active fields of research related

to magnetization control, namely, ultrafast manipulation of the magnetic order and

magnonics. The tools that we employ, ultrashort pulses of light, are similar to the

ones used in the field of ultrafast magnetism. In the last two decades, optical pulses

were shown to interact with magnetization in multiple ways: induce sub-picosecond

demagnetization and magnetization reversal via impulsive heating, trigger magneti-

zation dynamics by the inverse Faraday effect, and modify the exchange interaction.

While the ultrafast magnetization control is usually local, spin waves, alongside

spin polarized currents, have been recently projected as means of information transfer

and information processing. As such, their generation and relaxation mechanisms,

guiding, and interaction with magnetic materials have received a lot of attention in

the field of magnonics. Our work presented here also relates to this field by adding

a new technique for spin wave generation and detection, and thus broadening the set

of tools available to an experimenter. We describe the technique, use it on several

magnetoelastic systems in the regime of linear generation of the magnetic waves, and

explore the possibility to obtain nonlinear effects.

The thesis starts from the general introduction, then the first Chapter provides the

basics of the physical phenomena and experimental techniques involved. It recounts

some well-known facts about elastic deformations, acoustic and magnetic waves, mag-

netoelastic interactions, transient grating spectroscopy, and time-resolved Faraday

measurement techniques. Subsequent Chapters, 2 through 5, present the research

results and constitute the main contributions of the work.

In Chapter 2 we describe the ‘augmented transient grating’ technique, which we

developed to study magnetoelastic dynamics in magnetic thin layers. It is a novel

combination of two optics-based measurements, namely, the ultrafast optical tran-

sient grating technique and magnetization-sensitive time-resolved Faraday measure-

ment. Transient gratings are generated by two non-collinear laser pulses intersecting

at the sample surface/volume and are generally used to monitor excitation transport
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in materials, including acoustic excitations. In our case, transient grating is em-

ployed to launch surface acoustic waves with a defined period and to monitor elastic

dynamics. We also simultaneously measure the magnetization dynamics by the use

of the Faraday effect. This Chapter discusses the measurement technique itself and

its implementation.

We show that the magnetic measurement sensitivity to the in-plane magnetic

waves stems from the presence of thermal gradients induced by the excitation, and

the numerical simulation of the thermal dynamics is performed in order to disentangle

magnetic and thermal effects. It is noteworthy, that apart from enabling the measure-

ments of planar-wave excitations, thermal gradient related measurement sensitivity

also entails some drawbacks. First of all, the accuracy of the obtained amplitude

values depend on the accuracy of the thermal gradient evaluation. Secondly, as it

becomes evident in Chapter 5, measurement sensitivity decreases together with the

thermal gradients as the time delay increases, and the data become noisy at long time

delays. To address that, we end Chapter 2 by proposing a perspective to enhance the

technique by the use of a second pair of pulses for setting the thermal contrast just

prior to the probe pulse arrival. This approach should also be instrumental in the

characterization of the spatial profile of magnetic excitations.

In Chapter 3 the augmented transient grating technique is used to study magne-

toelastic waves in thin nickel layers, evaporated on MgO substrates. Here we prove

the magnetoelastic nature of the experimentally observed excitations, identify the

acoustic part as the Rayleigh surface acoustic wave, and demonstrate the flexibility

of the generation method. To achieve that, we use transient diffraction measurements

to access the structural information and time-resolved Faraday rotation to probe the

magnetic system. By changing the spatial period of the interference grating, we assess

the dispersion of surface acoustic waves, and then, by the use of the external magnetic

field, bring the magnetic excitations into resonance. The results are discussed in the

framework of linear magnetoelastic coupling.

