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ABSTRACT OF THE DISSERTATION

Magnetostrictive Ferri & Antiferromagnetic Thin Films for Multiferroic Applications

by

Paymon Shirazi
Doctor of Philosophy in Mechanical Engineering
University of California, Los Angeles, 2021

Professor Gregory P. Carman, Chair

Over the last decade, the multiferroic concept has shown considerable success in numerous
device applications requiring the control of magnetism through voltage-induced strains gen-
erated by piezoelectrics coupled to magnetostrictive materials. This approach in the control
of magnetism overcomes the associated challenges with device reduction such as decreased
energy efficiency by application of voltages instead of currents for operation, leading to the
efficient and effective control of magnetism at reduced dimensions. Consequently, there has
been an increasing demand for superior thin-film magnetostrictive materials possessing large
magnetostriction and lower strain-mediated switching thresholds targeted towards micro and
nanoscale multiferroic applications. As materials with these properties are critically vital
for future multiferroic applications, further material development coupled with innovative
investigation methods are required to meet this demand. This dissertation addresses these
scientific requirements by demonstrating relevant developments and investigations on mag-
netostrictive ferrimagnetic and antiferromagnetic thin films for next generation multiferroic

applications. In ferrimagnetic magnetostrictive Thg 3Dy 7Fey (Terfenol-D) and multilayer
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Nig; Fejg/TbFes thin films, the atomic level spin and orbital moments are measured by X-ray
magnetic circular dichroism (XMCD) to determine the contributions of specific elements to-
wards various components of the magnetic anisotropy and the interface-mediated exchange
coupling interaction respectively. In antiferromagnetic v-FeMn thin films, the influence of
stress (i.e. strain) on the orientation of the Néel vector is studied and an indirect method for
the calculation of the saturation magnetostriction Ay by AC magnetic susceptibility measure-
ments are demonstrated. The results presented in this dissertation aid in the development of
superior energy-efficient and effective magnetostrictive ferri and antiferromagnetic thin films
to meet the growing demand of micro and nanoscale magnetic devices for future multiferroic

applications.
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Chapter 1

Introduction

1.1 Motivation

Controlling the orientation of the magnetic moment is a critical component in virtually all
applications involving magnetic materials for operation. Reorientation of the moment is
achieved by overcoming the magnetic anisotropy which dictates and governs the orientation
of the magnetic moment in materials. There are numerous approaches that facilitate over-
coming the magnetic anisotropy utilizing applied magnetic fields [1, 2|, electrical currents by
methods such as spin-transfer torque (STT) [3] & spin-orbit torque (SOT) [4], using voltages
(i.e. electric fields) through voltage-controlled magnetic anisotropy (VCMA) [5], thermally
induced methods using lasers [6] or electrical currents/voltages [7], in addition to numerous
abstract methods that are not mentioned here. However, in comparison, the multiferroic
approach employing voltage-induced strains from piezoelectrics coupled to magnetostrictive
materials has shown widespread success in the efficient and effective control of the orienta-
tion of the magnetic moment. The magnetic moment has been successfully reoriented and

controlled by this method in devices ranging from the nano/micro-scale to one’s on the con-



tinuum in areas involving cell-sorting [8], high & ultra-low frequency antennas [9], sensor &
actuators [10], and magnetic random access memory [11], demonstrating its applicability to

a wide array of applications.

Following the rapid progression of the multiferroic approach in these sectors, there is an
increased demand for new magnetostrictive materials with improved properties to further
reduce energy consumption and increase device efficiencies[12]. Namely, one of the most
important material parameters for these efforts are to develop materials with larger satu-
ration magnetostriction at lower saturation fields. In the past, one of the most sought-out
methods to develop new materials with these properties have been through reducing the
magnetocrystalline anisotropy (MCA) preformed by alloying and optimizing material com-
positions [13, 14]. This was first demonstrated in rare-earth ferrimagnetic Thg 3Dy 7Fey
(Terfenol-D), which today is one of the most widely investigated giant magnetoelastic ma-
terials due to its large room temperature magnetostriction with small magnetocrystalline
anisotropy (MCA) [15]. The magnetic properties of Terfenol-D were engineered by alloying
ferrimagnetic ThFey with DyFes; to minimize the MCA while retaining large magnetostric-
tion [16, 17]. Researchers studied various compositions to optimize the magnetostriction
while minimizing the MCA for sonar applications and termed this selected composition (i.e.

Tbg 3Dy 7Fey) Terfenol-D [18].

More recently, rare-earth thin films such as Terfenol-D are becoming more heavily utilized
in applications, specially cell-sorting devices due to their large single-domain states [19, 20].
As a result, it is also important to investigate the magnetoelastic contributions towards the
magnetic anisotropy as the residual stresses present in thin films influence the dynamics of the
magnetic moment altering the anisotropic energy barrier for device operation [21]. However,
there are challenges with studying and optimizing the magnetic anisotropy by alloying as
done in the past. Investigations of complex ternary intermetallic alloys such as Terfenol-

D (i.e. TbFey & DyFes) composed of two distinct alloys are challenging as the electronic



structures of the ThFe, and DyFe, are much different separately, than when alloyed together
(22, 23]. Additionally, the MCA and magnetoelastic anisotropy (i.e. magnetostriction) arise
from spin-orbit coupling in the crystal lattice which are dictated by the spin and orbital
angular momenta of the rare-earth elements these materials. Therefore, in order to more
accurately examine the magnetic responses due to alloying in intermetallics, the spin and
orbital moment responses of the elemental components (i.e. Tbh, Dy, & Fe) need to separately

examined.

An alternative method to overcome the large MCA (i.e. anisotropy) in magnetostrictive
materials for multiferroic applications has been successfully achieved through a multilayer
approach, utilizing layers composed of repeating harder-magnetostrictive and ultra soft-
magnetic layers. This has been demonstrated in multilayers of amorphous rare-earth tran-
sition metal (RE-TM) alloys and antiparallelly exchange coupled nanocrystalline transition
metals (TMs). It has been found that these materials in a multilayer structure possess supe-
rior magnetic properties such as decreased damping, lower saturation and coercive fields, and
enhanced magnetostriction as contrasted to their intrinsic monolithic layers. Various studies
have shown that these property improvements originate from magnetic interactions at the in-
terfaces due to competing anisotropic energies (e.g. exchange, magnetoelastic, perpendicular,
etc.) producing localized magnetic order/disorder in the RE-TM layers [24, 25, 26]. How-
ever, due to the material complexity as well as access to sophisticated measurement systems,
focused studies on RE-TM/TM multilayers have been limited in developing a more complete
understanding of the underlying physics governing these property enhancements. Therefore,
closer examination of the local interactions are warranted to better understand and sub-
sequently design future multilayered RE-TM/TM heterostructures with specific property

improvements.

Experimental work and micromagnetic simulations on RE-TM/TM multilayers have shown

improvements in magnetostriction and reduced coercive fields compared to their monolithic



thin film counterparts [27, 28]. In amorphous Thy; Fesq/Feg3Aly; multilayers, interface in-
teractions including localized interlayer stresses reduced the coercive field by 50% while
retaining similar magnetostriction as monolithic TbhFe; films [29]. In a related study con-
ducted on ThFe,/Co multilayers, researchers demonstrated the field to reach magnetic sat-
uration was reduced by 38% [30] through a reported exchange interaction at the interface.
In TbFey/Fe;Ga multilayers, coercive fields smaller than either of the monolithic films were
reported by maximizing the antiparallel exchange coupling between layers [31], which was
more recently attributed to the competition between antiferromagnetic (i.e. antiparallel)
exchange and domain wall energies present at the interfaces [32]. In all of these studies, the
property enhancements originated from spin-spin interactions and spin-orbit coupling [33]
and require additional studies at spin and orbital moment levels to better understand the

underlying sources leading to these property improvements.

Measurement techniques such as soft X-ray absorption (XAS) and X-Ray magnetic circular
dichroism (XMCD) paired with the XMCD sum rule calculations have been used to study
elemental spin-orbit moments and their influence on the magnetic anisotropy in various
materials [34, 35, 36]. These studies are performed by lowering temperatures to increase
the magnetic anisotropy due to stronger spin-orbit coupling that can be accurately mea-
sured by XMCD [33]. XAS and XMCD spectroscopy have also been successfully utilized
to study element specific magnetic behavior in layered magnetic structures [37, 38]. In this
space, several investigations have been performed on RE-TM/TM bilayers with relatively
few studying multilayers. Through luminescence yield detection techniques, the entire multi-
layer structure can be studied to determine the combined effects of all the interface-mediated
interlayer interactions in these complex heterostructures. Consequently, it appears that XAS
and XMCD offer a viable approach for the study of the various anisotropic contributions in
complex intermetallic rare-earth alloys in addition to the interface-mediated interactions in
magnetic multilayered systems, which may offer useful information to researchers developing

new materials for the multiferroics community.
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As an alternative to ferromagnetic (FM) materials, antiferromagnets (AFMs) have recently
garnered heavy research attention due to their unique material properties. Louis Néel who
won the Nobel prize in 1970 for his discovery of the antiparallel nature and behavior of AFMs
famously claimed ”they are interesting, but useless” in his laureate speech. However, this be-
lief instantaneously changed overnight as in the early 2010’s the successful 90°reorientation of
the Néel vector in several collinear metallic AFMs by spin-orbit torques (SOTs) were demon-
strated [39, 40, 41]. Their lack of stray-fields [42], intrinsically faster resonances [43], and
the ability to be manipulated by SOTs have significantly attracted attention the attention
of researchers developing the next generation of magnetic memory devices. Additionally, the
availability of AFMs with metallic [44], semiconducting [45], or insulating material properties
[46] allows their readily availability towards a wider array of device designs and configura-
tions. However, their prospects in the multiferroic field are largely unknown, as it is implied
that AFMs possess magnetostrictive properties similar to FMs, but the experimental mea-
surement of the saturation magnetostriction in AFM thin-films have not been successfully

demonstrated.

Measurement of the magnetostrictive properties in AFMs have been widely absent due to
the difficulty in the application of the large magnetic fields required to saturate AFMs
beyond their spin-flop field (Hss). Direct measurement of the magnetostriction in AFMs
began with the bulk room-temperature AFM NiO, reporting magnetostriction values up to
-20 ppm [47, 48]. However, measurement of the magnetostrictive properties in other AFMs
have been increasingly difficult as most results have been widely contradicting. In metallic
AFMs, investigations on the bulk polycrystalline v-FeMn alloys have shown considerably
large magnetostriction with results ranging from 350 [49] to 750 ppm [50] originating from
one group. However, more recent investigations on bulk ~-FeMn alloys have contradicted
previous results with the reported absence of magnetostriction in several compositions of
v-Fei xMny (x=0.38, 0.42, 0.46, 0.50, & 0.56) [51]. Additionally, experimental results and

first-principles calculations for metallic AFMs show that the pre-stress state of the material

5



is important in obtaining AFMs with magnetostriction. For instance, in y-FeMn alloys, it
was shown that magnetostriction is only obtained when the material is under compressive
stresses [52, 53]. Therefore, the results of these combined studies indicate that y-FeMn
alloys may possess magnetostrictive properties which are governed by the pre-stress-state
(i.e. compressive stress) demanding further experimental investigation. These results are
necessary to demonstrate the magnetostrictive properties in AFM thin films which will allow

these materials to become utilized in future multiferroic applications.

This dissertation addresses new investigation methods for the design of magnetostrictive
intermetallic and multilayered materials with superior magnetic properties tailored for mul-
tiferroic applications. This is demonstrated by element specific investigations of the spin and
orbital momenta by XMCD and the XMCD sum rule approach which is utilized to study
the elements that control the MCA and magnetoelastic anisotropic responses in complex
intermetallics such as Terfenol-D. Additionally, similar investigations by XMCD and its sum
rule calculations are shown in this dissertation on multilayered RE-TM/TM heterostruc-
tures which show magnetization enhancements with ultra soft magnetic responses due to
interface mediated interactions between specific elements in the hard-magnetostrictive and
the ultra-soft layers. Furthermore, the in-plane to out-of-plane 90°reorientation of the Néel
vector with applied stresses (i.e. strains) in polycrystalline metallic AFM thin-films are
presented to showcase the magnetoelastic response and the saturation magnetostriction in
AFM thin films. The results presented in this dissertation aid in the development of supe-
rior energy-efficient and effective magnetostrictive ferri and antiferromagnetic thin films to
meet the growing demand of micro and nanoscale magnetic devices in future multiferroic

applications.



1.2 Dissertation Overview

Chapter 2 provides the fundamental concepts of magnetism discussed in this dissertation.
This chapter begins by illustrating the origin of magnetism in materials at the atomic level.
Further, a brief overview of the various types of magnetic ordering are introduced to provide
the background for the research conducted on ferri and antiferromagnetic systems. Fur-
thermore, the magnetization process and the origins of the hysteric behavior are briefly
discussed to provide an introduction to the various energies that contribute towards the

magnetic anisotropy, which is heavily referenced in chapters 4-6 of this dissertation.

Chapter 3 of this dissertation provides the background required to understand the X-Ray
magnetic circular dichroism (XMCD) results in chapters 4 and 5. This first begins with the
brief overview of the interaction of transmitting X-Rays with matter. Subsequently, X-Ray
absorption (XAS) in materials are introduced followed by XAS several detection methods
typically used in XAS experiments since these are prerequisites in understanding XMCD.
Next, the fundamental concepts that produce the dichroic responses in magnetic materials
with a net spontaneous magnetization in response to polarized circular X-Rays are provided
to understand XMCD spectroscopy. Finally, the XMCD sum rules are introduced which
utilize both the XAS and XMCD spectra in magnetic materials to determine the elemental
spin and orbital angular momenta which are vital for grasping the results in chapters 4 and

d.

In chapter 4, soft X-Ray Magnetic Circular Dichroism (XMCD) spectroscopy at the Dy and
Tb M, and the Fe Lo 3 edges were performed on sputter deposited polycrystalline Terfenol-
D (Thg3Dyg.7Fez) film on sapphire substrates at temperatures from 100 to 300 K to evaluate
the elementwise contribution to the magnetocrystalline anisotropy and coercive field. The
elemental spin and orbital magnetic moments were calculated using the X-Ray Magnetic

Circular Dichroism sum rules. As temperatures decreased, the Th and Fe moments plateau



at 200 K with values of 7.6 ug/atom and 1.8 up/atom respectively while the Dy moment
increases to 8.9 ug/atom at 100 K. Between 300 to 200 K the change in magnetic anisotropy
is dominated by thermally induced magnetoelastic effects while for temperatures below 200
K magnetocrystalline anisotropy (MCA) changes are dominant. The MCA changes below
200 K appear to be due to increases in the Dy orbital moment with decreasing temperature

in this temperature regime.

In chapter 5 explores moment enhancements in two multilayers composed of ultra-thin
Nig;Fejg and ThFes (2nm/4nm or 4nm/2nm) layers using X-ray magnetic circular dichroism
(XMCD). The elementwise XMCD results indicate that these enhancements are induced by
interface mediated antiparallel exchange coupling between Tb in the ThbFey; and Fe in the
NigiFejg. XMCD M-H curves demonstrate this coupling is sufficient to provide pronounced
saturation and reorientation in the Tb orbital and spin moments with coercive fields simi-
lar to monolithic Nig;Fejg at or near the interfaces. Results also show increased magnetic

ordering lengths within TbFe, layers as the TbhFe, layer thickness increases.

In chapter 6, the residual stresses in magnetron sputtered polycrystalline FeMn thin films on
Silicon substrates were varied by adjusting the deposition Argon pressure to study the influ-
ence of strain on the orientation of the Néel vector. Here, a strain-induced phase transition
from a-FeMn to «-FeMn is demonstrated by a -0.03% compressive strain (-55 MPa stress).
Further, AC susceptibility measurements show an in-plane to out-of-plane reorientation (i.e.
90reorientation) in the y-FeMn Néel vector followed by a 10 kOe increase in the spin-flop
field resultant from a -0.028% compressive strain (-52 MPa stress). Calculations using mea-
sured AC and DC susceptibility data indirectly predict a saturation magnetostriction value

of 116 ppm for y-FeMn thin films.
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Chapter 2

Scientific Background

2.1 The Origin of Magnetism in Materials

At the atomic level, magnetism originates from the magnetic dipole moments of individual
atoms. The net magnetic dipole moment in atoms arise due to partially filled electrons
shells (i.e. unpaired electrons) that contribute their orbital and spin angular momenenta.
The orbital angular momentum arises from the electrons orbiting the atomic nuclei whereas
the spin angular momentum is an intrinsic property of an electron originating from quantum
mechanics and lacks a classical counterpart. To show this in better prospective, consider an
electron moving around an atomic nucleus in a Bohr orbit of radius r, with velocity v, with
mass m., and charge e~ as shown in figure 2.1. The electron, as a charged particle orbiting the
atomic nucleus generates a current i = ev/27r. As a result of the generated current loop,
a magnetic dipole is generated perpendicular to the orbit of the electron. The magnetic
moment of the dipole generated is equal to p; = 1A where A is the area encompassed by
the electron orbit and i is the current generated by the motion of the charged electron. The

revolution of the electron around the nucleus in a circular fashion (i.e. not the movement of
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Figure 2.1: Simplified model of an atom with an electron orbiting around the atomic nucleus.
The generated magnetic moment j;; from the orbiting electron lies antiparallel with the
angular momentum L.

a charged particle) also contributes angular momentum L with magnitude L = vrm,. The

ratio between L and y; is given by fundamental constants as shown by equation 2.1.

