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ABSTRACT

GROWTH AND CHARACTERIZATION OF ULTRA-LOW DAMPING CoasFe7s THIN

FILMS

This thesis focuses on the growth and characterization of ultra-low damping CossFe7s thin
films. Ultra-low damping in a metal is of interest for the design of new spintronic devices
because this offers the opportunity to move both electrons and spin waves over appreciable
distances. In this work, the effects of seed and capping layers on the damping parameter and
magnetization are investigated. A series of thin films were deposited using DC magnetron
sputtering. A combination of X-ray reflectometry (XRR), vibrating sample magnetometry
(VSM), and ferromagnetic resonance spectroscopy (FMR) were used to determine the film
quality, saturation magnetization, and damping parameters of each film. The results show that
the Ta seed layers promoted smooth film growth for CoasFers, but direct interfaces with Ta or Pt
resulting in enhanced damping. Cu spacer layers can be used to disrupt the enhancement but
promote rough film growth for the studied sample growth conditions. Damping values in
agreement with published results were achieved for two films from the set, with a« = 0.0064 +

0.0004 for Ta/CoysFers and ¢ = 0.0063 + 0.0011 for Ta/Cu/CoysFe7s/Cu/Ta.
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CHAPTER 1

INTRODUCTION

1.1. Motivation

Ferromagnetic materials have become a mainstay in everyday life, especially since the
advent of information technologies. The storage of information has been a dominated by these
materials, in which the state of the magnetic domains has served as the repository of information.
From hard disc drives (HDDs) to the magnetic stripe on the back of credit cards, the use of these
materials has become ubiquitous. Now, devices exploiting the spin degree of freedom of
electrons have been attracting a great deal of research interest. Examples of these devices include
magnetic RAM (MRAM)[1-3], spin-torque oscillators (STOs)[4—6], and spin-transfer-torque
magnetic random-access memory (STT-MRAM)[7-9]. The magnetic properties of the materials
used in these applications need to be fundamentally well understood in order to properly
engineer them. The dynamic properties of these materials are especially critical, as they dictate
the limits of operating parameters. In particular, there have been extensive searches for low
magnetic damping materials, as the damping parameter is crucial for determining working
parameters such as energy consumption.

Metallic ferromagnetic thin film materials with low damping are ideally suited for
application in devices that require conducting materials. As such, the investigation of the
properties of these thin films is an ongoing effort. While bulk ferromagnetic materials have been
extensively studied, the increased importance of interfacial effects on the properties thin films
necessitates a new look. Recent publications have demonstrated ultra-low damping in CozsFe7s

thin films, with the intrinsic damping parameter on the order of 10 [10,11]. This material, with



a damping parameter comparable the insulating ferrimagnet yttrium iron garnet (Y1G), has
garnered significant attention as a basis for spintronics applications. Typically, metals have a
much higher damping parameter than insulators due to magnon-electron scattering off of
conduction band electrons that are not present in insulators. Thus, a metal with a damping
parameter comparable to YIG is of interest.
1.2. Objectives

This thesis will focus on the verification of ultra-low damping measurements in CoasFe7s
thin films, as well as investigate the effects of varying seed and capping layers on the Gilbert
damping. Several sample designs will be investigated, with their effects on the magnetic
properties of the CozsFer7s measured: x-ray reflectometry will be used to calibrate deposition
rates and examine film quality, vibrating sample magnetometry will be used to measure the
saturation magnetization, and ferromagnetic resonance spectroscopy will be used to measure the
damping in each film.
1.3.0Outline

This thesis will be structured according to the following:
Chapter 2 will review the necessary background information to understand magnetism in
materials, phenomenological damping, and ferromagnetic resonance. The origin of magnetism in
materials will be discussed, as well as the interactions between fundamental sources of
magnetism. The semi-classical approach of effective The semi-classical approach will be used to
understand the macroscopic effects of microscopic interactions. The equations of motion will be
used to describe the time-evolution of the magnetization, and the phenomenological damping

parameter will also be described. Resonance conditions, and resonance linewidths, for a



ferromagnetic material will be derived an effective field approach, as well as the equations of
motion for the magnetization.

Chapter 3 will provide a review of the experimental techniques used in this work. The
instrumentation will be briefly described. The deposition technique, DC magnetron sputtering,
will be discussed, as well as the techniques used to measure the film quality (x-ray
reflectometry), magnetic moment (vibrating sample magnetometry), and damping (ferromagnetic
resonance spectroscopy).

Chapter 4 will present the results of measurements undertaken in this work. It will also
present a discussion of the results and a comparison of the results with previous results from the
literature for CoasFers. The saturation magnetization (My), the in-plane uniaxial anisotropy
energy density (K), and the Gilbert damping parameter («), will be summarized for each of the
thin film samples. The influence of sample design, as well as measurement techniques, on these

parameters are discussed.



CHAPTER 2

BACKGROUND INFORMATION

2.1. Origin of Magnetism

Understanding magnetism in materials requires the understanding of the fundamental
mechanism of how magnetic moments interact. At the most fundamental level, these moments
arise from the quantum mechanical particle spin and orbital angular momentum. By
understanding the interactions that drive the dynamics of magnetic materials, the dynamics can
be used to extract important material information.

As the origin of magnetism in materials is inherently quantum mechanical, so too are the
interactions between moments. A semiclassical approach will be used here in order to represent
the interactions in a form that is more useful for analyzing experimental ferromagnetic resonance
measurement. Effective fields are used at a macroscopic level to represent the effects of
interactions between moments. Fields are used instead of the quantum mechanical operators,
allowing for the application of methods from the study of classical electromagnetism.

The interactions between magnetic moments from several different effects must be
considered. The dipolar interaction describes the interaction of one moment with the dipolar field
originating from another. The energy describing this interaction, between two dipole moments
m; and m,, is given in [12] as

Ho o o 8m
Edip—aip = _W 3(my-P)(m, - 7) —my - m, +?m1 m,6(r) (2.1)

where ¥ is the unit vector pointing from one moment to the other, y, is the permeability of free
space, and 6(r) is the Dirac delta function. The total dipole-dipole interaction density requires a

summation over the interaction between every moment in the media with every other moment in
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the media. To replace the summation with a continuous field, the dipole interaction potential is
found using a Green’s function approach, derived from the requirement that there be no magnetic

monopoles, V- B = u,V-(H + M) = 0, from [12],

o
Bap-ap(r) = [ dr’ (ﬁ) M@ 2.2)
The demagnetization field, H gemqg, 1s found simply by taking the negative gradient of the
potential,
Hgemag = —VEaip-aip (2.3)
H jomag becomes dependent on the external field and points in the opposite direction of the
magnetization, hence the term demagnetizing. For uniform external fields, the demagnetization
field can be written as
—N,M,
Hgemag = | —Ny M, (2.4)
—N,M,
where it is required that N, + N,, + N, = 1 (this is the requirement in SI units, in CGS units
N, + Ny, + N, = 4m). These are known as the demagnetization factors and are dependent on the
shape of the media. They are scalar quantities. For certain geometries, they have simple,
tabulated solutions.
The exchange interaction is a consequence of the antisymmetric nature of fermions, in
that they cannot exist in the same state. By enforcing this condition on adjacent spins in a

material, the exchange energy is given by

N
Eexchange = _ijsi "Si1 (2.5)
i=1



Where | is the exchange integral, while S; and S;,, are the spin operators for neighboring atoms.
(2.5) gives the energy from an atomistic point of view, where it is necessary to sum over the
spins of every discrete atom. The sign of | dictates whether adjacent spins will be aligned or anti-
aligned, distinguishing ferromagnets (J > 0) and antiferromagnets (J < 0). Moving to a
continuum model, the effective exchange field is given by