Chapter 4 describes experiments on a nickel/soda-lime glass structure, which ex-

hibits richer acoustic dynamics than nickel/MgO. Here, apart from the Rayleigh sur-

face acoustic wave, we also observe an acoustic wave of longitudinal nature, which

radiates away from the surface after the excitation and is usually not observed in most

magnetoelastic experiments involving propagating planar waves. The presence of two

separate acoustic excitations becomes very prominent in the magnetic domain, first of

all, because the measurement itself is much easier, secondly, because the coupling to

the magnetic system can be realized selectively by the change of the external magnetic

field. The magnetization dynamics is also different when it is brought into resonance

with the Rayleigh surface acoustic wave and with the longitudinal wave, reflecting
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the differences of the acoustic dynamics. To prove the nature of the second acoustic

resonance, we provide the calculation of the elastic dynamics and match the results

with experimental data. Varying the angle between the acoustic wave propagation

direction and magnetization, we extend the discussion of Chapter 3 and explore the

symmetry of the magnetoelastic coupling in more detail.

In Chapter 5 the measurements are extended to the nonlinear regime. The same

nickel/glass system is used for the measurements as in Chapter 4. At high excita-

tion fluence we observe magnetic resonances, which do not correspond to any of the

acoustic frequencies observed, and interpret them in the framework of parametric

oscillations by comparison with numerical simulation data.

Having described the main results of the thesis, we would also like to provide a

brief outlook for other possibilities to exploit the strengths of our experimental ap-

proach. Firstly, it is interesting to note that thermoelastic (rather than piezoelectric)

generation of strain waves relaxes the choice of substrates which support the magnetic

layers and structures. Non-piezoelectric materials can be used, and that potentially

widens the range of material systems to those grown epitaxially with a specific lattice

matching. This would enable extending elastic control to intrinsic electronic phases,

for example in strongly correlated materials. In such a situation, pre-strained epitax-

ially grown materials can be made to reside near to a strain induced phase transition,

while a high amplitude strain wave can toggle the system back and forth across the

boundary, in effect operating as a high frequency switch. Secondly, the high strain

values achieved via the thermoelastic mechanism provides a route to nonlinear inter-

actions between the magnetic and elastic excitations, such as parametric amplification

of the spin waves. In chapter five we made the initial forays into this field. As a final

research direction, we also envisage planar magnetoelastic guiding and focusing, thus

enabling complex on-the-chip control strategies. In this case, phononic crystals guide

and perform logical operations, and the output can be encoded into the magnetization

state at the output port.





Samenvatting

Dit proefschrift beschrijft een studie naar de generatie en detectie van magneto-

elastische excitaties. De behandelde onderwerpen betreden verscheidene actieve velden

in de wetenschap van de magnetische controle, zoals ultrasnelle manipulatie van de

magnetische ordening en magnonica. De werktuigen die we gebruiken, ultrakorte

lichtpulsen, zijn soortgelijk aan degene die worden gebruikt in ultrasnel magnetisme.

In de afgelopen 20 jaar is aangetoond dat lichtpulsen op verscheidene manieren met

magnetisatie kunnen interageren: sub-picoseconde demagnetisatie en magnetisatie

omkering door kortstondige verhitting, het in gang zetten van magnetisatie dynam-

ica middels het inverse Faraday effect en zelfs door het direct bëınvloeden van de

uitwisselingsinteractie (eng.: exchange interaction).

Hoewel de ultrasnelle magnetisatie controle meestal lokaal is, worden spingolven,

en ook spin gepolariseerde stromen, recentelijk beschouwd als een middel om infor-

matie door te geven en te verwerken. Als zodanig heeft hun generatie, relaxatie,

sturing en interactie met magnetische materialen veel aandacht gekregen in het veld

van de magnonica. Ons werk draagt bij aan dit veld met een nieuwe techniek voor

het genereren en detecteren van spingolven, en vergroot zo het aantal werktuigen dat

een experimentator kan gebruiken. We beschrijven de techniek en gebruiken het voor

verschillende magneto-elastische systemen in het regime van de lineaire magnetische

golf generatie. Daarnaast verkennen we de mogelijkheden om niet-lineaire effecten te

verkrijgen.