Hi KB
L 2.1
7= (2.1)
Here, up is the Bohr magneton given by
eh -23 2
pE =5 - = 0.927 x 107°(Am?=) or (J/T) (2.2)
m€

and h = h/2m = 1.054571800(13) x 1073*Js is the reduced Planck’s constant.

Equation 2.1 can be rewritten in vector form to provide both the magnitude and direction
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of p; relative to L by

i = —’%BE (2.3)

where quantum mechanically the magnitude of L is given by
L="nIl+1) (2.4)

where [ is the orbital angular momentum quantum number taking an integer value between
0 and n — 1. Here n denotes the principle quantum number and confining the size of the

electron’s orbit and its energy. As such, the magnetic dipole moment is given by
= eI+ 1) (2.5)
and its z component is given by
M1z = — By (2.6)

where m; is called the magnetic quantum number taking on allowed integer values of 4/ and
—[ respectively. In equation 2.6, the negative sign indicates that the moment and the orbital
angular momentum are antiparallel due to the negative charge of the electron. In 1922, O.
Stern and W. Geralch determined that electrons possess an intrinsic quantum mechanical

spin angular momentum S where its magnitude is described by the expression [1]
S =hys(s+1) (2.7)

where s is the spin quantum number taking on a value of 1/2 and with its following z
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component given by
S, = hms (2.8)

where my is the spin projection quantum number taking values of +s and —s. The magnetic
moment generated from the spin angular momentum in vector form is related to direction

of the spin angular momentum by the following

fis = —geinS (2.9)
where g, = 2.002290716(10)2 is the splitting factor also known as the gyromagnetic factor

(g-factor) for a free electron [2]. The z component of the spin moment is then given by

Hsz = —GJeltBMs (2.10)

It is important to note that the experimental observation that an electron deflects in only
two directions when propelled in a non-uniform magnetic field leads to the conclusion that
ls, can only take upon two values. This aligns with quantum numbers, as for example,
for an electron with s = 1/2 it is known that my; = +s corresponding to the ”spin-up”
and "spin-down” states. The orbital angular momentum and spin angular momentum are
coupled together through a spin-orbit interaction known as Russel-Saunder’s coupling. If we
consider both the spin and orbital angular momenta, we can quantify a value J known as
the total angular momentum of an electron. In vector form the total angular momentum of
an electron is given by J=L+S , following Land S precessing around J as shown in figure
2.2. Similar to the orbital and spin angular momenta, the magnitude of the total angular

momentum is described by

J =05+ 1) (2.11)
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Figure 2.2: The angulag momentum vectors, E, S , and J. Land S precess arouqnd J:, Where
J is arises to the spin(S)-orbit(.S) coupling with the value of the vector sum of J = L+ S[3].

where j is the total angular momentum quantum number, where inequalites are used to

determine j are given by
[J] =L+ 8| > ||| - |5| (2.12)
which then by writing the quantities in terms of the quantum numbers equates to

Vi +Dhl > Wi+ 1Dh—/s(s + Dh| (2.13)

and for an electron with s = 1/2, j =1+ 1/2 and j = | — 1/2 are satisfied for the above.

The z component of j is given by
J, = m;h (2.14)

where m; takes on values between +j and —j. Therefore the total magnetic moment in

terms of the spin and orbital magnetic moments is given by

i = pp(L + 25) (2.15)
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For a free atom in its ground state, E, S and .J can be determined by applying Hund’s rules
which are as follows [4]:

1) Electrons take on the max value of S without violating the Puali exclusion principle.

2) Maximize the orbital angular momentum L as long as it does not violate rule 1.

3) If an electron shell is less than half-full, J takes its minimum possible value J = L — §
as the ground state, but if the shell is more than half-full it takes the form J = L + S as its

ground state.

It is important to note that the Russel-Saunders coupling described above applies to lighter
atoms with (Z < 30) where the total spin S of the group of electrons is coupled with the
total angular momentum L which results in the total angular momentum J. In contrast for
heavier atoms such as rare-earth elements, the individual spin and orbital angular momenta
of the atoms are strongly coupled to the individual total angular momentum for that elec-
tron alone. In this case, Russel-Saunders coupling does not accurately describe the electron
interactions and L-S coupling must be used where the angular momentum of the individual

electrons are summed to determine the total angular momentum J for the atom as follows

T=> ji=li+s. (2.16)
=1

2.2 Magnetic Ordering

The magnetic ordering of materials is determined by the individual attractive or repulsive
forces governed by the magnetic dipole interactions of their atoms. According to the arrang-
ment of their magnetic dipoles in the presence or absence of an externally applied magnetic
field, magnetic materials can be classified as diamagnetic, paramagnetic, ferromagnetic, anti-

ferromagnetic, and ferrimagnetic as shown in figure 2.3. Although, many other classifications
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Figure 2.3: The arrangement of the magnetic dipoles in diamagnetic, paramagnetic, ferro-
magnetic, ferrimagnetic, and antiferromagnetic materials [5]

of magnetic materials have been termed to date, only the few mentioned above are necessary

to provide the background for the content in the future chapters.

2.2.1 Diamagnetism

Electrons which possess a closed shell in an atom usually have their spin and orbital moments
oriented so that the atom as a whole has no net dipole moment. In other words, diamag-
netism is experienced for elements which lack unpaired electrons in their outer orbital shell.
Therefore in the periodic table, diamagnetism is experienced for monoatomic gases (i.e. Hy,
Ns, etc.). Similar principles apply to ionic solids such as NaCl in which the bonding ionic
bonding occurs with the transfer of an electron from Na atoms to the Cl atoms. The result-
ing ions (i.e. Na™ and CI') then both possess completely filled electron shells resulting in the
overall diamagnetic nature in ionic compounds. Compounds which are covalently bonded in

which electrons are shared equally between atoms) are also diamagnetic (i.e. C (diamond),
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Si, Ge, etc. ) due to the similar filled shell principle.

2.2.2 Paramagnetism

Paramagnetic materials can be explained classically and quantum mechanically. The classical
theory of paramagnetism is best described by the Curie Law which demonstrates that the
mass susceptibility x,, varies inversely proportional with the absolute of temperature as

follows

Xm =C/T (2.17)

where C' is the Curie constant per gram. Later it was proven that the Curie Law is a
very special case of the Curie-Weiss law which more accurately portrays the paramagnetic

behavior given by

C

where 6 is a constant with the units of absolute temperature T'. The idea of paramagnetism
was first constructed by Langevin, stating that such materials consists of atoms each with the
same overall magnetic moment p in which the spin and orbital moments within individual
atoms do not cancel out [6]. However, in the absence of an externally applied magnetic field
H, the atomic moments point in different directions so that the net magnetization of the
sample is zero. Naturally as H is applied, the magnetic moments of the individual atoms
have the tendency to point in the direction of H if there is no counteracting force. However,
as substantially large fields are required to align the magnetic moments in the direction of H,
an existing thermal agitation force must exist which tends to align the individual moments
at random. This results in a partial alignment of the moments with H following a small

but positive magnetic susceptibility. By increasing the temperature, the randomizing effects
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are enhanced which in turn decrease the susceptibility. To put this into perspective, typical

values for paramangetic substances are between ¥, = 1075 — 10°.

Paramagnetism can be understood by quantum mechanics quite easily. In quantum me-
chanics, the energy of the system is not continuously variable and must exist in discrete
states called quanta. Comparing the classical model to the quantum mechanical model, for
an individual atom the moment can be freely oriented in any particular angle 6 classically,
whereas quantum mechanically it must take on discrete allowed values of angles (i.e. 6y, 05,
etc.). As such, the states with different J, are degenerate in the absence of H. With the
application of H, the degeneracy is removed by the appearance of a magnetic moment in the

field with the energy (Zeeman energy):

¢, = —J,H. (2.19)

2.2.3 Ferromagnetism

In contrast to paramagnets, ferromagnets possess much higher magnetic susceptibilities rang-
ing between x,, = 10° — 107. As a result, such materials exhibit strong magnetic behavior
with large induced magnetization. The reason for the pronounced magnetic behavior is due
to the strong atomic moments arising from unpaired electrons in addition to the parallel
alignment of those atomic magnetic moments due to parallel aligned magnetic domains in
the absence of a magnetic field. The magnetic domains do not always necessarily align
completely parallel with one another and form so called domain walls. The magnetic do-
mains align in direction of the applied field by volume variation of the individual domains.
The spontaneous magnetization and the proposed mechanism of magnetic domains was first
proposed by Weiss by describing an effective molecular field [7]. It was proposed that the

molecular field was proportional to the bulk magnetic saturation but failed for ferromagnetic
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materials due to their intrinsic domain structure. However, he was not entirely wrong as in

this case, the molecular field was proportional to the saturation magnetization at 7' = 0K.

In 1928, W. K. Heisenberg introduced the exchange interaction between neighboring spins,
S; and SZ which explains the origin of large molecular fields in ferromagnets. The energy of

the exchange interaction e, is the eigenvalue of the Hamiltonian given by
Hew = Hij = —2J5:S,c0s(9) (2.20)

where J is the exchange integral and should not be confused with the total angular momen-
tum and ¢ is the angle between the two spins. By convention the positive value of J denotes
a parallel spin (i.e. ferromagnetic state), whereas a negative value denotes an antiparallel

spin (i.e. antiferromagnetic state).

The temperature dependence on the magnetic behavior of ferromagnets can be described
through their magnetic susceptibility. These materials possess significantly larger magnetic
susceptibilities in comparison to paramgnets due to their stronger magnetic moments and
relatively longer range ordering. However, beyond a certain temperature known as the Curie
Temperature T,, these materials begin to behave paramagnetically. Therefore, a ferromag-

net’s magnetic susceptibility can be described by

(2.21)

The Curie temperature is the absolute limit in which the ferromagnetism holds. As T =T, is
reached the magnetic susceptibility diverges indicating non-zero magnetization in the absence

of a magnetic field.
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2.2.4 Antiferromagnetism

The fundemental physics of antiferromagnetism was described by Louis Néel in the 1930s
earning him a renowned Nobel prize [8]. Antiferromagnets can be viewed as two ferro-
mangetic sublattices which oppose each other such that the magnetic moments completely
cancel each other. Similar to ferromagnetic materials, the antiferromagnetic ordering is
governed by the exchange interaction for negative values of J. As such, these materials
consist of antiparallel spins which result in an overall net zero magnetization as the mo-
ments completely cancel each other out. However, a very small magnetization may appear
for canted /disordered antiferromagnets or polycrystalline antiferromagnetic specimens which
are comprised of pinned moments due to grain boundaries. These materials possess small
magnetic susceptibility on the order of y,, = 107° — 1072 similar to that of paramagnetism,
with their difference being an ordered magnetism exists in antiferromagnets. However, the
susceptibility of antiferromagnets increases with increasing temperature reaching a maximum
value at the Néel temperature 7. Similar to ferromagnets, above T the antiferromagnetic

ordering is lost and paramagnetic ordering prevails following the Curie-Weiss law.

2.2.5 Ferrimagnetism

Ferrimagnets are an interesting class of magnetic materials which consist of two or more
sublattices with an antiparallel configuration that do not completely cancel. This occurs
as the magnetic moments of the sublattices are not similar in magnitude but oppose each
other. These magnetic materials possess specific characteristics and properties from both fer-
romagnetic and antiferromangetic materials. To put this into perspective, J in ferrimagnets
must be positive as they possess a spontaneous net moment, in contrast to antiferromag-
nets. However, values of J in ferrimagnets are substantially smaller than the values found

for ferromagnets. In addition, ferrimagnets follow the similar increase in susceptibility as
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antiferrimagnets. The magnetic susceptibility of ferrimagnets increases with temperature,

becoming paramagnetic beyond Tly.

2.3 Magnetization & Magnetic Hysteresis Curves

The study of the magnetic hysteresis loops in all classes of magnetic materials provides
insightful information on its material properties. Typically, hysteresis loops are commonly
studied for ferro and ferrimagnetic materials. As a result, this section shall begin with the
introduction of the hysteresis loop for an ideal ferro/ferrimagnet as shown in figure 2.4. The
hysteresis loop describes the magnetic flux density of an already pre-magnetized material as

a function of the applied field H denoted by B which is equal to
B(H) = iolH + M(H)] (2.22)

where pp = 1.25663706 x 10~7(H/m) is the permeability of free space M (H) is the magne-
tization of the material as a function of H. In the B curve, B,, is the saturation induction,
and B, is the remanence describing the value of B when the applied field H is removed.
Another important parameter is the coercive field H,., which describes the magnitude of the
applied field to coerce the material back to zero induction (i.e. demagnetize the material).
Now that the B hysteresis loop is understood, the relationship between B and H can be
investigated. The permeability of a magnetic sample p is given by the slope of the BH curve

as such

(2.23)

Sefiive
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Figure 2.4: Magnetization and hysteresis loop of an ideal ferro/ferri magnet. [9].

which can be rewritten in terms of the materials relative permeability pu, as

W B
My = —

which is dimensionless similar to .

In figure 2.4, the inner curve represents the materials virgin magnetization curve. This
describes the magnetization of a ferro/ferrimagnetic material which has not been magnetized.
Here, M, represents the materials saturation magnetization where the maximum value for
the magnetic moment is measured and is equal to B,,. It is important to note that once the
material has been magnetized once, the magnetic hysteresis curve will then begin to behave
similar to the outer loop. Most notably, the inner curve describing the virgin magnetization

begins from a near zero value in both the magnetization and applied field (origin of the BH
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axis). However, the induced magnetization B will never full return to that position once the
material has been exposed to a saturating magnetic field H,,. As such, the magnetization

curve M H can provide insightful information on the material’s susceptibility as such

==

(2.25)

where Yy is the susceptibility and M is the magnetization of the material as a function of the
applied field H. various forms of the susceptibility such as the mass, atomic, volume, and
molar susceptibilities are used which depends on the units in which the magnetization M
where measured. For instance as the mass susceptibility was used extensively in the previous

section, the mass susceptibility can be given by x,,

emu - M (emu/cm?)
Oe-g H(Oe)

Xon( p(g/em?) (2.26)

where p is the density of the magnetic material. The mass susceptibility x,, and the relative

permeability u,. can be related to each other by combining equations 2.24 and 2.25 as

pr = pio(1 + Xom) (2.27)

In general, for the various classes of magnetic materials described in the previous section,

the permeability and susceptibility can be generalized as shown in table 2.1.

| Type | p | x
Free Space 1 0
Diamagnets <l small & xy <0
Ferro & Ferrimagnets large & > 1 large & x > 1
Para & Antiferromagnets w>1 small & x >0

Table 2.1: The generalization of the permeability and susceptibility of free space, diamagnets,
ferro & ferrimagnets, and para & antiferromagnets.
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Figure 2.5: From left to right, the magnetic susceptibility shown as a function of temperature
for a paramagnet, ferromagnet, and antiferromagnet [10].

As discussed earlier, paramagnets and antiferromagnets have similar hysteresis curves with

relatively small but positive magnetic permeability p and susceptibility x.