H,, = 1,,V?*M (2.6)
where A, = /27:? is the exchange length. A is the exchange parameter, and M; is the saturation

magnetization.

Magnetic anisotropy occurs when the energy of the magnetic system is no longer
independent of the direction of magnetization. It arises from several sources, including symmetry
of the crystal lattice, interfacial effects such as spin-orbit coupling between layers, as well as the
shape of the system. In systems with uniaxial anisotropy, with energy given by [13]

E,, = K, sin?0 (2.7)
where V' is the volume of the system, K, is the uniaxial anisotropy constant, and 8 is the angle of
the magnetization from the anisotropy axis, the energy is minimized when the magnetization lies

along the axis of anisotropy. The anisotropy field is given by

1
H,, = _MVMEan (2.8)

where V), is the gradient with respect to the components of the magnetization.
Other magnetic interactions, such as the Dzyaloshinskii-Moriya interaction (DMI), a spin
superexchange interaction in which two spins’ interaction is mediated by an adjacent atom, can

also be modeled with effective fields [14,15].



2.2. Equations of Motion

Equations of motion form the base from which to approach dynamic systems. They serve
as a framework from which different properties can be understood, from the resonance
conditions of ferromagnetic materials under an applied field, to the motion of magnetic structures
such as magnetic domains [16] or skyrmions [17]. There are several approaches to modeling
magnetization dynamics, each applicable to different scenarios and constraints; the three
approaches discussed here are especially applicable in the study of magnetic damping and
ferromagnetic resonance.

The simplest equation of motion for a magnetic system under an applied field comes in

the form of the torque equation,

oM

where Herr = Hexe + Hgemag + Han + -+ This equation lacks any term to damp the rotation of

the magnetization but can be used to derive resonance conditions for systems with different
effective field conditions, which will be explored later.

Real systems have intrinsic sources of damping, that are not adequately captured by the
torque equation alone. Without finding a way to introduce damping into the equations of motion,
the magnetization has no method of relaxation included in the equation of motion. Two
approaches are commonly used to insert a phenomenological damping into the equation of
motion. A third approach inserts two separate relaxation rates into the equation of motion.

The first approach was developed by Landau and Lifshitz [18],

oM

A
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where the dimensionless damping parameter is A. The damping torque lies in the plane
perpendicular to the effective field. In this approach, the damping preserves the component of the
magnetization that lies parallel to the effective field. The second approach was later proposed by
Gilbert [19]

6M_ ly|M x H +a MXaM 2.11
ac eff MS( ot (2.11)

where «a is the dimensionless damping parameter. The damping torque points from the
magnetization vector to the effective field. This model preserves the total magnetic moment,
allowing the z component to be dynamic. It can be shown that in the limit of low damping, both
approaches reduce to the same equation, leaving the choice of which approach to use a matter of
convenience. Often the choice revolves around whether the time derivative of the magnetization

is easily written.

Figure 2.1: Cartoons depicting the directions of the terms in the Landau-Lifshitz (LL) and
Landau-Lifshitz-Gilbert (LLG) equations on the left, with the Bloch equation on the right. The
damping term in the LL/LLG equations points perpendicularly from the magnetization vector,
thus preserving the magnitude of the magnetization vector. The damping in the Bloch equation
points in the plane perpendicular to the saturation direction, preserving the component of the
magnetization parallel to the effective field. Trajectories of the rotating magnetization are
sketched in dotted lines.



The third approach was introduced by Bloch [20],

oM
ot

= —lyIM x Hegr — Tiz (M2 + M) — Til(MZ - M)z

where the relaxation times, T; and T,, have been introduced. For small deviations from the
equilibrium direction, which is to say that M, =~ M, the last term effectively vanishes. Doing so
preserves the length of the Z-component of the magnetization, causing the relaxation to occur in
the plane perpendicular to the saturation direction.

2.3. Phenomenological Damping

The phenomenological damping inserted into the equations of motion serve as a catch-all
to describe the effect of the variety of pathways a magnetic system can take to relax. Sources of
damping can be both intrinsic and extrinsic to the system; contributions to damping can come
from magnon-electron scattering, ion impurity scattering, two-magnon scattering, or a variety of
other pathways. The intrinsic damping is a material property, constant for any sample made of
the same material [21,22] Extrinsic sources arise from the construction of the sample, whether
that be from impurities or other inhomogeneities, such as roughness at the surface or interfaces
within the sample.

The primary extrinsic mechanism for relaxation in ultrathin films come from surface-
defect-induced two-magnon scattering [23—25]. In ultrathin films, the dispersion curve for
magnons has degeneracy with the uniform mode, allowing for defects in the surface or bulk to
promote scattering from the uniform mode into the degenerate spin wave modes. To conserve
angular momentum, the uniform mode must scatter into two magnons with opposite wave
vectors. This process is seen alongside inhomogeneous broadening, seen in ferromagnetic

resonance measurements, due to defects in films promoting both processes [26]. Spin pumping



into adjacent layers in multilayer structures, as well as contributions from the magnetic proximity
effect, are other important sources of damping [27].
2.4. Ferromagnetic Resonance

Let us now apply the equations of motion discussed to a magnetic system. Consider the
case of a ferromagnet saturated in a single domain state by an applied field. The applied field
will cause the spins in the ferromagnet to precess about it. Unlike a free electron, the frequency
at which the spins will precess about the field depends not only on the applied field, but also on
the other contributions arising from the ferromagnet itself, such as the demagnetization field that
is due to the shape of the ferromagnet, and the anisotropy field. Exchange fields provide a
wavevector-dependent contribution to the frequency, thus having no impact on the uniform
mode. The uniform, in-phase precession of all spins in the ferromagnet is known as the
ferromagnetic resonance. In order to determine the resonant frequency, let us examine a typical

scenario more closely. A diagram of the system can be found in Fig. 2.2.

