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1 Introduction

"Make everything as simple as possible, but not simpler."

(Albert Einstein)

This famous quote of Albert Einstein, winner of the nobel prize in physics in 1922 for his
description of the photoelectric effect [1] holds true to all fields of physics, where scientists
aim to describe phenomena in nature with mathematical models. The quote describes the
challenge to break down the laws of nature to as simple as possible mathematical models,
that can be solved with low computational effort, while still giving a good description of
real phenomena. A model "too” simple fails to describe an experiment accurately, while a
"too” complex model can either not or only be solved with excessive computational effort
and therefore also cannot give a prediction. A famous example for a "too” simple model are
Newton’s laws of motion [2], which can predict the orbits of the planets in our solar system
reasonably good for all planets except for mercury’s, whose orbit could be first accurately
described with Einstein’s more complex ‘General Theory of Relativity” [3]. Furthermore,
Einstein firstly described the relation between the specific heat of crystals and lattice vibra-
tions, which are also called phonons [4].

Phonons, the excitation of vibrational modes in a crystalline lattice [5], can interact with
both a variety of different physical particles like electrons, which is used to explain the for-
mation of Cooper-pairs in superconductors [6, 7], or physical fields like the electromagnetic
field, which yields the quasi-particle called phonon polariton [8].

In this master’s thesis, we investigate the coupling between magnons, the quantized excita-
tion of spins in a crystal lattice [9], and phonons using bulk acoustic wave (BAW) resonators
consisting of a ferro-/ferrimagnetic layer deposited on top of a crystalline substrate. BAW
resonators have potential applications in radio frequency filters, which are used in fifth
generation (5G) telecommunication technology, due to low insertion losses [10] and they
can also be monolithically integrated with active circuit elements [11]. BAW resonators
also have applications in quantum technologies. For example, they were recently used to
demonstrate non-classical behavior on a macroscopic scale, where the quantum state of
the phonon was measured via a superconducting qubit coupled to the BAW resonator [12].
They are also used for solid-state quantum acoustodynamic systems, which couple acoustic
phonon sources with superconducting or spin qubits and allow for quantum information
storage and processing [13-16].

In the first experimental chapter of this thesis, we expand upon the previous work in
Ref. [17] by studying the magnetoelastic coupling for the established material system
YIG/GGG in a wide temperature range from 3K to 300 K and for different measurement
geometries. Furthermore, we investigate the magnetoelastic coupling between magne-
tometallic CoFe thin films and sapphire substrates oriented in varying crystalline direc-
tions, thus expanding on previous works [18-20] and study the frequency and temperature-
dependent behavior of the magnetoelastic parameters. Finally, we continue the previous
works in Refs.[18, 19, 21] by characterizing the magnetoelastic coupling in CoFe/Silicon
samples with different substrate thicknesses and perform experiments on CoFe/Si/CoFe
trilayer samples at cryogenic temperatures.




2 Introduction

This thesis is structured as follows: We begin by explaining the theoretical concepts nec-
essary to understand the contents of this thesis in chapter 2. We start with explaining
the Macrospin model in Sec. 2.1 and introduce important concepts such as the Heisenberg
exchange interaction, to model the interactions of the magnetic moments in a solid. We
define the magnetization as the sum of all the individual magnetic moments and model
the magnetization dynamics using the Landau-Lifshitz-Gilbert equation, which is a phe-
nomenological equation describing the precession of the magnetization around an effec-
tive magnetic field after it has been excited. Furthermore, we introduce the concept of
ferromagnetic resonance in Sec.2.2 and explain two different experimental excitation ge-
ometries, where the external magnetic field is applied parallel and orthogonal to the sur-
face normal. Next, in Sec.2.3, we study magnon-phonon coupling and present a phe-
nomenological description of the energy density. Moreover, we model the sample ge-
ometries used in this thesis with sets of equations, that couple two transverse acoustic
phonon modes with one Kittel mode for the investigated magnet/substrate heterostruc-
tures and one transverse acoustic phonon mode couples with two Kittel modes for the
investigated magnet/substrate/magnet heterostructures. From the solution of these equa-
tions, we obtain insight into the effective coupling strength, acoustic and magnetic damp-
ing rates in these systems. Lastly, in Sec. 2.4, we write down the set of equations for a mag-
net/substrate/magnet heterostructure, where both the transverse acoustic phonon modes
couple with both the Kittel modes.

In chapter 3, we go into detail about the fabrication process of our samples with DC sput-
tering technique in the SUPERBOWL machine in Sec.3.1. Furthermore, we explain the
experimental technique for the ferromagnetic resonance measurements done in this thesis
and how to extract relevant data from fitting the imaginary and real part of the transmission
parameter to the Polder susceptibility in Sec.3.2. To conclude our experimental methods
chapter, we discuss in Sec.3.3 the experimental setup for ferromagnetic resonance mea-
surements and the MORIA cryostat used for conducting our experiments.

In chapter 4, we characterize a YIG/GGG sample and study the effective magnetoelastic
coupling rate as a function of temperature as well as microwave frequency and compare the
results for the in-plane and out-of-plane measurement geometries. In addition, we study
the temperature dependent behavior of the phononic resonances.

In chapter 5, we focus on CoFe/Sapphire heterostructures and explore the possibility of
controlling phononic birefringence with crystalline substrates grown in various directions.
We also study the frequency and temperature dependent behavior of magnetoelastic pa-
rameters in the heterostructures.

In chapter 6, we investigate CoFe/Silicon samples with different substrate thicknesses and
also study the frequency dependence of the magnetoelastic parameters and how the sub-
strate thickness affects them. Additionally, we study the magnetoelastic coupling in
CoFe/Si/CoFe trilayer structures and study the magnetoelastic linewidth as a function of
the frequency at cryogenic temperatures.

Chapter 7 provides a summary of the in this thesis achieved results.

Finally, in chapter 8, we suggest further research ideas and questions, which could not be
addressed in this thesis. As an example we show our first broadband ferromagnetic res-
onance measurements of CoFe-gratings deposited on silicon single crystal substrates as a
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first attempt to induce surface acoustic waves in this material system as compared to the
established LiNbO3 on silicon material system investigated in Refs. [22, 23].
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2 Theoretical concepts

In this chapter, we describe the theoretical concepts required to interpret the experimental
results in this thesis. In Sec. 2.1 we start with explaining the Heisenberg exchange inter-
action, which describes the coupling of spins through the overlap of their wavefunctions.
As a next step, we introduce the definitions of the magnetic moment and the magnetiza-
tion of a ferromagnetic volume, which we use to explain the magnetization dynamics in an
effective field via the so-called Landau-Lifshitz-Gilbert equation. Furthermore, we explain
ferromagnetic resonance and derive expressions for the magnetic resonance frequency as
a function of the external magnetic field for different geometries, the so called Kittel equa-
tions [24] in Sec. 2.2. As a final step, we describe magnon-phonon coupling of the magnetic
Kittel mode coupled to phonons in crystalline substrate materials serving as bulk acous-
tic wave resonators in Sec. 2.3 and derive an expression for the effective magnetoelastic
coupling strength in the system as function of microwave frequency.

2.1 Macrospin model
2.1.1 Heisenberg exchange interaction

Magnetism is described by quantum mechanics. The Bohr-van Leeuwen theorem states
that the net magnetic order in a thermal equilibrium vanishes, when applying classical
statistics [25, 26], as the kinetic energy of charge carriers does not change, when exposed
to an external magnetic field. Hence, a classical electron system in thermal equilibrium
has no magnetic moment. It follows that magnetism has to be a quantum phenomenon
manifesting on a macroscopic scale [5]. As a consequence of the individual electron spins
s; and their interaction with each other - the so-called spin-spin interaction- magnetism
can arise in a solid. The magnetic moment of an atom itself is proportional to its total
spin momentum J = L + S composed of the atomic angular momentum L and the net
spin momentum S, which themselves are the total electron angular and spin momenta
of the atomic valence shell electrons. To describe the interaction between the individual
atomic magnetic moments, it is not sufficient to model the coupling between the magnetic
moments of localized electrons of a solid via dipole-dipole interaction, because the energy
scales of this interaction are an order of magnitude smaller than the thermal energy at
room temperature [5]. Instead, the magnetic coupling is mediated through overlapping
of the wavefunctions of the localized electrons, which can be modeled by the Heisenberg
exchange mechanism [5, 18, 27, 28]. The free energy density of a solid with Volume V,
summing up over all nearest-neighbor pairs (n.n), is defined as

1
Fox = =350 > Eydi- Jj, 2.1)

i<j,n.n

where FEj; is the exchange constant. The Heisenberg model is capable of modelling a fer-
romagnetic solid with parallel alignment of spins and a antiferromagnetic solid with an-
tiparallel alignment of spins depending on the sign of Ej;. That means for Ej; > 0 the fer-
romagnetic configuration and for Ej; < 0 the antiferromagnetic configuration is preferred.
This model is also applicable to magnetic metals with free electrons by utilizing mean-field
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theory [5].

2.1.2 Magnetization

A single atom in a solid has a magnetic moment y proportional to its total spin momen-
tum J

p=—-dJ, (2.2)

where v = %2 is the gyromagnetic ratio with g the Landé g-factor [29], up the Bohr mag-
neton [30] and % is the reduced Planck constant [31].

We now define the net sample magnetization of a magnetic volume as the sum over all
the individual magnetic moments normalized by the sample volume V'

1
eV
When all magnetic moments are aligned parallel to each other, the magnetization is at its
maximum, which is given by the saturation magnetization |M| = M. In the following we
assume M = Mym, with the unit vector m = (my, my, m,).

2.1.3 Landau-Lifshitz-Gilbert equation

As a next step, we discuss the magnetization dynamics when exposed to an effective mag-
netic field H g of the form

Heff:Hext+Hani+Hda (24)

where H . is the externally applied magnetic field, H ,,; is the anisotropy field and H 4 is
the demagnetization field. The anisotropy field H ,,; can consist e.g of contributions that
point along certain crystallographic directions due to the crystal symmetry or due to a pin-
ning of the magnetization when a magnetic material is interfaced with an antiferromagnet.
The demagnetization term comes from a magnetic anisotropy term called shape anisotropy,
that is generated by the magnetization itself to reduce stray fields [5].
The magnetization M experiences a torque from the effective field H.¢ of the form
dJ

T=g = kX poH eff - (2.5)

Now using equation (2.2) and (2.3) and plugging them into Eq. (2.5), we obtain

dM
= "M x pHe. (2.6)

This expression is known as the Landau-Lifshitz equation [32], which states, that in the
presence of an effective magnetic field H.¢, when excited the magnetization M precesses
at a fixed angle around H .¢. However, in real physical systems there are many relaxation
mechanisms for M, which are taken into account by a phenomenological damping param-
eter called the Gilbert damping parameter . This parameter was introduced by Gilbert
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[33] thus leading to the Landau-Lifshitz-Gilbert equation

dM dM
—— = —7M X poHesr + 2 M x

dt M, dt ’ @7)

where again the first term describes the precession of the magnetization M around the
effective field H.g and the second term is a phenomenological parameter describing the
damping of the system. This damping term points perpendicular to both the magnetization
M and the precession term M x 119 H o towards the center of rotation. Hence, this damping
term leads to a spiraling motion of the magnetization M around H .4 until it relaxes in
parallel to H .

2.2 Ferromagnetic resonance

In the previous section, we have established the magnetization dynamics of a magnetiza-
tion M in an effective field H.¢. As a next step, we now extend this model by introducing
an oscillating magnetic field h,¢(t) perpendicular to the effective field H g, which coun-
teracts the Gilbert damping term as depicted in Fig. 2.1 panel a). This situation can be
described by a driven, damped harmonic oscillator [34]. The following derivations are
taken from Refs.[18, 34, 35].

a) b)

H

A Mxamde
— M x H
m

xlarb. u]

1

0

y®—X> /UO(Heff'Hres) (T)

Figure 2.1: Ferromagnetic resonance. a) Schematic depiction of ferromagnetic resonance, where
the additional driving torque (—M x h,s ), generated by the oscillating field k¢, op-
poses the damping term (M x 9M) leading to a precession of the magnetization M
around H ¢ at a fixed cone angle. b) Real and imaginary part of the Polder suscepti-
bility x = x’ + ix"” plotted as function of effective field H.g. Taken from Ref. [18].

We start modeling this problem by assuming, that the constant external magnetic field is
parallel to the z-axis (Hext = Hext€,) and the magnetization M is dynamically driven by
an oscillatory field h,¢(t) in the x-y-plane, as shown in Fig.2.1a). This leads to a dynamic
response of the magnetization m(t) and we can modify the effective field H.s and the
magnetization M by assuming, that the cone angle ¢ is small with M, M, < M, and
|hyt| < |Hext|. Effective field H .4 and magnetization M can then be written as

Heﬂ = Hext +Hani +Hd +hrf(t)

(2.8)
M =M, + m(t) = Myé, + m(t)

We now use a harmonic Ansatz for the oscillating magnetic field h,¢(¢) and the magnetiza-

7
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tion m(t)

Rt (t) = (hut o, Paty, 0)7 - €

T iwt

(2.9)
mt) = (mx,my,0)" - e,

By plugging the equations (2.8) and (2.9) into the LLG-equation (2.7). we get the follow-

hr x . my
hrf,x mx

with the Polder susceptibility xp [36], which describes the linear response of the magneti-

ing expression

zation m(t) to an external perturbation h,¢(t). It has the form [18]

)21;1: Xxx  Xxy _ MOJMS1 Al'l % 7 2.11)
Xyx  Xyy Det(xp) \—22 A

YHO

with the diagonal entries

A1y = Hege + Honi + M, - (N, — N,) + =2

ZZ}‘OL[O (2.12)
A22 = Hext + Hani + Ms : (Nx - Nz) + —,

YHO

where the N are the demagnetization coefficients, which depend on the sample geometry.
We can see, that the susceptibility has a dispersive real part x’ and a dissipative imaginary
part x”. Its behavior as a function of the effective field H .4 is shown in Fig. 2.1b). To derive
an expression for the resonance frequency fres = 5= as a function of the external field Hexs,

we solve Det(xp) L 0, which gives us the famous Kittel equation [24]

fres - %\/[Hext + Hani + (Nx - Nz) : Ms][Hext + Hani + (Ny - NZ) : Ms] (213)

In the following we want to distinguish between two geometries of a thin film ferromag-
netic sample with a length and width in the mm-range but thickness in the nm-regime.

¢ For the in-plane geometry (ip), the external magnetic field is applied perpendicular
to the surface normal, i.e. in the plane of the sample. Now e.g. for the case that the
external magnetic field is parallel to the x-axis, the demagnetization coefficients IV;
take the form Ny = 1 and Ny, = N, = 0. Consequently the Kittel equation (2.13) can
be simplified to

fres — %\/Hext(Hext + Ms) (214)

* Secondly, for the out-of-plane geometry (oop), the external magnetic field H .y is
applied parallel to the surface normal. The demagnetization coefficients for this case
are N, = 1 and Ny = Ny = 0. Plugging this into equation (2.13) and combining
the saturation magnetization and the anisotropy field to an effective magnetization
Mg = My — Hayi, we get the following equation:

fres = %(Hext — Megr). (2.15)
e
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Solved for the resonance field:

27
poHres = proMegr + 7f (2.16)

While the real part of the Polder susceptibility gives insight of the relation between the
resonance field H,¢s and the resonance frequency fis, its imaginary part provides informa-
tion about the damping of the ferromagnetic resonance. By solving the imaginary part of
Det(xp) L 0, we receive a relation between the resonance frequency f;es and the ferromag-
netic resonance linewidth AH of the form

2
oAH = T (2.17)
v

Considering, that this equation (2.17) gives the half-linewidth-at-half-maximum and ac-
counting for the fact that in real experiments, the linewidth does not go to zero at zero
frequency, but usually exhibits a finite value, which we call the inhomogeneous linewidth
Hinn, we have to modify equation (2.17) by multiplying a factor of two, in order to get the
full-linewidth-at-half-maximum, and adding an inhomogeneous linewidth term i Hinp.
The modified equation for the ferromagnetic linewdith as function of microwave frequency
has the form

2n fa
HoAH = jigHigg, 42 f | (2.18)

The emergence of an inhomogeneous linewidth pyA Hi,p, has several possible causes rang-
ing from thermal heating, misalignment issues and inhomogeneities in the thin film sam-

ple.

2.3 Magnon-phonon coupling

In this section, we describe magnon-phonon coupling. Here, we discuss its phenomeno-
logical description and its microscopic origin in Sec.2.3.1. Furthermore, we establish a
theoretical model for a bulk acoustic wave resonator with one Kittel mode coupling to
two transverse acoustic phonon modes and derive an expression for the effective coupling
strength in the system in Sec.2.3.2. In the following section2.3.3 we introduce a theoreti-
cal model for a trilayer system with two Kittel modes and one transverse acoustic phonon
mode and describe the possibility of even and odd coupling between the two Kittel modes
mediated by the transverse acoustic phonon mode. Eventually, in Sec. 2.4 we combine these

two models from the previous sections.