2.4 Magnetic Anisotropy

Anisotropy is derived from the Greek words Anisos "unequal”, and tropos meaning ”turn”.
As described earlier, magnetic dipoles which give rise to magnetism are intrinsically direc-
tional. Therefore, as all magnetic materials are comprised of many magnetic dipoles oriented
in various configurations, there must be a preferred orientation in some materials which is
governed by the so called magnetic anisotropy. The importance of magnetic anisotropy in
the design of many magnetic commercial devices employing ferro and ferrimagnetic mate-
rials is of significant importance as represented by the coercive field of magnetic materials.
This is because magnetic properties in magnetic materials possess different characteristics in
various directions arising from the intrinsic magnetic anisotropy. Therefore, to fundamen-

tally understand the magnetic behavior completely in ferro and ferrimagnetic materials, a

30



thorough understanding of magnetic anisotropy is required. The most significant sources
of magnetic anisotropy shall be explained here which are the magnetocrystalline (MCA),
the magnetoelastic anisotropy (MEA), elastic anisotropy, and the shape anisotropy which is
also referred to as the demagnetizing field (demag for short), the zeeman energy, and last
the energy arising from the exchange interaction. Therefore, the total energy of a magnetic

system Ep can be written as

ET = EMC’A + EMEA + Eex + Edemag + Ezeeman (J/m3) (228)

where Fjc4 is the energy from the MCA, Ey/g4 is the energy from the MEA, E,; is energy
from the elastic anisotropy, and Epemqg is the energy from the shape anisotropy, E.eceman is
the zeeman energy, and E,, is the energy due to the exchange interaction. It is important
to note that the exchange interaction is completely isotropic and does not contribute to
the overall anisotropy. Therefore, the total anisotropic energy in a magnetic system can be

rewritten as

Ean == EMCA + EME'A + Eel + Edemag + Ezeeman (J/m3) (229)

The total anisotropy E,, is related to the coercive field H. and saturation magnetization M,

of the magnetic material by

B = M,H,. (2.30)

Equations 2.29 and 2.30 will be very important in the findings presented in the future
sections. Below, the origin of the individual contributions to the total magnetic anisotropy

shall be explained.
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2.4.1 Magnetocrystalline Anisotropy

The magnetocrystalline anisotropy (MCA) is the only source of anisotropy intrinsic to a
material, as it originates from the spin-orbit coupling [11]. One would believe the origin
of the MCA would be due to the exchange interaction of two neighboring spins controlling
their parallel or antiparallel alignment. However, the exchange interaction is strong but
completely isotropic as it only depends on the angle between the two as show in in equation
2.20. To understand how the MCA originates from spin-orbit coupling, the interaction
energies between the spin, orbit, and lattice must be compared to each other as shown in
figure 2.6. The spin-orbit coupling is strong but relatively weak compared to the strength of
the orbit with the lattice, as the orbital moments are quenched. The quenched orbits cause
their orientations to become fixed very strongly to the lattice and the application of very

large fields do not reorient them.

Figure 2.6: The strength of the interactions between the spin, orbit, and lattice [11]

Now consider the interaction of the spin and the orbital motion of the electrons together. The
application of a magnetic field tends to reorient the electron and the orbit of the electron also
tends to become reoriented. However, the orbit is strongly coupled with the lattice resisting

any attempts to become reoriented. Therefore, the energy required to overcome the spin-
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orbit coupling which in turn will rotate the entire spin-system is the MCA. The magnitude
of the MCA energy decreases more rapidly than the magnetization as temperatures are
increased, vanishing at the curie point. The energy of the MCA E);c4 naturally depends on
the crystal structure of the magnetic material. However, two important equations for Fy;ca
have been developed which accurately describe the energy in all crystal systems which are

divided into the cubic anisotropy and the uniaxial anistropy.

MCA in Cubic Crystals

Eyrca for cubic crystals approximated to the 6 order given by

Efjé’f = Ko+ Kl(ozf + ozg + ag) + Kg(a%agag) (2.31)

where K and K5 are the magnetocrystalline aniostropy constants and vary for each material
system, and a1, g, and agz are the directional cosine terms with respect to the direction of

magnetization vector M.

Each cubic crystal system has its own easy and hard direction. To put this into perspective,
BCC iron has the easy axis in the <100> and hard axis in the <111> directions as shown in
figure 2.7. The magnetocystalline anisotropy constants play an important role in determining
the preferred crystallographic orientation of the MCA. As shown in figure 2.9a for iron,
K, > K, where the dominant K; approximating the 4" term is positive resulting in < 100 >
as the easy axis in BCC systems. However, nickel crystallizes in FCC which has the preferred
easy axis along the <111> direction and hard axis along <100> as shown in figure 2.8. As
shown in figure 2.9a for nickel, K; < K, where the dominant K; approximating the 4™ term

is negative resulting in <111> as the easy axis in FCC systems.
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Figure 2.9: Surface energy plots of the MCA energy in a) BCC iron for K; > Ky b) FCC
nickel where K < Ks.

MCA in Uniaxial Crystals

Uniaxial crystals contain one crystallographic axis that is physically substantially longer than
other crystallographic axes. These crystals systems are hexagonal, tetragonal, and trigonal
crystal structures where the c-axis is noted as the much longer axis, hence the term uniaxial

crystal. As such, the Ejyca for uniaxial crystals approximated to the 4" is given by
Eyca = Ko+ Kysin®(0) + Kasin®(0) (2.32)

where 6 is the angle between the magnetization vector M, and the crystallographic c-axis
(the easy axis of magnetization), and K; and K, are the magnetocrystalline anisotropy con-
stants unique for each magnetic material. Similar to the cubic magnetocrystalline anisotropy

constants, the K; and K, terms dictate the orientation of the magnetization.

If both K; and K, are positive, the M, falls along the c-axis where the minimum energy is
found for 8 = 0°. If both K; and K, are negative, M, lies along a basal plane perpendicular
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to the c-axis where the minimum energy is found for § = 90°. If K; and K, have opposing
signs, the situation is much more complex as shown in figure 2.10. If K is positive and Ko
is negative, the line Ky = — K is the boundary between the magnetization lying in the basal
plane or the c-axis. In this case if K1 = —K5, there are two easy direction lying at 0° and
90°. Now if K; is negative and K, is positive, the limit of the easy-plane behavior follows
Ky < %K 1 where in this range the minimum FEjp;c4 lies between the angles of 0 — 90° and

there is an easy cone of magnetization in this state.

Easy
210°
cone 20
30°
45°
Easy c-axis
60°
K>
Kg = - % K]
K,
Easy
basal
plane K, =-K,

Figure 2.10: Easy directions and planes in uniaxial crystals for all possible values of K1 and
K2. [11]
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2.4.2 Magnetoelastic Anisotropy

The magnetoelastic anisotropy (MEA) arises due to the effect of stresses (or strains) which
alter the magnetic domain structure. Similar to the MCA, the MEA originates from the
modulation of the spin-orbit coupling which in turn controls the magnetic domains [12].
To put this into perspective, any mechanical strain directly effects the crystal lattice where
modification to the spin-orbit coupling occurs [13]. In addition, MEA is defined for both

cubic and uniaxial crystals similar to the MCA which will both be discussed below.

MEA in Cubic Crystals

The cubic MCA energy term to the 4" order is given by

Eﬂ%i = 31(6106% + 62063 =+ 63043) + 2BQ<E4O&20€3 + ez + €6a1052) (233)

-

where «; are the directional cosine terms with respect to the magnetization vector Mj,
€; are the strains measured along the crystallographic directions, and B; and Bs are the

magnetoelastic coupling coefficients. By and B, are given by
3
By = —5(011 - C12)/\100 , By = —3cuhinn (2'34)

where ¢1; and cjp are the elastic constants, and Aoy are the magnetostriction constants
A11- As one would expect, the MEA and magnetostriction are one where the former is
the energy and the later describes the physical effect. Therefore, it is clear that without
understanding the physical origin of MEA, it is near impossible to fully comprehend the
physical origin of magnetostriction which shall be reviewed in more detail in section 2.4.
As such, the significant importance of magnetic anisotropy can be clearly highlighted here

where magnetostriction (MEA) driving many of today’s devices in industry could not exist
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without magnetic anisotropy.

Equation 2.35 can be written in terms of the magnetostriction constants as
cubic 3 2.2 2,2 2.2
Eyica = —5)\1000(04171 +a37 +a373) — 3Ano(@aeyiye + aeazyeys +arazyiys) (2.35)

where o is the magnitude of the stress vector (o = |d|), and ~; are the directional cosine
terms with respect to the stress vector . Equation 2.35 represents the MEA for a single
crystal magnetic sample. However, magnetic materials today are largely polycrystalline. As

such, equation 2.35 can be simplified for a polycrystals assuming Ajgg = A111 = \;
cubic 3 -2
Eica s = sAsiosin”(0) (2.36)

2

where 6 is the angle between the magnetization vector M, and the stress vector &.

MEA in Uniaxial Crystals

The MEA in uniaxial crystals is similar to that of the polycrystalline cubic materials in

equation 2.36. However, for uniaxial crystals it can be rewritten

Eypiazial — | _sin®(0) (2.37)
where K, is the stress anisotropy constant given by K, = %)\Sia. By writing the equation in

this manner, the axis of stress is the easy axis of K, is positive, and the easy axis lies in a

plane perpendicular to the axis of stress if K, is negative.
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2.4.3 Elastic Anisotropy

The elastic energy is also an important factor which adds to the magnetic anisotropy. The
elastic energy can be described as the potential energy stored in the material as it is subjected
to plastic deformation by a force/work performed on it. The elastic energy in bulk materials
can be transfered in various wasy such as stretching, shearing , bending, twisting, etc. which
all in various ways aid to the elastic energy of the distorted material. As such, the elastic

energy can be described for all crystals by

1
Eel == iCijkleijekl (238)

where Cjji; is the 4t order elastic /stiffness tensor, and ¢€;; and ekl are the strain tensors. For
a material with cubic symmetry the elastic energy is written as

1 1 1
Eel = 5011(6% + 6% -+ 63) + 5012(6162 + €963 + 6163) —+ 5044(62 -+ Eg + Eg) (239)

2.4.4 Shape Anisotropy

Shape anisotropy are interchangeably used to describe the same physical phenomena. As
magnetic materials have magnetic domains oriented in the same direction, magnetic ”free
poles” appear on the surface of the material due to a discontinuous change in the magne-
tization perpendicular to the surface. As a result, a large demagnetizing field followed by
large magnetostatic energy are produced. In addition, this causes the formation of mag-
netic domains in materials, as domains are formed to minimize these demagnetizing fields

by balancing the exchange energy with the magnetostatic energy. The energy term for the
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Side View

Top View

Figure 2.11: Demagnetizing field for two circular disks with in-plane magnetization. The
disk on the left is thinner and has a demagnetizing field going through the top and the
bottom of the disk. The disk on the right is thicker and the demagnetizing field goes around
the disk to minimize its energy.

demagnetization energy can thus be written as

-

1 —
Edemag = éuo(N - My) - M (2.40)
where it can be written for a general ellipsoid as

elli 1
Edilnfag = §M0M52<N1a’§ + NgOég + NgOé%) (241)

where N is the 2°¢ order demagnetization tensor and a; are the directional cosine terms with

respect to the magnetization vector M, [14]

The shape anisotropy is naturally dependent on the geometric shape of the magnetic material.
The shape anisotropy in a constant attempt to be at a minimum. Figure 2.11 shows the top
and side view of two circular disks with similar radii but varying thicknesses where the brown
lines represent the demagnetization field of each disk. The demagnetization field shown in
the left thinner disk minimizes by preferring to pass over and under the disk rather than going
across the sides. However, for the the thicker disk shown on the left, the demagnetization

field prefers to go around the disk to minimize its energy. The shape anisotropy also governs
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the domain structure as naturally domains are a way of minimizing the demagnetization
field. As such, by micropatterning various shaped magnetic structures (i.e. disks) single

domain or multi-domain states can generated in magnetic structures.

2.4.5 Zeeman Energy

The Zeeman energy is the energy introduced to the system in response to an externally
applied magnetic field. It is a form of potential energy of continuous magnetic moments

when subjected to an applied magnetic field given by

Ezeeman = ,UO/ M - HdV (242)
|4

where V represents the volume of the body, ug is the permeability of free space, M is the

magnetization, and H is the externally applied magnetic field.

2.5 Magnetostriction

When a magnetic material is subjected to an externally applied magnetic field its dimensions
changes, termed magnetostriction. It was found by Joule in 1842 who witnessed a change
in the dimensions of an iron rod by applying a weak magnetic field lengthwise to an iron
rod [15]. The fractional change of in length A = Al/l is naturally a strain which can be

distinuished from an applied strain € as a result of stress o by defining

\ = - (2.43)

where A is the unit-less magnetostriction term and [ and Al represent the length and the
change in the length respectively. The value of A measured at the saturation magnetization
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M is termed the saturation magnetostriction denoted by As as shown in figure 2.12.

As the magnetostrictive effect is rooted from the magnetoelastic anisotropy (MEA), there-
fore it also originates from spin-orbit coupling. As such, the magnetostrictive effect occurs
by domain wall motion [16]. Magnetostriction is not prominently seen in many magnetic
materials, in which values of )\, are roughly on the order of 107°. However, as a result
of inverse magnetostrictive effects such as the application of various external stresses, alter
magnetic properties such as the permeability p and the coercive field H.. In turn, this effects
the size and shape of the magnetic hysteresis loop, which is very useful for magnetic devices

utilizing highly magnetostrictive materials.

Two types of magnetostriction occur, spontaneous magnetostriction and forced magnetostric-
tion. Spontaneous magnetostriction occurs when a material is heated beyond its Curie tem-
perature T, and then cooled to below it. Forced magnetostriction occurs when a sample is
subjected to an externally applied magnetic field large enough to increase the magnetization
of the domain above its spontaneous value. Both types of magnetostriction increase the

spin-order in the system.
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Figure 2.12: Magnetostriction as a function of the applied field [11].
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2.5.1 Magnetostriction in Single Crystals

Measurement of the magnetostriction coefficients Ajgg and \1q; for various magentostrictive
materials are of significantly importance to the scientific community in particular for those
who utilize these values in micromagnetic models. Figure 2.13 shows the measurement of
magnetostriction in single crystal iron in the [100] direction. In figure 2.13a, the multi-
domain structure is clearly seen in the single crystal iron sample. In figure 2.13b, although
an exaggeration of the magnetostrictive effect is presented, it is clearly evident that the
majority of the domains have rotated to the direction of the applied field. As the domains
which were originally oriented along the [010] direction rotate by domain wall motion, the
domain must expand in the [100] direction and contract in the [010] direction resulting in
the elongation of the crystal Al. As such, the measured difference in the length shown by
Al is used to determine Ay for iron in this example. Through a similar approach in the

[111] direction, Aj1; can also be determined.
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Figure 2.13: Measurement of the magnetostriction in single crystal iron in the [100] direction
[11].
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2.5.2 Saturation Magnetostriction in Cubic Crystals

It is a common misconception that the cubic crystals which undergo magnetostriction are
completely cubic, as this is the case only when the material is at a temperature above T,
[17]. However, the tetragonality is fairly small and the crystals can be assumed to be pseudo-

cubic. As such, the saturation magnetostriction term for these crystals can be written as

/\s = )\100 + 3()\111 — Aloo)(a%ag + agag + O./%Ozg) (244)

2.6 Summary

This chapter aims to provide a brief understanding of the fundamental principles of magnetic
materials and their properties which will be extensively covered in detail in the next chap-
ters. The origin of magnetism is necessary to understand the content in Chapter 3 where the
interaction of X-rays with the spin and orbital magnetic moments are explained. The mag-
netic ordering of magnetic materials are necessary to comprehend the various dynamics and
properties intrinsic to each class of magnetism, in particular ferri and antiferromagnets for
this dissertation. Without the comprehension of magnetic anisotropy, most of the applica-
tions employing magnetic materials cannot be practically understood. Evidently, it is critical
to provide an extensive background on magnetic anisotropy, as its manipulation leads to the
majority of today’s working magnetic devices. And the last section covers magnetostriction,
an intrinsic property of all magnetic materials. Coupling magnetostrictive materials with
piezoelectric ones has lead to the development of the field of multiferroics which represents

the future of efficient magnetic based devices.
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Chapter 3

X-Ray Absorption (XAS) and

Magnetism

This section will review the basics of X-Ray absorption (XAS) and how it can be utilized to
probe the magnetism of materials on an elemental basis. This is typically achieved by the
dichroic response in magnetic materials when exposed to polarized X-Rays (i.e. circularly
and linearly polarized) in conjunction with an applied field. Circularly polarized X-Rays are
utilized to probe the magnetic response of elements with a spontaneous net moment. This
technique is referred to as X-Ray Magnetic Circular Dichroism (XMCD). On the other hand,
the magnetic response of atomic elements which couple antiparallely are studied by X-Rays
with linear polarization by a method called X-Ray magnetic linear dichroism (XMLD). Both
XMCD and XMLD are derivatives of XAS and have become exceptionally important tools
for investigating the magnetic responses of individual atomic elements in complex magnetic
systems. To understand the physical operating principles of XMCD and XMLD, the theory

of XAS must be introduced first.
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3.1 X-Ray Absorption Spectroscopy (XAS)

X-Rays are electromagnetic radiation (i.e. light) with wavelengths ranging between 0.01-100
A. As such, all materials will absorb certain energies of X-Ray radiation when exposed to
white-light (non-monochromatic) X-Rays. Figure 3.1 shows a thin film of material with
thickness z < 1000 Ain transmission mode. Upon introduction of the sample to the incident
X-Ray beam [, the transmitted beam [(z) is attenuated with a linear absorption coefficient

w(E) [1] given by equation 3.1.