Ho4 A M
my
hx Nxmx? m,
-Nym,
N, M;

Figure 2.2: Diagram of the fields and magnetization of a ferromagnetic sample under applied
field. Vector components of the magnetization and effective field are shown. The sample is
saturated along the z-axis, with the dynamic components of both the magnetic field and
magnetization lying in the xy plane. The microwave field h, lies along the x-axis.

The fields are applied such that
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Hoy = HyZ, Rypicro = hyX. (2.12)
The sample will be magnetized such that the static magnetization will be along the Z direction,
with dynamic components along the other axes, allowing us to write
M= M, +m((t), |M,| = M, |m| K M (2.13)
where we have assumed that the dynamic components of the magnetization are sufficiently small
that the static magnetization is equivalent to the saturation magnetization. Lower case symbols
are chosen to represent dynamic components. This is a special case, in which we have assumed
that H,,, lies along the axis of anisotropy, which causes the magnetization to align to H,,. A
more general treatment that uses an energy approach that fully incorporates anisotropy effects
can be found in [28]. The sample shape dependent demagnetization factors, (Ny, Ny, N;), will
contribute an effective field of
-N,m,
Hgemag = |—Nymy (2.14)

_NZMZ

The total effective field in the sample can hence be written as,

hx - Nxmx
Heff == _Nymy (215)
Hy — N, M;

We have neglected the exchange field, as its contribution to the dispersion relation vanishes in
the case of the uniform mode (ferromagnetic resonance). It is important, however, for properly
understanding spin wave dispersion. The precession of the spins about the field will be governed

by the torque equation,

dM

where y is the gyromagnetic ratio. Substituting (2.15) into (2.16) gives,

11



dt = _IVI[HO + (Ny - Nz)Ms]my (2173)

dm,
7 = _lyl[Mshx - (Nx - Nz)mes - mxHO] (2-17b)
d:i\;lz =0 (2.17¢)

In (2.17¢c), we have neglected the product of small quantities, the dynamic components of the
magnetization and h,. Assuming a complex exponential time dependence, M < exp (iwt), these

equations give a resonance condition of,

=1yl J [Ho + (N, — N)YM|[Ho + (N, — N,)M,] (2.18)

Of particular interest for this work, the special case of a plane sample with uniaxial anisotropy

gives a resonance condition of,

2K 2K
w = IVIJ[HO + 4mM + VS][HO + E] (2.19)

(2.18-19) are often referred to as the Kittel equations.
2.5. Power Absorption and Resonance Linewidth

Of particular interest for experiment is the resonance linewidth. The linewidth is a tool to
extract the effective damping parameter. As shown previously, the Kittel equations, (2.18-19),
provide the resonance frequency; we will now include the damping to determine the linewidth of
the resonance.

A microwave field applied perpendicular to the saturation direction will do work on the

magnetization of the sample, allowing us to write the power absorbed by the sample as,

dw dm(t)
fo =g = 4

(2.20)

We assume that the microwave field and dynamic magnetization can be written as,

12



h(t) = Re[hoe™] = = [hoe'" + hje~'!] (2.21a)

m(t) = Re[myei®t] = = [mye'®t + mye |. (2.21b)

Nl RN =

This form of the microwave field, h(t), matches that for a microwave cavity, strip-line, or
shorted waveguide. Plugging (2.21a-b) into (2.20) and dropping the time dependence, as we are

only interested in the power absorbed, gives
Py = = o(hj - m). (2.22)

Writing m as a product of h and the magnetic susceptibility tensor gives,
1 2
B = _5w|ho| (X11) (2.23)

where X1 is a component of the magnetic susceptibility tensor. In this step we have assumed
that we are in the linear response regime. We are then left to find X;,, defined by X;; = m,./h,.
As we are now interested in the damping as well as the resonant frequency, we use the
Landau-Lifshitz-Gilbert equation, (2.11), to model the dynamics of the system. The additional
term, as compared to the torque equation, is a phenomenological description of the damping.

Inserting M and H zf into (2.11) gives a system of equations,

lwm, = _|V|[H0 + (Ny - NZ)MS]my - iwamy (2.242)
iwmy = —|y|[Mshy — (Nx = N;)myMs — myHo] + iwam, (2.24b)
For simplicity, we define,
wy = |y|[Ho + (N, — N,)Mj] (2.25b)
Thus,
iwm, = —w, — iwam, (2.26a)
tomy = wymy — |y[Mshy + iwam, (2.26b)

13



Solving for m,, allows us to arrive at Xii,

IyIMS(iwa + wy)

X1 = :
—w? — w?a? + wywy +iva(w, + wy)

(2.27)

In the limit of low damping, a? <« 1. We drop the —w?@? term in the denominator. Rearranging,
we obtain

oy w02 — w?w, + wa?(w, + w,)] — law(w? + w2)

11 = (2.28)
an (wywy — wz)z + w2a?(w, + wy)z
where wy = 4m|y|M,. Inserting (2.28) into (2.23)
1 w (w? + w?2)
P, = an2|h0|2—’” d (2.29)

4m (wywy — wz)z + a?w?(wy + wy)ZI
This equation can be used to fit an FMR power absorption profile. Typically lock-in detection
techniques are used in practice, however, so the signal appears as the derivative of the power
absorption profile. Therefore, the derivative of (2.29) with respect to the applied field, at fixed w,
is used to fit the FMR data in this work. Recall that the applied field appears in both w, and w,,
The field swept linewidth AH, when measured by applying a fixed frequency microwave
field and sweeping the static field, can be related to the frequency swept linewidth Aw, that is

measured by applying a fixed static field and sweeping the microwave frequency, through

_ dwfmr

AH = 2.30
Il (2.30)

where wpyr is the resonant frequency given by the Kittel equation, (2.18). Using (2.18) to find
the FWHM of power absorption at fixed static field, we find that
Aw = a(wy + w,) (2.31)

Once inserted, this gives a final relation

14



2a

This equation holds for a system without inhomogeneous broadening, as it predicts a zero
linewidth at zero field. As discussed before, extrinsic sources of damping result in a zero-field

linewidth, so a constant offset must be added to account for that.

2a

(2.33) is sufficient to capture that behavior and will be later used to fit experimental linewidth
data.
2.6. Conclusion

The necessary framework to discuss ferromagnetic resonance and magnetic relaxation
were presented. Several pathways for magnetic systems to relax were discussed, as well as a
method for relating the linewidth of the ferromagnetic resonance to the damping parameter.

These results are applicable to thin film materials in the linear response regime.