2.3.1 Phenomenological description

Magnon-phonon coupling or magnetoelastic coupling describes the coupling between the
magnetic and elastic system in a magnetically ordered solid. This coupling is mediated
by the interplay between the spin-orbit interaction, the magnetic dipole-dipole interaction
and the exchange interaction [37]. The following expressions and derivations are taken
from Ref. [37]. We can write down a phenomenological expression of the magnetoelastic
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energy in cubic crystals with the external magnetic field H . along the (100) direction

Z MZey + 2 Z Z My Mey

k £k

(2.19)
1 OMy OMy O M,
TS e T () o
where ey = (%f;‘; +3 u ) represent the strain tensor elements, with u(r) being the dis-

placement vector, M the saturation magnetization and the indices k,1,m = z,y,2. The
parameters Aq, Az, B1 and B, are the magnetoelastic coupling constants. With these pa-
rameters we can calculate the relative change in length of the magnetic crystal along the
(100) and (111) directions A1gp and A111 as [38]

(2.20)

where the Cj; are the elements of the cubic stiffness tensor.

2.3.2 Tripartite magnon-phonon coupling with two non-degenerate phononic modes

The experiments performed in this thesis aim to enable a better understanding of the
magnon-phonon coupling between a magnetic thin film sample and transverse acoustic
waves in a crystalline sample serving as a bulk acoustic wave resonator (BAW). The sam-
ples investigated in this thesis are thin film ferro- or ferrimagnetic materials deposited on
different crystalline BAW substrates, as schematically depicted in Fig.2.2. When the FMR
of the magnetic thin film is in resonance, the elliptically polarized Kittel mode generates
deformations in the magnetic material, which also induces an interfacial deformation the
substrate material, thus injecting acoustic modes in it, which are elliptical shear waves car-
rying angular momentum[39].

Due to the finite substrate and film thickness (denoted by L and d) and reflective bound-
ary conditions at the opposite interfaces of the sample, we expect the formation of standing
waves for certain frequencies fn. In our experiments, for transverse acoustic velocities in
the order of v; ~ 1 X2 and substrate thicknesses in the order of L ~ 100 um, we excite the
FMR in the f ~ 10 GHz range and drive overtone BAW resonances with modenumbers in
the order of n ~ 1000. In this high overtone regime, the excitation frequency f, can be

approximated by
n

2(d/vy + L/vy)’

according to Ref.[40], where d is the thickness and ¥; is the transverse acoustic velocity

Jo = (2.21)

of the magnetic material. To calculate the effective coupling rate g.g between the mag-
netic and phononic system, we take into account that for arbitrary propagation directions
in the host crystal, there are two different perpendicularly polarized transverse acoustic
phonon modes with potentially non-degenerate propagation velocities. The following set

10
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Figure 2.2: Schematic illustration of the magnon-phonon coupling mechanism. The precessing
magnons of the Kittel mode in the magnet with thickness d with the damping x cou-
ple via an effective coupling rate ges to the phonons u, of the non-magnetic substrate
with thickness L. The damping of the non-magnetic substrate/bulk acoustic wave
resonator is given by 7,. The expressions v; and ¥ are the transverse velocities of the
non-magnetic substrate and the magnetic material, respectively.

of equations is adapted from Refs. [41, 42] and expanded for the case of two non-degenerate

transverse acoustic phonon modes ., and u,
. Jeff,1 Geff 2
(W — Wmag + iks)mt = 5 ui’l + TUIQ +C¢hT
. Jeff,1
(W —wn1 + a1y, = Ter (2.22)
. Geff 2
(W—wn2 + zna,g)urtz ==5" mT.

Here, wmag is the magnetic resonance frequency and wy, ; /; is the excitation frequency of
the BAW standing waves from the two transverse phonon modes in the substrate accord-
ing to (2.21). The variables “:,1 /2 and m™ are the circularly polarized elastic waves (u:;l o=
Uy 12 iUy ) and circularly polarized magnetization amplitudes (m™ = my + imy), re-
spectively. Furthermore h™ = hy + ihy is the oscillating driving field of the microwave
stripline inductively coupled at the rate ¢ to the magnetization m*. Now we solve equa-

tion (2.22) for m™ and obtain

+_ h* (w — wna + i0a,1) (W — wn 2 + i0a,2)C (2.23)
[92.1/4(w — wn2 + iNa2) + 9oz o/4(w — wa 1 + i7a1)
—(w— Wmag 1 iks)(w — Wn,1 + ma,l)(w —Wwn2+ Z'77&1,2)]-
We rewrite this expression to
+
mt =— h7e (2.24)

(w—wn) — 921 (W — wn,1)/N1(w) — g2 2(w — wn2)/Na(w)
+i - (ks + ggff,lna,l/Nl (w) + 926,2%,2/]\72(”))’

11
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where we have defined Ny /5 = 4[(w — wy1/2)* + 12, Jol- In this form, it becomes evident
the imaginary part in the denominator of (2.24) can be interpreted as a modified magnetic
damping rate ks given by

Ris = fis + Goir 17,1 /N1 (w) + g8 27002/ N2 (w). (2.25)

Assuming both phononic modes couple equally to the magnetic system (ger,1 = gefr2 =

gest) and utilizing the following relation for the magnetic relaxation rate x

1
Ks = §VM0AH07 (2.26)

we solve equation (2.25) for the effective coupling rate geg of the phononic mode 1, i.e.

W = Wn,1

1
gt = | 2vpo[AH (w = wn,1) — AHo] - — Tz

Na,1 Aw2+77§72

(2.27)

where Aw = |wy 1 — wy 2] is the difference between the two acoustic resonance frequencies.
For the phononic mode 2, i.e. w = wy 2, an analogue expression for geg to equation (2.27)
is obtained, where each of the variable subscripts needs to be changed from 1 to 2. For the
case that Aw < 15,1, 7a,2 We can interpret the fraction in Eq. (2.27) as an effective acoustic
damping rate

1
Moot & 1 = — k2 (2.28)
Mol + @ Ta,1 + Ta,2
Therefore we get for the effective coupling rate
et = /2o a0l AH (@ = wn 1) — AHo), (2.29)

which corresponds to the formula given by Miiller et al. in Ref. [20]. With equations (2.27)
and (2.29), we are now able to calculate the effective coupling rate in our experiments by
extracting the change in linewidth, which we call magnetoelastic linewidth AH,, at the
respective acoustic resonance frequencies AHy,, = AH(w = wy,1) — AHp and from the
acoustic damping 7, ; of each mode, which can be determined from off-magnetic resonance
cuts to the microwave transmission as will be discussed in greater detail in the following
chapters.

2.3.3 Tripartite magnon-phonon coupling with two magnetic layers

In the previous section we established a theoretical description of a tripartite magnon-
phonon system with two non-degenerate transverse acoustic phonon modes. Now we
investigate a trilayer system with two identical magnetic layers deposited on both sides
of a crystalline substrate with degenerate phononic modes, which allows us to utilize
u; = ux + iuy. We want to study the interaction between the two magnetic layers through
magnon-phonon coupling. As a first step, we assume a propagation of the standing waves
along a crystalline axis, where the two transverse acoustic phonon modes are degener-
ate (i.e. wp,1 = wp2). The following derivations will closely follow the previous works in

12
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Refs. [21, 41]. We can model the dynamics with the following set of equations adapted from
[41]

Geff,1 u: + <1h+

(W — Wmag,1 + ms)mf

2
(W — Wmag,2 + ms)m; = %u: + GhT (2.30)
(W —wy +ina)ul = geg’lmf + ge;f,Q my.

where v, m] and mJ represent the circularly polarized elastic wave and magnetization
amplitudes for the top and bottom magnetic layers. The frequencies wiag,1 and wiag,2 are
the resonance frequencies for the respective magnetization amplitudes, which are driven
at a frequency w and the oscillating driving field 2™ coupled inductively to each of the
magnetic layers with a coupling rate ¢;. For the case of tripartite coupling with two mag-
netic layers, we need to distinguish the coupling for even and odd mode numbers n of
the bulk acoustic wave due to the fact, that when n is even, the excitation field A+ and
the circularly polarized elastic wave u; are in phase, which corresponds to constructive
interference, which leads to a absorption in power, whereas for the case, that n is an odd
integer the circularly polarized elastic wave u; are 180° out of phase, which corresponds
to destructive interference and therefore a reflection of the bulk acoustic wave at the top
layer [41]. Consequently, for even mode numbers the effective coupling strength geg; in
both magnetic layers is the same (i.e. geft,1 = gesr,2) and for odd mode numbers the effective
coupling strengths have opposite signs (i.e. gefr,1 = (—1)gef 2)-

When solving Eq.(2.30) for m], we obtain

_Clh+
flw)

Again the imaginary part of the denominator can be interpreted as a modified magnetic

my = (2.31)

damping rate Im{ f(w)} = R

2
- 1 Geft 1 Yeft 2
s = — Niw) { 62’ (W — Wiag,2) — 762’ (Wmag,1 + W) — (Wmag,1 + w) [Naks — (W — wn) (W — Winag,2)]

— ks [na(w - wmag,Q) + Ks(w - wn)] } ’ Cl [na(w - wmag,Q) + Hs(w — wn)]

92f—f 1 92& 2
— {— 62’ Ky — 62’ Ky — naﬁg + Ks(w — wn) (W — Wimag,2)

+ (w - wmag,l) [na(w - Wmag,Q) + /‘Gs(w - Wn)] }

2
f,19eff Jeft
: {_ge ’12ge 2 G2+ e2 2 G+a [77&"35 — (W —wn)(w— Wmagﬂ)] }7

(2.32)
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2 2
g
N(w) _ {_geff,12geff72 <'.2 + e§,2 Cl + Clna’fs — Cl ((.U — wn)(w — wmag,Q)}

9 (2.33)
+{C1na(w - Wmag,?) + C1ks(w — wn)} .

We are now interested in the case w = wmag,1 = Wmag,2 = wn. The equation (2.32) simpli-
fies to

921 9ok,
Cihs | =5+ + =52 4 Naks
'%s(w = Wmag,1 = Wmag,2 = wn) = p > . (2.34)
_ eff,12geﬂ,2 CQ 4 eg,QCI 4 glnal‘is

For the uncoupled case (g1 = ger2 = 0) we get for the damping is = kg as naively

expected. Now we want an expression to differentiate between the two cases of even and
odd coupling between the two magnetic layers. By using geg 1 = (—1)"ger,2 and (o = x - (3,
where z € [0, 1], we obtain the modified magnetic damping rates &

¢ Even:
ks(2% 1 + Nak
Fo = — ey T 1ais) (2.35)
o1 (1 — )/2 + naks
e Odd:
KRs 2 + Naks
e Gt T asis) (2.36)

B 93,{{71(1 + ) /2 + Naks

We see, that the modified damping &g is enhanced due to phonon pumping in the sub-
strate for both even and odd acoustic modes. Furthermore, in the case of even coupling, &
is larger than for the odd case due to the constructive interference between h* and v}

2.4 Quarpartite coupling

In the previous two sections, we introduced tripartite coupling between one Kittel mode
and two transverse acoustic phonon modes and tripartite coupling between two Kittel
modes and one transverse acoustic phonon mode. Now we want to write down a set of
equations, which takes both two magnetic layers and two different perpendicularly polar-
ized phonon modes with potentially different acoustic velocities into account. The dynamic
set of equations, which then describes the magnetoelastic coupling is given by

. T T
(w ~ Wmag1 + ZHS)mi’— _ ge2,1 ui,l + 9e2 ,2 urt? + €1h+
. T T
(w — Wmag2 + st)m;' _ ge2 ,2 ui,l 4 9e2 ,2 urt? + C2h+
. + Jeff1 4 Geff2 (237)
(W —wn1 +iNa1)uy = 5 M T Ty My
. Jeff 1 Jeff 2
((.U - wn)2 + 7"'73,2)%—1_,2 = e2 mi"‘ + e2 m;_

It is possible to solve the Egs. (2.37) for m], like we did in the previous sections, but the
explicit form of this equation is not elucidative. Furthermore, in this thesis, the samples
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with a magnetic layer deposited on both sides show a sufficiently high overlap between
their two transverse acoustic phonon modes so we instead use the simpler model utilizing
two magnon modes and one phonon mode in Sec.2.3.3.
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Experimental procedure 17

3 Experimental procedure

In this chapter, we describe the fabrication process of our samples utilizing DC magnetron
sputtering in the SUPERBOWL sputtering machine. Furthermore, we explain the measure-
ment technique and the experimental setup used for the ferromagnetic resonance experi-
ments. The experimental procedure closely follows the description of previous works in
WMI [18, 35, 43].

3.1 Sample fabrication

First we want to describe the fabrication of CogsFers thin films, which is used for most
samples in this thesis. The growth of these thin films is performed via DC magnetron
sputtering utilizing the SUPERBOWL sputtering machine shown in Fig.3.1.

Non-Ferromagnet Chamber (NFC, SP2) Loadlock All-Ferromagnet Chamber (AFC, SP4)

1: Ar-/reactive-ion source
2 & 3: 3” magnetrons
4: 2” magnetron

1 - 8: 2” magnetrons

Figure 3.1: Illustration of the SUPERBOWL sputtering machine. It consists of two ultra-high-
vacuum (UHV) chambers with various target materials installed and a Loadlock for
installing and removing samples into the two UHV chambers. Taken from Ref. [35].

First, the sample has to be inserted into the Loadlock, which afterwards is evacuated to
a pressure of p < 107% mbar before transferring the sample into the SP4 chamber. In the
UHV chamber the sample is mounted on a three axes substrate manipulator. For sputter-
ing depositions, Argon gas is injected into the chamber, which is ionized and accelerated
towards the target materials by an electric field applied between the target material and
an anode ring, forming a plasma state and ejecting atoms from the target material into the
chamber. Now the manipulator with the sample is moved over the desired target material
(e.g. CogsFers) and the atoms can adhere to the sample surface thus growing a thin film on
the substrate. This process is illustrated in Fig. 3.2.

17



18 Experimental procedure

free electrons @

Ar atoms
Ar ions o.

target atoms O

electrode

magnets

target
H negatively chni ’ ‘

Figure 3.2: Schematic of the sputtering process utilizing argon as the inert gas. The argon ions
are accelerated towards the target material via an electric field where they collide with
the target and eject atoms from its surface, which adhere to the substrate. Permanent
magnets beneath the target help stabilizing the argon ion plasma. Taken from [44].

3.2 Experimental technique

We used a setup to measure ferromagnetic resonance with a vector network analyzer (VNA-
FMR), which consists of the vector network analyzer (VNA) itself, a coplanar waveguide
(CPW) and an external magnetic field generated by an electromagnet or superconducting
magnet for cryogenic temperatures as shown in Fig 3.3.

VNA

oop A

Port 1 Port 2

Cable

16
12
p5
su

Figure 3.3: Schematic diagram for an experimental ferromagnetic resonance setup with a vector
network analyzer (VNA). The sample is mounted face-down on the coplanar waveg-
uide (CPW), which is connected on each side to one VNA-port via microwave cables.
The VNA creates a sinusoidal microwave signal, which is coupled into the center
conductor (CC) of the CPW (brown) through the endlaunches and generates the oscil-
lating magnetic field h,;. The transmitted signal is detected at port 2 of the VNA. The
blue vector indicates the applied magnetic field direction for ip and oop-geometry.
Taken from [35].