I, = Lye MP)= (3.1)

I 1(2) = Ije~*E)z

v

“«—>
VA
Figure 3.1: Absorbance of X-Rays through a thin film of thickness z in transmission mode.

The attenuation of X-Rays is due to absorption and scattering processes that occur once
they enter material mediums. Each substance has a characteristic length A which is inversely
related to the linear absorption coefficient as u(E) = 1/A. The interaction of X-Rays with
the charged particles such as electrons, results in their oscillation due to the electric field
contribution of the electromagnetic wave (i.e. X-Rays). This oscillation is heightened at
certain energies called the absorption edges as the time-dependent field causes a sharp energy
rise between the transitions between the initial and final states. The absorption edge energies
are determined by the binding energy of the core-level electrons which these transitions occur

from [2]. XAS is performed by sweeping the energy of the incident beam and measuring the
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intensity of the transited beam as shown by 3.2. Here, the two distinct peaks are as a result
of the sharp electron transitions at roughly 707 eV and 720 eV which are referred to as Fe

L3 and Ly absorption edges.

1.0 1 L3

e
co
L

e
[+2]
L

e
F
1

XAS (arb. unit)

o
N
1

R, |

690 700 710 720 730 740
Energy (eV)

Figure 3.2: X-Ray absorption of BCC Fe at the L3 and L, edges.

The two absorption edges arise from electron transitions from the 2p electron orbital to empty
3d valence states. To understand this better, refer to figure 3.3 which shows the attenuation
and ejection of the core-electrons in Fe. Figure 3.3a) shows a simplified diagram of the
electron configuration of Fe before absorption of X-Rays. Figure 3.3b) shows the electron
configuration once the X-Rays with the absorption edge intensity have been absorbed at the
L-edges and the electron has become ejected from the 2p to the 3d orbital. This can be more
clearly understood by referring to figure 3.3c) which shows the split energy levels of the 2p
orbital. The 2p orbital is split into two states, 2ps/, and 2p;/» where the later possesses a
larger binding energy due to its closer proximity to the nucleus [3]. In figure 3.3d) once the X-
Ray energy absorbed by the 2p3/, electron is roughly equal to the L3 absorption edge energy
(i.e. 707 eV), it is ejected to an empty state in the 3d orbital and releases its energy in form
of a photoelectron. This released photoelectron is what is directly or indirectly measured
during XAS. If the measured photoelectron is released from an electron originating from
2ps /9 state then the energy released is referred to as the Lz edge energy, and if the electron

originates from the 2p, s, state it is referred to as the L, edge energy [4]. In the next section,
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various detection mechanisms of this photoelectron will be explained in more detail.

Electron configuration of Fe

c)
Spin-up Spin-down Spin-up Spin-down
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Figure 3.3: Absorption of X-Rays at the Fe L3 edge. a) electron configuration of Fe before
absorption of X-Rays. b) electron configuration of Fe after absorption of X-Rays showing
core-electron ejection from p to empty d orbital. c) Detailed electronic states of Fe before
absorption of X-Rays. d) electron transition from 2ps/, state to empty 3ds/, state showing

L3 absorption edge.
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3.2 XAS Detection Methods

3.2.1 Transmission Mode

As shown in the previous section in figure 3.1, a direct measurement of the X-Ray absorption
across the cross-section is through the transmittance of the photon flux through the sample.
A major disadvantage of this detection method has to be that samples need to be extremely
thin and mounting them within apparatuses are troublesome. However, a major advantage
of transmission mode measurements are detection through the entire bulk of the sample
rather than just the surface. The initial beam intensity of the sample I is measured by a

second grid typically either a solid metal plate or silicon photodetector [5, 6].

3.2.2 Total Electron Yield (TEY)
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Figure 3.4: Sample configuration in total electron yeild (TEY) measurement mode from
reference [7].

Figure 3.4 shows the sample mounted in total electron yield (TEY) mode. In this type
of measurement, the absorbed X-Ray intensity is not directly measured as in transmission

mode. Instead the the photoelectrons that are generated are measured by the drain current
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X-Ray Fluorescence
E=hw

s |

G

Figure 3.5: Schematic of interaction of X-Rays with sample in fluorescence yield measurement
mode.

Sample

of the sample by a pico-ammeter [7]. Therefore, the absorption intensity measured by the

drain current I, is given by 3.2.

I, = Iypz (3.2)

The TEY is proportional to u if the absorption length of the incoming X-Rays are larger than
the average escape depth of the photoelectrons [5]. Since the probing depths of the secondary
electrons generated are roughly 20 A, the measurement modes are extremely sensitive on the
surface. This becomes a problem for magnetic films with capping layers as the measurement

mode is not sensitive at greater depths.

3.2.3 Fluorescence Yield (FY)

Due to the impracticality of using ultra-thin films for transmission mode measurements and
the rather weak penetrative sensitivity of TEY, researchers have turned their interest to

other detection methods of the linear X-Ray coefficient. Figure 3.5 shows the interaction
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of X-Rays with a sample in fluorescence yield mode. Utilizing secondary effects such as
Auger electrons and X-Ray florescence are proportional to the absorption under the proper
conditions and can be utilized to determine p [8]. Dissimilar to Auger electrons, fluorescence
photons are not charged particles and are insensitive to magnetic fields [9] which become
crucial for X-Ray measurements with an applied magnetic field. In addition, fluorescence
photons are able to escape from insulating samples whereas Auger electrons cannot. In
addition, fluorescence electrons can escape at larger depths, allowing greater penetration

depths in samples [10].

3.3 X-Ray Circular Magnetic Dichroism (XMCD)

Recall that XMCD is used to determine the magnetic response of any element with a net
spontaneous magnetization. For 3d transition metals, the magnetic moment arises from
unpaired 3d orbital electrons whereas for rare-earth elements the magnetic moment arises
from unpaired 4f electrons. Therefore, XMCD on 3d metals is typically performed at the
L, 5 absorption edges whereas for rare-earth elements it is performed at the M, 5 absorption
edges, and the reasons for this shall become clear at the end of this section. At the core,
XMCD is performed by taking the difference in the absorption spectra as a function of energy
of left and right-handed circularly polarized X-Rays in a fully saturated magnetic material.
Figure 3.6 shows the response with the two circular polarizations denoted by the sign of
and the XMCD which is the difference between the two. In practice, this dichroism can
be obtained in various ways and in order to understand the reasons for this, the detailed

electronic structure of Fe must be revisited.
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Figure 3.6: X-Ray Magnetic Circular Dichroism (XMCD) performed at the Fe Lo 5 edges in
thin film NiglFelg.

Figure 3.7 shows the spin-polarized electronic configuration of the 2p, 3d, and 4s electronic
states in Fe. It has to be noted that the 2p3/, and 2p,/, states have opposing spin-orbit
coupling such that their total angular momentum J are J = L+S and J = L—.S respectively.
In XMCD, left and right-handed circularly polarized X-Rays are utilized to couple with these
spin-up (J = L+S) and spin-down (J = L—.S) states and provide preferential absorption due
to the imbalance in the spin-up/spin-down density of states that are the origin of magnetism
in magnetic elements [11]. Referring back to figure 3.6, as left-handed circularly polarized
X-Rays (u™) are applied at the absorption edges, the preferential absorption for spin-up
electrons occurs as shown in figure 3.7b) and only certain spin-up states may be filled.
Now once right-handed polarization (p~) is applied at the absorption edges, the preferential
absorption for spin-down electrons occurs and they cannot fall into similar energy states
as in the spin-up (u*) polarization [12]. Therefore, due to the imbalance in the spin-up

and spin-down density of states in magnetic materials, XMCD can be used as a method to
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investigate the magnetic properties in materials at each individual element.

a) spin-down spin-up b) spin-down spin-up
——O—4—0— 434, 4 ——O—4—0O0—— 4sy;

—9—9—9{-0—0—0-3ds —4—¢—91-0—0—0-3ds
—‘ * ? O— 3dap —‘ * ’ R 3d3,

X-Ray

_ —_— iphotoelectron

vV ——1¢——nsls — o1 ¢ 2,

L

(S+17) H+ = .1

Energy (eV)

) spin-down spin-up d) spin-down spin-up
—O—F—0—— 4s —*—\L—Oi 4
12 photoelectron Sv2

A

49410003 [T _¢—4iblo 8 3,
—‘—*——*—O— 3ds; = —‘ ‘ * *— 3ds,
G

X-Ray )

L v |
—‘—‘——?—*— 2ps; J=L+S —‘—9_—*—0— 2ps/

¥ —— 14— 2nLs —— 2p112

H- =

—

Energy (eV)

Figure 3.7: Spin-polarized absorption of X-Rays at the Fe Lz edge. a) electron configuration
of Fe before absorption of left-handed circularly X-Rays (u). b) electron configuration of
Fe after absorption of (u) X-Rays showing that spin-up states may only occupy empty 3d
spin-up states. c) electron configuration of Fe before absorption of right-handed circularly
X-Rays (u7). d) electron configuration of Fe after absorption of (x~) X-Rays showing that
spin-down states can only occupy empty spin-down states in the 4s;/, state as all 3d spin-
down states are fully occupied.

In practice however, the two polarizations in XMCD can be obtained by switching the
orientation of the applied magnetic field, while holding the circular polarization constant
and sweeping the photon energy. This provides faster sequential XAS scans as switching the
polarization takes quite sometime to fully stabilize and may cause significant discrepancies

in measurements. Therefore, by application of a positive magnetic field (u* = +H) coupling
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with the spin-up states (J = L + 5) is achieved. Subsequently, application of a negative
magnetic field (u~ = —H) results in preferential absorption with the spin-down states (J =
L—S). However, as the magnetism of elements can be directly probed, the magnetic moments
of individual atomic elements may also be obtain by applying the XMCD sum rules which

shall be introduced in the following section.

3.4 XMCD Sum Rules

In 1992, B.T. Thole developed a set of sum rules to deduce the orbital and spin magnetic
moments of elements from the XAS and XMCD spectra [13, 14]. This was done using the
opposing spin-orbit coupling at the transition metal Lo 3 edges. For transition metals, XMCD
measurements performed at the L-edges are split into the L3 edge (electron transition from
2p3/o state to empty 3d states) and the Ly edge (electron transition from 2p; /2 state to
empty 3d states) as a result of the spin-orbit coupling of the 2p hole [12]. The 2ps/>(L + 5)
and 2p;o(L — S) states governing the electron transitions at the L3 and L, edges possess
opposing spin-orbit coupling with an energy intensity ratio of 2 to 1 [15]. As the exact
electron transitions at the Lz, edges (2p3/2 & 2p1/2 — empty 3d states) are unknown, the
XMCD sum rules integrates over the entire photon energy spectrum to include all possible
electron transitions [13, 14]. As such, the elemental orbital < L, > and spin < S, >
angular momentum along the beam axis (z-axis) can be determined by integrating the XAS
and XMCD spectra with respect to the photon energy at the characteristic edge energies.
< L, > can be determined by integrating the XMCD spectrum with respect to the photon

energy (E) at the Ly 3 edges [12, 15, 11] for transition metals given by equation 3.3.

(La)sa =~ | (Bhiy = Apr,)dE (3.3)
Lo 3
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In equation 3.5, ny, represents the number of holes (i.e. unoccupied final states) in the 3d
orbital of each element. These values can be whole integers for example elemental Fe holds
has 6 electrons in the 3d orbital therefore, it has 4 holes. These holes represent the empty
states where an electron can be occupied to fulfill the transitions at the L 3 edges. Equation
77?7 represents the integrated spectrum of the unpolarized radiation N, found by integrating
the averaged polarized XAS spectra (i.e. 1/2(ut 4 p~)) with respect to the photon energy

(E) as shown by equation 3.4.

N = /%(pfr +u")dE (3.4)

The spin angular momentum < S, > is calculated using the intensity ratios between the Lo 3
edges (2L3 to 1Ls) for Fe [15, 11] given by equation 3.5. Referring back to 3.7, the intensity
ratio of 2:1 is due to the fact that there are a total of 4 electrons in the 2ps3/, state and 2
electrons in the 2p,/, state. The term < T, > represents the intra-atomic dipole operator
related to the quadrupole moment of the spin density distribution [15] and is a correction

term for the spin momentum < S, > [11].

3
(8= =5 | (s, = 28p,)dB ~ 7(S.) (3.5)
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Figure 3.8: XMCD sum rules of Fe L 3 edges in thin film Nig Feyg.

Application of the XMCD sum rules to the measured polarized XAS and XMCD absorption
spectra can be done by referring to figure 3.8. Here, figure 3.8a) shows the XMCD in
green followed by the spin and orbital integration curves in blue (dashed) and red (solid)
respectively. The orbital moment integration curve shown in red denoted by (Int. XMCD
L3 + L) was performed by integration of the XMCD spectra with respect with the energy.
The spin moment integration curve was obtained by taking the difference of the XMCD
spectra with a 2x factor multiplied to the XMCD at the L, edge. As it can be seen in
figure 3.8a), the integration curves both converge to a value shown by the right axis of the
plot. These converged values for the orbital and spin moments can be directly applied in
equations 3.3 and 3.5 to obtain the orbital and spin moment of the 3d elements respectively.
To determine N, the polarized XAS spectra must be averaged and integrated with respect to
the energy. Shown in figure 3.8b), the polarized XAS spectra are averaged and subsequently
integrated. Similar to the integrated XMCD curves, the value in which the integration curve

converges to can be directly applied in equation 3.4 to determine N accordingly.

The XMCD sum rules for rare-earth elements follow similar principles to the transition

metals. However, since their magnetic moments arise from unpaired electrons in the 4f
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orbital, the sum rules are different in nature. XMCD measurements performed at the M-
edges are split into the M5 edge (electron transition from 3ds/, state to empty 4f states)
and M, edge (electron transition from 3ds/, state to empty 4f states) as a result of spin-
orbit coupling of the 3d hole [16]. The 3ds/2(L + S) and 3dz/2(L — S) states governing
the electron transitions at the My and M, edges have opposing spin-orbit coupling with
an energy intensity ratio of 3 to 2 [17]. Therefore, by using polarized XAS scans (i.e.
ut =417 (L+S) & p= = —1T (L—S) ), the preferential absorption of the spin-up electrons
at the M; edges and spin-down electrons at the My edges can be determined similarly to
the 3d metals [11]. As the exact electron transitions at the Ms, edges (3ds/2 & 3ds, —
empty 4f states) are unknown, the XMCD sum rules integrates over the entire photon
energy spectrum to include all possible electron transitions [13, 14]. As such, the elemental
orbital < L, > and spin < S, > angular momentum along the beam axis (z-axis) can be
determined by integrating the XAS and XMCD spectra with respect to the photon energy
at the characteristic edge energies. < L, > can be determined by integrating the XMCD
spectrum with respect to the photon energy (E) at the M, ; edges [16, 17] using equation
3.6.

3n
(Lo)ap = =57 | (Duas, = Dyuag)dE (3.6)
My 5

The spin angular momentum < S, > is calculated using the intensity ratios between the

M, 5 edges (3M5 to 2My) [16, 17] and is given by equation 3.7.

(5215 =~ | (Awas, = S A )dE = 3(T2) 3.7)
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Similar to 3d elements, < T, > represents the intra-atomic dipole operator related to the
quadrupole moment of the spin density distribution [15] and is a correction term for the spin
momentum < S, > [11], n, represents the number of holes in the 4f orbital, and N for is

the same as equation 3.4.
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Chapter 4

Investigation of the Magnetic

Anisotropy in Terfenol-D

4.1 Introduction

Manipulating the magnetic moment with applied fields or mechanical strain requires over-
coming or manipulating the magnetic anisotropy and represents an important process for
devices in spintronic applications. However for rare-earth materials, developing and engi-
neering magnetic anisotropies catered to particular applications are challenging at this time
as the impact of the elemental spin-orbital moments towards the overall magnetic response is
not well understood [1, 2, 3]. This is specifically important as the magnetic anisotropy arises
from spin-orbit coupling between the element’s spins and their orbits which couple with the
lattice crystal field to dictate the orientation of the magnetic moments and magnetic hard-
ness [4, 5]. Experimental studies have shown that modifying the spin-orbital moments of
specific elements within a material strongly influences the magnetic anisotropy [6, 7, 8, 9] and

provides an opportunity for developing new materials optimized for particular applications.
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However, detailed investigations focused on rare-earth magnetostrictive materials where both
the magnetoelastic and magnetocrystalline anisotropic responses are rather large, complex,

and dictate the overall magnetic response are presently lacking.