15



CHAPTER 3

EXPERIMENTAL TECHNIQUES

3.1. Introduction

In this section, the experimental techniques employed in this work will be discussed,
from deposition of thin films using DC magnetron sputtering, to the characterization techniques
of x-ray reflectometry (XRR), vibrating sample magnetometry (VSM), and ferromagnetic
resonance spectrometry (FMR). XRR is used to calibrate deposition rates and evaluate film
quality, VSM is used to measure the saturation magnetization of each sample, and FMR 1is used
to evaluate the damping parameters.
3.2. DC Magnetron Sputtering

Physical vapor deposition (PVD) methods have become the preferred set of techniques to
grow thin film materials for many applications [29-33]. These techniques use physical processes,
such as sputtering or evaporation, to transport material from a target and condense it into a thin
film on a substrate [34]. One or more of the PVD techniques can be used to deposit most
inorganic materials, and PVD methods produce less waste than chemical vapor deposition
techniques [34]. In particular, DC magnetron sputtering has become a mainstay in the deposition
of magnetic materials [31,32]. DC magnetron sputtering is an offshoot of traditional DC
sputtering that has overcome many of the issues with traditional DC sputtering.

DC sputtering operates under a well understood framework. A general system operates as
follows: there is a DC potential bias between the target and the substrate. Vacuum pressures are
required to maintain the plasma used to sputter the target, so the substrate and target material are

placed in a vacuum chamber. Process gas, in this work Ar, is flowed into the vacuum chamber
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and collides with stray electrons accelerated by the bias across the chamber. This collision
produces a positive ionized gas, which is then accelerated towards the anode. The ionized gas
hits the target and sputters material from the target, which is ejected upwards toward the
substrate. This is the general mechanism under which DC sputtering operates to deposit material
on a substrate.

DC magnetron sputtering improves upon DC Sputtering by using magnetic fields to
increase the efficiency of the plasma generation [34]. An array of permanent magnets, typically
NdFeB, is bonded to the sputtering gun under the target. The magnets induce the formation of a
confined, toroidal plasma region over the target disc by confining electron motion. In this region,
there is increase collision rates of electrons with the process gas due to the increased density of
electrons. This enhances the generation of plasma and reduces the process gas pressure required
to operate. Forming this region of concentrated electron density allows for the plasma to be
sustained at operating pressures of order millitorr. As a consequence of having lower operating
pressures, there are reduced gas phase collisions of sputtered material with process gas atoms,
which reduces scattering of the sputtered material that would otherwise reduce the amount of
sputtered material impinging on the substrate. With reduced scattering, the trajectory of sputtered
material is ballistic, and the deposition rates are higher. Similarly, reduced working voltages are
required to maintain the same deposition rate as in traditional DC sputtering.

The system used in this work is an AJA Orion 5 sputtering system, fitted with three 3”
sputtering guns. A rotary vane pump and a turbomolecular pump are used in tandem to evacuate
the vacuum chamber, reaching base pressures as low as 10 Torr. The deposition occurs at room
temperature, and an operating pressure of 5 mTorr Ar is used. Deposition rates are monitored in

situ with a crystal rate monitor and precise deposition rates are calculated using XRR
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measurements of timed depositions. 50 W DC is delivered to the targets, with typical operating

voltages in the 200-400 V range, and operating currents in the range of 100-200 mA.

E

Figure 3.1: The magnetic field from the permanent magnets beneath the target, combined with
the electric field, forms a toroidal discharge plasma by confining electron motion. The efficiency
of plasma formation is enhanced in this region, allowing for lower operating pressures, of the
order single millitorr. The plasma etches a circular racetrack into the target due to the enhanced
sputtering in this region.

3.3. X-ray Reflectometry

X-ray reflectometry (XRR) is a characterization technique that uses grazing incidence x-
ray light to measure the reflectivity profile of thin, planar materials. First demonstrated
experimentally by Parratt [9] through the measurement of copper films deposited on glass, XRR
has since served as a routine technique to quantitatively characterize thin films. The reflectivity
profiles provide quantitative information on the thickness, density, and roughness of the film, or
in the case of multilayers, each layer [35].

The technique centers on measuring deviations from the reflectivity profile predicted by
the Fresnel equations for reflection and transmission at plane interfaces of optical media. The
deviation of the pattern measured from the pattern predicted by the Fresnel equations gives
insight into the physical properties of the sample. Fresnel solutions hold for the reflection of light
off a single, planar boundary between two layers [36,37]; the roughness of real interfaces causes

a deviation from these solutions through the modification of the optical properties of the

interfacial layer [35,37]. By fitting the measured reflectivity to a model, the roughness of the
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interface, the thickness of the layers, and the density of the material in each layer can be
extracted [37].

To measure the reflectivity profile of very thin films (of order single nanometer), an EM
wave source of comparable wavelength is required. The most common x-ray source used, and
the one used in this work, is a Cu Ka; line source. The source is held at 40 kV in order to
stimulate emission of the 0.1541867-nm wavelength line. A photodetector is used to capture the
beam reflected from the sample as the angle of incidence 8 is varied, depicted in Figure 3.2.

Both the photodetector and the incident beam are scanned in tandem.

______ o~ —

Figure 3.2: Diagram of the XRR experiment. The source produces x-rays that are incident on the
sample at grazing angles 0. The reflected light is captured by a detector positioned at the sample
angle relative to the sample.

The sample to be analyzed is placed onto the sample mount and centered onto the beam
path by hand. A centering routine is then used to maximize the intensity of reflected light. The
height of the sample, the position of the sample in the beam path, and the rocking curve are all
optimized in the alignment procedure. The alignment procedure has been automated for modern
instrumentation to decrease measurement times and to improve the quality of alignment.

During each measurement, the detector and beam source are scanned from 26 =
0.2 to 10 degrees. A short scan was made in order to evaluate the quality of alignment before
each measurement. The source is scanned at a rate of 0.35 degrees/min, sufficient to capture the

reflectivity profile (about 28 minutes). The collected data takes the form of an intensity profile,

showing the intensity of the reflected x-rays versus 26. For films of low roughness, the
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interference fringes are visible at up to 10 degrees due to the high quality of the interfaces. The

fringes arise from x-rays reflecting off interfaces within the sample interfering with incoming x-

rays.
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Figure 3.3: X-ray Reflectivity measurement of Si/Ta/CozsFe7s/Pt with fit. The film was of high
quality, with interface roughness for each layer in the range 0.2-0.65 nm, allowing for clear
fringes up to 10 degrees.

To analyze the collected intensity profile, a model of the sample is constructed to provide
a starting point for the fitting procedure. It consists of each layer of the sample, including the
substrate, and their properties, such as density and approximate thickness. The model is then fit
to the data using a genetic algorithm, which has been shown to effectively find the global
minimum for this problem without getting stuck in a local minima [38]. Material density, layer
thickness, and interface roughness are used as free parameters in this minimization.
3.4. Vibrating Sample Magnetometry

Vibrating Sample Magnetometry (VSM) is a technique that is used to measure the

magnetic moment of a sample by measuring a current induced in pick-up coils by the stray field

20



from an oscillating sample. The sample is magnetized by an applied field from an electromagnet
[39]. As the stray field emerging from a magnetic sample is proportional to the magnetic moment
of the sample, the induced current provides quantitative information on the magnetization of the
sample. The design of the VSM itself is sufficiently simple that the original instrument was
constructed with parts found in a campus cafeteria [40]. Modern instrumentation allows for
sensitivity to moments of order 10”7 emu [41]. VSM serves as a routine technique for rapidly

characterizing magnetic samples, due to its short data collection times and ease of use.