The sample is placed face down on the CPW and an external magnetic field H .y is
applied either perpendicular or parallel to the surface normal (see blue arrows in Fig.3.3).
In the CPW the microwave signal from the VNA now generates the oscillatory magnetic
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field h,f, which excites the magnetization dynamics in the sample. Using the coordinate-
system in Fig. 3.3, the rf-field can be approximated by the Karlqvist equations [45]

1 I _'_ Wee _ Wcce
hy(y,z) = — arctan | 22 ) _ arctan [ 22
T 2Wee z z

Wee \2 2
hz(yv Z) = ! In (y - 2 ) 2 s
27 2Wee (y — %)% + 22

(3.1)

where w, is the width of the coplanar waveguide and ! is the magnitude of the VNA.
When the frequency of the oscillatory magnetic field h, matches the ferromagnetic res-
onance frequency fr.s at the given applied external magnetic field H .y according to the
Kittel equation (2.13), ferromagnetic resonance is excited. In this case, a current is induced
in the CPW by the precessing magnetization according to Faraday’s law, hence, energy
from the transmitted microwave is absorbed to excite the magnetization dynamics. This
can be measured in the complex transmission parameter S»; of the VNA

Voo Vol 4,—
Soq = - i(p2—1)
21 Vi ]Vl\e s

(3.2)

which relates the complex voltage V5 of the microwave signal after transmission mea-
sured at port 2 to the complex voltage V; of the generated microwave signal at port 1 and
their respective phases ¢;. By neglecting the back reflected wave S;; = 0 and assuming the
circuit to be impedance matched, the change in transmission ASy; caused by the FMR in
the sample can be calculated as

Sy — S9

ASo = S0

(3.3)

where 59, is the background caused by the frequency-dependent transmission and cable-
losses of the setup. We can now account for the change in transmission, when a sample is
coupled inductively to the CPW, by assuming a complex inductance L, connected in series
to the impedance Zy = 50 Q2 of the bare CPW in a simple voltage divider model

1 1wl iwLg
ASo; = —= ~— 3.4
2 2 (Zo —i—ing) 270 (34)

where w is the microwave frequency under the assumption that wL < Zy. The factor 3 is
needed because the measurement of V5 is not between port 1 and 2, but between the CPW
and ground [46]. The real-valued inductance Ly comes from the oscillating magnetic field
in the sample. It can be calculated following Ref. [47]

Lol 0o ds+drm
Lo= " d d o (w, Hohue (y, 2, T
o= o [y [T dntatv ot Bty 1)
00 ds+drm
[ [T a2 (35)
—00 Os
_ holdrm

mey(wa H0)772(5s, wcc)a

where dpy is the thickness of the magnetic material, d5 is the finite distance between sam-

Wee

ple and CPW, q is the normalized amplitude of the Kittel mode and (s, wee) = %arctan( TR
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which takes values between 0 to 1, when the sample is infinitely far away or in direct con-
tact with the CPW [35]. Now we can use Egs. (3.4) and (3.5) and plug them into Eq. (3.3) to

find an expression for the complex transmission parameter So;

twL
Sar(w, Ho) = S5 (1+ ASy1) = S (1= 57%)
iwpoldpm
= 581(1 - mey(wa HO)U2(5S7wcc) (3.6)

= SSI — z'Aeway(w, Hy),

where A includes all the constants and the phase ¢ accounts for the fact that the electrical
system has a finite length. This equation (3.6) is only valid for the oop geometry. In the ip
geometry we also have to take into account the z-component leaving us with:

So1(w, Ho) = 89 — iAe{xyy(w, Ho) + Xzs(w, Ho)}. (3.7)

In the experiments conducted in this thesis we used a method called frequency-swept
FMR, where the external magnetic field H ¢ is fixed, while sweeping the microwave fre-
quency f. For our data analysis, it is essential to extract the imaginary and real part of
the Sy; transmission parameter and fitting them to the Polder susceptibility utilizing Eq.
(2.11). Thereby we are able to extract the linewidth AH, resonance field H,es, the Gilbert
damping parameter a and the inhomogeneous linewidth Hi,,. Exemplary data for real
and imaginary part of the transmission parameter is shown in Fig. 3.4.

T T 1.5 T T
a) b) luOHres
o L2y HoHies 1 o
8 ____________________ 8 1.2+
N 0.9 FPs0snq, 4 g
n (9]
© HoAH 2 09} HoAH
o =
0-6r _Q f=2750H] | | f=2750GH2
3.30 3.35 3.40 345 3.30 3.35 3.40 3.45
HoHeg (T) HoHex (T)

Figure 3.4: Raw data of the real a) and imaginary b) part of Sy; obtained from a 40 nm CogsFers
thin film deposited on a 675 pum silicon substrate at f = 27.5 GHz and 7" = 5K. The
fits of the real and imaginary part (red continuous line) yield the linewidth AH and
the resonance field H,.

3.3 Experimental setup

To be able to characterize our samples at cryogenic temperatures, we utilized the MORIA
liquid helium cryostat, which allows for temperatures in the range of 2 — 300K and high
magnetic fields up to 7 T. Our sample is mounted by utilizing an adhesive called "Fixogum”
on the coplanar waveguide (CPW) with a center conductor width w.. = 100 zm on a cop-
per holder at the end of a Dipstick. To ensure good inductive coupling between sample
and CPW, we aimed for a transmission magnitude Sz; below —30dB at f = 25 GHz for the

CogsFers samples. This dipstick with the sample is then installed into the variable temper-
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ature insert and on its top, it is connected to the vector network analyzer (VNA) as shown
in Fig. 3.5. The orientation of the sample with respect to the external field can be adjusted
via a stepper-motor. With this setup, we can efficiently and with a broad frequency range
probe our sample at cryogenic temperatures and high magnetic fields.

z

dipstick VNA ™
Y microwave D =
vacuum cables
X pump

Dipstick control

= Temperature
Cryostat control
®* Temperature
= Magnetic field

< variable temperature insert
superconducting magnet
1 copper holder with sample
<

VTl heater and T sensor
—— needle valve

He (I), 4.2 K

Figure 3.5: Schematic of the experimental setup. The cryostat includes a superconducting mag-
net sitting in a liquid *He bath. Through a needle valve, the variable temperature
insert (VTI) regulates the flow of liquid *He into the sample space. A sample heater
on the dipstick allows to set a stable temperature. The end of a dipstick contains a
copper holder with the sample mounted onto a coplanar waveguide (CPW), which is
connected through microwave cables to a vector network analyzer.

An additional heater and temperature sensor at the copper holder of the dipstick itself
allows for temperature stabilization and a continuous recording of the sample tempera-
ture, which is important because the FMR is very sensitive to changes in temperature
and pressure. Most of our measurements were done at 7 = 5K and a VTI pressure of
p =~ 40 — 50 mbar.
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4 Temperature dependence of magnetoelastic coupling in YIG/GGG
heterostructures

Yttrium iron garnet (YIG) grown on a gadolinium gallium garnet (GGG) substrate is known
for its low magnetic damping properties at room temperature and therefore a established
material platform for the realization of possible spintronic applications in the field of mag-
netooptics with the potential for coherent information processing [48, 49]. Recently, due
to the low sound attenuation constants in YIG grown on GGG substrates, YIG/GGG bulk
acoustic resonators have gained interest for applications in quantum information [50-52],
especially in the direction of frequency conversion of quantum states. Previous experi-
ments investigated magnon-phonon coupling in YIG-GGG heterostructures at room tem-
peratures in the oop-geometry [41, 42]. Here, on top of room temperature experiments, we
also performed FMR experiments at cryogenic temperatures in the oop- and ip-configuration
and compare their performances throughout the entire temperature range.

In this chapter, we study the magnetoelastic coupling as function of temperature and fre-
quency for a sample consisting of a 200 nm thin YIG film epitaxially grown on a 500 pm
thick GGG substrate with a (111)-orientation. First, in Sec.4.1, we detail the data analysis
procedure performed to calculate the relevant parameters to describe the magnetoelastic
coupling. Secondly, in Sec.4.2, we study and discuss the differences of the magnetoelas-
tic coupling for the ip- and oop-geometry, mapped out over a wide temperature range
from cryogenic up to room temperatures. Next, in Sec. 4.3, we investigate the temperature-
dependent tuning of the phononic resonances from cryogenic up to room temperatures.
Finally, in Sec. 4.4, we take a detailed look at the frequency dependence of the magnetoe-
lastic coupling at 7' = 5 K for the ip-configuration and 7" = 300 K for the oop-configuration.

4.1 Data analysis for YIG/GGG magnetoelastic coupling

In this section, we describe how we extract the experimental parameters, which character-
ize the magnon-phonon coupling such as the magnetoelastic linewidth AH,,,., the acoustic
damping rate 7, and the magnetic damping rate s from our raw data. Via Equations (2.27),
(2.29), and the later defined Egs. (4.8) and (4.10), these quantities in turn allow to calculate
the effective coupling strength geq, the cooperativity C' = 92¢/n.x. and the magnetoelastic
coupling parameters Boqp ip-

In Fig.4.1, the data analysis procedure for a YIG/GGG sample at a temperature 7" = 5K
is exemplary shown. Fig.4.1 a) shows a colormap of the normalized magnitude of the
transmission parameter (norm.)|Sz;| = S21/s9, in a frequency range of 10 MHz around
fo = 7GHz. The Kittel mode (dark brown color) and also the avoided crossings of the
acoustic modes with the Kittel mode are clearly visible. The avoided crossings show a
periodic pattern with a frequency splitting of frsr = 3.44 MHz, called the "free-spectral-
range’ (FSR). For a GGG substrate thickness of L = 500 um and a transverse velocity of
vy = 3568 % [40] this value corresponds well to theory predictions (see Eq.(2.21)). The
dark-yellow and cyan horizontal lines represent cuts through (norm.)|S2;| at constant fre-
quency, which are plotted in panel b), where the resonance field H,.s is obtained from fits
of the imaginary and real part of the complex transmission parameter S; to the Polder
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susceptibility as defined previously in Sec.3.2. The dark-yellow data points, represent-
ing an on-acoustic resonance cut for (norm.)|Ss1|, exhibit a larger linewidth than the off-
acoustic resonance cyan datapoints. As established in the theory part Sec.2.3.2, the differ-
ence between the on- and off-resonant FMR-linewidth is interpreted as the magnetoelastic
linewidth AHp.. In panel c), the FMR-linewidth AH, which is obtained from the fitting
of the Polder susceptibility to the imaginary and real part of the transmission parameter
Sa1, is plotted as a function of the microwave frequency. We clearly see peaks in AH at the
respective frequencies f,;, where the transverse acoustic phonon modes cross the Kittel
mode. The height of these peaks in reference to the FMR-linewidth oA Hy, which is illus-
trated by the purple line, again is given by A Hy,,, whereas the off-resonant FMR-linewidth
AH, is related to the uncoupled magnetic damping rate x of the system via [20]

s = 570 AH, @1)
where the factor 1 stems from the fact that the magnetic damping rate is defined as the
half width at half maximum. The black vertical line near the Kittel mode in panel a)
corresponds to a cut at constant magnetic field, shown in panel d). We see two dips in
the normalized transmission parameter (norm.)|S2;|, which come from the two transverse
acoustic phonon modes. Naively, one would expect that along the (111)- direction the
two transverse acoustic phonon velocities are degenerate and only one dip in the normal-
ized transmission parameter (norm.)|S2;| would occur. However, due to a small miscut of
the substrate the transverse acoustic phonon modes are not propagating along this high
symmetry axis and therefore have different sound velocities, which leads to a splitting of
the transverse acoustic phonon modes due to slightly different free-spectral-ranges frsr,
which is called phononic birefringence [19]. Here, the sum of two Lorentzian functions is
fitted to the two dips in order to extract the acoustic damping rates 7,; as also done in
Ref. [53]. The difference in the center frequencies of the fits A f is shown as a black arrow
in panel d).
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Figure 4.1: Data analysis procedure with exemplary data for the complex transmission parameter
Sa1 for YIG/GGG in the ip-geometry at T = 5K. Panel a) shows a normalized mi-
crowave transmission amplitude (norm.)|Ss1| around fo = 7GHz and Hey, = 0.15T.
Periodic avoided crossings of the Kittel mode and phonon modes are clearly visible
and their difference in frequency, the free spectral range frsr, is indicated as black
arrows. The two colored horizontal lines represent cuts at constant frequency, which
are shown in panel b). The cyan (dark-yellow) colored line is a cut out-of-resonance
(in-resonance) with the n'® transverse acoustic phonon mode through (norm.)|Sa1 .
The difference in their linewidths is the magnetoelastic linewidth AH,.. The black
vertical line is a cut at constant magnetic field, which is shown in panel d). Panel c)
displays the linewidth AH as a function of frequency, where again the magnetoelas-
tic linewidth AH,,. is indicated as the peak height. Panel d) is a vertical cut through
(norm.)|So1| at constant Hey, which are off-resonant with the Kittel mode. The sum
of two Lorentzians fitted to the two dips allows to extract the acoustic damping rates
7a,i for each transverse acoustic mode and their difference in center frequencies.

With these extracted values for the magnetic and acoustic damping rates as well as the
magnetoelastic linewidth AH,,. from the raw data, we are now able to calculate the cou-
pling rate g.¢ according to Eq. (2.27), the cooperativities C' and the magnetoelastic coupling
parameters By, ip in the following sections.

4.2 Differences of magnetoelastic coupling in the ip/oop geometry

This section is focused on the study of the magnetoelastic coupling in the two different
measurement geometries (see Fig. 4.2) ip and oop and their respective temperature depen-
dencies. We report an increase of the effective magnon-phonon coupling rates g.¢ in the
ip-geometry and its decrease in the oop-geometry towards lower temperatures.

In Fig. 4.2, we show exemplary data for the complex transmission parameter So; as a func-
tion of the microwave frequency f — fo (fo = 7 GHz) and the external magnetic field j1o Hexs
for the YIG(200 nm)/GGG(500 ym) sample at ' = 5K and 7' = 300K as well as for both
the ip- and oop-geometry.
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In Fig.4.2 a) and b) a sketch of the two measurement geometries is shown. The sample is
placed face down onto the CPW with the YIG layer in contact with the CPW. The external
magnetic field Hey; is applied parallel to the surface normal in panel a) and orthogonal
to the surface normal and the CPW line in panel b), thus defining the oop and and ip-
geometry, respectively. We see a small FMR-linewidth AH in Fig.4.2 c) and d) of YIG at
T = 300K as expected for YIG [40, 54, 55]. However, for T' = 5K, its FMR-linewidth is
significantly higher, because of the FMR-mode coupling to paramagnetic GGG at lower
temperatures [56, 57]. Note that the range of the external magnetic field in panels c) and d)
is 5mT around the resonance field and in panels e) and f), it is 20 mT around the resonance

field, in order to have a better visual representation of the Kittel modes.
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Figure 4.2: Schematic representation of the sample in the oop- and ip-geometry in panels a) and
b), respectively. Depicted in the graphics are the transverse sound velocities v, ¥t
and the thicknesses of the two materials L, d of GGG and YIG, respectively. Taken
from Ref.[19]. In the second and third row (panels c)-f)), we show colormaps of the
normalized magnitude of the transmission amplitude (norm.)|S2: | at fo = 7 GHz. The
second row shows RT-data at 7" = 300 K and the third row shows data at 7" = 5 K.
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From the colormaps in Fig. 4.2, we see, that in ip at 7' = 5K, the avoided crossings are
much sharper in panel f) than at RT in panel d). For the oop-geometry, we observe clear
avoided crossings at RT in panel c), however at cryogenic temperatures in panel e), the
linewidth becomes very broad and no signs of an anticrossing with the transverse acoustic
phonon modes are visible. When looking at the magnetoelastic linewidth A H,., extracted
from the raw data as shown in Fig.4.1 c), for the ip- and oop-geometry in Fig.4.3 a), we
find that the magnetoelastic linewidth increases towards lower temperatures for the ip-
geometry (red data), whereas it decreases for the oop-geometry (green data). The local
maximum for AH,,. at around 7' = 50 K may hint at the presence of a slowly-relaxing
impurity mechanism in our YIG thin films [17, 54]. The value at 7' = 5K for p0AHme
for the ip-configuration is roughly four times higher than the maximum value for the
oop-configuration at 7' = 300 K. Furthermore, at around 7' = 150K, the magnetoelastic
linewidth AHy,e for the ip-geometry becomes larger than for the oop-geometry. This is at
first not expected because according to Ref. [39], the impact of magnetoelastic coupling on
the FMR-linewidth is expected to be reduced for the ip-configuration compared the oop-
configuration. We are going to address this unexpected behavior later in this section.
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Figure 4.3: a) Experimental data for the magnetoelastic linewidth AH,, in the ip/oop-geometry
as a function of the temperature. b), c) Magnetic «; and acoustic damping rate 7, in
the ip/oop-geometry as a function of the temperature up to 7' = 250 K. For higher
temperatures, fitting the normalized complex transmission parameter (norm.)|Ss:| to
Eq. (2.25) did not yield reasonable values.
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Shown in Fig.4.3 b) is the temperature dependence of the magnetic damping rate s,
which increases in both geometries towards lower temperatures as expected due to cou-
pling of the FMR with the increasing magnetic moment of the paramagnetic GGG at cryo-
genic temperatures [54]. In panel c), we plot the temperature dependence of the acoustic
damping rate 7, for both geometries. In the ip-geometry, we can resolve the two transverse
acoustic phonon modes, shown as the red and magenta points in Fig. 4.3 c¢). The acoustic
damping decreases for decreasing temperatures as expected from literature [58, 59].