Het proefschrift begint met een algemene introductie. Het eerste hoofdstuk ver-

schaft vervolgens de basis van de relevante fysische fenomenen en van de experimentele

technieken. Het behandelt een aantal goed bekende feiten over elastische vervorm-

ing, akoestische en magnetische golven en magneto-elastische interacties. Daarnaast

worden ook de tijdsopgeloste tralie (eng.: transient grating) en Faraday spectroscopie

meettechnieken beschreven. De hoofdstukken hierna, 2 tot 5, presenteren de onder-

zoeksresultaten en vormen hiermee de belangrijkste bijdrage aan dit werk.

In hoofdstuk 2 beschrijven we een vernieuwende techniek die we ontwikkeld hebben

om de magneto-elastische dynamica te bestuderen in magnetische dunne lagen: de
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zogenaamde ’augmented transient grating’ techniek. Het is een combinatie van twee

bestaande optische meettechnieken, namelijk de tijdsopgeloste optisch gëınduceerde

tralie techniek en de magnetisatie-gevoelige tijdsopgeloste Faraday meting. De optisch

gëınduceerde tralies worden gegenereerd door interferentie van twee laser pulsen die

onder een hoek samen te komen op het oppervlak van (of binnen in) een object. Ze

worden in het algemeen gebruikt om het transport van excitaties (zoals akoestische)

te bekijken in materialen. In ons geval worden de kortdurende tralies gebruikt om

akoestische golven met een zekere periode te genereren aan het oppervlak en om de

elastische dynamica te bekijken. Tegelijkertijd meten we de magnetisatie dynamica

met behulp van het Faraday effect. Dit hoofdstuk beschrijft de meettechniek zelf en

hoe het in dit proefschrift is toegepast.

We laten zien dat, bij de magnetische metingen, de gevoeligheid voor de mag-

netische golven in het vlak veroorzaakt wordt door thermische gradiënten die door

het licht wordt gemaakt. Numerieke simulaties van de thermische dynamica maken

het mogelijk de magnetische en de thermische bijdragen van elkaar te scheiden. Opge-

merkt moet worden dat, hoewel ze vlakke golf excitaties mogelijk maken, metingen die

gevoelig zijn voor thermische gradiënten ook hun nadelen kennen. Allereerst wordt

de precisie van de verkregen amplitudes bepaald door de precisie van de evaluatie van

de thermische gradiënt. Ten tweede, zoals duidelijk wordt in hoofdstuk 5, wordt de

meetgevoeligheid, samen met de thermische gradiënten, minder als de tijd toeneemt:

het signaal-ruis neemt af bij langere tijden. Om hier iets aan te doen, wordt aan het

einde van hoofdstuk 2 een voorstel gedaan om deze techniek te verbeteren door met

een tweede puls paar, vlak voor de komst van de Faraday meetpuls, het thermische

contrast weer aan te maken. Deze aanpak zou ook belangrijke voordelen moeten

hebben voor de bepaling van het ruimtelijk profiel van magnetische excitaties.

In hoofdstuk 3 wordt de‘augmented transient grating’ techniek gebruikt om magneto-

elastische golven te bestuderen in dunne lagen van nikkel opgedampt op MgO (magnesium-

oxide) substraten. Hier bewijzen we de magneto-elastische aard van de experimenteel

waargenomen excitaties, identificeren het akoestische gedeelte als de Rayleigh opper-

vlakte akoestische golf en demonstreren we de flexibiliteit van de generatie methode.

Om dit te bereiken gebruiken we tijdsopgeloste diffractie metingen om structuur in-

formatie te verkrijgen en gebruiken we tijdsopgeloste Faraday rotatie metingen om

het magnetische systeem te bekijken. Door de ruimtelijke periode van de interferentie

tralie te veranderen, maken we een schatting van de dispersie van de oppervlakte

akoestische golven en dan, met behulp van een extern magneet veld, brengen we de

magnetische excitaties in resonantie. De resultaten worden besproken in termen van

de lineaire magneto-elastische koppeling.