Sample Holder

Pickup
Coils

.

Vibration
along
z-Axis

Electromagnet

uniform magpnetic field

Figure 3.4: Schematic diagram of VSM.

The sample to be measured is mounted onto a rod, typically made of quartz or Pyrex,
which is attached to a vibrating drumhead. The sample is centered between the pickup coils. A
static field is applied by an electromagnet. The sample is vibrated by the drumhead, typically at
40 Hz. The flux from the stray field of the sample through the pickup coils induces a voltage in
the coils due to Faraday’s Law of Induction, proportional to the magnetic moment of the sample.
The instrument is calibrated through the use of a standard sample of known magnetic moment,

allowing for quantitative measurements of magnetic moments.
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Hysteresis loops are measured by sweeping the magnetic field and measuring the moment
at each field position. In order to remove signal contributions from the rod, substrate, or even
dust adhered to the tape used to attach the sample, an additional measurement is taken along the
same field loop with a reference piece of substrate, taken from the same wafer as the sample. An
example of a background measurement can be found in the inset of Figure 3.5. It is important
that the reference be from the same wafer, as it will have to closest impurity profile and signal as
the substrate from the measured sample. For very thin or weakly magnetic films it is important to
correct for this signal, as it can be on the same order of magnitude as the signal from the sample
[42].

The signal from the sample is extracted from the total signal, such as in Figure 3.5,

according to (3.1),

1 Aggmm
Smag = V—(Swt —msm«> 3.1

‘mag
where 8,4 18 the signal from the magnetic layer of the sample, V4, is the volume of the
magnetic layer of the sample, Sy, is the total measured signal, S, is the reference
measurement made with the bare piece of substrate, Asgmpie, Ares are the respective areas of the
substrates for the sample and reference substrate. The reference measurement is scaled by the
ratio of the substrate areas in order to proportionately subtract out the substrate signal.

Once the magnetic signal is extracted, linear regression on the saturated portions of the
sample is performed. The y-intercept is then used to calculate Ms, as any slope in this portion is
caused by diamagnetic, or paramagnetic, responses. This slope is typically very small, resulting
in only a minor correction. Each of these responses scales linearly with the applied field,

allowing for the linear regression to adequately capture their contribution.
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Figure 3.5: Hysteresis measurements for 20 nm of CozsFe7s on Si, showing Sp,qg * Vinag-
Deposited at 5 mTorr, the sample is uncapped, and has a natural oxide layer formed on top. The
raw and background-corrected magnetic signals, from (3.1), are in the main plot. The reference
signal, from a piece of the same Si wafer and the sample rod, is plotted in the inset with the axes
corresponding to the main plot. Notice the reference signal is 2 orders of magnitude smaller than
the total signal.

3.5. Ferromagnetic Resonance

Ferromagnetic Resonance Spectroscopy (FMR) is a workhorse technique routinely used
to characterize ferromagnetic materials. First used experimentally by Griffiths [43], the
technique has become the method of choice to measure a variety of magnetic properties in
materials. FMR can characterize a variety of properties, including the product of the saturation
magnetization and gyromagnetic ratio, the magnitude and direction of the magnetic anisotropy
[44], the exchange coupling in multilayer systems [45,46], and the Gilbert damping parameter
[23,47]. Typically, FMR measures the ferromagnetic resonance, discussed before, by sweeping

the applied field at a fixed frequency, though the reverse can also be done.
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Figure 3.6: Schematic diagram of shorted waveguide FMR. The electromagnet provides the
applied field, while the microwave generator provides the fixed frequency microwave field. The
microwave bridge sends the microwave signal to the sample, the reflected signal to the detector,
and protects the microwave generator from the reflected power [48].

A schematic diagram of an FMR apparatus can be seen in Figure 3.6. The resonator used
can be either a shorted waveguide, or a cavity. The shorted waveguide allows for a band of
frequencies to be used, while the cavities allow for higher sensitivity at a single, well known
frequency. In this work, a shorted waveguide, Ku band (approximately 12-18 GHz), was used for
each measurement. During a typical measurement, a sample is placed at the end of a shorted
waveguide. An external field is applied in the plane of the sample, while a fixed frequency
microwave signal is sent from a microwave signal generator to the sample mounted at the end of
a shorted waveguide. The mode supported by the waveguide has the magnetic field oscillating in
the plane of the sample, orthogonal to the applied field from the electromagnet. The oscillating
field drives the precession of the magnetization of the sample. The applied field is swept through

the resonance, while the corresponding drop in power reflected from the sample is monitored.

The power absorbed by the sample can be quite small, due to the low volume of magnetic
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material in thin films, so lock-in detection techniques are used in order to increase sensitivity. To
this end, a small field oscillation, parallel to the applied field, is applied by modulation coils.

Due to the use of lock-in detection techniques, the signal appears as the derivative of the
power reflected with respect to the applied field. Thus, the signal appears as the derivative of a
Lorentzian. The signal is then fit in order to extract the linewidth and resonant field. When more
than one magnetic layer is present, as in the case of multilayers, multiple signals will appear due
the different resonant conditions for each layer and due to coupled modes. Each signal can be fit
individually to extract the linewidth and resonant field for the corresponding layer.

The experimental FMR linewidth data is fit to

47‘[0{eff

lyl

H,, = AH, + f (3.2)

where Hp,), is the resonant field swept linewidth, AH,, is the inhomogeneous line broadening,

ly

aery 1s the effective Gilbert damping parameter, P

= 2.8 MHz/Oe is the gyromagnetic ratio,

and f is the resonant frequency. This is the same as (2.33), but with the angular frequency, s,
exchanged for 2mf. The effective Gilbert damping is a phenomenological parameter that
includes all sources of damping, both intrinsic and extrinsic. The resonant field data can be fit to
the Kittel equations for different anisotropy conditions, such as (2.18-2.19), in order to extract

information about the anisotropy energy density.