With these values, we can now calculate the effective coupling strength g.g according to
Egs. (2.27) and (2.29) and the cooperativity C, shown in Fig. 4.4. Here for the ip-configuration,
we also see an increase in the effective coupling strength g.g and cooperativity C' towards
lower temperatures, but with a local maximum for the effective coupling rate in ip around
T = 65 K and for the cooperativity at around 7" = 100 K. While for the oop-configuration,
we report a decrease towards lower temperatures. Furthermore, surprisingly, in Fig. 4.4 a),
the two calculated values for the effective coupling rates ge.q 1 and ges 2 in the ip-configuration
begin to differ significantly for temperatures below 7" ~ 150 K, while one would naively ex-
pect that the transverse acoustic phonon modes should couple equally to the Kittel mode.
This may come from the fact, that the two phonon modes in the ip-configuration exhibit
different acoustic damping rates 77;1?1 (see Fig. 4.3 c)). However, for elevated temperatures,
there is a overlap of the transverse acoustic phonon modes, which makes it difficult to
precisely determine the acoustic damping rates 7, ;.
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Figure 4.4: Extracted effective coupling strength g.¢ a) and the cooperativity C b) versus the tem-
perature for the ip and oop-geometry. For both panels, the regime, where the values
for the oop-geometry are higher than their ip-counterparts, are highlighted by a blue
background.

From Fig. 4.4, we conclude, that for temperatures below 7" = 150 K, the coupling between
the phononic and the magnetic system is more efficient in the ip-geometry than in the oop-
geometry, as in this temperature range, both the effective coupling strength g.g and the
cooperativity C' are larger in the ip-configuration than in the oop-configuration.

In the following, we want to explain, how the magnon-phonon coupling rate can become
larger in the ip-geometry than the oop-geometry at cryogenic temperatures. To this end, we
introduce a theoretical expression for calculating the effective coupling strength geg [18, 41]

_ | 29uB d
get(f) =B W MpedL [1 — oS <27rf6t>} , (4.2)
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where h is the Planck constant, py = 5170 % [40] is the volume density of the YIG layer,
Uy = 3843 77 is the transverse sound velocity in YIG [40] and d = 200 nm the thickness of the
YIG layer. Furthermore, M is the saturation magnetization of the YIG film and L = 500 ym
the thickness of the GGG substrate. Utilizing Eq. (4.2), we are able to solve g.g(f) for the
magnetoelastic coupling parameter B in the oop- and ip-geometry as a function of temper-
ature at a fixed frequency fy = 7 GHz and under the assumption, that the volume density
pt, the transverse sound velocity 7, and the thicknesses d and L of YIG and GGG respec-
tively are temperature-independent?. To quantify the temperature dependence of M, sep-
arate broadband ferromagnetic resonance experiments have been performed as function of
temperature. From these experiments, we find, that the anisotropy field is two orders of
magnitude smaller than the effective magnetization [62]. Consequently, we can approxi-
mate M ~ M.g. As a next step, we derive the expressions for the effective magnetoelastic
coupling parameters By, ip for the ip- and oop-configuration.
For a cubic crystal, when the external magnetic field is applied in an arbitrary direction,
the expression for the magnetoelastic energy in Eq. (2.19) needs to be transformed into a
new coordinate system. The following derivations will closely follow the previous works
done by R. C. LeCraw and R. L. Comstock in Ref. [63]. Firstly, we have to express the unit
vectors e; of the cubic lattice in the unit vectors e, of the new coordinate system, such that
e; = »_, aipe,. With these coefficients a;, we can transform the strain components e;; and

the magnetization components «; to

€ii = E Qi AigyCyy,
(v)

e = D (G + g evy, (4.3)
(vp)

Qq = E Aip ey,
14

where (vpu) represent the Cartesian axis directions, i.e. (zxz), (yy), (22), (zy), (zz) and
(yz). The first part of the magnetoelastic energy in Eq. (2.19) can be written as

Une = B2 Z afe; + Z ajoyeij | + (B — Ba) Z €ii, (4.4)
i (if) i

where the first term is invariant under transformation. Hence, we only need to apply this
coordinate transformation for the second term. When the external magnetic field is applied
in the (111)-direction (oop), now labeled as the z’-axis, the (112)- direction as the x’-axis and

DNote, that, while this is a rough estimate, we nonetheless can expect that these parameters exhibit changes
with temperature, which are comparatively small (< 1%, according to Refs. [40, 60, 61]) to that of the magne-
toelastic coupling parameter B.
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the (110) as the y’-axis, the unit vectors from the cubic lattice are expressed as follows:

1 1 1
ex = ——=€ey + —ey + —=ey,
V6 V2B
1 1
ey = ——=€y — —=ey + —=ey, .
YO ] (*9)
2 1
e, = gexl + %ezl.

Plugging these vectors into Eq. (4.4), the first part of the magnetoelastic energy in Eq.(2.19)
becomes [63, 64]

Ul(nlell) = BQ(O{xlazlexlzl -+ Qy'az’ey’z’)
4 2(B1— By)

1 1
3 |:O[X/O[Z/ (\/i(exlxl — ey/y/) —+ GX/Z/>:| + Oéy/Oéz/ <€y/z/ — \/ieX/y/> s
(4.6)

where only the terms linear or quadratic in o, are considered, while omitting the terms
containing e, corresponding to the generation of longitudinal phonons.

For a shear strain polarized along the external magnetic field H ., which are transverse
acoustic waves propagating along the z-axis, the relevant free energy terms are

2B1 + B»
3

(ax’ Qlyr€xryr + Oyt Oty ey/Z/), (47)

where the prefactor is the effective coupling constant for the oop-geometry

2By + Bo

Boop = 3

(4.8)

For the ip-geometry configuration, the external magnetic field Heyt is applied along the
(112)-direction or the (110)-direction or along a linear combination of the two. Unfortu-
nately, in our experiments we do not know the exact crystalline direction along which the
external magnetic field Hext is applied. Hence, we calculate the magnetoelastic energy
for both (112)- and (110)-direction and again only take into account the terms linear or
quadratic in a7, while omitting the strain along the z’-direction e,,; corresponding to the
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generation of longitudinal phonons

Ur(nlelQ) :B2<ax’az’ex’z’ + ay/azleylzl)

1 1 2
4+ (B1— By) | ——=aygay | ——=exry + —=eyryr
- 2)[ V3 < V3 V6 Y>

V2 2v/2 1, 2 V2
—_ ?ng/az/ eX’X’ — Teylzl + éazl eXIX/ —|— gey/yr — 7€y/Z/ ;

Ur(nlelo) :BQ (axl Oty Cxt + ay/ Oy eylzl)

— 7OCX’OCZ’ — — /az/ 76X’Z’ — —€ 1q)
AN V3 Y V6 Ve
1 1 V2
+ Oég/ <3ex’x' + gey/y/ — 3ex’y/>:| .

In the ip-configuration, the transverse acoustic phonon modes are propagating perpen-
dicular to the direction of the external magnetic field Hex¢. Hence we are interested in
the prefactor of the strain component e,,», which is the effective coupling constant in the
ip-configuration. It is interesting to note, that for the two different expressions for the
magnetoelastic energy Un, along the (112)- and (110) crystal direction, the magnetoelastic
coupling constant takes the same form

Bip, = ?(BQ — By). (4.10)

Furthermore, in the following, we assume, that the magnetoelastic coupling parameters
B and B, are temperature-dependent. Hence, by comparing Egs. (4.8) and (4.10), we find,
that for the case Bj, > B,op, i.e. that the ip magnetoelastic coupling parameter is bigger
than its oop counterpart, the magnetoelastic coupling parameters must fulfill the following
relation, that 8.2 - By < Bj. With this, we can now calculate the magnetoelastic coupling
parameters for the ip- and oop-geometry Boopip. The results are plotted in Fig.4.5. The
literature values for Boop,ip in Fig. 4.5 are calculated from the magnetoelastic coupling pa-
rameters By and B3 using Egs. (4.8) and (4.10) and those are in turn calculated from the
temperature-dependent magnetostriction constants Ajg9, A111 [65] using Egs. (2.20), where
Ci1 = 269 GPa, C15 = 107.7 GPa and C44 = 76.4 GPa are the entries of the elastic stiffness
tensor of YIG, which for this calculation are assumed to be temperature-independent. The
literature values for the oop magnetoelastic coupling parameter B,qp, jiterature (Olive green)
are constant at around Bqp, jiterature & 5 X 10° % over the entire temperature range, while
the literature values for the ip magnetoelastic coupling parameter B, jiterature (OTange) are
situated below the oop literature values at Bip jiterature ~ 2 X 10° % at T = 250K and
increase towards lower temperatures and almost reach the oop magnetoelastic coupling
valueat T = 5K.

The experimental data for the oop magnetoelastic coupling parameter B, (green) first
has a strong increase towards higher temeperatures and then saturates above 7' = 200 K.
The experimental data for the ip magnetoelastic coupling parameters Bj,, 1 (magenta) and
Bip2 (red) both increase towards lower temperatures and agree well with each other for
T > 120K but then start to split up for lower 7. While B;, ; has a plateau towards lower
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Figure 4.5: Temperature dependence of the magnetoelastic coupling parameters Bjp, o0p and com-
parison with literature values from Ref. [66].

temperatures and then strongly increases at T' = 5 K, B, » exhibits larger values than B;, 1
for T' < 120K, with a local maximum at around 7" = 60K and also increases strongly at
T = 5K. From Fig.4.5, in analogy to our observations in figures 4.3 and 4.4, we find, that
the crossing point, where Bi, 2 > Byop, is also situated at around 7" = 150 K. The values
extracted from our experiments in Fig.4.5 do not quite match the literature values but at
least qualitatively B, exhibit a similar behavior to the literature curve B,qp theory from
room temperatures down to around 7" = 100 K. The experimental data for one of the two
magnetoelastic coupling parameter B;, 1 matches the literature curve Bjj, theory With good
agreement, while the other one B}, » is situated well above the literature curve for temper-
atures below T' = 150 K. Possible causes for the disparity of our results for the oop magne-
toelastic coupling parameter B,, and one ip magnetoelastic parameter B, » from theory
are, that especially for the oop data, it gets progressively more difficult to determine the
acoustic damping rates with reducing temperatures using the method proposed in Sec. 4.1.
Also fitting problems arise for the ip-geometry at lower temperatures because the phononic
modes split and secondary side modes manifest additionally to the two transverse acoustic
phonon modes, which is not accounted for in the model in Sec. 2.3. Moreover, the literature
values are for bulk YIG crystals, while in our experiments, we are measuring YIG thin films
grown on a GGG substrate, where, despite of the low lattice mismatch between YIG and
GGG, there could be additional stresses due to different thermal expansion coefficients.
These difficulties could eventually lead to the drop of the values for B, at temperatures
below T" = 100 K with respect to the theory values Bogp theory- Furthermore it could also
explain the differences in B;, ; and Bj, 2 below T' = 100 K. But this needs further investi-

gation and an expansion of the present theoretical model.

4.3 Study of the temperature dependent tuning of the phononic resonances

In the next part of this chapter, we investigate the temperature-dependent tuning of the
BAW resonances. As is apparent from Fig.4.2, the avoided crossing features for the ip-
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configuration become less prominent in the (norm.)|S2; |- data, when going to higher tem-
peratures. Therefore, instead of analyzing the (norm.)|Ss;|- data, we instead study the
temperature-dependence of the phononic peaks in the FMR-linewidth AH (see Fig.4.1)
in a frequency range of 20 MHz around f; = 7 GHz in the ip-geometry, which are visible
throughout the entire experimentally investigated temperature range. In Fig. 4.6 a), we plot
the magnetoelastic linewidth A Hy,. as a function of the frequency f — fo with fy = 7GHz
and as a function of the temperature 7" ranging from 3 K — 300 K. We can clearly see, that
the phononic peaks (blue) up to 7' = 25K remain at the same resonance frequencies and
then start to shift to lower frequencies with increasing temperature at an increasing slope,
meaning the free-spectral-range decreases more and more strongly with increasing tem-
perature.

Furthermore, in Fig. 4.6 b), the temperature-evolution of the free-spectral-range is shown
for frequencies around fy as the black data points. Here, frsr is extracted as the fre-
quency spacing of the peaks in AHy,e in panel a). We observe a reduction of the FSR with
increasing temperature, which we associate as discussed above to the change in acous-
tic properties and dimensions of the GGG BAW resonator. We model the temperature-
dependence of frsg using Eq.(2.21), where we need to account for the thermal expansion
of the GGG substrate thickness L(T") and the temperature-dependent transverse sound ve-
locity v (T) = +/G(T)/p(T), where p is the material density and G is the shear modulus
of the material. It was shown in previous works [18, 20], that literature values for the tem-
perature dependent parameters G(T), a*(T') and p(T') plugged into Eq.(2.21) mimic the
experimentally measured frsg with good agreement. Unfortunately to our knowledge,
there exist only values for the thermal expansion coefficient a*(7") [67] and no tempera-
ture dependent values of the shear modulus G(7") and the density p(7") of GGG have been
published in literature. Hence, we cannot precisely map frsr in Fig.4.6b) to Eq. (2.21).
Thus we account only for the thermal expansion of GGG from o*(7") in Eq.(2.21) and show
the results of these calculations as red data points in Fig.4.6 b) with constant transverse
sound velocity v; and shear modulus G over the whole temperature range. Note, that we
only consider the temperature dependence of the acoustic properties of the GGG substrate,
as the thickness d = 200nm of the YIG layer is rather small compared to the thickness
L = 500 um of the GGG substrate and hence the YIG layer has a negligible impact on frgg.

When comparing the temperature-dependence of the experimental data frsg and the
from literature values extracted data for the free-spectral-range f{*""r, we find that both
decrease monotonically towards higher temperatures. However, we do not obtain a quan-
titative agreement and the slope of the temperature evolution is considerably different for
our experimental data as compared to our simple model. We attribute these deviations to
the fact that we could not account for the temperature dependence of the volume density
p and the shear modulus G, which are connected with the transverse sound velocity v,
hence, introduce a temperature dependence for the transverse sound velocity v;. We ex-
pect that with knowledge of these temperature-dependent parameters, a good quantitative
agreement between experiment and model can be obtained.
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Figure 4.6: a) Colormap of the magnetoelastic linewidth evolution AHy,e around f; = 7GHz
as function of the temperature. b) Plot of the extracted free spectral range frsr as
function of temperature (black data) and a plot of the free spectral range calculated
with literature values for only the thermal expansion coefficient (red data).

4.4 Frequency dependence of the magnetoelastic coupling

Finally, in this section, we briefly discuss the results of the frequency-dependence of the
magnetoelastic coupling in YIG/GGG for the ip- and oop-configuration at 7' = 5K and
T = 300K, respectively. At these temperatures the effective magnetoelastic coupling rates
gest are the largest for their respective geometry configurations as shown in Sec.4.2. For
this purpose, we characterize the magnetoelastic coupling for the ip-geometry at center
frequencies ranging from fy = 4GHz to fo = 15GHz with a distance of Af = 1GHz
and for the oop-geometry from f; = 3GHz to fy = 9 GHz at frequency-steps of Af =
1 GHz, while recording S2; around the resonance field in a frequency-window of 10 MHz.
In Fig.4.7 a), the frequency-dependence of the acoustic damping rates for both geometries
are shown, where there are two data sets for the ip-geometry, because of the splitting of the
two transverse acoustic phonon modes. The acoustic damping rates increase quadratically
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with frequency as expected from Refs. [53, 68]. The data is fitted with a quadratic function

na(f) =l + £f2, (4.11)

following Ref. [53]. We find a good agreement between Eq. (4.11) and our experimental
results. From the fit we obtain the following parameters, shown in Tab. 4.1.

| 19/ [kHz] | ¢/ [1/GHz]
300K oop 135.9 £51.8 145+£1.5
5Kipmodel | 342.3 £50.8 3.7+£0.5
5Kipmode?2 | 96.1+27.5 1.2£0.2

Table 4.1: Fitted values for the acoustic damping rates 7, in Fig. 4.7 a) according to Eq. (4.11).

The value for the £ parameter is in good agreement with the value from Ref. [53], while
the inhomogeneous phonon linewidth 7{ is about half the value in Ref.[53]. This is at-
tributed to the fact, that the YIG thin film investigated in Ref.[53] is about three times
thicker than the one investigated in this thesis. Hence, we infer, that the acoustic damp-
ing rate is impacted strongly by the FM thin film layer. For the ip values for the phononic
damping rates at 7' = 5K, we see significant differences in the inhomogeneous phononic
linewidths 70 and ¢. This means that one transverse acoustic phonon mode is intrinsically
more strongly damped in this geometry. Unfortunately, to our knowledge, there do not ex-
ist literature values for the transverse acoustic phonon damping rates of GGG at cryogenic
temperatures.

