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Fe{Ga alloys belong to a class of smart materials called magpostrictive ma-
terials. Magnetostrictive materials show dimensional (ngnetostriction) and mag-
netization changes in response to magnetic and elastic ald These e ects can be
utilized for transduction purposes. Most widely used magtestrictive materials like
Tb-Dy-Fe (Terfenol-D) show giant magnetostriction ( 2000 ) but su er from low
modulus of elasticity, low tensile strength and are extrenhe brittle, limiting their
usage to applications involving only axial loads. Fe{Ga allys have recently been
discovered to show an extraordinary enhancement in magnstdction (from 36
to 400 ) with the addition of the nonmagnetic element, Ga. Though tekir mag-
netostriction is less than that of Terfenol-D, they boast sperior properties such as
ductile-like behavior, high tensile strengths ( 400 MPa), low hysteresis, and low
saturation elds (10 mT). Understanding the origin of the magnetostriction en

hancement in these alloys is technologically and scientedly important because it



will aid in our quest to discover alloys with higher magnetdsction (as Terfenol-D)
and better mechanical properties (as Fe{Ga).

With the goal of elucidating the nature of this unusually lage magnetostriction
enhancement, Fe{Ga solid solutions have recently been thectis of intense studies.
All the studies so far, show the existence of nanoscale hetgeneities embedded in
the cubic matrix but the experimental means to correlate thgresence of nanoscale
heterogeneities to the magnetostriction enhancement iscking.

In this work, Fe{Ga alloys of various compositions and heatréatments were
probed at dierent length scales - lattice level, nano-, mio-, and macro-scales.
Neutron di raction was used to probe the alloy at the latticelevel to identify the
existence of di erent phases. Small-Angle Neutron Scattieig (SANS) experiments
were used to study the nanoscale heterogeneities and the#sponse to the applied
magnetic and elastic elds. Ultra small-angle neutron sc&tring (USANS), mag-
netic force and Kerr microscopy were used to investigate tlresponse of magnetic
domains under externally applied magnetic and elastic ekl Piecing the results
from lattice level, nano-, micro-, and macro-scales togeth with the macroscopic
magnetostriction measurements, the nature of the magnetostion in Fe{Ga alloys
was uncovered. No evidence could be found that directly réds the presence of
heterogeneities to the enhanced magnetostriction. Furtheit was found that the
observed heterogeneities were possibly of DO3 phase and detrimental to the

magnetostriction.
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Chapter 1

Introduction

This dissertation attempts to unravel the origins of magnaetdstriction in Fe{Ga
alloys. These ferromagnetic alloys, also known as Galfenbklong to the class of
smart materials, which can be used in novel devices for rohtiansduction purposes,
both as actuators and sensors. The knowledge thus gainedhaild us in our quest to
nd alloy systems that demonstrate higher magnetostrictia and better mechanical
properties.

This chapter introduces the concepts necessary to fully apgriate the motiva-
tion and contribution of this dissertation. In the next sectons, a brief introduction
to magnetism explaining the physics behind ferromagnetisia provided. In the next
section, fundamentals of magnetostriction are discussebh the subsequent section,
a brief introduction to magnetostrictive materials folloved by an overview of mag-
netostriction in Fe{Ga alloys is provided. Following that,the research objectives of

this dissertation are stated.

1.1 Physics of Magnetism

Magnetism is the behavior of materials that respond to the ggied magnetic

eld. This phenomenon arises due to the magnetic moments dfi¢ atoms.



1.1.1 Atomic magnetic moments

The magnetic moment of the atom arises due to the angular momtem of the
electrons. If the electron, which has a charge rotates around the nucleus in an
orbit of radius r at an angular velocity of! then its motion constitutes a current of

i = el!=2 . The magnetic moment generated by this electric current isigen by

., elr?
= = 1.1
()= = (1)
Since the angular momentum of the moving electron is given by
P=ml!r? (1.2)

wherem is the mass of the electron, the magnetic moment can be exmed as

= _—P: (1.3)

The magnetic moment is thus proportional to the angular mom#um of the electron
and is in the opposite direction.