25



-4

10 212 . . . . .
. Experimental Data »
Lorentzian Fit -

dP/dH (a.u.)
‘-\—A_q_-_-.*'
g R

1100 1200

- | . | .
500 600 700 800 900 1000
Applied Field (Oe)

Figure 3.7: FMR response data for Ta/CoasFess for a RF field of 13 GHz. The signal was applied
at a power of 10 dBm, while the field was swept from 1271 to 1849 G. The data was fit to (4.1).
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CHAPTER 4

SAMPLE GROWTH AND CHARACTERIZATION

4.1. Introduction

In this section, the effects of sample construction on the magnetic properties of CozsFers
films will be discussed. The method of deposition, as well as the results of characterization
through the techniques introduced in the last section, will be presented. By modifying the
environment around the CoasFe7s layer, whether that be through the introduction of seed,
capping, or spacer layers, the magnetic properties will also be modified. In particular, the
damping parameter is especially sensitive to modifications of interface quality, as well as to the
type neighboring material. It is possible to modify the damping parameter through control of
these parameters, as will be demonstrated.
4.2. Sample Growth

Each sample was deposited through DC magnetron sputtering onto a Si wafer. Substrates
were cleaned with acetone, isopropyl alcohol, and deionized water before being dried with dry
N> in order to remove any dust or other contaminants adhered to the surface. The base pressure
was better than 5 X 1077 Torr for each deposition. The samples were sputtered at 5 mTorr Ar
sputtering pressure, with 50 W DC power supplied to the target. This pressure was chosen in
order to shift the energy distribution of sputtered material impinging on the substrate to lower
energies, reducing diffusion between layers and resulting in cleaner interfaces. Deposition rates
were calibrated through XRR. The sample mount was held at a fixed height for each deposition

and the substrate was not heated during the deposition.
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A set of 5 samples were grown to be measured with VSM and FMR, each with a layer of
CoasFers. The target used during deposition was a stoichiometric alloy target (3:1 Fe to Co
atomic ratio). A layer of CoasFe7s was grown on bare Si to serve as a reference; the sample has a
layer of natural oxides of Co and Fe, as both metals readily oxidize in air. A sample with a Ta
seed layer was grown to improve adhesion of the CozsFe7s layer and reduce surface roughness.
This sample also has a layer of natural oxides on top. In order to prevent this, another sample
with both a Ta seed and capping layer was grown. A sample with a Ta seed layer and a Pt
capping layer was grown to compare to future works using Pt to induce interfacial DMI. The Ta
seed and capping layers were grown at a nominal thickness of 3 nm. The Pt capping layer was 5
nm thick. A final sample was grown with 3 nm Cu spacer layers between the Ta layers and the
CoasFers layer. This was done to prevent contribution to damping from the magnetic proximity
effect. For each sample, nominal layer thicknesses are reported in Table 4.2. The layer
thicknesses were determined through the calibration of the deposition rate through XRR
measurements.

4.3. XRR Measurements

To accurately determine deposition rates, samples were grown for each Ta, CoasFers, Pt,
and Cu with timed depositions. The targets used were 0.25”, 0.125”, 0.125”, and 0.25” thick
respectively. 15, 30, and 45 second depositions were carried out at 5 mTorr for each target. Layer
thicknesses were then measured using XRR and linear regression was used to determine
deposition rates. This fit is then used to determine deposition times for each sample measured
with VSM and FMR. The XRR measurements also determine the density and roughness of each

layer. It was found that CoxsFers grown on a Ta seed layer had a density on average of 6.3 + 0.1
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g/cm?, and a roughness of 0.341 + 0.004 nm. When the Cu spacer is inserted, Co2sFe7s had a

density of 7.08 £ 0.02 g/cm?® and a roughness of 1.81 = 0.09 nm.
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Figure 4.1: Reflectivity profile for Ta/CozsFe7 s/Pt, 3/10/5 nm layer thicknesses, grown on Si.

Each layer was deposited at 5 mTorr sputtering pressure. The XRR measurement was carried out
over 28 minutes.
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Figure 4.2: Reflectivity profile for Ta/CozsFe7s/Ta, 3/10/3 nm layer thicknesses, grown on Si.
Each layer was deposited at 5 mTorr sputtering pressure. There are clear fringes present up to 10
degrees, indicating interfaces of low roughness.
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4.4. VSM Measurements

Each sample was measured using VSM in order to determine the saturation
magnetization My, with hysteresis loops shown in Figure 4.3. The samples were measured in the
in-plane configuration, as to best match the configuration of the FMR measurements. A
reference measurement was taken directly after each measurement, using a piece of the wafer
used as a substrate for each sample, and the same sample rod and tape. The reference
measurement was used to remove and signal from the substrate, as well as any Fe-containing
dust adhered to the tape. The dimensions of the sample were measured using a microscope in
order to calculate the volume of the sample. The signal was extracted according to (3.1), as
discussed previously. The saturated regions were fit using linear regression, and the y-intercepts

used to calculate Ms. The M; values can be found in Table 4.1.
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Figure 4.3: Hysteresis measurements made for each sample. Measurements were made by VSM,
in the in-plane configuration. A reference scan was made with the same sample rod, tape, and a
piece of the same wafer in order to remove their contribution from the signal. The signal was
scaled by the volume of the magnetic layer in the sample. The linear portion of the loop, after
saturation, was fit via linear regression and the y-intercept was used to find Ms.
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4.5. FMR Measurements

To determine the damping parameter for each sample, FMR measurements were
performed. The samples were measured in the in-plane configuration, with the microwave field
held at a fixed frequency. Measurements were taken in the Ku band, from 12 — 18 GHz. As lock-
in detection was used, the response data takes the form of the derivative of a Lorentzian. The

data is thus fit to the derivative of (2.29),

AP 16¢ 0S(6) V3Hyy (H — Hpyr ) + 4c sin(6) [3H3, — 4(H — Hpyy)|
E =a+ bH —

4.1)
7 [4(H = Hpe)” + 3ng]2

where a, b, ¢, Hgpy, and Hy,, are free parameters in the fitting, accounting for constant offset,
linear drift in measurement, amplitude of response, resonant field respectively, and peak-to-peak
linewidth.

Hppy 1s used to fit to the Kittel equation for a thin film with uniaxial anisotropy, (2.19),
where f is the microwave frequency in G, y is the gyromagnetic ratio in GHz/Oe, M; is the
saturation magnetization in emu/cm?3 determined by VSM, and K is the uniaxial anisotropy
energy density in erg/cm3. The results are summarized in Table 4.1. The linewidth data, shown

in Figure 4.5, was fit to (3.2), with a and AH,, reported for each sample in Table 4.2.
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Figure 4.4: FMR response data (blue) for Ta/CoasFers for a RF field of 18 GHz, with fit to
equation (3.1), (red).
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Figure 4.5: FMR resonant field linewidth versus frequency, where the points and error bars show

the measured linewidths and associated uncertainties, and the solid lines show the fits to equation
(2.2). Measurements were made in the in-plane configuration.
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Table 4.1: Summary of the 4mM; values for each sample obtained from the VSM measurements,
as well as, from fitting the FMR resonant field data to the Kittel equation, (2.19), for thin films
with in-plane anisotropy. The uniaxial anisotropy constant K was also obtained from the fits to
the FMR data. The samples are labeled with the first layer on the left (e.g., Ta/CozsFe7s
corresponds to Si/Ta/CozsFe7s). Ta/Cu/CozsFe7s/Cu/Ta will be referred to as Ta/Cu/ CozsFers for