In panel b), the frequency-dependence of the magnetic damping rates x5 from the ip- and
oop-geometry are shown. We find, that they increase linear with frequency as expected
from Eq. (2.18). The extracted parameters for the Gilbert damping « are agop = 4.8 x 107°
for the oop-geometry and i, = 7.7 x 10~* for the ip-geometry, which is in good agreement
with literature values (see Ref. [54, 69-71]). In panel c) the effective coupling rate, which is
calculated from Egs. (2.27) and (2.29), is plotted as a function of frequency. The ip-effective
coupling rate g(‘:’fg’ip at T = 5K is larger over the entire frequency range than the oop-
coupling rate at 7' = 300K, thus showcasing, that the magnetoelastic coupling for the
ip-geometry at cryogenic temperatures is more efficient than for the oop-geometry at room
temperature. Furthermore, the theoretical frequency-dependent coupling rates, calculated
from Eq. (4.2), are shown as continuous lines (gray, dark red, dark green), where we use
py = 5170 %[40] for the volume density of the YIG layer, oy = 3843 %} as the transverse
sound velocity[40], d = 200nm as the thickness of the YIG layer and poMs = 172mT as
the saturation magnetization of YIG at room temperature and poMs = 242mT, both values
for the saturation magnetization j,oMs are extracted from broadband FMR experiments, for
YIG at T = 5 K. Furthermore, for the theory curves of gg’go K,o0p /27 and ggig’ip /27, we used
Boop = 6.6 x 10° % and B, 1 = 1.1 x 10° % as calculated in the previous Sec. 4.2. For the
second ip effective coupling rate gg’fg’ip /27 we achieved good matching between theory and
experiment for Bip 2 = 7.6 x 10° ﬁ, which is in good agreement to the in Sec. 4.2 calculated
value of Bj, 2 = 8.1 x 10° %

The theoretical curves show good agreement with our data up to f = 9 GHz, but differ

from the data significantly for higher frequencies which could be due to a lower value for
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Figure 4.7: a) Acoustic damping rate 7, as a function of the microwave frequency. The contin-
uous lines represent a theory model for the acoustic damping rate as a function of
frequency. b) Magnetic damping rate x¢ as a function of the microwave frequency.
The continuous lines represent a linear fit curve according to the theory in Sec.2.2. c)
The calculated data for the effective coupling rates g.g using Eq. (2.27) are shown. The
continuous lines represent a theory model following Eq. (4.2). d) Calculated coopera-
tivity as a function of the microwave frequency.

dvyig. Finally, in panel d), the cooperativity C' is plotted as a function of the microwave
frequency. Here, the cooperativity for the oop-geometry at room temperatures is larger
than the ip-geometry cooperativity at 77 = 5K due to the fact, that the room temper-
ature oop magnetic damping rates are much smaller for the oop-configuration than ip
magnetic damping rates at cryogenic temperatures (see panel b)). Since the effective cou-
pling strength g.g is throughout the entire frequency range higher than the acoustic damp-
ing rates 7,, but lower than the magnetic damping rates s, we enter the Purcell regime

(na < geft < ks ) as defined in Ref. [72].
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5 Dependence of the magnetoelastic coupling on the orientation
of the substrate in CoFe/Sapphire heterostructures

In the previous chapter 4, we have encountered a resonance-frequency splitting of the two
transverse acoustic BAW resonator modes, which we attribute to a small miscut of the
YIG-GGG sample leading the transverse acoustic waves to propagate not exactly parallel
to the (111)-direction, but at a slight angle [19]. This leads to a frequency splitting of the
orthogonally polarized standing wave phonon modes, because their group velocities are
no longer degenerate and therefore their induced standing waves in the BAW resonator
exhibit different free-spectral-ranges. We label this phenomenon, analog to optical bire-
fringence [73, 74], as a phononic birefringence effect [19]. Now we want to investigate this
birefringence effect and study to what extend it is possible to control it in the substrate ma-
terial.

In this chapter we investigate the magnetoelastic coupling between a CogsFe7s thin film
deposited on different sapphire (AloO3) substrates with different crystalline orientations.
In Sec.5.1, we explain the hexagonal crystal system and how the different planes of orien-
tation lie in the unit cell. Furthermore we study the degeneracy of the transverse acoustic
sound velocities for an arbitrary direction in the hexagonal crystal system and calculate the
difference in the fast and slow transverse sound velocity as a function of the propagation di-
rection. We also show experimental data that verifies the non degeneracy of the transverse
sound velocities in two certain crystalline directions. In Sec.5.2, we study the frequency
dependence of the magnetoelastic linewidth AH,,., as defined in Sec.4.1, for both cryo-
genic temperatures 7' = 5 K and room temperatures 7' = 300 K. Lastly in Sec. 5.3, we focus
on the temperature dependence of various parameters like the magnetic x5 and acoustic
1N, damping rates, the Gilbert damping parameters o and the inhomogeneous linewidths
o Hinn for each of the substrates with different crystalline orientations.

5.1 Crystalline direction dependence of the transverse acoustic sound velocity

In this section, we want to investigate this phononic birefringence effect of the two trans-
verse acoustic phonon modes and their sound velocities by studying the phononic bire-
fringence effect for sapphire substrates (Al3O3) that are grown in crystalline directions for
which we expect a significant splitting of the phonon modes.

In Fig.5.1, a schematic of the hexagonal close packed (hcp) crystal structure of sapphire
with two unit cells is depicted. This figure displays the three different crystalline orienta-
tions c-plane (dark blue), a-plane (light blue) and r-plane (violet) and their corresponding
surface normal. The unit vectors aj, as, a3 and c used in the hexagonal crystal system are
shown as black arrows. These allow us to define the different planes with Miller indices [5]:
(0001) for the c-plane, (0110) for the a-plane and (0112) for the r-plane.
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Figure 5.1: Schematic of a hexagonal crystal lattice with 2 unit cells stacked on top of each other.
The unit vectors a;, az, a3 and c of the hexagonal unit cell are depicted as black arrows
in the bottom of the lower unit cell. The c-plane (dark blue). Its normal vectors are
represented arrows in their respective colors.

In the following, we study the splitting of the so called slow and fast transverse acoustic
sound velocities as a function of the crystal direction. These velocities can be computed by
solving the Christoffel equation [75, 76]

> <Z 4 Cijimq; — Pw25lm> Um =0, (5.1)
Im N ij

where p is the volume density of the material, w the angular frequency, g the wave vec-
tor, d;,, is the Kronecker delta and C the stiffness tensor. We use the entries for the stiffness
tensor and the volume density p of sapphire to numerically solve the christoffel equation
using the python tool developed in Ref.[76]. In Fig.5.2, we show a 3D color plot of the
velocity difference Av; of the fast and slow transverse acoustic sound velocities as a func-
tion of the propagation direction. Furthermore, the surface normal vectors for the different
planes in the hexagonal lattice system are depicted by black arrows. For the propagation
of the two transverse acoustic phonon modes along the c-plane surface normal, we expect
a degeneracy of the two velocities, i.e. Avy; = 0. Along the surface normal of the r-plane,
we expect Av &~ 95 7+ and along the a-plane surface normal Av ~ 990 .

For our study of the impact of phononic birefringence on the magnetoelastic coupling in
sapphire, we fabricated two samples with d = 35nm thick CogsFers sputter-deposited on
top of both sides polished a-plane and r-plane sapphire (Al,O3) substrates and performed
ferromagnetic resonance experiments at room temperatures. In Fig.5.3, we show data for
the normalized complex transmission parameter (norm.)|Ss; | measured around fo = 9 GHz
in a range of 100 MHz and as a function of the external magnetic field ;i0H in a range of
60 mT around the resonance field H,.s of CogsFers at fy = 9 GHz. We observe a multitude of
avoided crossings of the transverse acoustic phonon modes of both samples, which notably
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Figure 5.2: 3D color plot of the difference Av; in transverse acoustic sound velocities depending
on the propagation direction in the hexagonal lattice structure of sapphire. The dif-

ferent planes in the hexagonal crystal system are represented by their normal as black
arrows.

do not exhibit one singular frequency-periodicity. Panel a) shows the data for the a-plane
substrate, where black arrows highlight some of the avoided crossings. We clearly see
avoided crossing features with two different free spectral ranges frsr,1 = 5.2 MHz and
frsr,2 = 6.1 MHz, described by Eq. (2.21), which leads the features to merge and drift apart
periodically in frequency. In panel b), corresponding measurement data for the r-plane
substrate, using the same settings as in panel a), is shown. We again see two periodic
avoided crossing features with different free spectral range, however they drift apart in
frequency at a slower rate, meaning the difference in the two free-spectral-ranges frsr of
the fast and slow transverse phonons is lower than in the a-plane. This is expected, as the
difference in the transverse sound velocities for the r-plane direction is smaller than for
the a-plane direction, meaning that also the difference in the free spectral range is smaller,
which causes the transverse acoustic phonon modes to marginally drift apart as a function
of frequency.

We extract the free spectral ranges and consecutively the fast and slow transverse sound
velocities by taking a vertical cut at constant field through the Kittel mode and plotting the
normalized complex transmission parameter (norm.)|Ss;| as a function of the frequency
f— fo. Then the respective differences in frequencies of two consecutive peaks are averaged
and the velocity of the two acoustic modes is calculated via Eq. (2.21) using the substrate
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Figure 5.3: Colormaps of the normalized complex transmission parameter (norm.)|Ss:| as a func-
tion of the external magnetic field poHex in a range of 60mT and the microwave
frequency f — fo around f, = 9 GHz in a range of 100 MHz for the CoFe/a-plane sap-
phire (a) and CoFe/r-plane sapphire (b) samples. Multiple periodic avoided crossings
of the transverse acoustic phonon modes with the Kittel mode are visible. For panel
a), in order to better visualize these avoided crossings, some are indicated via black
arrows.

thickness of L = 500 m. The extraction of the free-spectral-ranges is shown in Fig. 5.4 for
the a-plane sample, where we plot a cut of the normalized complex transmission parameter
(norm.)|S2; | at the resonance field H,es. The values for the fast and slow transverse acoustic
sound velocities and their differences in velocity are listed in Tab.5.1.

| a-plane | r-plane
ve [m/s] | 5171 + 40 | 6493 £ 150
vg [m/s] | 6053 £ 40 | 6693 £ 42
Av[m/s] | 882+80 | 200+ 192

Table 5.1: Values for the fast and slow transverse acoustic sound velocities for the two different
sapphire substrates and their differences in velocity.

The differences in velocity are approximately in the same range we expected from the
solution of the Christoffel equation (5.1) plotted in Fig.5.2. This agreement confirms the
validity of the underlying magnetoelastic model (see Sec.2.3.2) and confirms that we can
control the velocity difference of the fast and slow transverse phonon modes by selecting a
certain crystal orientation of the substrate.
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Figure 5.4: Plot of a vertical cut of (norm.)|S2;| at the resonance field H,.s as a function of the
microwave frequency f — fy around fy = 9 GHz. The colored vertical lines represent
the two free-spectral-ranges frsr ;-

5.2 Frequency dependence of the magnetoelastic linewidth

In this section, we study the magnetoelastic linewidth, as defined in Sec.4.1 and its fre-
quency dependence at room temperature 7' = 300 K and at cryogenic temperatures 1" =
5K. For this purpose, we performed FMR-experiments for three different samples of
CogsFers deposited on sapphire, which differ in the crystalline orientation of the sapphire
substrate (c-plane, a-plane, r-plane), as defined in Fig.5.1 In detail, we conducted the ex-
periments in a frequency span ranging from fy = 9 GHz up to 18 GHz in steps of 0.5 GHz
in a range of 20 MHz around fy. Furthermore, we carried out the room temperature mea-
surements for the CoFe/c-plane sample studied in Ref. [19, 20] at frequencies ranging from
6 GHz up to 19.5 GHz in steps of 1.5 GHz. The FMR-experiments at room temperature are
using an electromagnet capable of generating magnetic fields of up to poHex; = 3 T. Hence,
using this room temperature setup, we could not study the magnetoelastic coupling for fre-
quencies above ~ 20 GHz, where the resonance field of CoFe exceeds 3 T. However, using
a superconducting magnet capable of generating magnetic fields of up to 7T, the mea-
surements at cryogenic temperatures were performed at 6 GHz up to 39 GHz in steps of
3 GHz for the a-plane and r-plane sample, due to time constraints we could not perform
frequency-dependent measurements at room temperature in this setup. For the c-plane
sample the measurements were done from 6 GHz up to 42 GHz in steps of 6 GHz.

In Fig.5.5 a), we plot the magnetoelastic linewidth as a function of the microwave fre-
quency f at room temperature 7' = 300K for the three different samples with different
crystalline orientation of the substrate (c-plane (black), a-plane (red), r-plane(green)). The
magnetoelastic linewidth for the c-plane sample (black data) is near zero, which we at-
tribute to the high acoustic damping rate of the transverse acoustic phonon modes prop-
agating along the c-axis direction. The magnetoelastic linewidth AH,,. for the a-plane
sample (red data) increases with frequency until it has a maximum at f = 10 GHz and then
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Figure 5.5: Magnetoelastic linewidth AH,,. as a function of the microwave frequency f; for the
samples with different crystalline orientations of the substrate at room temperature
T = 300K (panel a)) and at cryogenic temperature 7' = 5 K (panel b)).

decreases with frequency and approaches zero. The magnetoelastic linewidth for the r-
plane sample (green data) overall decreases with increasing frequency but it oscillates with
a period of f = 3 GHz. This effect comes from the periodic merging of the two transverse
acoustic phonon modes due to their different free-spectral-ranges as already discussed in
the previous Sec.5.1. This periodic overlaying of the two transverse phonon modes leads
to an increase of the magnetoelastic linewidth A H,,,., which is visible in Fig. 5.5.

Overall we can conclude, that magnetoelastic coupling at room temperature is more effi-
cient for the a-plane and r-plane sapphire sample compared to the c-plane sapphire sample,
which we attribute to lower elastic damping rates. This finding is of interest for room-
temperature experiments on the magnon-phonon coupling in sapphire.

In Fig. 5.5 b), we plot the magnetoelastic linewidth AH,,. as a function of the microwave
frequency f at cryogenic temperature 7' = 5K for the three different samples. The mag-
netoelastic linewidth AH,,. for the c-plane sample (black circles) is nearly constant. The
data for the a-plane sample (red circles) has a slight frequency dependence and decreases
towards higher frequencies, and the data of the r-plane sample (green circles) increases
with frequency until it reaches a maximum at 15 GHz and then decreases to almost zero
for higher frequencies. As compared to the room temperature data in panel a), all three
samples seem to perform equally in terms of magnetoelastic coupling, which is expected
due to the polycrystalline growth of the used CoFe thin films. At cryogenic temperatures,
the magnetoelastic linewidth AH,,, does not exhibit a strong frequency dependence as
compared to the room temperature measurements due to the reduced elastic loss rates
at cryogenic temperatures. Also the linewidth of the acoustic resonances is significantly
smaller at lower temperatures, which reduces the overlapping of the two transverse acous-
tic phonon modes and thus impacts the visible change in the magnetoelastic linewidth
AH,.. Nonetheless, at lower temperatures, it is still possible to discern the different free-
spectral-ranges of the acoustic modes and thereby to study magnetoelastic coupling. Here,
due to the lower 7, at cryogenic temperatures, the two transverse phononic modes can be
tracked up to higher frequencies.
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5.3 Temperature dependence of the magnetic and acoustic parameters

In this section, we study the temperature dependence of the magnetization dynamics and
magnetoelastic coupling parameters of the CoosFe75/sapphire samples to investigate,
whether different substrate orientations have an impact on them. We investigate four dif-
ferent samples, which differ in the crystalline orientation of the used sapphire substrate and
deposit d = 35 nm thick CossFers on all these substrates on both-sides polished a-plane, r-
plane and c-plane substrates as well as an additional one-side polished c-plane substrate,
where the formation of bulk acoustic waves is suppressed. We then characterize these sam-
ples using broadband ferromagnetic resonance (bbFMR) experiments up to f = 50 GHz
and extract the Gilbert damping parameter o and the inhomogeneous linewidth yioHinn
by fitting the magnetic linewidth ;oA H, extracted from the Polder susceptibility fits ex-
plained in Sec. 3.2, with Eq.(2.18). We perform these experiments for temperatures ranging
from cryogenic temperatures 7' = 5 K up to room temperatures 7" = 300 K in steps of 10 K.