Hoofdstuk 4 beschrijft experimenten aan een nikkel/glas structuur, die een rijkere
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akoestische dynamica vertoont dan nikkel/MgO. Hier zien we, naast de Rayleigh op-

pervlakte akoestische golf, ook een akoestische golf met een longitudinale aard, die

zich na de excitatie weg beweegt van het oppervlak. Deze golf wordt over het alge-

meen niet gezien in de meeste magneto-elastische experimenten met bewegende vlakke

golven. De aanwezigheid van twee afzonderlijke akoestische golven is erg belangrijk

in het magnetische domein. Om te beginnen maakt het de metingen veel eenvoudi-

ger en verder omdat de koppeling met het magnetische systeem selectief bereikt kan

worden door het externe magnetische veld te veranderen. De magnetisatie dynamica

is ook verschillend als het in resonantie wordt gebracht met de Rayleigh oppervlakte

akoestische golf en de longitudinale golf, overeenkomstig met de verschillen in hun

akoestische dynamica. Als bewijs voor de aard van de tweede akoestische resonantie,

maken we een berekening van de elastische dynamica en koppelen we dit aan de ex-

perimentele data. Door de hoek tussen de voortbewegingsrichting van de akoestische

golf en de magnetisatie te veranderen, kunnen we het werk van hoofdstuk 3 uitbrei-

den en kunnen we de symmetrie van de magneto-elastische koppeling in meer detail

onderzoeken.

In hoofdstuk 5 worden de metingen uitgebreid naar het niet-lineaire regime. Voor

de metingen worden dezelfde nikkel/glas structuren gebruikt als in hoofdstuk 4. Bij

een hoge excitatie stralingsdichtheid zien we magnetische resonanties, die met geen

enkele waargenomen akoestische frequentie overeen komen. We interpreteren deze

resonanties in het raamwerk van parametrische oscillaties, door ze met numerieke

simulaties te vergelijken.

Na de belangrijkste resultaten van dit proefschrift te hebben besproken, willen

we ook graag een kort overzicht geven van andere mogelijkheden om de kracht van

onze experimentele aanpak te benutten. Om te beginnen is het interessant op te

merken, dat de thermo-elastische (anders dan piëzo-electrische) generatie van elastis-

che golven het makkelijker maakt om een substraat te kiezen die magnetische lagen

en structuren mogelijk maakt. Niet piëzo-electrische materialen kunnen worden ge-

bruikt en dat vergroot de keuze met materialen die epitaxiaal worden gegroeid met

een specifiek passend rooster. Dit zou het mogelijk maken om elastische controle

uit te breiden tot intrinsieke elektronische fases, bijvoorbeeld in sterk gecorreleerde

materialen. In zo’n situatie zou een epitaxiaal gegroeide laag met een ingebouwde

roosterspanning geplaatst kunnen worden in de buurt van een door roosterspanning

gëınduceerde faseovergang, terwijl een sterke roostertrillingsgolf het systeem heen en

weer kan sturen over deze overgang. Op deze manier werkt het als een hoogfre-

quente schakelaar. Ten tweede, de hoge roosterspanninswaardes ten gevolge van het

thermo-elastische mechanisme kunnen een pad opleveren naar niet-lineaire interac-

ties tussen magnetische en elastische excitaties, zoals parametrische versterking van
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spingolven. In hoofdstuk 5 hebben we de beginnende stappen gezet in dit veld. Als

een laatste onderzoeksrichting zien we mogelijkheden tot het geleiden en focusseren

van vlakke magneto-elastische golven, wat complexe ‘on-chip’ controle strategiën mo-

gelijk maakt. In dit geval kunnen fononische kristallen logische operaties maken en

gegevens transporteren waarna het resultaat kan worden vertaald in de magnetisatie

van de uitgangspoort.
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