Iyl
21

simplicity. The gyromagnetic ratio was set to

Co25Fe75 [49], for the FMR fits.
Layer

=295 %, the value previously reported for

Thicknesses 4ntMs, VSM  4xMs, FMR K .
i) (€)) (&) (Merg/cm?)
CozsFers [10] 15100 £400 27200 + 800 -2.6+04
Ta/CozsFers [3/10] 15700 +£300 23200+ 100 -1.37+£0.07
Ta/CozsFers/Ta [3/10/3] 18500 +£300 26000 + 500 -1.8+0.2
Ta/CozsFers/Pt [3/10/5] 17400 +£300 25700 £ 500 -2.1+03
Ta/Cu/CossFers/Cu/Ta  [3/3/10/3/3] 17500400 17000 £ 300 -2.11+0.16
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Table 4.2: Summary of linear fit of the FMR linewidths. The damping parameters are reported,
along with the inhomogeneous line broadening.

a AH,
Sample © (Oe)
CozsFers 0.014 +0.003 20 + 60
Ta/CozsFers 0.0064 + 0.0004 39+8
Ta/CozsFers/Ta 0.024 + 0.002 60 + 30
Ta/CozsFers/Pt 0.025 +0.002 100 + 40

Ta/Cu/CozsFers/Cu/Ta 0.006 = 0.001 170 £ 20

4.6. Saturation Magnetization

The saturation magnetizations obtained from the two different measurement methods
differ significantly (Table 4.1). The VSM measurements give reduced saturation magnetizations
when compared to FMR measurements for two reasons. The VSM measures the total magnetic
moment of the sample and these are divided by the sample volume to obtain the M, values
reported in Table 4.1. The nominal thicknesses reported in Table 4.1 were used to calculate the
sample volume. The actual thicknesses of the magnetic layers are, however, likely smaller than
the nominal values due to oxidization of the uncapped samples and dead layers from interfacial
effects such as diffusion of material between layers. A reduction of the volume from the volume
calculated by the deposition rate will results in an apparently smaller M, value, which is what is
seen in Table 4.1 where the M, values measured by VSM are smaller than those measured by
FMR. In contrast, the FMR measurements do not depend on knowing the volume of magnetic
material and thus do not require correcting for oxidation or dead layers. In each sample, a small
perpendicular anisotropy field is present, resulting from the broken symmetry of the interfaces in
each sample. The anisotropy constants reported in Table 4.1 are small and are similar to the

values reported by Schoen et al. (Figure 4(c) in [50]). To understand the scale, it is helpful to
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convert the anisotropy constants to effective fields, H, = ;—K For the Ta/CoasFers, H, = 108 Oe,

which is small compared to the ~kOe applied magnetic field.

The M values determined via VSM, reported in Table 4.1, are lower than those reported
for CoasFers (24000 Oe) by Schoen et al [50]. This discrepancy arises from differences in the
method used to determine of the volume of magnetic material. For the uncapped samples,
exposure to ambient oxygen forms an oxide layer, reducing the volume of the magnetic layer.
The thickness at time of deposition was used to calculate Mg from the VSM data, resulting in an
artificial reduction in M. XRR measurements would be required to determine the thickness of
the remaining CoasFers. Layers of reduced magnetization, or dead layers, also need to be
considered for each sample. During deposition, the sputtered material arriving at the sample can
diffuse into the previously deposited layers, with increased energy of impinging material
resulting in increased diffusion. The power supplied to the sputtering target during deposition,
the distance from the target to the sample, and the sputtering pressure all affect the energy profile
of the sputtered material, and thus necessarily affect the amount of diffusion between layers.
Changes in diffusion would change the thickness of the dead layers, as the depth of penetration
of material into the magnetic layer would be different.

A method for extracting the true M, as well as the thickness of the dead layers, was
employed by Schoen et al. [50]. They use a thickness series of CoasFers, measured via FMR, to
determine the true M, as well as the thickness of the dead layers. To do so, M; is determined by
FMR, and linear regression is performed on M; vs. 1/t, where t is the thickness of the sample.
The y-intercept corresponds to the case of infinite thickness, where any interfacial effects vanish,

giving M. The x-intercept gives the thicknesses of the dead layers. Schoen ef al. report a 0.7 +

0.3 nm dead layer, which is used to adjust the volume of magnetic material. This reduction in
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volume results in a larger measured M,. For a 10 nm layer, accounting for a 0.7-nm thick dead
layer would increase the apparent Mg measured by 14%. For instance, a sample with a measured
M; of 17500 G would be increased to 19950 G after correcting for the dead layer. The samples in
Table 4.1 likely have dead layers of comparable thickness. To determine the thickness of the
dead layers accurately, a thickness series would need to be grown since the dead layer
thicknesses are expected to vary depending on the deposition conditions.

The M, values were also obtained by fitting the resonant field data to the Kittel equation,

Il
21

(2.19), while fixing the gyromagnetic ratio at — = 2.95 MHz/Oe, the value determined by

Schoen et al. [49] for CozsFess. The M and K values obtained from the fits are summarized in
Table 4.1. The M, values obtained from the FMR fits are larger than the VSM values, but are
roughly in line with, or marginally higher than, the reported value for M (2.41 £ 0.08 G,

obtained from Figure 3(c) in [10]). The differences in these M, values can be attributed to the
choice of % used in the fitting. For instance, a small increase in %, from 2.95 to 3.05 MHz/Oe is

sufficient to reduce the M; fit value to 2.54 + 0.07 for the CozsFess sample, which is in
agreement with the reported value. The gyromagnetic ratio, given by

vl _ ks
21 h

(4.2)
in which g is the Landé¢ g-factor, up is the Bohr magneton, and /4 is Planck’s constant, depends
linearly to the g-factor. Approximately 2 for a free electron, g can be raised through orbital
contributions to the magnetic moment. Spin-orbit coupling between layers can cause an
enhanced orbital component of the moment in the interfacial region due to modification of the

electronic structure of atoms in this region [51]. There is expected to be strong spin-orbit

coupling between the Ta and Pt layers interfaced with CozsFe7s, which would explain the
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enhanced g-factor in these samples. Likewise, hybridization of Co and Fe valence orbitals with
the valence orbitals of O present in the oxide layer formed on the uncapped samples could be a
source for an increase orbital moment [52]. The interfacial regions of these samples represent a
significant portion of the 10 nm thickness, hence interfacial effects can affect the magnetic
behavior of the samples.