In Fig. 5.6 a), we plot the Gilbert damping parameter « as a function of the temperature
for each of the four samples. The Gilbert damping parameter o seems to stay constant up
to " = 200K and then slightly increases towards higher temperatures. We achieve com-
parable Gilbert damping parameters to literature values in Ref. [77], The Gilbert damping
parameters for the a-plane sample (red) are the lowest, next are the data from the r-plane
sample (green), the c-plane 1SP sample (blue) and the highest values for the Gilbert damp-
ing parameters are measured for the c-plane (black) sample. In Fig.5.6 b), we plot the
inhomogeneous linewidth s Hiy, as a function of the temperature for the four different
samples. The data of the r-plane (green), a-plane (red) and c-plane 1SP (blue) show the
same increase in temperature and all samples exhibit a local maximum around 7" = 25K
followed by an increase towards higher temperatures. The order for highest to lowest val-
ues for the inhomogeneous linewidths Hiyy, is opposite as compared to the Gilbert damp-
ing parameters «. The data for the c-plane sample (black) has the lowest inhomogeneous
linewidth, then the c-plane 1SP sample (blue), then the r-plane sample (green) and the a-
plane sample (red). We attribute this disparity to a simple sample-to-sample variation. It is
also possible that, since for the Gilbert damping parameter « the order of the different sam-
ples from highest to lowest values is inverse as compared to the inhomogeneous linewidth
toA Hipny, this observation is an artifact from the fit of the bbFMR data with Eq. (2.18) indi-
cating a deviation from a strictly linear in frequency dependence of ;i AH throughout the
investigated temperature range.

We conclude that the choice of the crystalline orientation of the substrate material has a
negligible impact on the Gilbert damping parameter o and the inhomogeneous linewidth
o Hinp.

As a next step, we compare the magnetic x5 and acoustic damping rates 7, ; at the mi-
crowave frequency fo = 18 GHz (taken from Ref.[18]) of the c-plane sample? with the
inhomogeneous linewidth 1,0 Hi,p as a function of the temperature in Fig.5.7. In panel a)
we plot the magnetic damping rate x5 (black data) as a function of the temperature, which
shows the same behavior as the inhomogeneous linewidth jioHi,, (red data) with a lo-
cal maximum at around 7" = 25K and an overall increase towards higher temperatures.

?Due to time constraints we refrained from carrying out a full analysis for the a-plane and r-plane samples.
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Figure 5.6: a) Gilbert damping parameter « as a function of the temperature for the four different
samples. b) The inhomogeneous linewidth H;,, as a function of temperature for the
four different samples.

This is expected due to Eq. (2.18), which relates the magnetic linewidth AH, which due to
the temperature-independent Gilbert damping o (see Fig.5.6(a)) is directly related to the
magnetic damping via Eq. (2.26), with the inhomogeneous linewidth H;,,. However, the
inhomogeneous linewidth Hi,, at f = 18 GHz still contributes significantly to the mag-
netic damping k5. In panel b), we plot the two acoustic damping rates 7,; (green/blue
data) (taken from Ref.[18]) and compare them to the inhomogeneous linewidth H;,;, as
a function of the temperature. The acoustic damping rates 7, ; saturate towards for both
low and elevated temperatures and show a strong increase in the intermediate temperature
range. This behavior is expected and up to 7" = 150K, we can describe the temperature-
dependence according to Ref. [78] using

Na,i = 772,1 + 5a,iT47 (52)

where the 7% term originates from phonon-phonon scattering of the standing waves with
thermal phonons [59].

The fit of Eq. (5.2) to the data for the acoustic damping rates 7, ; in Fig.5.7b) yields the
values presented in Tab.5.2.

773,1/7r [MHz] ‘ Ba,l/ﬂ [mHZ/K4] ‘ 77&,2/77 [MHz] ‘ Ba,2/7r [mHZ/K4]
032+0.01 | 456+032 | 0444004 | 1.94£0.06

Table 5.2: Fitted values for the acoustic damping rates 7, ; in Fig. 5.6b) using Eq. (5.2) (data for the
loss rates taken from Ref.[18]).

The fitted values presented in Tab.5.2 are in reasonably good agreement with the litera-
ture values from Ref. [78]. We find a correlation between the acoustic damping rates 7, ; and
the inhomogeneous linewidth Hiy,;, since both increase towards higher temperatures. This
can be explained by the fact that with higher acoustic damping rates 7, the magnetization
dynamics are also more damped due to the magnetoelastic coupling [20].
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Figure 5.7: a) Plot of the magnetic damping rate « (black) at f, = 18 GHz (data taken from [18])

and the inhomogeneous linewidth poHin, (red) as a function of temperature. b) Plot
of the acoustic damping rates 7, ; (green, blue) at fo = 18 GHz (data taken from [18])
and the inhomogeneous linewidth poHin, (red) as a function of temperature. The
continuous lines represent fits to Eq.(5.2).
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6 Magnetoelastic coupling in CoFe/Si heterostructures

In the previous chapter 5, we studied the magnetoelastic coupling between CoasFers thin
films deposited on sapphire (Al,O3) substrates with different crystalline orientations and
its effects due to the acoustic birefringence. In this chapter, we investigate the magne-
toelastic coupling between a ferromagnetic CogsFezs thin film an a silicon (001) substrate
via FMR-experiments at cryogenic temperatures. We chose silicon as a substrate material
due to its CMOS (complementary metal-oxide-semi-conductor) compatibility, which could
be useful for possible future applications. In Sec. 6.1, we explain our data analysis proce-
dure, which enables us to determine the experimental parameters that are important for
calculating the magnetoelastic coupling rate ges, the cooperativity C' and the oop mag-
netoelastic coupling parameter B,.,. In Sec.6.2, we characterize samples with different
CogsFers layer thicknesses, in order to determine an optimal layer thickness in terms of
magnetic damping and magnetoelastic coupling. Furthermore, in Sec. 6.3, we investigated
the magnon-phonon coupling for two different silicon substrate thicknesses and compared
their performances. Finally, in Sec. 6.4, we study a CoFe/Si/CoFe trilayer structure at cryo-
genic temperatures and compared the magnetic linewidth of two samples with different
substrate thicknesses.

6.1 Data analysis for CoFe/Si magnetoelastic coupling

As a first step, we explain the data analysis procedure performed in this chapter to extract
the experimental parameters like the magnetoelastic linewidth AH,,., the acoustic damp-
ing rate 7, and the magnetic damping rate x5, which characterize the magnon-phonon
coupling. With these parameters we are able to calculate the effective coupling rate geg
and the cooperativity C' = 92/n.xs. The data analysis procedure is very similar to the one
presented in 4.1, but with one crucial difference, that the splitting of the transverse acoustic
phonon modes is more dominant in the present case and its implications are discussed in
the following.

In Fig. 6.1, we illustrate the data analysis procedure for CoFe grown on a Si(001) BAW res-
onator sample with a silicon substrate thickness of L = 675 um at cryogenic temperatures
T = 5K and around fo = 24 GHz. In panel a), we show a colormap of the normalized com-
plex transmission parameter (norm.)|Sz;| = S21/59, as a function of the frequency f— f, with
fo = 24 GHz within a frequency range of 20 MHz and as a function of the magnetic field
around pigHexy = 3.238 T within a magnetic field range of 50 mT. We can clearly recognize
the periodic avoided crossings of the Kittel mode (dark brown color) with the transverse
acoustic phonon modes and their free-spectral-range (black vertical arrow), which is the
difference in frequency of two neighboring modes. Here, we find frsg = 4.32 MHz. This
value corresponds well with the from Eq. (2.21) calculated value for the free-spectral-range
using a Silicon substrate thickness L = 675 ym and vr = 5850 ¥ [79]. The light and dark
blue horizontal lines represent on- and off-resonant cuts at constant frequency of the com-
plex transmission parameter (norm.)|S2;|, which are shown as a function of the magnetic
field jioHext in panel b). The on-resonant light blue data points exhibit a larger linewidth
than the off-resonant dark blue data points. We define the difference in their linewidths
as the magnetoelastic linewidth AH,,.. In panel c), the magnetic linewidth ;oA H, which
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is extracted from fits to the Polder susceptibility (explained in Sec.3.2), is plotted versus
the frequency f — fo in a 10 MHz range. We clearly see two distinct periodic peaks at
their respective phonon frequencies f, ; in the data, which can be associated with two dif-
ferent magnetoelastic linewidths AH,,, 1 /2, where the individual phonon mode crosses the
Kittel-mode. The separation of these periodic peaks in the magnetoelastic linewidth pyAH,
in contrast to only one visible peak in the magnetoelastic linewidth pyAH for the data of
the YIG/GGG sample in Sec.4 This is attributed to the fact, that the acoustic damping
rate of each transverse acoustic phonon mode is small enough so that the two modes can
be separated from each other. The off-resonant magnetic linewidth is connected to x¢ via
Eq. (2.26).
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Figure 6.1: Illustration of the data analysis procedure with exemplary data for the complex
transmission parameter Sy; for CoFe/Si-sample in the oop-geometry at 7' = 5K.
Panel a) shows a normalized microwave transmission amplitude (norm.)|Ss; | around
fo = 24GHz and He = 3.238 T. Periodic avoided crossings of the Kittel mode and
phonon modes are clearly visible and their difference in frequency, the free spectral
range frsg, is indicated by a black arrow. The two colored horizontal lines repre-
sent cuts through (norm.)|S2;| at constant frequencies, which are plotted in panel b).
The dark (light) blue colored line is a cut out-of-resonance (in-resonance) with the n'h
transverse acoustic phonon mode. The difference in their linewidths is the magnetoe-
lastic linewidth A H,. The black vertical line is a cut through (norm.)|S,1| at constant
magnetic field, which is shown in panel d). Panel c) displays the linewidth AH as a
function of frequency, where the magnetoelastic linewidth AH,,,. is indicated as the
peak height. Panel d) is a vertical cut through (norm.)|Ss| at constant Heyy, which
are off-resonant with the Kittel mode. The sum of two Lorentzian functions fitted to
the two dips allows to extract the acoustic damping rates 7, ; for the two transverse
acoustic mode and their difference in center frequencies.

The vertical black line in panel a) represents a cut at constant magnetic field, which is off-
resonant of the Kittel mode. The resulting (norm.)|S2;(f)| is shown in panel d). We fit the
data to the sum of two Lorentzians, according to (2.25) and extract the acoustic damping
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rates for each transverse acoustic phonon mode from the respective linewidths. The differ-
ence in their center frequencies A f is shown as a black arrow. Thereby, we can match the
two acoustic damping rates to the magnetoelastic linewidth for both modes by matching
their center frequencies.

With the extracted values for the acoustic damping rates 7, ;, the magnetic damping
and the magnetoelastic linewidths A H,,,. we are now able to calculate the effective coupling
rates between each transverse acoustic phonon mode via Eq. (2.27) and the Kittel mode and
their cooperativities C' in the following sections.

6.2 Layer thickness optimization of Cos5Fer; for Magnon-Phonon coupling

In this section, we discuss the layer thickness optimization of a CoysFers layer in a
Ta(3nm)/Cu(3 nm)/CogsFers(x nm)/Cu(3nm)/Pt(3nm) sandwich structure with regards
to achieving the maximum magnetoelastic linewidth AH,,.. To this end, we fabricate sam-
ples with different CoasFers layer thicknesses of d = 35nm, 40 nm, 50 nm, 60 nm on silicon
substrates with uniform thickness of L = 675 yum and perform FMR experiments at cryo-
genic temperatures 7' = 5 K with frequencies fj ranging from 6 GHz up to 45 GHz in steps
of 3 GHz and with a range of 40 MHz around fj to extract the higher values of AH,. as
function of f for the individual samples. The result is plotted in Fig. 6.2 a), where we find,
that the magnetoelastic linewidth A Hy,. for the data points of the d = 40 nm CogsFers layer
exhibits a peak at fy = 24 GHz, which also constitutes the maximum A H,,. of all the char-
acterized samples in this study. However, we did not fabricate a second example with a
d = 40nm CoFe thin film layer to proof the reproducibility of these results. Furthermore,
panel a) shows that the peak of each set of data in the magnetoelastic linewidth A H,, shifts
to higher frequencies with thinner CoFe-layers d. This is expected, when we look at the ex-
pression for the magnetoelastic coupling strength in Eq. (4.2), which has a dependence on
the layer thickness d and since according to Eq. (2.27) the magnetoelastic linewidth AH .
contributes to the magnetoelastic coupling strength, its maximum has also a dependence
on the layer thickness d. We also see in Fig. 6.2 b), that for the thinner CoFe layer thicknesses
d = 35nm, 40 nm, the magnetic linewidth, which is correlated with the magnetic damping
rate via Eq. (2.26), is lower than for the thicker layers d = 50 nm, 60 nm due to eddy cur-
rent damping, which is proportional to the layer thickness squared oc d? [77]. On the other
hand, from Eq. (4.2), it is evident, that higher effective coupling rates can be achieved for
higher CoFe layer thicknesses. Hence, we have a trade-off between the magnetic damping
and magnetoelastic coupling mechanism. For d = 40 nm it seems to be near the optimum in
terms of the achieved magnetoelastic coupling, i.e. we achieve both low magnetic damping
and high magnetoelastic linewidth A H,., which contributes to the effective magnetoelas-
tic coupling rate g shown in Sec. 6.3.

Up to now we have only studied the maximum A H,,, induced by one of the two phonon
resonance modes. In Fig. 6.3, the two magnetoelastic linewidths AHy,e1 and AHy,e 2 of
both orthogonally polarized transverse phonon modes defined in 6.1c) are plotted as a
function of the microwave frequency for the sample with a 40nm thin CogsFe7s layer.
The shape of both data sets is similar and have a visible maximum in AH,, at around
f = 24 GHz. We currently do not understand, why one transverse mode exhibits a higher

49



50 CoFe/Si results

5
12 ® 35nm 18
’|: e 50nm ’|:15
£ 9r ° 6onm| 1 £ 12
£ 6l o * 1T 9
T . 3
Tal ML ] T
ol *2*° siits ] 3
1 1 1 1 0

f (GHz) f(GHz)

Figure 6.2: a) Extracted magnetoelastic linewidth AH,, for different CoasFers layer thicknesses
as a function of the microwave frequency f. b) Magnetic linewidth A Hj, for different
CogsFers layer thicknesses as a function of the microwave frequency. The continuous
lines represent fits according to Eq. (2.18).

effective coupling rate than the other as for a polycrystalline thin film of CossFers grown
on a crystalline silicon (001) substrate, we would not expect a distinction between the ex-
citation of the two transversal acoustic phonon modes via magnetoelastic coupling. The
precise reason for this difference in magnetoelastic coupling will be the subject of future
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Figure 6.3: Comparison of the two magnetoelastic linewidths AH .1 and AHy,e 2 of the two or-
thogonally polarized phonon modes as a function of the microwave frequency for
40nm CogsFers layer thickness.

6.3 Dependence of the magnetoelastic coupling on the substrate thickness

Utilizing the established data analysis procedure outlined in Sec. 6.1 and the optimal layer
thickness for magnetoelastic coupling of CossFers of d = 40nm, we now study different
silicon bulk acoustic resonator thicknesses. To this end, we deposit the optimized CoFe
multilayer stack with the optimized CoFe layer thickness of d = 40nm on a silicon sub-
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strate with a thickness of L = 290 um and perform bbFMR experiments at 7" = 5K and
fo ranging from 6 GHz to 45 GHz in a frequency-window of 40 MHz around fy, due to the
higher free-spectral-range frsr because of the lower substrate thickness, in steps of 3 GHz
to characterize the magnetoelastic coupling parameters in this sample. In Fig. 6.4, we plot a
comparison for the normalized microwave transmission (norm.)|Ss;| as function of f and
Hey of the two CoFe/Si BAW resonator samples with different substrate thicknesses of
L =290 um (panel a)) and L = 675 pum (panel b)). In panel a), we find, that the free-spectral-
range of the L = 290 pm substrate is frsg = 9.96 MHz, which is in good agreement with the
value calculated from Eq. (2.21) for a silicon substrate with L = 290 ym and vt = 5850 %
[79]. Fig.6.4 also shows, that the avoided crossings for the thinner substrate L = 290 ym
in panel a) are not as strongly pronounced as those for the thicker substrate L = 675 ym in
panel b), which indicates a higher acoustic damping rate for the transverse acoustic phonon
modes in the L = 290 ym CoFe/Si sample compared to the L = 675 yum CoFe/Si sample. In
panel a), we also find, that there are more than two periodic avoided crossings, which indi-
cates the coupling of the magnetization to additional standing transverse acoustic modes,
which we attribute to a reverberation effect of multiple reflected phonon modes[80], which
play a role due to the reduced silicon substrate thickness.
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Figure 6.4: Comparison of the magnetoelastic coupling at fo = 24GHz and 7' = 5K of the
two samples with different silicon substrate thicknesses L = 290 um (a)) and L =
675 pm (b)). Both panels show the normalized microwave transmission amplitude
(norm.)|Ss2;| as a function of the microwave frequency f — fo for fo = 24 GHz. The
free-spectral-ranges are indicated with a black arrow and the horizontal black lines
represent cuts at constant field which are plotted in Fig. 6.5

In Fig. 6.5, we plot the normalized complex transmission parameter (norm.)Ss; at con-
stant magnetic field, off-resonant with the Kittel mode (black data) and in the same frame
we plot the magnetic linewidth ;0AH as a function of frequency (red data). Both data
sets are plotted for frequencies around fy = 24 GHz. Panel a) shows the data from the
L = 290 ym sample and panel b) shows the data from the L = 675 um sample. For the
CoFe/Si sample with L = 675 um in panel b), we are able to match each magnetoelastic
linewidth AH,,.; to a specific transverse acoustic phonon mode, represented by a dip in
the normalized complex transmission parameter (norm.)Ss;, as the peaks and dips are sit-
uated at the same frequency. However, this is not the case in panel a), where we see an

overlay of many modes in both (norm.)|S2;| and AH, which do not manifest at the same
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frequencies. As we cannot precisely match the individual features to the specific phonon
modes, for our data analysis procedure for the L = 290 ym sample, we only extract the
magnitude of the enveloping magnetoelastic linewidth A H,;, in analogy to our data anal-
ysis procedure in chapter 4.
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Figure 6.5: Comparison of the magnetoelastic coupling at fy = 24 GHz and T' = 5K of the two
CoFe/Si samples with substrate thicknesses L = 290 um (panel a)) in a frequency
range of 20 MHz and L = 675 um (panel b)) in a frequency range of 10 MHz. Both pan-
els show a vertical cut of the normalized complex transmission parameter (norm.)|Ss1|
at constant magnetic field (black line) as a function of the microwave frequency (see
Fig. 6.1 d)) and the magnetic linewidth oA H (red line) as a function of the microwave
frequency.