Rare-earth ferrimagnetic Thg 3Dy 7Fey (Terfenol-D) is one of the most widely investigated gi-
ant magnetoelastic materials due to its large room temperature magnetostriction with small
magnetocrystalline anisotropy (MCA) [10]. The magnetic properties of Terfenol-D were en-
gineered by alloying ferrimagnetic ThFes with DyFe,; to minimize the MCA while retaining
large magnetostriction [11, 12]. Previous researchers studied various compositions to opti-
mize the magnetostriction while minimizing the MCA for sonar applications and termed this
selected composition (i.e. Thg 3Dy 7Fey) Terfenol-D [13, 13]. Rare-earth thin films such as
Terfenol-D have recently become widely utilized in a number of device applications [14, 15],
innately demanding the study of various contributions towards the magnetic anisotropy in
addition to the magnetocrystalline ones. Therefore, the magnetoelastic contributions to-
wards the magnetic anisotropy must also be studied due to the residual stresses in thin films

[16].

Measurement techniques such as soft X-ray absorption (XAS) and X-Ray magnetic circular
dichroism (XMCD) paired with the XMCD sum rule calculations have been used to study
elemental spin-orbit moments and their influence on the magnetic anisotropy in various
materials [17, 18, 19]. These studies are performed by lowering temperatures to increase the
magnetic anisotropy due to stronger spin-orbit coupling that can be accurately measured
by XMCD [4]. An XMCD study performed on the ferrimagnetic magnetostrictive alloy
DyCos showed that the enhancement of the thermally induced magnetic anisotropy at lower
temperatures was caused by increases in the Dy element’s magnetic moment [20, 21]. XMCD
spectroscopy on ferrimagnetic multiferroic ThMnOj showed similar thermally induced MCA
changes caused by large increases in the Tb orbital moment [22, 23]. With strong foregoing

evidence of the 4 f orbital contributions to the magnetic anisotropy, we perform XMCD from
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100 to 300 K (with liquid nitrogen cooling) and utilize the XMCD sum rules to investigate
and directly determine the relationship between the elemental spin and orbital moments
with the coercive field and formulate these contributions in terms of the magnetocrystalline

and magnetoelastic anisotropies in Terfenol-D thin films.

4.2 Experimental Setup

Terfenol-D thin films were deposited on 2-inch diameter c-plane sapphire substrate using an
ultra-high vacuum magnetron sputtering system. A Ta barrier and capping layer were de-
posited in-situ producing a layered sapphire(430 pm)/Ta(10nm)/Terfenol-D(70nm)/Ta(4nm)
structure. The Terfenol-D films were deposited as described in previous work with 70 MPa
tensile residual stress [24, 25]. Wavelength dispersive spectroscopy (WDS) measurements
indicate the elemental composition of the films were Thgy3Dyg7Fes. A superconducting
quantum interference device (SQUID) was used to measure magnetization curves at temper-
atures from 100 K to 300 K including field cooling curves under an applied magnetic field of
500 Oe.

Left or Right Circular
Polarized Light

Photodetector

Figure 4.1: Experimental configuration of XAS/XMCD measurements performed in Lu-
minescence yield (LY) mode where the intensity of the X-Ray induced luminescence in the
sapphire substrate is measured. The X-ray angle and applied external field H,.,; are collinear
and held at angle 60from the sample normal.
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X-Ray absorption (XAS) and X-Ray magnetic circular dichroism (XMCD) at the Dy and
Th M,s edges, and at the Fe Ly3 edges were performed at 100, 150, 200, 250, and 300
K using beamline 6.3.1 at the Advanced Light Source (ALS) of the Lawrence Berkeley
National Laboratory (LBNL). Figure 5.1 shows the experimental setup of the XAS and
XMCD measurements measured in luminescence yield (LY) mode. In these tests the sample
holder is rotated such that the X-Ray, which is collinear with the applied magnetic field
is incident at 60with the sample normal. The Dy and Tb M,5 edges were determined
by sweeping the photon energy between 1280-1350 eV and 1220-1290 eV for Dy and Tb
respectively, while the Fe Ly 3 edges were determined by sweeping the photon energy between
690-740 eV. The XAS scans were recorded by holding the light’s circular polarization constant
and sweeping the photon energy while saturating the samples at +1 T (u) and -1 T (™)
to determine the XMCD signal (Ap = p™ — p~). The element specific M-H curves were
determined by holding the photon energy constant at the characteristic edge energies and
measuring the XMCD signal while sweeping the magnetic field from -1.5 T to +1.5 T. The
elemental spin and orbital moments for Dy and Tb at the M, 5 [26, 27] and Fe L 3 [28, 29, 30]
edges were derived from the XAS and XMCD spectra using the XMCD sum rules (see chapter

3 for more details).

4.3 Results & Discussion

Figure 2(a-c) shows the polarized XAS scans (i.e. pu* & p~) and the integrated averaged
XAS (Int. XAS(1/2(p" + p7))) with respect to the photon energy at the Dy and Th M, 5
edges, and the Fe L3 edges at 100 K respectively. The polarized XAS spectra in all three
figures show prominent signals at the characteristic edges from Dy, Th, and Fe without signs

of oxidation.

Figure 5.2(d-f) shows the XMCD (Au = p* — ™), the integration of the XMCD for the
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Figure 4.2: XAS and XMCD spectra taken at the Dy and Tb M54 and Fe L3, edges at
100 K. (a-c) Polarized XAS spectra (u™ & p7), and the integrated averaged polarized XAS
(favg = 1/2[p" 4 p~]) with respect to energy for the Dy and Tb M, 5 and Fe Ly 5 edges. (d-f)
the XMCD spectra (Ap = p* — p~), XMCD integration for the orbital angular momentum
(solid red curve), and XMCD integration for the spin angular momentum (dashed blue curve)
at the Dy and Tb M, 5 and Fe L, 3 edges.

orbital angular momentum denoted by the solid red curve, and the integration of the XMCD
for the spin angular momentum shown by the dashed blue curve for Dy, Th, and Fe respec-
tively at 100 K. The values used in the XMCD sum rule calculations for orbital < L, >
and spin < S, > moments are calculated from the XMCD spectra shown in Figures 5.2(d-f)
at the M, 5 edges and the Ly 3 edges using equations S1-S5 in the supplemental material.
The positive and negative values [Figure 5.2(d-f)] for the integrated XMCD curves shows
the parallel and antiparallel alignment of the elemental spin and orbital moments within the
alloy. For Dy in Figure 5.2(d), both spin and orbital moment integration curves converge to
negative values indicating a parallel spin-orbit alignment as expected by Hund’s rules. Tb
shows similar parallel spin-orbit alignment [Figure 5.2(e)] as Dy, indicating that both rare-
earths are ferromagnetically coupled as their integration curves converge to negative values
[31]. However, the Fe XMCD signal and the spin and orbital moment integration curves in

Figure 5.2(f) do not fully converge. The expected antiferromagnetic coupling of the Fe spin
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Figure 4.3: (a-c) The orbital, spin, and total (spin+orbital) moments for Dy, Tb, and Fe
calculated by the XMCD sum rules with respect to temperature at 100, 150, 200, 250, and
300 K. (d) The Terfenol-D (Thg3DyqFes) alloy moment calculated based on composition
by the XMCD sum rules, measured by SQUID, and Terfenol-D on (100) Silicon substrate
measured by SQUID reproduced from Mohanchandra et al. ATP Advances 5, 097119 (2015),
with the permission of AIP Publishing.
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moment with the Dy and Tb spin moments is measured here as the trend of the Fe spin mo-
ment integration curve appears to converge positively whereas the rare-earth spin moments
converge negatively [32]. However, the trends of the integration curves suggest an interesting
phenomenon of antiparallel spin-orbit alignment in Fe as the spin and orbital moment inte-
gration curves converge to positive and negative values respectively. Previous studies report
that the underlying cause of an antiparallel spin-orbit alignment in Rare-Earth-Fe, (RE-Fe,)
systems may be due to the complex interactions of the RE(5d)-RE(4f) and RE(5d)-Fe(3d)
electron hybridizations [33, 34, 35, 36, 37].

Figure 5.3(a-c) shows the moments of Dy, Th, and Fe calculated by the XMCD sum rules
(Eq S1-S5) at 100, 150, 200, 250, and 300 K using the data presented in Figure 5.2. The
values chosen for the Fe XMCD sum rule calculation were determined by approximating the
final converging value of the spin-orbit integration curves shown in Figure 5.2(f). For all
three of these figures, the total moment represents the sum of the orbital < L, > and spin
< S, > moments where the error bars are 10% for all moments except for the Fe orbital
moment at 20% due to inaccuracies associated with the small orbital angular momentum of
3d transition metals [38, 39]. Figure 5.3(d) shows the Terfenol-D alloy moment calculated
based on composition (i.e. Thg 3Dy 7Fes) using the elemental spin and orbital moments cal-
culated by the XMCD sum rules, and measured by SQUID. The other SQUID measurement
was taken from a Terfenol-D thin film sample deposited on a Silicon substrate with similar

elemental composition confirmed by WDS [25].

Figure 5.3(a) shows the variation of the Dy spin and orbital moments with temperature.
The spin moment in Dy initially increases as the temperature is reduced from 300 to 200
K then remains relatively constant with further temperature reductions, whereas the Dy
orbital moment steadily increases. These results suggest the Dy orbital moment is the major
contributor to the Terfenol-D alloy moment in the low temperature regime. Compared to

the Dy®* free ion with a moment of 10.64up/atom, the total moment of 8.9 up/atom at
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100 K for Dy agrees reasonably well with previous reports for the values of the Dy moment
(8.2 - 10 pp/atom) [40, 41, 42, 43, 44]. Noticeably, the average total Dy moment measured
(i.e. 8.9 pp/atom at 100 K) is slightly higher than the reported average total Dy moment
in DyFe, (8.3 pup/atom at 77 K) [45]. Figure 5.3(b) shows the Tb spin and orbital moments
are similar in magnitude and exhibit moderate increases with temperature reductions from
100 to 300 K. However, there appears to be a moderate plateau region for temperatures
below 200 K. The Th3" free ion with a theoretical total moment of 9.4 ;p/atom contrasted
with the total moment of 7.6 pp/atom measured at 100 K here [Figure 3(b)], appears to be
reasonable (7.6 - 9.4 up/atom) compared to reported values considering that our average Tb
moment matches exactly with the reported average values of Tb in ThFe, [10, 45, 22, 46, 47].
Figure 5.3(c) shows the absolute value of the Fe spin moment increases following temperature
reductions with a peak of 1.9 ug/atom at 200 K, whereas the plateaus at 0.101 pp/atom at
200 K. Figure 5.3(d) shows the total Terfenol-D moment linearly increases as temperatures
were lowered. The alloy moment calculated using XMCD sum rule calculations compares well
with the measured SQUID data, supporting the accuracy of the XMCD sum rule calculations
[25].

Figure 4(a-b) shows the magnetic hysteresis loops of Terfenol-D (by SQUID), and element-
specific Tb, Dy, and Fe (determined by XMCD) measured at 300 K and 100 K. Both figures
show that the Fe total moment remains antiparallel to Dy and Th for both temperatures
studied with hysteresis loops showing opposing polarity. At both temperatures, Dy and Tb
dominate the contribution to the overall alloy moment as their element-specific hysteresis
loops have the same polarity with the Terfenol-D loop measured by SQUID. Notably, all
of the atomic elements (Dy, Th, Fe) along with Terfenol-D show almost identical coercive
fields at each measured temperature. This is due to the fact that there is strong exchange

coupling of the rare-earths to Fe due to the intermetallic nature of Terfenol-D.

Figure 4.5(a) plots the Terfenol-D coercive fields measured by SQUID, predicted coercive field
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Figure 4.4: M-H loops from Terfenol-D (by SQUID), Tb, Dy, and Fe element-specific loops
by XMCD measured at (a) 300 K (b) 100 K.
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Figure 4.5: (a) Change in coercivity of Terfenol-D (by SQUID), and the expected contribu-
tions to the coercive field due to magnetoelastic (Hyg) anisotropy induced by thermal ex-
pansion mismatch of Terfenol-D film and sapphire substrate, the magnetocrystalline (Hyic)

anisotropy, and their sum (i.e. Hycymge). (b) Percent change in the magnitude of the
rare-earth orbital moments with temperature.
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(Heme) changes attributed to magnetoelastic anisotropy, and predicted coercive field (He vc)
changes attributed to the MCA as a function of temperature. The magnetoelastic anisotropy
(Heme) contribution is induced by thermal expansion mismatch between the sapphire sub-
strate and Terfenol-D film. This was calculated using the magnetoelastic energy relationship
E(T)yE = %)\SYeth(T) ~ poMs(T)AH. pmg. Here, €,(T) = (tsap — arp) AT, €y, is the is the
thermally induced strain with ag,, = 3.4 X 107% €/ K [48, 49] and azp = 14 x 107% ¢/ K [50],
As = 880 pe is the thin film saturation magnetostriction [24], and Y = 55 GPa [51, 52, 53] is
Terfenol-D’s Young’s modulus [54, 55, 56].The thermally induced film stresses at 100, 150,
200, 250, and 300 K was 187, 158, 129, 99, and 70 MPa respectively. The MCA (Hcnc) con-
tribution to the coercive field was calculated using the 6" order magnetocrystalline energy
(Exic) given by Exie = K1(T)(a203 + aa3 + a3ad) + Ko(T)(a%a3a3) = o My(T)AH o,
Here, the K;(T") & K»(T') are temperature dependent magnetocrystalline constants obtained
from previous test data [57] and o2, a2, & a2 are the directional cosine terms with respect
to the easy axis of magnetization (EAM). Since studies were performed on polycrystalline
Terfenol-D, it is not possible to precisely determine the family of directions of the EAM. In
our H, pc calculations, various EAMs directions were applied but all provided similar predic-
tions of coercive field values. Therefore, the large predicted increases in Hc ¢ with reducing
temperature are dominated by the increases in the anisotropy constants K;(7T') & Ko(T) as

reported by ref. [57].

In Figure 4.5(a), the SQUID coercive field measurements increases as the temperature is
decreased from 300 to 150 K followed by a rapid increase for temperatures below 150 K.
The predicted magnetoelastic (H. yg) contributions to the coercive field shown by the green
curve displays a non-linear increase with a pseudo-linear increase below 200 K due to the
increasing saturation magnetization with temperature. For temperatures between 300 to
200 K, H.mp appears to be the major contributor to the changing coercive field based on
the relative agreement in this range, while for temperatures below 200 K other anisotropies

must be considered. The MCA (H ) contributions to the coercive field shown in the red
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curve displays a significant nonlinear trend. For temperatures between 300 to 200 K, these
contributions are relatively small compared to the H. g curves and deemed insignificant.
At temperatures below 200 K, H.yc increases rapidly and is attributed to the increase
in the magnetocrystalline constants (i.e. Ki(T) & K3(T)). By reviewing the sum of the
magnetoelastic anisotropy and MCA (H. yri+mc) contributions presented by the blue curve,
good agreement with the SQUID measurements are found. While other contributions to
the magnetic anisotropy may exist, H. yc and He vp appear to be the dominant sources of

anisotropy. To understand the MCA contributions to the anisotropy, it is necessary to revisit

the XMCD data.