4.7. Damping

The addition of different layers modifies the damping in each sample, as shown in Table
4.2. Using a seed layer of Ta resulted in a reduction in damping of 0.008 & 0.003 (from 0.014
+ 0.003 to 0.0064 &+ 0.0004) as compared to CoasFe7s. As shown by XRR, the seed layer
promoted a smoother CoasFess layer, with low RMS roughness (0.341 + 0.003 nm). A smoother
layer is expected to lead to reductions in the damping contributions from two-magnon scattering,
in which the uniform FMR mode is scattered into two magnons of equal and opposite
wavevectors [53]. Approaching the ideal planar boundary reduces these effects. The measured
value of a for the Ta/ CoasFers sample is 0.0064 = 0.0004. This value is in line with reported
results (0.005 in Weber et al. [11]).

The addition of the Pt and Ta layers resulted in enhanced damping, due to contributions
from the magnetic proximity effect (MPE), as well as, spin pumping. Magnetic proximity effects
often occur when a nonmagnetic heavy metal layer is magnetized due to interactions with an
adjacent ferromagnetic layer, where the thickness of the layer magnetized through the proximity
effect is on the order of single nanometer [54]. The presence of the MPE results in a contribution
to the damping reportedly on the order of 10 in Yttrium Iron Garnet (YIG) capped with Pt [55].
In the Ta/ CozsFers/Ta and Ta/ CoasFers/Pt samples, the addition of both the capping and seed

layers resulted in an increase in alpha to 0.0235 + 0.0016 for the Ta-capped sample, and 0.0250
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+ 0.0018 for the Pt-capped sample. These values are both considerably larger than the damping
value obtained for the Ta/ CozsFers sample of 0.0064 + 0.0004 . The increase was an order of
magnitude greater than that reported for YIG capped with Pt. The damping parameters are the
same within uncertainty for the two capping layers considered.

The MPE contribution to damping also displays a critical thickness behavior, where
below the critical thickness of HM capping layer [55], the contribution to the damping is
negligible. For Ta/ CozsFers, the MPE does not contribute at the same level, if at all, as observed
in the samples with the capping layers. For this reason, it is proposed that the seed layer was
thinner than the critical thickness for the MPE to contribute. In addition, the interface between
the seed and magnetic layers is not identical to the magnetic and capping layers. Seed layers are
commonly used to promote smooth growth of the magnetic layer and are typically about 3 nm in
thickness, as the seed layers are in this work.

In order to minimize the MPE damping contribution, Cu spacers were inserted between
the CoasFers layer and the seed and capping layers. By inserting the Cu spacer, the direct
interface between the Ta seed layer and CoasFess layer is disrupted, preventing the contribution
from the MPE. The addition of the Cu spacers resulted in a low damping, but in increased
inhomogeneous line broadening. This is due to the Cu spacer layers growing roughly on the Ta,
as demonstrated through XRR measurement. The roughness of the Cu layer consequently
increased the roughness of the CozsFers layer grown on it, from 0.341 nm to 1.81 nm roughness
as determined by XRR. Increased roughness of the CozsFe7s is expected to increase two-magnon
scattering contributions to the damping, and it is also expected to lead to increased
inhomogeneous line broadening, resulting in a larger AH, (170 £ 20 for Ta/Cu/ CoasFe7s

compared to 60 = 30 for Ta/ CoasFers/Ta).
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For some of the samples, an additional contribution to the damping comes in the form of
spin pumping. The contribution, @y, is described by

a0 = 9ip 1

(4.3)

where g is the Landé g-factor, pp is the Bohr magneton, M; is the saturation magnetization, gp;
is the spin mixing conductance, and d is the thickness of the magnetic layer [55]. Spin pumping
is expected to be seen when the magnetic layer is adjacent to any metal, thus it is expected to be
seen in the Ta/ CoxsFers, Ta/ CoasFers/Ta, Ta/ CozsFers/Pt, and Ta/Cu/ CozsFers samples [56].
The samples with more than one adjacent metallic layer (Ta/ CoasFers/Ta, Ta/ CozsFers/Pt, and
Ta/Cu/ CoasFers) should have greater contributions from spin pumping than Ta/ CoasFess. The
spin mixing conductance for CozsFe7s, as reported in [49], is approximately unity.

At the interface of Ta, or Pt, layers with the CozsFe7s, the spin pumping into the non-
magnetic layers provides a significant source of damping, on the order of 107 [49]. The direct
interface between the ferromagnetic and non-magnetic layers in these samples allows the spin
pumping process to proceed directly. In the sample with Cu spacer layers, the Cu layer lies
between the Ta and the CoxsFe7s. Cu has a spin diffusion length of 500 nm at room temperature
[57], allowing the spin pumping into the Ta layer to proceed uninhibited, as the thickness of the
layer (3 nm) is much less than the spin diffusion length.

Comparing our results to literature, the lowest damping values obtained in this work,
which were for Ta/Cu/ CozsFers (0.0063 = 0.0011) and Ta/ CozsFers (0.0064 = 0.0004), were in
agreement with results from Weber et al. [11] (a = 0.005, extrapolating from Figure 2 in [11]) .
They are about a factor of 3 larger than results from Edwards et al. [58] (a« < 0.0020) and
Schoen et al. [10] (¢« = 0.0021 + 0.0001). As film quality impacts the damping parameter,
mainly through the suppression or enhancement of two-magnon scattering, the poor quality
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growth of the Cu spacer layers in Ta/Cu/ CoasFe7s that lead to higher film roughness is the likely
cause of the enhanced damping parameter. Lowering the power supplied to the Cu target during
deposition, as well as raising the sputtering pressure, are possible avenues to promote a higher
quality film by shifting the energy profile of sputtered Cu to lower energies to reduce nucleation
rates in the film [59]. Reduced nucleation rates during growth result in smaller grains in the film,
which reduce the roughness of the film.
4.8. Conclusion

In summary, the damping in CozsFess films depend strongly on the construction of the
sample. A Ta seed layer effectively reduces the damping by promoting the growth of a smooth
CoasFers layer. A capping layer is used to prevent oxidation of the magnetic layer, which would
create a dead region near the surface that is no longer magnetic. Directly interfacing the magnetic
layer with both a seed and capping layer of heavy metals provides an increase in damping on the
order of 1072 due to the magnetic proximity effect. The insertion of Cu spacers between the seed
and capping layer prevent this contribution to the damping, but also increases the roughness of
the CoasFers layer, causing a corresponding increase in inhomogeneous line broadening of the
FMR spectrum. The lowest damping parameters of approximately 0.006, obtained from the
Ta/CoazsFers and Ta/Cu/CoasFers/Cu/Ta samples, are in agreement with some published results,
but still above the lowest reported values of 0.0020. Fine tuning of the growth of the Cu spacers
to reduce the roughness of the CozsFe7s grown on top would be the next step to reduce the
damping further. A thickness series for the Cu spacers could also help determine the ideal

thickness of the spacer layer after this.
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