In Fig. 6.6, we plotted the acoustic 77, ; and magnetic xs damping rates as a function of
the microwave frequency, which are extracted from the raw data in (norm.)|Ss; | using the
data analysis procedure described in Sec. 6.1. In panel a), the acoustic damping rates of the
two CoFe/Si-samples with different L are plotted. Here, we show two data sets for each
sample, because of the splitting of the two transverse acoustic phonon modes induced by
a small miscut of the substrate [19]. They are plotted on a logarithmic scale on the 7,-
axis, because the acoustic damping rates for the L = 290 pm-sample is by an order of
magnitude higher than for the L = 675 um sample. We attribute this to a broadening of
the acoustic modes induced by the imperfect plan-parallelism of the top and bottom BAW
resonator interfaces, which comes into play more strongly for the thinner substrate due to
its larger aspect ratio. This leads to an imperfect constructive interference of the acoustic
waves in the BAW resulting in a more strongly damped standing wave for the thinner
CoFe/Si-sample. The frequency-dependence of 7, for Si can be modeled with a linear
function following the "Akhiezer theory"[81], where the acoustic damping is induced by

the relaxation of thermally excited phonons. The fitted values b for the slopes are shown in
Tab.6.1.

‘ 290 pm mode 1 ‘ 290 pm mode 2 ‘ 675 pm mode 1 ‘ 675 pm mode 2
b | 1.21(70) x 10~* | 0.91(19) x 10~* | 0.06(2) x 10~* | 0.08(1) x 10~*

Table 6.1: Values of the slopes of the linear fits in Fig. 6.6

The values of the slopes in Tab. 6.1 for the two transverse phonon modes for each sample
are in good agreement with each other, but differ by more than an order of magnitude
for the two different Si substrates. Therefore, the frequency dependence of the acoustic
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damping rates 7, ; seems to vary for different Si substrates.

Fig. 6.6 b) shows the magnetic damping, extracted from the off-resonant linewidth AH,
via Eq. (2.26). The continuous lines represent a linear fit according to the model established
in Sec.2.2. The extracted parameters for the Gilbert damping parameter o of CoFe are
290 um = 4.9(3) x 1072 and og7s um = 4.3(2) x 1073, which are in good agreement with
literature values (see Refs.[77, 82]). From this analysis we find that the slope of xs(f) for
both samples is very similar, but the y-axis intercept of the linear fit is considerably larger
for the L = 290 ym sample (ks(f = 0) = 34.6(35) MHz) than for the L = 675 ym sample
(ks(f = 0) = 4.7(22) MHz), which might be an indication for a larger surface roughness
contributing to inhomogeneous broadening. We note that the increase in g for the L =
675 pm sample at low frequencies is attributed to a slight misalignment of the external
magnetic field with respect to the surface normal of the sample.

a) e = 140
_ 1000 =77 < 1 =120
N [ s & ® T
I S 100+
< 100} 1S
E ®  77,,/T290 pm E 80
< ®  7,,/T290 um %,,

10+ ®  77,,/T675 um
77,,/TL675 pm

® 290 um

® 675 um|4
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35
f (GHz) f (GHz)

Figure 6.6: a) Acoustic damping rates from the L = 290 yum and the L = 675 pum samples as
a function of the microwave frequency. The continuous lines represent a linear fit
for the acoustic damping rate as a function of frequency according to Ref.[81]. b)
Magnetic damping rates of both samples as a function of the microwave frequency.
The continuous lines represent a fit model according to Eq. 2.18 in the theory in Sec.2.2.

In Fig. 6.7, we compare the magnetoelastic linewidth A H,,. of the two CoFe/Si-samples
as a function of the microwave frequency. For the L = 675 um sample, we plot both mag-
netoelastic linewidths AH e 1 and A Hy,e o for the two transverse acoustic modes. Here, we
find, that both of the two transverse acoustic phonon modes have a higher impact on the
magnetic linewidth ;i AH in the L = 675 pum substrate than for the L = 275 ym substrate.
This is attributed to the fact that the acoustic damping rate is by an order of magnitude
higher in the L = 290 ym sample than in the L = 675 ym sample, which means that the
modes are broader and tend to overlap. In addition, the magnetoelastic coupling strength
in Eq. (4.2) is proportional to \/% . Hence, we expect a higher effective coupling rate for
the L = 290 ym sample than for the L = 675 ym sample. For the magnetoelastic linewidth
AHp,, this increase in the effective coupling rate is counterbalanced by the increase of the
acoustic damping rate by an order of magnitude for the thinner sample (see Eq.(2.27)).
Thus, our observations can be rationalized with the presented magnetoelasitc coupling
model. However, we see room for further improvement of magnetoelastic coupling effects
if we are able to improve for example the acoustic properties of the thinner Si substrates.
Having extracted and discussed all the magnetoelastic coupling parameters needed to cal-
culate the effective coupling rate g.s and the cooperativity C' = 9eft/n.xs, we plot in Fig. 6.8
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Figure 6.7: Comparison of the magnetoelastic linewidth AHy,e of the L = 290 um sample with
both the magnetoelastic linewidths AH,,. 1 and AHyy 2 of the L = 675 ym sample as
a function of the microwave frequency.

in panel a) the effective coupling strength g.g and in panel b) the cooperativity C as a func-
tion of the microwave frequency f. Note that we are limited in the upper frequency for the
L = 290 pm sample due to the fact that we could only extract values for 7, ; up to 33 GHz.
In panel a) the value of the data points for the L = 290 ym sample (red and black) increase
with frequency up to around f = 27 GHz, where they exhibit a maximum and decrease
for higher frequencies. The values for the L = 675 um show the same behavior but with
a maximum situated at around f = 24 GHz. The two effective coupling rates geq; for the
L = 290 ym sample are higher than for the L = 675 um sample, which is expected as the
coupling strength according to Eq. (4.2) is \/% and confirms our assumptions above for
AH . The effective coupling rates for the L = 290 um sample are similar in their values,
which is also expected due to the fact, that the two transversely polarized phonon modes
are expected to couple equally strong to the circularly precessing magnetization vector.
However, the coupling strengths of the L = 675 um sample are considerably different in
magnitude in particular around the peak frequency f = 24 GHz. As already stated in
Sec. 6.2, we do not presently understand, why the two orthogonally polarized transverse
phonon modes should couple differently to the magnetization.

The continuous lines represent fits to the effective coupling rates following Eq. (4.2),
where we use fixed values for M, = 1.904 x 10° % [83], as well as for the volume den-
sities p; = 8110 % and ¥y = 3170 % [84]. The only free parameter is the magnetoelastic
coupling parameter B,,p,. For the low frequency regime the fit agrees well with the exper-
imental data. However for higher frequencies a clear deviation between data and fits is
observed. Especially, the frequency values for the maximum values in g.¢ differ between
fit and experiment. This indicates that further corrections to the model are necessary to
fully account for the magnetoelastic system at hand.

The fitted values for the magnetoelastic coupling parameter B, are listed in Tab.6.2.
The values of the L = 290 ym sample and the L = 675 yym sample are in good agreement
with each other for both the more and less strongly coupled transverse acoustic modes.
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Figure 6.8: a) The effective coupling rate g.s, calculated according to Eq. (2.27) and (2.29), of the
L = 675 um substrate and the L = 290 pm substrate with two separate transverse
acoustic phonon modes are shown as a function of the microwave frequency. The
continuous lines represent fits for g.g using Eq. (4.2). b) The calculated cooperativity
C'is plotted as a function of the microwave frequency.

Consequently, it appears, that the difference in the magnetoelastic coupling strength geg
arises from a difference in the magnetoelastic coupling parameter B, for the two trans-
verse acoustic phonon modes in these samples. This raises the question, if the CogsFers is
perfectly polycrystalline or if it exhibits a crystalline texturing, that influences the coupling
of the transverse acoustic phonon modes with the Kittel mode [19].

290 290 675 675
T ‘ Geft1 Nm/2ﬂ- ‘ Yefro um/2ﬂ- ‘ Jeff1 /‘m/27-r ‘ Geft2 Um/27r
Boop M1 | 18.6(9) | 12.7(11) | 21.6(9) | 9.3(4)

Table 6.2: Fitted values for the oop magnetoelastic coupling parameter B, from the curves dis-
played in Fig. 6.8.

In Fig. 6.8b), the extracted values for the cooperativity of the L = 290 yum (black and red)
are very similar. Both cooperativities increase with frequency up to f = 24 GHz, which
is at their maxima, and then decrease towards higher frequencies. The cooperativities are
situated in below 1, which means we do not have a very efficient conversion of magnons
into phonons and vice versa, which is mainly due to the high acoustic damping rates 7, ;
(shown in Fig. 6.6 a)). For the L = 675 ym sample, we observe a similar trend. The coop-
erativities increase up to around their maxima at f = 24 GHz and decrease again towards
higher microwave frequencies. The cooperativities are situated in the high-cooperativity
regime (C' > 1) for frequencies up to f = 30 GHz, which implies a good conversion be-
tween magnons and phonons due to the low acoustic damping rates in this Si-substrate
(shown in Fig. 6.6 a)). With both samples, we achieved a coupling in the Purcell regime, as
defined in Ref.[72], where ks > gt > Na-

Having discussed the cooperativity C' and effective coupling rates g.¢ and its depen-
dence on the magnetoelastic linewidth A H,,., the acoustic damping rate 7,, the magnetic
damping rate x¢ and the substrate thickness L, we want to map the observed discrepancy
between experimentally determined g.g and the theoretical model from Eq.(4.2) onto a
frequency dependent oop magnetoelastic coupling parameter B,,,. We note that such an
approach contradicts our present understanding of the magnetoelastic coupling parameter
and should be regarded as a phenomenological approach to expand our model to also rep-
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Figure 6.9: Magnetoelastic coupling parameter B,y,, calculated from the two magnetoelastic cou-
pling strengths ges i, as a function of the microwave frequency f. For each sample
two magnetoelastic coupling parameters B,,p ; are shown due to the two transverse
acoustic phonon modes.

resent our experimental results. The oop magnetoelastic coupling parameter B}, is calcu-
lated from the frequency-dependent coupling strength g.¢ and Eq. (4.2) as a function of the
microwave frequency. The frequency-dependence of By, is plotted for both samples and
both transverse acoustic phonon modes in Fig. 6.9. All four sets of data start at f = 9 GHz
and decrease with increasing frequency to f = 15GHz (red and green data) respectively
f = 18 GHz (black and blue data). Then they increase up to around f = 24 GHz, where
there is a local maximum and decrease again towards higher microwave frequencies. For
CogsFers Boop = 4.9 X 108 % has been reported in Ref.[83]. We here find values for the
magnetoelastic coupling parameter B, that are in good agreement with literature values
calculated from Refs. [85, 86]. Also the differences in value between the coupling parame-
ters of each sample’s transverse acoustic phonon modes and the coupling parameters for
the different sample thicknesses are quite prominent. Since the coupling parameter B,y
is a material property for the CogsFers and not the silicon, it is unusual that the substrate
thickness has an impact on it. A next step to better understand this observation might be to
look into the microstructure of our CogsFezs thin films deposited on these two Si substrates.

In Fig.6.10, we plot both effective coupling rates g.g at the microwave frequency f =
24 GHz of the L = 290 ym and the L = 675 um sample as a function of the substrate thick-
ness L. We labeled the higher effective coupling rates (black data) as ges,1 and the lower
one (red data) as g.g2. We find, that with increasing substrate thickness L, the effective
coupling rate g.g decreases as expected from Eq.(4.2). From this finding, we conclude, that
going to thinner substrates may help with achieving the strong coupling limit, defined as
Jeff > 7a, ks, and of course higher cooperativities. At present « is about a factor of 6 larger
than geg. Thus we need to reduce the elastic damping rate 7, and the magnetic damp-
ing rate r; for thin substrates to further increase the magnetoelastic linewidth AH,,. and

approach the strong coupling limit.
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Figure 6.10: Effective coupling rate g.¢ at the microwave frequency f = 24 GHz as a function of
the substrate thickness L.

6.4 Tripartite Magnon-phonon coupling in a CoFe/Si/CoFe trilayer sample

In the previous sections of this chapter, we have discussed the magnetoelastic coupling of
a CoFe/Si heterostructure at cryogenic temperatures 7' = 5 K. We addressed the different
parameters and their frequency-dependence that describe magnon-phonon coupling.

In this section, we investigate the coupling of the two Kittel modes of magnetic CoFe
thin films via phonons in symmetric CoFe/Si/CoFe samples (see Sec.2.3.3) with CoasFers
deposited on both sides of polished silicon substrates with L = 675 pm and L = 290 ym and
perform FMR-experiments at cryogenic temperatures 7' = 5 K. In order to ensure,that both
magnetic layers are driven by the oscillating magnetic field h,¢, we placed these samples on
a broader CPW with a center conductor width of w.. = 1 mm as compared to the previous
FMR-experiments, where we used a CPW with w¢. = 100 pm.
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Figure 6.11: a) Plot of the magnetic linewidth yoAH for the L = 290 um as a function of the
microwave frequency around f, = 24 GHz in a range of 60 MHz. The even and odd
modes are indicated with orange and green lines, respectively. Panel b) shows ;i AH
for the L = 675 ym sample around f, = 24 GHz for a frequency-range of 30 MHz.
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In Fig. 6.11 a), the magnetic linewidth (g AH of the L = 290 psm sample is shown around
fo = 24 GHz in a range of 60 MHz. We see six peaks in the magnetic linewidth induced by
magnetoelastic coupling. The orange and green lines show the even and odd modes, which
can be barely distinguished for this sample. In panel b), the magnetic linewidth pyAH of
the L = 675 um sample is shown around fy = 24 GHz in a range of 30 MHz. Within this
frequency, we can again identify six peaks in AH induced by magnetoelastic coupling.
The difference in the height of the peaks corresponding to even and odd acoustic modes,
marked by orange and green lines, respectively, is here much clearer visible for this sample
compared to panel a). Not only the magnitude of the peaks in AH varies periodically for
both even and odd acoustic modes, but also the height of the dips. This is expected from
the theory in Sec.2.3.3, where we have different magnetic damping rates & for the even
and odd modes, while the even mode has a higher damping rate and because of Eq. (2.26)
also a higher magnetic linewidth than the odd mode. The fact that the height of the peaks
and dips for the L = 675 um sample in panel b) for the even and odd modes are rather
different indicates that the coefficient x = % of the coupling rates ¢ is near 1 and so the
two magnetic layers couple almost equally to the oscillating magnetic driving field of the
CPW h,. For the L = 290 pm, the opposite is true, because of the fact that the heights of the
peaks in the magnetic linewidth are similar, which according to Eq. (2.35) and (2.36) means,
that x = % approaches zero meaning the second magnetic layer does almost not couple to
the oscillating magnetic field h.¢. Naively, this is not expected from the Karlquist equation,
which predicts a monotonous decrease in h,¢ with increasing z, which would result in a
weaker tripartite coupling for the thicker Si/CoFe/Si-sample with L = 675 ym. However,
we also have to take into account, that the acoustic damping in the L = 290 ym sample
is much higher than for the L = 675 um as shown in Fig. 6.6 a), which also impacts the
efficiency of the magnon-phonon coupling as stated in Sec. 6.3, because a higher acoustic
damping rate 7, leads to a lower coupling between the two magnetic layers. Furthermore,
as we can see from Fig.6.11 the magnetoelastic linewidth AH,,., the height of the peaks,
is smaller here compared to the one-side deposited CoFe/Si samples. We attribute this to
a higher acoustic damping rate, which originates from an increase in surface roughness
due to the both-sided sputter process, which deposits the CoFe. This will be part of future
research on this topic.
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7 Summary

In this thesis, we have studied the magnetoelastic coupling between magnetic thin films
and bulk acoustic wave resonators using thin film magnetic materials deposited on dif-
ferent substrate materials by performing ferromagnetic resonance (FMR) experiments at
various temperatures ranging from cryogenic temperature 7' = 5K up to room tempera-
ture 7' = 300 K in the MORIA cryostat. The impact of magnetoelastic coupling manifests
as avoided crossings between the magnetic Kittel mode and the bulk acoustic wave res-
onances [18, 19]. For the analysis of the effective magnetoelastic coupling rate g.g, We
have derived a theoretical model, which accounts for both transverse acoustic phonon
modes coupling with the Kittel mode as well as the impact of the coupling on the magnetic
linewidth and the acoustic damping rates of the two transverse acoustic phonon modes
(see Sec.2.3.2).