The inset of Figure 4.5(b) shows the percent change in the Dy and Tb orbital moments
calculated by the XMCD sum rule calculations. Specifically, from 300 to 200 K, both Dy
and Tb orbital moments change pseudo-linearly following the magnetoelastic (He mg) trend
presented in Figure 4.5(a). We believe that the increases in the rare-earth orbital moments
are due to strain modifying the shape and preferred orientation of the 4f orbitals. From
200 to 150 K, the orbital moments remain constant and deviate from the H yp trend while
exhibiting similarities to the H.yc (i.e. increases in K;(T') & K3(T')). For temperatures
below 150 K, a significant change in the Dy orbital moment is observed which follows large
increases in Hcyc. The increases in the anisotropy constants for temperatures between
200 to 100 K are believed to be due to stronger and more directionally dependent spin-
orbit coupling in Dy. This conclusion is supported by understanding that the origin of MCA
arises from spin-orbit coupling, which originates from the increases in the Dy orbital moment
at reduced temperatures. These findings imply that the increases in the rare-earth orbital

moments are directly connected to the increases in the anisotropies.
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4.4 Conclusion

The elemental spin-orbital moment contributions to the magnetic anisotropy of magnetostric-
tive polycrystalline Terfenol-D thin film were measured by XMCD. The elementwise M-H
curves show the expected antiferromagnetic coupling of Th and Dy with Fe followed by
an antiparallel spin-orbit alignment in Fe. The elemental magnetic moments derived from
XMCD and the XMCD sum rules found that all elemental moments show increases from
300 to 200 K. The Dy orbital moment increases below 200 K whereas Th and Fe moments
plateau in this temperature regime. The large increase in the coercive field and MCA at lower
temperatures in Terfenol-D were due to the significant increase in the Dy orbital moment.
This conclusion is supported by the much larger Dy moment of 8.9 up/atom measured at
100 K in Terfenol-D, which is approximately 16% less than the theoretical max value of the
Dy atomic moment (10.64 up/atom). These results are helpful in providing a fundamental
understanding of the direct relationship between elemental magnetic moments relative to the
components of the magnetic anisotropy, especially in rare-earth magnetostrictive thin films

which show considerable promise in future magnetoelastic spintronic applications.
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Chapter 5

Magnetic Moment Enhancements in

Exchange-Coupled Multilayers

5.1 Introduction

Multilayers consisting of amorphous rare-earth transition metal (RE-TM) alloys and antipar-
allelly exchange coupled nanocrystalline transition metals (TMs) have been studied due to
their superior magnetic properties such as decreased damping, lower saturation and coer-
cive fields, and enhanced magnetostriction as contrasted to their intrinsic monolithic layers.
These property improvements originate from magnetic interactions at the interfaces due to
competing anisotropic energies (e.g. exchange, magnetoelastic, perpendicular, etc.) produc-
ing localized magnetic order/disorder in the RE-TM layers [1, 2, 3]. Due to the material
complexity as well as access to sophisticated measurement systems, focused studies on RE-
TM/TM multilayers have been limited in developing a more complete understanding of the
underlying physics governing these property enhancements. Therefore, closer examination

of the local interactions are warranted to better understand and subsequently design future
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multilayered RE-TM/TM heterostructures with specific property improvements.

Experimental work and micromagnetic simulations on RE-TM/TM multilayers have shown
improvements in magnetostriction and reduced coercive fields compared to their monolithic
thin film counterparts [4, 5]. In amorphous Thy;Fesq/FegsAli; multilayers, interface in-
teractions including localized interlayer stresses reduced the coercive field by 50% while
retaining similar magnetostriction as monolithic TbFes films [6]. In a related study con-
ducted on ThFey/Co multilayers, researchers demonstrated the field to reach magnetic sat-
uration was reduced by 38% [7] through a reported exchange interaction at the interface.
In ThFey/Fe;Ga multilayers, coercive fields smaller than either of the monolithic films were
reported by maximizing the antiparallel exchange coupling between layers [8], which was
more recently attributed to the competition between antiferromagnetic (i.e. antiparallel)
exchange and domain wall energies present at the interfaces [9]. In all of these studies, the
property enhancements originated from spin-spin interactions and spin-orbit coupling [10]
and require additional studies at spin and orbital moment levels to better understand the

underlying sources leading to these property improvements.

X-ray absorption (XAS) and X-ray magnetic circular dichroism (XMCD) offers a sophisti-
cated approach to study element specific magnetic behavior in layered magnetic structures
[11, 12]. In this space, several investigations have been performed on RE-TM/TM bilayers
with relatively few studying multilayers. In ThFe,/Co bilayers, elemental XMCD intensi-
ties were directly correlated to the degree of moment canting to study interface interactions
between in and out-of-plane energies with variations in Co thickness [13] and Tb composi-
tion (i.e. ThyFe;, x=0.15, 0.27, & 0.34) [14]. These studies demonstrated by decreasing
Co thickness and increasing Th content, the out-of-plane anisotropic energy at the inter-
faces becomes dominant. More recent XMCD investigations on Gd/Fe multilayers utilized
spectral intensity measurements to measure the extent of magnetic ordering in the Gd layer

[15, 16]. Furthermore, XMCD sum rule calculations for magnetically ordered Gd/Fe multi-
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layers concluded that neither the spin nor orbital moment of Gd increased near the interfaces,
signifying that both stronger exchange coupling and magnetic ordering do not necessarily
produce increased RE moments [17, 18, 19, 20]. This finding raises concerns if interface me-
diated interactions in ordered exchange coupled RE/TM and RE-TM/TM systems increase
RE moments or only modulate interfacial energies, suggesting that alternative more complex
interfacial interactions may cause RE moment enhancements. Therefore, closer examination
is required to better understand how the individual elemental spin and orbital moments

contribute to enhancing magnetic properties.

5.2 Experimental Setup

Four thin film samples consisting of 1) 40 nm TbFey, 2) 40 nm Nig; Feyo, 3) 10 layers of [(2nm)
TbFey/(4nm) Nig; Feig = 33% ThFey and 4) 10 layers of [(4nm) ThFey/(2nm) Nig; Feyg = 67%
TbFey| were prepared by ultra-high vacuum magnetron sputtering. The thin film samples
were deposited using alloy targets of ThFes and or NigiFejg onto 2-inch diameter c-plane
AlyO3 wafers with a 5 nm Ta barrier layer. The NigiFeqg layers were deposited using 180 W
of power and an argon working pressure of 1.8 mTorr while the ThFe, layers were deposited
using a sputtering power of 220 W and an argon working pressure of 1.8 mTorr. All four
films were deposited at a base pressure of 5x 107 Torr. Following all thin film depositions,
a b nm Ta capping layer was deposited in-situ under-vacuum to prevent oxidation. X-ray
diffraction (XRD) results show all Nig;Fe;g thin films were nanocrystalline while all ThFe,
films were amorphous. The in-plane magnetization curves (M-H curves) were measured by
sweeping the applied magnetic field between -6 kOe to 6 kOe using a Scanning Quantum

Interference Device (SQUID) at room temperature.

XAS and XMCD were performed using beamline 6.3.1 at the Advanced Light Source (ALS)

of the Lawrence Berkley National Laboratory (LBNL). The samples were mounted onto a
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luminescence sample holder and measured in luminescence yield (LY) mode probing the
entire depth of the samples. The angle between the incident X-ray beam and the normal
of the film surface was fixed at 60. The Fe and Ni Ly 3 edges were determined by sweeping
the energy between 700-740 eV and 840-880 eV for Fe and Ni respectively, while the Tb
M, 5 edges were determined by sweeping the energy between 1220-1280 eV. The XAS scans
were conducted by sweeping the energy while saturating the samples at 5 kOe (u) and -5
kOe () respectively to determine the XMCD (Ap = u™ — p~). Each scan was repeated 8
times and normalized by a reference signal of the incoming beam intensity measured on a
gold mesh to exclude any time-dependent scanning errors. The magnitude of the elemental
spin and orbital moments were derived from the XMCD sum rules (see chapter 2). The
element specific M-H curves were determined by holding the photon energy constant at the
characteristic edge energies and measuring the XMCD signal while sweeping the magnetic
field from — 2 kOe to 2 kOe. Here the applied magnetic field is canted at an angle of 60angle

with the sample normal which is different from the SQUID in-plane measurements.

5.3 Results & Discussion

Figure 1 shows the in-plane SQUID M-H curves for the crystalline NigyFejg, amorphous
TbFes, and the two x=33% x=67% TbFe, multilayers with an inset providing a magnified
image from -40 Oe to 40 Oe. The Nig; Fe9 sample shows soft ferromagnetic properties with a
coercive field of 7 Oe, saturation magnetization Mg = 964 emu/cc, and a magnetic remanence
M, =920 emu/cc consistent with published values [21]. The TbFe, film shows hard magnetic
behavior with a relative permeability of 1.22 which has been previously observed in slightly
Fe rich (i.e. ThFe, x;2) as-deposited amorphous films [22]. TbFe, films which are amorphous
have been reported with sperrimagnetic ordering (i.e. randomized ferrimagnetic ordering)

as opposed to ferrimagnetic ordering causing disorder across the magnetic moments [23, 24].
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Figure 5.1: M-H curves of the crystalline Nig;Fe;9, amorphous TbFe,, and the two Nig;Fejg
/TbFes multilayers. The dashed lines below the multilayers show their expected saturation
magnetization (M) based on the rule of mixtures (RoM).

The magnetic responses of the x=33% and x=67% TbFe, multilayers are similar to a soft
ferromagnetic material with an Mg = 773 emu/cc and 486 emu/cc and M, = 362 emu/cc
and 147 emu/cc respectively, with coercive fields of 7 Oe for both samples. The two dashed
lines in Figure 5.1 represent the M calculated using a rule of mixtures (RoM) approach
given by M(x) = (1 —2)MNFe 4z MTP"¢ where z is the ThFey volume fraction and MNéFe
and MT°F¢ are the magnetization values at 6 kOe. When compared to the RoM approach,
the multilayers show an Mg enhancement which is attributed to exchange coupling present

at the interface, reorienting more ThFes magnetic moments which is later confirmed in this
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Figure 5.2: Elemental M-H curves performed by XMCD with the magnetic field applied at
60with the sample normal . Multilayer composition of x=33% TbFe, (a) Fe (b) Ni (¢) Th
and multilayer composition of x=67% TbFe, (d) Fe (e) Ni (f) Th.

Figures 5.2(a-c) show the XMCD generated elemental (Fe, Ni, and Th) M-H curves for
x=33% TbFe, while Figures 5.2(d-f) provide similar data for the x=67% TbFe, multilayer.
Figure 5.2 shows that in both samples, the Fe and Ni magnetic moments (a/b & d/e) are
antiparallel with the Th moment in the elemental M-H curves (¢ & f). For x=33% TbFe,
in Figures 5.2(a-c), the coercive fields are 110 Oe while the coercive fields are 120 Oe for
x=67% TbFey in Figures 5.2(d-f). The relatively higher coercive field for x=67% TbFe,
is attributed to the higher volume fraction of ThFey. Additionally, the XMCD measured
coercive fields are larger than the SQUID measurements (Figure 5.1) due to the application
of the magnetic field in the XAS/XMCD measurement was performed at a 60angle with the
sample normal (i.e. SQUID is at 90angle) where contributions from the shape anisotropy
towards the coercive responses become noticeable. Surprisingly, Figures 5.2(c/f) show that

the Th element present in the multilayers reorients and appears to saturate with a moderate
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magnetic field. This was not observed in the elemental M-H curve for Tbh in the 40 nm ThFe,
monolithic sample nor in the SQUID measurement (Figure 5.1). This suggests that the Tbh in
the multilayers are strongly influenced by the adjacent NigiFeig layers. Furthermore, Figure
5.2 shows both multilayer samples contain an exchange bias field (Hy) of 20 Oe for Fe (Figure
5.2 a/d) and a -20 Oe exchange bias field for Th (Figures 5.2 ¢/f) while there Ni is an absent
of an exchange bias field (Figures 5.2 b/e). While not presented here, an exchange bias field
was unobservable in the XMCD results for the monolithic TbFe, or Nig;Fejq samples and
an exchange bias was not observed in any of the samples measured in SQUID which could
be due to the relatively small coercive field (i.e. 7 Oe). These results (i.e. Th magnetized
along with an exchange bias) suggests that an interlayer exchange coupling exists between

the disordered Thb in ThbFes and the ordered Fe moments in Nig;Fejg.

Figure 5.3(a) plots the XMCD measured average spin, average orbital, and average total
(spin+orbital) moments versus the volume percent of ThFe, in each sample (see chapter
2 for more details). Note that three of the orbital moment values in Figure 5.3(a) are
intrinsically opposing the sample’s net moment (i.e. negative) and are presented as absolute
values with half-shaded pentagons. Additionally, the total moments of all the samples are
calculated on an average per atom basis and cannot be directly compared to the My values
measured by SQUID in Figure 5.1 without factoring in the atomic packing density. Figure
5.3(a) shows the average total magnetic moment remains relatively constant for x=0% &
x=33% but dramatically decreases for x=67% & 100% TbFe,. Furthermore, the data shows
that spin angular momentum is the major contributor toward the total magnetic moment as
expected and is also larger than the total magnetic moment for x=33%, 67% & 100% TbFe,.
Finally, there is a notable increase in the orbital moment for x=67% which is larger than all
samples suggesting the exchange interaction in x=67% TbFe, is greater than x=33% TbFe,.
To better understand these trends, we break down the magnetic moment of each element in

terms of their total, spin, and orbital moments and review these contributions individually.
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Figure 5.3: (a) Average moment of multilayers denoted by the average spin, orbital, and total
(spin+orbital) moments. (b) Total moment (¢) Spin moment (d) Orbital moment versus the
volume percent TbhFe,. The half-shaded-in shapes indicate the absolute value of negative
values measured for some moments.

Figures 5.3(b-d) plots the elemental (Fe, Ni, Tb) total (Figure 5.3b), spin (Figure 5.3c),
and orbital (Figure 5.3d) moments versus the ThFey volume percent for each sample. For
all three figures, the Th moments are intrinsically opposing Fe, Ni, and the net moment,
and for all plots their absolute values are presented by half-shaded diamond shapes. Figure
5.3(b) (total magnetic moment) shows that Fe possesses the largest magnetic moment in all

samples with the exception of x=100% TbFe,. In comparison, the Ni element contributes
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the least in samples containing Nig;Fe;g and remains relatively constant despite changes in
the TbhFey volume percent. This suggests that Ni is independent of the coupling with the
TbFe, layers which is supported by the absence of an exchange bias field for Ni in Figures
5.2(b/e). Finally, the large peak in the Th moment at x=67% TbFe, is close in magnitude
to Fe moment (i.e. 1.6 pup/atom vs. 1.8 up/atom). This suggests the presence of stronger
coupling between these elements in x=67% TbFey; with the statement supported by the
larger orbital moment observed in Figure 5.3(a). Finally, the total moment of Tb and Fe in
x=100% TbFe, are of similar magnitude supporting the argument that the TbhFe, sample is

sperimagnetic (i.e contains randomized ferrimagnetic ordering).

Figure 5.3(c) provides spin magnetic moment data for each element versus the volume percent
TbFe,. The Fe and Ni spin moments largely mirror their total moments (Figure 5.3(b))
attributed to the relatively small orbital moments of 3d elements. Similarly, the Tb spin
moment follows similar trends to those observed for the total moment in Figure 5.3(b)
but the magnitudes have decreased only slightly owing to the large orbital moment of 4 f
elements. In regard to x=67% TbFe, in Figure 5.3(c), the Fe and Tbh spin moments reduce
and increase respectively similar to their total moments in Figure 5.3(b), implying stronger
interlayer exchange coupling between the Fe in NigiFejg and the Tb in TbFe, is present in
this particular multilayer. As a result, it is important to analyze the orbital moment data
for more information regarding the outcomes of the potentially stronger exchange coupling

in x=67% TbFe, compared to x=33% TbFe,.

Figure 5.3(d) shows the elemental orbital magnetic moments for Fe, Ni, and Tb. As one
can see for x=0% TbFey (i.e. monolithic Nig;Feg), the Fe orbital moment is parallel to the
Ni orbital moment. However, for all other samples the Fe orbital moment is antiparallel
to the Ni orbital moment, parallel to the Th orbital moment, and increases in magnitude
with increasing ThFe, content below x=100% TbFey due to the RE(5d)-TM(3d) electron

hybridization present in ThFey [25, 26, 27]. This suggests that the antiparallel Fe orbital
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moment in the TbhFe, layers are larger than the parallel Fe orbital moment in the Nig;Feq
and dominate the measured Fe orbital response in the multilayers. Additionally, the Fe
orbital moments in the multilayers are larger than either of the two monolithic films (x=0%
& x=100% TbFey), and the Tb orbital moments in the multilayers are larger than the Th
orbital moment in x=100% TbFey. The combined data in Figures 5.3(b-d) strongly indicates
that the interlayer exchange coupling between the ordered Fe in the Nig;Feig layers and the
disordered Tb in the TbFes; causes magnetic ordering of the Th and Fe moments at or near
the ThFe, interfaces. As a result of the magnetic ordering of both Tb and Fe in the TbhFe,
layers, larger moments are obtained in the TbFes layers which are responsible for the Mg
enhancements observed in the SQUID data for the multilayers presented in Figure 5.1. The
origin of the increases in the Tb orbital moment by the interlayer exchange coupling can be
understood from the overlap of the Th(5d) and the Fe(3d) (in Nig, Feyg) orbitals [28, 29] which
influence the Th(4f) orbitals through the Th(5d)-Th(4f) hybridization of ThFe, [26, 25].
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Figure 5.4: Average XAS (uo = pt +p~) & XMCD absorption spectra & XMCD absorption
spectra of Fe L 5 edges in (a) 40 nm Nig; Fejg x=0% TbFey and (b) in 40 nm TbFe,. x=100%
ThFe;.

The magnetic ordering depth in the TbFe, layers of the multilayers can be determined
using the experimental XMCD and XAS spectra. In the previous chapters, it was explicitly
demonstrated how the XMCD absorption spectra correlate to the magnetic moment (i.e.

magnetization) in both 3d & 4f elements. During the XMCD measurements, a magnetic field
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is applied to saturate moments and measure the XAS spectra accordingly. If the applied
field during measurement fully saturates the moments (determined by the material’s the
M-H curve) at the applied field, a dimensionless ordering parameter can be determined by
dividing the XMCD peak intensity by the XAS peak intensity at the respective absorption
edge of the element referred to as the relative absorption intensity (rans) [? ]. Similarly, a
dimensionless disorder parameter for an element can be determined using the sample’s (raps)
if the same magnetic field in magnitude was applied during the XMCD measurement but

did not saturate the sample in the M-H curve.
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Figure 5.5: Average XAS (po = p™ + 1) & XMCD absorption spectra of Th My 5 edges in
40 nm TbFey x=100% TbFes.

Recall that in this work, the magnetic fields applied during all XAS/XMCD spectroscopy
were + 5 kOe, for which complete saturation in the monolithic (i.e. 40 nm) Nig Fe;g film
was determined in Figure 1 in the manuscript, whereas the monolithic ThFe, film was not
saturated at the similar 5 kOe field. Moreover, Fe is the element in common between the
two samples and using the the XAS/XMCD absorption spectra of the Fe in Nig;Fejq and Fe
in the ThFe, at the Ly 3, a dimensionless order and disorder parameter can be respectively
determined for Fe. As shown in Figure 5.4(a), the dimensionless Fe order parameter (Fe,)
is given by the ru,s 17% by dividing the Fe XMCD L3 peak intensity by the average XAS

L3 peak intensity. Similarly, the dimensionless Fe disorder parameter (Fey) is given by the
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Taps measured as 1.08% in Figure 5.4(b). Therefore, the ordering depth of an element in a

layered heterostructure can be determined by equation 5.1

(dz — ]iai)Ad + (Ljai)Ao = dzAz (51)

where d; is the total thickness of the element present in the structure, I; is the number of
interfaces, «; is the magnetic ordering depth with length units, A, is the r,,s taken of the
element in a disordered sample, A, is the r,, taken of the element in an ordered sample,
and A; i ra,s of the element of interest in the layered heterostructure. However, using the
Fe ordering parameters does not directly provide the correct ordering depth in the ThFe,y
layers as the Fe absorption spectra are measured from both Nig; Fejg and TbFe, layers in the
multilayers. Therefore, an order and disorder parameter for Th must be used inplace of Fe,

as it is the element which exists only in the disordered TbFe, layers.

Figure 5.5 shows the average XAS and XMCD spectra 40 nm Tb Mys edges. The Tb
disorder parameter (Thy) can be determined from Tb using the r,,s this sample measured
at -0.45%. However, a Tb order parameter cannot be directly determined as a sample
referencing completely ordered Tbh was not available in this study. Therefore, a Tb ordering
parametering is needed in order to determine the magnetic ordering depth in the TbFe,
layers. If the ratio of disorderd Fe to disordered Tb in the ThFes; sample is governed by the
exchange interaction between the two elements, then it can also be assumed that if Th were

to be ordered it would still be governed by the same exchange interaction. Therefore, the
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Th order parameter 170, can be determined from the relationship in equation 5.2

Tb,
Fed

. FeOde

= —7.08%

(5.2)

where Fey and F'e; are the Fe order and disorder parameters respectively, and T'b; is the

Th disorder parameter. Figure 5.6 shows the Th M5 edges in (a) [4 nm Nig Fejg/ 2 nm

TbFey| x=33% TbFey and (b) in [2 nm Nig;Fejg/ 4nm TbFey| x=67% TbFey respectively.

Similarly, dividing the XMCD peak intensity by the XAS peak intensity at the M; edges

gives the degree of ordering in the ThFe, layers from the two different samples. With these

parameters, the magnetic ordering depths can be determined for the x=33% and x=67%

ThFes multilayers using equations 5.3 and 5.4 respectively.

XAS (Arb. Units)

: — 1 & 5.00
M, [Tb M, - [4nm NiFe/ 2nm TbFe,]| = 4.00-
x=33% > 3.00 M;

M,

[a]
8 0.00 —~ 8
< -0.05- =
-0.104 i
1220 1240 1260 1280

Energy (eV)

[Tb M,, - [2nm NiFe/ 4nm TbFe,]|

x=67%

Fe = -4.14%]

0.00 S~
0.10-
1220 1240 1260 1280

Photon Energy (eV)

Figure 5.6: Average XAS (uo = pt + p~) & XMCD absorption spectra of Th My 5 edges
in (a) [4 nm Nig;Fej9/ 2 nm TbFes] x=33% TbFe, and (b) in [2 nm Nig; Fejg/ 4nm TbhFes]

x=67% TbhFe,.

(20 - 190&33)de + (190(33)Tb0 = 20Tb33
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(40 - 190‘67)de + (190&67)Tb0 = 40Tb67 (54)

In equations 5.3 and 5.4, Thy3 and T'bg; are the relative absorption intensities (rups) taken
from Figures 5.6(a) and 5.6(b) respectively, and ass and ag; are the magnetic ordering lengths
for the x=33% and x=67% TbFe, multilayers respectively. Referring back to equation 5.1,
there are 10 repeating units in both multilayers meaning there are 19 interfaces such that
I; = 19. For x=33% TbFe,, there are 20 nm total of ThFe, that can be magnetically ordered
meaning ds3 = 20 nm as shown in equation 5.3. On the otherhand, there is more available
thickness at 40 nm (dg; = 40 nm) reflected in equation 5.4. Rearranging equations 5.3 and

5.4 and solving for the ordering depths ass and ag; are given as follows.

20, Thys — Thy 20, —5.07 + 0.45

_ (L3 — 100 U TO MDA o 5.5

o33 = (35) Tby — Th, (19) =708 v 045 nm (5.:5)
40 Thgr — Thy A0 —4.14 + 0.45

7 = (35) Tby — Thy (19) =708 1045 nm (5.6)

Figure 5.7 shows an illustration of the elemental total magnetic moment alignment for a
single repeating unit of the (a) x=33% and (b) x=67% TbFes multilayers under a 5 kOe
field. This illustration is based on the data presented in Figure 5.2 which focuses on the
orientation of the total magnetic moments. The arrows in the figure illustrate each atom’s
total magnetic moment direction, and as one can see the depth of orientation and magnetic

ordering at the TbFey interfaces are slightly different for the two samples. The ordering
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Figure 5.7: Representation of the moment behavior and ordering depth for one repeating
unit of the (a) x=33% and (b) x=67% TbFe, multilayers saturated at 5 kOe based on the
data presented in Figure 5.2.

depths (i.e. ass & ag7) in the figure were calculated from the XAS and XMCD absorption
spectra as shown above. The ordering depth is defined as the distance from the interfaces
where the Th and Fe atoms in the TbFey layers are exchange coupled with the adjacent
Nig Feig layers and reorient with the applied field due to exchange coupling. The ordering
depths of x=33% and x=67% TbFe, are 0.73 nm and 1.17 nm respectively and represented
in the figure. Additionally, the regions outside these ordered regions are referred to as the

disordered TbFe, regions with magnetic properties similar to the x=100% TbFe, film.

As can be seen in Figure 5.7, the ordering lengths show ag; > as3 , although x=33% TbhFe,
contains more Nig;Fejg per volume (i.e. per thickness). This indicates that the exchange
bias strength and ordering depths are independent of the Nig;Feqg layer thickness even for
these fairly thin films (i.e. 2 & 4 nm thick). Additionally, referring back to Figure 5.2,
the measured exchange bias field was determined to be Hy, = 4+20 Oe between Tbh and Fe
in both multilayers. This implies that the different ordering depths are due to the TbFe,

layer thickness in the multilayers rather than intrinsic differences in exchange bias strengths.
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For thicker ThFe, layers (i.e. x=67% compared to x=33% TbFe,), the exchange bias at
one interface (top) gradually becomes more decoupled from the other interface (bottom).
Therefore, with increasing TbFe, layer thickness, one would expect a diminishing trend in the
competing interactions between the two adjacent interfaces in a single ThFe, layer producing
larger depths of ordered moments, i.e. «ag; > as33. However, these remarks only hold true
for ultra-thin layers studied in this manuscript. With increasing layer thickness, eventually
a critical thickness should be reached where the two interactions are eliminated, and the
ordering depth plateaus to a maximum value. These results clearly show the impact that
exchange coupling has on these multilayer samples and may provide information important
for designing new softer or harder magnetic materials via exchange coupling as well as an

understanding of the contributions from spin and orbital moments to this phenomenon.

5.4 Conclusion

SQUID magnetometry revealed magnetization enhancements in two distinct ThFe, /Nig; Feyg
(2nm/4nm or 4nm/2nm) multilayers compared to predictions from a rule-of-mixtures model.
Elementwise XMCD results indicated these enhancements are caused by interface mediated
antiparallel exchange coupling between Tb in the TbFe, and Fe in the NigFe;g. XMCD
M-H curves demonstrated this coupling is sufficient to provide pronounced saturation and
reorientation in the Th orbital and spin moments with coercive fields equal to monolithic
Nigi Feqg at or near the interfaces. XMCD spectroscopy showed increased magnetic ordering
lengths within TbFey layers as the ThFe, layer thicknesses are increased due to less inter-
ference between the two competing interactions at the opposing (i.e. top bottom) ThFe,
layer interfaces. These results provide important information and an alternative pathway
for investigating and understanding the influence of various elemental-level interactions at

the spin and orbital moment level in RE-TM/TM multilayers with the intent of creating
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superior layered magnetic heterostructures.
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Chapter 6

Magnetostriction in antiferromagnetic

v-FexMni_x thin-films

6.1 Introduction

Antiferromagnet (AFM) thin films have become a candid alternative to ferromagnets (FM)
in memory device applications due to their lack of stray-fields [1] and intrinsically faster
resonances [2]. Additionally, their availability with metallic [3], semiconducting [4], or in-
sulating material properties [5] allows their readily availability towards a wider array of
device designs and configurations. Successful 90°reorientation of the Neel vector in several
collinear metallic AFMs by spin-orbit torques (SOTs) have been performed which displays
the strong aptitude of AFMs in future memory applications [6, 7, 8]. However, more recent
studies have determined that the reorientation of the Neel vector by SOT in metallic AFMs
are in fact due to current-induced localized heating causing expansion of the crystal lattice
generating strains [9, 10, 11]. With the difficulty in assessing the thermal expansion due

to such induced-currents, researchers have now turned their interest towards more direct
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studies utilizing strains to reorient the Neel vector in AFMs. However, studies conducted
on various AFM thin films have not been able to provide a direct method for measuring
the direct response of the Neel vector (AFM moment) resultant from applied strains such
as the saturation magnetostriction (A;) commonly measured in ferri and ferromagnets. As
a result, closer examination of similar induced strains towards the reorientation of the AFM

Neel vector are required with the aim to determine Ay in AFMs.

Previous work has shown strain-mediated magnetoresistance changes in several metallic AFM
thin films coupled to piezoelectric substrates. These studies have demonstrated that induced
strains generated by the application of an electric field to a piezoelectric substrate alters the
resistance which indirectly correlates to the reorientation of the Neel vector [12]. More
direct observations of the Neel vector reorientation have reported a reduction in the spin-
flop field (H,s) in NiO through strains induced by PMN-PT by the measuring spin-hall
magnetoresistance (SMR) [13]. Other investigations utilized X-ray magnetic linear dichroism
(XMLD) [14] and found that a 0.1% tensile strain in Mn2Au is sufficient to cause spin-flop
transition normally requiring an applied field of 70 T [15]. Similarly, for a FesoMnjso thin
film coupled to NiTi shape memory alloy substrate demonstrated a 90°reorientation in the
Neel vector by application of -1.3% strain obtained by changes in the linear dichorism [16].
Additionally, XMLD-photoemission electron microscopy (XMLD-PEEM) has been utilized
to directly visualize the reorientation of the Neel vector and domain wall motion in MnyAu
[17] and LaFeOs [18], which are commonly observed in magnetostrictive FMs. These results
show considerable promise for strain-mediated control of the Neel vector in future memory
applications and provide experimental evidence of magnetostrictive properties in AFMs.
However, these studies do not directly provide a method to determine nor correlate the

magnitude of the strain to the reorientation of the Neel vector (i.e. magnetostriction) in

AFMs.

Measurement of the magnetostrictive properties in AFMs have been widely absent due to
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the difficulty in the application of the large magnetic fields required to saturate AFMs be-
yond their Hgy. Direct measurement of the magnetostriction in AFMs began with the bulk
room-temperature AFM NiO, reporting magnetostriction values up to -20 ppm [19, 20]. For
metallic AFMs, investigations on the bulk polycrystalline v-FeMn alloys have shown consid-
erably large magnetostriction with results ranging from 350 [21] to 750 ppm [22] originating
from one group. However, more recent investigations on bulk ~-FeMn alloys have contra-
dicted previous results with the reported absence of magnetostriction in several compositions
of v-Fe; . Mn, (x=0.38, 0.42, 0.46, 0.50, & 0.56) [23]. It was also found that in an exchange
biased NiFe/FeMn thin film bilayer, the exchange bias field decreased when the films were
deposited with more compressive stresses [24]. Furthermore, a strain-induced phase transi-
tion from ~-FeMn to a-FeMn has been reported in epitaxial FesoMnsq films by a 0.3% tensile
strain caused by lattice mismatch between the film and the substrate upon cooling down to
room temperature from growth conditions [25]. Additionally, first-principles ab-initio cal-
culations have found that y-FeMn possesses pronounced orbital-magnetostrictive properties
which are largely governed by the strain-state (i.e. volume) of the lattice [26]. Therefore,
the results of these combined studies indicate that both the y-phase and the stress-state (i.e.

compressive stress) of FeMn alloys largely constitutes its magnetostrictive properties.

In this work, we employ the magnetron sputtering process to adjust the Argon (Ar) pres-
sures in the deposition of polycrystalline FeMn thin films on Silicon substrates to vary film
residual stresses and study the influence of strain on the orientation of the Neel vector. We
demonstrate a strain-induced phase transition from a-FeMn to v-FeMn by a -0.03% compres-
sive strain (-55 MPa stress). Additionally, AC susceptibility measurements show an in-plane
to out-of-plane reorientation (i.e. 90°reorientation) in the ~-FeMn Neel vector followed by
a 12 kOe increase in the spin-flop field resultant from a -0.028% compressive strain (-52
MPa stress). From the measured AC and DC susceptibility data, our calculations indirectly

predict a saturation magnetostriction value of 305 ppm in our FeMn thin films.

107



6.2 Experimental Setup

Three Fe,Mn;_ thin films were deposited onto 4-inch (100) silicon substrates by ultra-high
vacuum DC magnetron sputtering from a single alloy target (FesoMnso at.%) with a sput-
tering power of 205 W at a base chamber pressure of 1x10°% Torr without substrate heating.
The three films were deposited with Ar working pressures of 5, 10, or 15 mTorr respectively
producing films with different residual stresses. All films had a 10 nm Ta barrier and a 5 nm
Ta capping layer deposited prior and post-deposition without breaking vacuum. Wafer cur-
vature measurements taken prior and post-deposition of the films were utilized with Stoney’s
equation [27] to determine residual stresses using Si and Fe,Mn;_, Young’s moduli of 130
GPa [28] and 180 GPa [29] respectively. X-ray diffraction (XRD) in Bragg-Brentano geom-
etry verified the crystal structure and phases present by scanning the 260 angle from 35°to
60°. Inductively coupled plasma mass spectrometry (ICP-MS) was used to determine the
chemical composition of the films. In-plane (IP) and out-of-plane (OOP) DC M-H curves
were measured by sweeping the magnetic field between -60 kOe to 60 kOe using Scanning
Quantum Interference Device (SQUID) magnetometry at 300 K. IP and OOP AC suscep-
tibility measurements were performed in-situ with the DC M-H measurements by SQUID

with an AC magnetic field amplitude of 10 Oe at a frequency of 7.69 Hz.