In detail, we have studied magnetoelastic coupling in one YIG/GGG sample and CogsFers
thin films deposited on sapphire, grown in different orientations, and on various silicon
substrates. We performed broadband ferromagnetic resonance experiments as well as fer-
romagnetic resonance around distinct frequencies for both ip- and oop-geometry configu-
rations.

7.1 Temperature dependence of magnetoelastic coupling in YIG/GGG heterostruc-
tures

To summarize the results presented in chapter 4, we have investigated the magnetoelas-
tic coupling of a d = 200nm YIG thin film epitaxially grown on a L = 500 um thick
GGG substrate grown in the (111)-direction via FMR experiments. We have established
a data-analysis procedure (see Fig. 4.1), which enables us to calculate the effective coupling
strengths g.g, the cooperativities C' of the coupled magnetic and acoustic modes and the
magnetoelastic coupling parameters B. We have performed FMR experiments, with the
sample placed face-down on a coplanar waveguide (CPW) for the ip- and oop-geometry
at various temperatures ranging from cryogenic temperatures 7' = 5K up to room tem-
peratures 7' = 300 K. When going to lower temperatures, the effective coupling strength
gest and cooperativity for one acoustic phonon mode in the ip-configuration becomes larger
than for the oop-configuration at 7' = 150 K (see Fig. 4.4), which is naively not expected,
since the oop-configuration is believed to have a more efficient coupling. Next, we mapped
out the magnetoelastic coupling parameters for the ip- and oop-configuration Boop.ip as a
function of temperature. We have calculated the free magnetoelastic energy density for an
external magnetic field applied in each of the three crystalline axes, that are the basis for a
orthonormal coordinate system in the crystal. From this calculation, we have determined
the magnetoelastic coupling parameters Bqpip as a function of the principal magnetoe-
lastic coupling parameters B; » for the cubic (111)-direction. We compare the calculated
literature values for B 2, with experimentally extracted values. For one transverse acous-
tic phonon mode measured in the ip-configuration, the data is in good agreement with the
literature. However, We find discrepancies in the data for the other transverse acoustic
phonon mode measured in the ip-configuration and for the oop-configuration for temper-
atures below T' = 150K, while for higher temperatures the experimental and literature
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data are in good agreement (see Fig. 4.5). In a next step, we have studied the temperature-
dependent tuning of the phononic resonances. Here, we have extracted the free-spectral-
range frsgr as a function of the temperature and compare it to the free-spectral-range ob-
tained by literature values for the temperature-dependent thermal expansion coefficient
(see Fig.4.6). Unfortunately, we had to neglect the temperature dependence of the volume
density and the shear modulus, because of a lack of literature values. However, previous
works [18, 20] show, that the study of the temperature-dependent tuning of the phononic
resonances is a promising method to study the temperature dependence of the thermal ex-
pansion coefficient, shear modulus and volume density. Lastly, we have investigated the
frequency dependence of the magnetoelastic parameters and compare the oop-geometry
at T = 300K with the ip-geometry at T = 5K (see Fig.4.7). In terms of effective cou-
pling strength the ip-geometry at 7' = 5 K performs slightly better than the oop-geometry
at ' = 300K, while the opposite is true for the cooperativity. The data for the effective
coupling strength matches the theoretical expected coupling strength only up to around
[ = 9GHz. We attribute this discrepancy to a lower film thickness of the YIG layer than
the provided nominal value.

7.2 Dependence of the magnetoelastic coupling on the orientation of the sub-
strate in CoFe/Sapphire heterostructures

In chapter 5, we have studied the magnetoelastic coupling of a d = 35 nm thin film CogsFers
deposited on sapphire (Al;O3) substrates with different crystalline orientations with thick-
ness L = 500 pym. First, we discuss the hexagonal crystal system of sapphire and explain the
different crystalline orientations with planes located in the unit cell (see Fig.5.1). Our sub-
strates are polished on both sides and are grown in three different directions: the c-plane,
a-plane and r-plane direction. We have solved the famous Christoffel equation for sapphire
along the different crystalline directions to extract the magnitudes of the two transverse
sound velocities of sapphire as a function of the propagation direction. We have then used
these values to calculate their difference along the three different crystalline directions of
the substrates (see Fig.5.2). We have performed FMR experiments with the a-plane and
r-plane sample at room temperature with the samples mounted face down onto the CPW
in the oop-geometry. Along these two directions, the transverse acoustic sound veloci-
ties are non-degenerate and we measured the expected resulting periodical splitting and
merging of the phonon resonances as a function of the microwave frequency. Furthermore,
we have mapped out the avoided crossings of the phonon and Kittel modes (see Fig.5.3).
For certain microwave frequencies, we can distinguish the two transverse acoustic phonon
modes. We have calculated from the measured free-spectral-ranges frsgr the difference for
the transverse acoustic sound velocities and achieve good agreement with the numerically
calculated values from the Christoffel equation. Moreover, we have studied the frequency
dependence of the magnetoelastic linewidth for the three different samples at cryogenic
temperature 7" = 5K and room temperature 7' = 300 K. We find, that the c-plane sam-
ple shows almost no magnetoelastic coupling at room temperature, while the a-plane and
r-plane samples show a strong decrease in AH,,. towards higher frequencies. At cryo-
genic temperatures, all three samples exhibit a comparable AH,,. and the magnetoelastic
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coupling is still measurable at higher frequencies (see Fig.5.5). Lastly, we have studied
the temperature dependence of the magnetic and acoustic parameters in the bulk acoustic
wave resonator. For this part, we have additionally characterized the magnetization dy-
namics of CoysFers grown on an additional c-plane sample, which is only polished on one
side , thus hindering the formation of standing waves in this sample. We have mapped
out the Gilbert damping parameter a and the inhomogeneous linewidth H;y,), as a function
of temperature from cryogenic temperature ' = 5K up to 7' = 300K (see Fig.5.6). We
find, that the Gilbert damping parameter has almost no temperature dependence, while
the inhomogeneous linewidth increases towards higher temperatures for all four samples.
This behavior correlates with the temperature dependence of the magnetic and acoustic
damping parameters, which also increase towards higher temperatures (see Fig.5.7). This
correlation can be explained with the higher acoustic damping rates generating more mag-
netization damping due to the magnetoelastic coupling.

7.3 Magnetoelastic coupling in CoFe/Si heterostructures

In chapter 6, we have investigated the magnetoelastic coupling of a CogsFe7s thin film de-
posited on a L = 675 um (001) silicon substrate via FMR experiments. For this sample,
we have found two distinct periodic peaks for the magnetic linewidth as a function of the
microwave frequency, while for the YIG/GGG sample in chapter 4, we measured instead
of distinct peaks an overlay of many modes. For this reason, we have adjusted the data
analysis process from chapter 4 to match the experimental data better (see Fig.6.1). Using
this modified model, we then calculate the effective coupling strength and the cooperativ-
ity of our CoFe/Si-BAW resonator samples as a function of the microwave frequency. To
achieve maximum effective coupling rates, we optimize the layer thickness of the CoasFers
thin film and find, that d = 40 nm is an optimal layer thickness in terms of low magnetic
damping and high magnetoelastic linewidth (see Fig.6.2). As a next step, we study the
magnitudes of the two magnetoelastic linewidths of the Kittel mode coupling to the two
transverse phonon modes as a function of the microwave frequency and find, that both
magnetoelastic linewidths exhibit difference magnitudes, indicating, that the two trans-
verse acoustic phonon modes couple differently to the Kittel mode (see Fig. 6.3). Next, we
have prepared a sample with 40 nm CogsFers thin film deposited on a 290 pm (001) sili-
con substrate to study the dependence of the magnetoelastic parameters on the substrate
thickness. We have found, that the acoustic damping rates for the thinner substrate are
an order of magnitude higher than for the thicker substrate and furthermore, the magnetic
damping rates are also higher by a factor of up to two. Up to around f = 27 GHz, the ef-
fective coupling rates are in good agreement with the theoretical prediction, but for higher
frequencies the disparity between theory and experimental values become prominent. The
two effective coupling strengths of the thicker sample are significantly different, which is
not expected (see Fig. 6.8 a)). From the data for the effective coupling strengths, we calcu-
late the oop magnetoelastic parameters for each transverse acoustic phonon mode in each
sample and achieve a good agreement. Furthermore, we report a frequency dependence
of the oop magnetoelastic coupling parameter, which is not expected (see Fig. 6.9). The ef-
fective coupling rates as a function of the microwave frequency are larger for the thinner
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sample, which is expected due to a \/% dependence of the effective coupling strength (see
Fig. 6.10), while the cooperativity of the thicker sample is higher with C' > 1 and the thinner
sample has cooperativities < 1, due to the higher acoustic damping of the thinner Si sample
(see Fig. 6.8) b)). Lastly, we deposited d = 40 nm CogsFe7s thin films on both sides of a both
sides polished Si substrate to study tripartite coupling [41]. We have then performed FMR
experiments at 7' = 5 K and plotted the magnetic linewidth as a function of the microwave
frequency (see Fig.6.11). Here, we have found the expected periodic changes in the peaks
for even and odd elastic resonances, which can be explained by the fact that the excited
chiral phonons in the substrate interfere constructively or destructively with the precess-
ing magnetization dynamics in the CoysFe75 top layer for even and odd elastic resonance.
Evidently, a constructive (destructive) interference of the modes leads to a higher (lower)

magnetic linewidth.
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8 Outlook

Since the dynamically precessing magnetization in ferromagnetic resonance can excite chi-
ral phonons, which transport angular momentum, a bulk acoustic wave resonator is a good
platform for investigating phononic angular momentum transport [19]. The results on the
magnetoelastic coupling in YIG/GGG in chapter 4 demonstrate, that at cryogenic temper-
atures, the ip-configuration exhibits a higher magnetoelastic coupling and cooperativity.
This finding is of interest for applications in quantum computing, where the systems op-
erate at low temperatures. The temperature dependent tuning of the phononic resonances
in Sec.4.3 could be a viable option to determine the temperature dependence of material
parameters like the volume density, shear modulus and the thermal expansion coefficient
[20], which also can be of interest for possible sensor applications. But still some aspects
need further research such as the temperature dependence of the magnetoelastic coupling
rates below 7" = 150 K, which is in both the ip- and oop-geometry not yet fully understood.
In chapter 5, we have shown that it is possible to control the birefringence of the transverse
acoustic phonon modes by depositing CoFe on substrates grown along selected crystallo-
graphic directions, where the two transverse acoustic modes are strongly non-degenerate.
This can be used to realize phononic retarders like phononic half-wave plates or quarter-
wave plates, which, analogous to the optical devices, can shift the polarization direction of
linearly polarized phonons or convert circularly into linearly polarized phonons and vice
versa [87, 88]. Here, it is possible to repeat the experiments with other substrate materials
e.g. silicon grown for example along the (110) direction to verify, that the strong bire-
fringence effects detected for sapphire in this thesis are reproducible for other substrate
materials.

In chapter 6, we have already achieved good magnetoelastic coupling in CoFe/Si in the
Purcell-enhanced regime [72]. We believe, that when going to thinner Si substrates, it
might be possible to further enhance the coupling of the magnetic Kittel and the transverse
acoustic phonon modes to reach strong and even ultrastrong coupling [72]. This could
be achieved, when using a silicon-on-insulator substrate, with a L = 220 nm silicon layer
on top, which is, after depositing the CogsFers stack on top, removed from the insulator
substrate via HF vapor etching leaving us with 40 nm CoFe on top of 220 nm silicon. For
these samples, we would expect bulk acoustic wave resonances with free-spectral-ranges
of frsr = 10 GHz and an increase in coupling strength by a factor of up to ~ 1000, which
is sufficient to get into the strong coupling limit, if the acoustic and magnetic loss rates
remain unchanged with regards to the samples investigated in this thesis.

Regarding the silicon samples with CossFers deposited on both sides, it would be inter-
esting, to additionally measure the magnetization dynamics of the top magnetic layer via
the spin rectification effect [89, 90], which allows for an electrical detection of the ferro-
magnetic resonance, which in turn will contribute to a better understanding of the mag-
netoelastic coupling of the two magnetic layers via the acoustic modes in the crystalline
substrate. Also other substrate materials than silicon and other crystalline directions will
be interesting to try.

Due to the large magnetoelastic coupling in CoasFers /Si heterostructures, this material sys-
tem is also promising for the realization of surface acoustic wave (SAW) resonators [22, 23].
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As a first step in this direction, we have prepared samples incorporating magnetic gratings,
whose width w are equal to the spacing s, on top of a L = 675 um substrate, as shown in
Fig.8.1 a). One sample was structured with w = s = 5 um gratings, which corresponds to
surface acoustic waves with a frequency of f = 1 GHz and the other sample has got grat-
ings with w = s = 2.5 pm, which corresponds to surface acoustic waves with a frequency
of f = 2GHz. We have performed broadband ferromagnetic resonance experiments at
T = 5K. In Fig. 8.1, we plot the derivative divide of the real part of the complex transmis-
sion parameter as function of the applied field ;.o and the microwave frequency f [91].
We find additionally to the Kittel mode magnetic resonance modes at higher frequencies
for both gratings. These additional modes cannot be explained as perpendicular standing
spin waves (PSSW) due to the fact that the frequency spacing is too small for the used film
thickness. They seem to be dependent on the grating since in Panel a) these modes are
closer in frequency spacing compared to the features in panel b).

-50.00 Re(S,,) 44.00 -42.00 Re(S,,) 38.00
HE
50 50

b)

40 40

%30 %30

<20 =20

10 10

0 1 1 1 0 1 1 1
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Figure 8.1: a) Shows a schematic of the Gratings with width w and spacing s. The derivative of the
real part of the complex transmission parameter S»; as a function of the microwave
frequency f and applied magnetic field 110 H for gratings with a spacing of s = 5 um
and a width of w = 5 um (b)) and s = 2.5 ym and w = 2.5 um (c)) at 7' = 5 K.

The idea for these experiments is to check, if it is possible, to excite surface acoustic
waves by driving a ferromagnetic resonance in the magnetic grating. The frequency of the
SAW resonance modes is determined by the grating period and hence, we would expect a
broadening of the linewidth at the respective frequencies. However, at lower frequencies
the Kittel mode deviates from a linear behavior and therefore it is not possible to measure at
such low frequencies, because this deviation is caused by the setup, since we are limited by
the perpendicular alignment of the surface of the substrate to the applied magnetic field.
We additionally perform measurements with higher resolution in frequency to map out
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the Kittel mode. We extract the magnetic linewidth ;oA H as a function of the frequency f,
plotted in Fig. 8.2.

10 T T T
b)
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HoAH (mT)

10 20 30 40
f (GHz) f (GHz)

Figure 8.2: Magnetic linewidth as a function of the frequency for both grating configurations w =
s =>5pum (a)) and w = s = 2.5 ym (b)).

We see periodic features in AH ( f) in both panels of Fig. 8.2, with a higher frequency peri-
odicity in panel b) compared to panel a). Overall, this aspect also needs further research to
unambiguously assign theses features to SAW resonance modes and rule out other origins
like standing waves in the microwave signal line. As a next step, it would be interesting
to fabricate SAW structures with two Bragg-mirrors and a single-electrode transducer in

between [22], utilizing the CoFe on silicon material system.
In conclusion, the results presented in this thesis advance the understanding of magne-

toelastic coupling in bulk acoustic wave resonator heterostructures, but also raise many

new questions for future research projects.
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