6.3 Results & Discussion

Figure 6.1(a) shows the residual stress (left ordinate axis) and Fe atomic composition (right
ordinate axis) versus the Argon (Ar) working pressure for the FexMn;_ thin films andFigure
6.1(b) shows the XRD spectra of the three Fe,Mn; ; films deposited at 5, 10, and 15 mTorr
followed by the references for the a-FeMn and y-FeMn phases. 6.1(a) shows the significant

changes in the residual stresses in the Fe,Mn,_, films as the Ar pressures are increased from 5
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Figure 6.1: (a) Residual Stress and Fe atomic composition versus the Ar working pressure.
(b) X-ray diffraction (XRD) spectra for the 5, 10 and 15 mTorr FeMn films with the references
for a-FeMn and ~-FeMn phases.

to 15 mTorr altering the film residual stress from 77 MPa (tensile) to -27 MPa (compressive).
However, only modest changes in the Fe atomic composition are found increasing from 53.8
to 55.3 at.% Fe as the Ar pressure increases from 5 to 15 mTorr. In 6.1(b), the XRD spectra
indicates that all films are polycrystalline with an average grain size of 5 nm for all films.
For the 5 mTorr film, only the a-FeMn phase is observed with the corresponding (110) peak
at 44.6°[30]. However, the XRD spectra of the 10 and 15 mTorr films also show the presence
of the v-FeMn phase with the two peaks (111) and (200) peaks at 43.6°and 50.8°respectively
[31] along with the a-FeMn (311) peak located at 44.6°. Referring to the equilibrium phase
diagram for the FeMn alloy, our as-deposited films without post-deposition annealing may
exhibit either an amorphous structure absent of a crystallographic phase or only the a-FeMn
within the measured compositional range (i.e. Fe,Mn; 0.538<x <0.553) of our films and
require thermal treatment to transform into the v-FeMn phase [32]. Additionally, based on
first-principles energy calculations, both phases can coexist while the v-phase possesses a
higher energy state across the Fe at.% compositional range in our films [26]. This suggests
that the v-FeMn phase present in the 10 and 15 mTorr films are induced by altering the

energy landscape through a -0.03% tensile strain observed in previous reports [25].
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Figure 6.2: M-H curves measured by scanning quantum interference device (SQUID) magne-
tometry for the 5, 10, and 15 mTorr FeMn films from (a) -30 to 30 kOe (b) low-field magnetic
properties from -0.6 to 0.6 kOe.

Figure 6.2 shows the IP DC M-H curves for the 5, 10 and 15 mTorr FeMn films from -30 to 30
kOe with the provided inset showing the low field magnetic responses of the films within the
range of -0.6 to 0.6 kOe. It can be seen that the 5 mTorr FeMn film with only the a-FeMn
phase shows the largest magnetic response following a magnetic remanence of 3 emu/cc and
a coercive field of 325 Oe by referring to the inset. However, the 10 and 15 mTorr films show
much lower moment values as compared to the 5 mTorr film as they also possess both «
and v phases of FeMn. Referring to the inset showing the low field magnetic behavior, the
10 and 15 mTorr films lack magnetic remanence, coercive fields, and do not saturate while
showing a linear positive slope in their M-H responses expected in AFMs. Comparing the 15
mTorr film with a compressive stress of -27 MPa to the 10 mTorr film with a tensile stress
of 25 MPa, it can be seen that the 15 mTorr film shows a lower moment. This indicates that
as the film residual stresses become compressive (i.e. 25 MPa to -27 MPa), the films show
magnetic behavior more indicative of the y-FeMn phase [33]. Due to the antiferromagnetic
responses in the 10 and 15 mTorr films, it is necessary to measure the IP and OOP DC M-H

curves followed by AC susceptibility measurements to investigate moment reorientations in
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Figure 6.3: IP and OOP DC M-H curve (left ordinate axis) and real-part of the volume AC
susceptibility (x,) (right ordinate axis) for the FeMn films deposited at (a) 10 mTorr and
(b) 15 mTorr.

Figure 6.3 shows the IP and OOP DC M-H curve (left ordinate axis) and the real-part of
volume AC susceptibility (x,) (right ordinate axis) for the FeMn films deposited at (a) 10
mTorr and (b) 15 mTorr. Measuring the AC susceptibility while sweeping the magnetic field
at constant temperature offers a convenient and accurate method for the determining the
AFM H,s [34]. In Figure 6.3(a), the AC susceptibility measurement results find that only
the IP direction shows a spin-flop transition at a magnetic field of 34 kOe where for the
OQP orientation shows noise at higher susceptibility values an order higher compared to the
IP direction. These results agree with the DC M-H response, as the IP orientation shows a
lower moment (i.e. susceptibility). The combined AC susceptibility and DC M-H responses
indicate that the Neel vector lies IP for the 10 mTorr film as the susceptibility is expected
to be lower when magnetic fields are applied parallel to the Neel vector. Additionally, the
IP AC susceptibility measurement for the 10 mTorr film shows a peak at 8 kOe which may
indicate the reorientation of a-FeMn phase. In Figure 6.3(b), the measured AC susceptibility
measurements in the OOP orientation show the spin-flop transition at 44 kOe, while the IP

measurements show noise at susceptibility values an order of magnitude larger compared
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to the OOP direction. Additionally, DC M-H curves for the 15 mTorr film show that the
OOP orientation shows a lower moment value (i.e. susceptibility) as compared to the IP
direction. Combining the AC susceptibility measurements and the DC M-H curve responses
for the 15 mTorr film implies that the Neel vector in this film lies OOP. Furthermore, the
AC susceptibility response shows a peak at 4 kOe which may correspond to the reorientation
of the a-FeMn phase. Assuming that only the residual stresses between the two films are
different, a resultant compressive stress of -52 MPa (i.e. -0.028% strain) is sufficient to cause

an IP to OOP reorientation of the Neel vector in y-FeMn.

Next the influence of strain towards the magnitude of H,; will be investigated to indirectly
determine a saturation magnetostriction As in y-FeMn. The stress-free Hgy [35, 36] is given

by the equation below

Hy = [H,2Ha)'? (6.1)

where H., is the exchange field controlling the antiparallel alignment of the AFM sublattice
moments, and H, is the anisotropy energy which for an antiferromagnet with uniaxial [37]

reduces to

2K,

H, =
po M

(6.2)

where K is the uniaxial anisotropy energy, po is the permeability of free space, and M is

the magnetization at the spin-flop field when the sublattice moments cant. Therefore, for a
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stress-free AFM, 6.1 can be written as follows.

Hew
MOMKl]l/Q (6.3)

Hse]‘i =
However, when stresses are present in the system, the newly induced the magnetoelastic and
elastic anisotropies add the effective field terms (H,,.) and (H;) alter the equilibrium H;

given by 6.4.

H,yy = [2Heo(Hy + Hpne + Ha)]'? (6.4)

this indicates that stresses can alter H; without directly fighting AFM exchange H.,. Equa-

tion 6.4 then can be written as follows

H., 3 2
K+ Ao+ T2 (6.5)

H., =2 2
o =1 2 27

where A, is the saturation magnetostriction, o is the stress, and Y is the Young’s modulus.

Now if we include the equilibrium Hf}l to 6.5, Hyy in terms of o can be determined.

3As0 o’
S v /2
4K, + 4YK1>] (6.6)

Hip(o) = Hg[1 + (
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In equation 6.5, it can be seen that the relationship between the stress and the Hy; are
virtually linear. From Figure 6.3 the 10 mTorr film under -25 MPa shows a H,y of 34 kOe
whereas the 15 mTorr film under 27 MPa is 44 kOe. Taking values of K; of -9.5 kJ/m?
based on reported values [38, 39] for Fe-based FCC alloys, we find H{f of 41.2 kOe and A,
equal to 116 ppm. The approximated A, value reasonably agrees with previous reports of
magnetostriction for polycrystalline Fe,Mn;_, (0.40 <x <0.60) alloys between 300 to 750
ppm [21, 22]. Additionally, A values for 4-FeMn alloys may be larger than what we report
here due to the nanocrystalline nature of the films which may exhibit a reduction in the spin-
orbit coupling compared to polycrystalline or epitaxial films. However, previous studies have
demonstrated that AFMs which undergo strain-mediated reorientation in their Neel vectors
must possess low MCA as it directly influences the magnitude of H,; as demonstrated by
equation 6.3 [2]. For reference, in comparison to MnyAu which possesses a Hyy of 700 kOe
[17] and K; 700x10® kJ/m? [40], FeMn shows a Hg; an order of magnitude lower since
the K7 term is an order of magnitude lower compared to MnsAu which demonstrates the
critical importance for low MCA for strain-mediated reorientations in AFMs. Next the stress

response towards the AFM behavior is evaluated by a theoretical model based on 6.6.

Figure 6.4 shows a stress-based magnetic phase diagram shown by the curve calculated using
equation 6.6 with K; = —9.5 kJ/m?® and A, = 116 ppm along with the experimental data
points for the 3 FeMn films shown by the red squares. The plot shows 2 regions in total
composed of one ferromagnetic (Fm) and one antiferromagnetic (AFM) region, where the
phase-boundary between two regions is located at 56.4 MPa ( 0.032%). The FM regions do
not have a Hyy and show only imaginary portions when using equation 6.6 meaning they
cannot naturally exist as an AFM. However, within the AFM region are real numbers were
determined for the stresses using equation 6.6. Additionally, the theoretical curve agrees
well with our data as the film under 77 MPa showed FM magnetic properties in the a phase,
whereas the other two films behaved similar to AFMs with the v phase. In the determination

of the theoretical curve, the AFM boundary region became wider as the K; term increased
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Figure 6.4: Magnetic phase diagram of FeMn as a function of stress from -100 MPa to 100
MPa. H,z/Hg (left-ordinate axis) and H,s (right-ordinate axis) vs stress (bottom) and
strain (top).

in magnitude. Therefore, referring back to equation 6.6, the magnetoelastic response (i.e.

As) has to be larger in order to overcome the larger MCA as K increases.

6.4 Conclusion

In this work, we employ the magnetron sputtering process to adjust the Argon pressures in
the deposition of polycrystalline FeMn thin films on Silicon substrates to vary film residual
stresses and study the influence of strain on the orientation of the Neel vector. We demon-
strate a strain-induced phase transition from a-FeMn to «-FeMn by a -0.03% compressive
strain (-55 MPa stress). Additionally, AC susceptibility measurements show an in-plane to
out-of-plane reorientation (i.e. 90°reorientation) in the y-FeMn Neel vector significantly less

than the reported -1.3% strain in a previous study. Furthermore, this reorientation in the
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Neel vector as a result of the -0.028% compressive strain was found to increase the spin-flop
field by 10 kOe. From the measured AC and DC susceptibility data, our calculations indi-
rectly predict a saturation magnetostriction value of 116 ppm for our FeMn thin films. We
find that these results are critical for researchers investigating the strain-mediated proper-
ties in AFM materials and demonstrates the viability of strain-mediated control of the Neel

vector in future spintronic applications.
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Chapter 7

Conclusion

This disseration addresses new investigation methods for the design of magnetostrictive inter-
metallic and multilayered materials with superior magnetic properties tailored for multifer-
roic applications. Element specific investigations of the spin and orbital momenta by XMCD
and the XMCD sum rule approach were demonstrated, providing insight on the elements
that control the MCA and magnetoelastic anisotropic responses in complex intermetallics
such as Terfenol-D. Additionally, XMCD and its sum rule calculations were performed on
multilayered RE-TM/TM heterostructures which show magnetization enhancements with
ultra soft magnetic responses due to interface mediated interactions between specific ele-
ments in the hard and the soft layers. Furthermore, the orientation of the Néel vector with
applied stresses (i.e. strains) in polycrystalline metallic AFM thin-films were investigated
demonstrating the magnetoleastic response with the 90°Néel vector switching, followed by
the saturation magnetostriction in AFM thin films. The results presented in this disseration
aid in the development of superior energy-efficient and effective magnetostrictive ferri and
antiferromagnetic thin films to meet the growing demand of micro and nanoscale magnetic

devices in future spintronic applications.
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Chapter 2 provides the fundamental concepts of magnetism discussed in this dissertation.
This chapter begins by illustrating the origin of magnetism in materials at the atomic level.
Further, a brief overview of the various types of magnetic ordering are introduced to provide
the background for the research conducted on ferri and antiferromagnetic systems. Fur-
thermore, the magnetization process and the origins of the hysteric behavior are briefly
discussed to provide an introduction to the various energies that contribute towards the

magnetic anisotropy, which is heavily referenced in chapters 4-6 of this dissertation.

Chapter 3 of this dissertation provides the background required to understand the X-Ray
magnetic circular dichroism (XMCD) results in chapters 4 and 5. This first begins with the
brief overview of the interaction of transmitting X-Rays with matter. Subsequently, X-Ray
absorption (XAS) in materials are introduced followed by XAS several detection methods
typically used in XAS experiments since these are prerequisites in understanding XMCD.
Next, the fundamental concepts that produce the dichroic responses in magnetic materials
with a net spontaneous magnetization in response to polarized circular X-Rays are provided
to understand XMCD spectroscopy. Finally, the XMCD sum rules are introduced which
utilize both the XAS and XMCD spectra in magnetic materials to determine the elemental
spin and orbital angular momenta which are vital for grasping the results in chapters 4 and

D.

In chapter 4, soft X-Ray Magnetic Circular Dichroism (XMCD) spectroscopy at the Dy and
Tb M, 5 and the Fe Ly 3 edges were performed on sputter deposited polycrystalline Terfenol-
D (Thg3Dyg.7Fes) film on sapphire substrates at temperatures from 100 to 300 K to evaluate
the elementwise contribution to the magnetocrystalline anisotropy and coercive field. The
elemental spin and orbital magnetic moments were calculated using the X-Ray Magnetic
Circular Dichroism sum rules. As temperatures decreased, the Th and Fe moments plateau
at 200 K with values of 7.6 up/atom and 1.8 up/atom respectively while the Dy moment

increases to 8.9 ug/atom at 100 K. Between 300 to 200 K the change in magnetic anisotropy
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is dominated by thermally induced magnetoelastic effects while for temperatures below 200
K magnetocrystalline anisotropy (MCA) changes are dominant. The MCA changes below
200 K appear to be due to increases in the Dy orbital moment with decreasing temperature

in this temperature regime.

In chapter 5 explores moment enhancements in two multilayers composed of ultra-thin
Nig;Fejg and ThFey (2nm/4nm or 4nm/2nm) layers using X-ray magnetic circular dichroism
(XMCD). The elementwise XMCD results indicate that these enhancements are induced by
interface mediated antiparallel exchange coupling between Tb in the ThFey; and Fe in the
Nig; Ferg. XMCD M-H curves demonstrate this coupling is sufficient to provide pronounced
saturation and reorientation in the Tb orbital and spin moments with coercive fields simi-
lar to monolithic Nig;Fejg at or near the interfaces. Results also show increased magnetic

ordering lengths within ThFe, layers as the TbhFe, layer thickness increases.

In chapter 6, the residual stresses in magnetron sputtered polycrystalline FeMn thin films on
Silicon substrates were varied by adjusting the deposition Argon pressure to study the influ-
ence of strain on the orientation of the Néel vector. Here, a strain-induced phase transition
from a-FeMn to v-FeMn is demonstrated by a -0.03% compressive strain (-55 MPa stress).
Futher, AC susceptibility measurements show an in-plane to out-of-plane reorientation (i.e.
90reorientation) in the y-FeMn Néel vector followed by a 12 kOe increase in the spin-flop
field resultant from a -0.028% compressive strain (-52 MPa stress). Calculations using mea-
sured AC and DC susceptibility data indirectly predict a saturation magnetostriction value

of 305 ppm for ~v-FeMn thin films.

The results demonstrated in this dissertation offer more insight on the future of magnetostric-
tive materials tailored to strain-mediated multiferroic applications. In addition, these results
provide valuable insight for researchers in their investigations for the development of supe-
rior magnetostrictive intermetallics and multilayered materials by tailoring the anisotropic

responses at the elemental spin and orbital moment level. Furthermore, demonstration of
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the substantial magnetostrictive properties in metallic antiferromagnets are demonstrated
which will support researchers in their investigation and development of magnetostrictive

antiferromagnetic materials.
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