Although the above expression was derived using classicaéchanics, it accu-
rately describes the relationship between the angular momteim of the electron and
the corresponding magnetic moment due to this angular momm. From quan-
tum mechanics, the electron has two kinds of angular momenmntu- orbital angular
momentum (L) and spin angular momentum or spin §). In classical perspective,
orbital momentum can be thought of the momentum due to elecbn's motion in
its orbital. Spin angular momentum is purely quantum mechaical e ect and has

no analogy in classical mechanics. The total angular momemh of the electron is



J = L+S. As many other quantities of subatomic particles, the angal momentum
of the electron is also quantized. The quantized angular mantum of the electron
are expressed ak = P C+1) handS= P s(s+1) h, where® and s are orbital
guantum number and spin quantum number respectively. The lawed values for
are integers and fors are % called up and down spin states.

The magnetic moment associated with the orbital angular moemtum is
L= sl (1.4)

and that with the spin angular momentum is

s= 2385, (1.5)
where
eh
8= o (1.6)

is the Bohr magneton.

Using these the total magnetic moment associated with theegtron can be
expressed as

= g(L+2S): (1.7)

Pauli's exclusion principle states that no two electrons cahave the same set
of quantum numbers. As a consequence, electrons pair up,ithe electrons are so
stacked that within the same orbital if one electron haspin up (s = +1/2) then
the other will have spin down(s = -1/2). This leads to the cancellation of the mag-
netic moments resulting in a net zero magnetic moment. Theire, an atom has a
magnetic moment only when there are unpaired electrons. Atm@r quantum me-
chanical rule called Hund's rule governs the arrangement tife electrons. According

3



to this rule the electrons are arranged such that (1) the re#ing spin S is as large
as possible within the restrictions of the Pauli's princig. The reason for this is
that the electrons tend to take di erent orbits to minimize the Coulomb repulsion.
Moreover, the intra-atomic spin-spin interaction tends toalign their spins parallel
to each other. (2) The resulting orbital angular momentuni is as large as possible
within the restrictions of the Pauli's principle and condiion (1). The reason for this
is that the electrons tend to align their magnetic moment du¢o the orbital angular
momentum parallel to each other so as to minimize the Coulomtepulsion. As a
consequence of Hund's rule, some of the elements witth 8nd 4 shell electrons

have more than one unpaired electrons leading to strong at@@rmoments.

1.1.2 Diamagnetism

Diamagnetism occurs in materials with no atomic magnetic nments, i.e.
those materials in which all the electrons are paired up. Theusceptibility of these
materials is small and negative, typically 10 °. The negative sign means the
induced magnetization is opposite in direction to the magtie eld. The mechanism
by which this happens is the acceleration of the orbital el#ons by electromagnetic
induction. According to Lenz's law, the magnetic ux produ@d by this acceleration
is always opposite to the change in the external magnetic el

If one assumes a circular orbit of radius for simplicity then the electric eld

E produced due to the magnetic eldH applied perpendicular to the orbital plane



E= —-—: (1.8)
The electron is accelerated because of this electric eldsdting in a change of its
velocity by v intime t, which is given by

e er
= —E t=— H: 1.9
v m 2m (1.9)

Using this, the change in the centrifugal force acting on thelectron is
F.=ev H; (1.10)
which is balanced by the increase in the Lorentz force
F.=ev B: (1.11)

This indicates that the orbit of the electron precesses abbthe applied eld with

angular velocity
e
2m

!L:

H: (1.12)

SI<

This motion of the orbit is called Larmor precession The magnetic moment pro-

duced by this motion is given by

e v >
2r

_ e’
= °H (1.13)

As can be seen, the induced magnetization is opposite in dit®n to the magnetic
eld. This is called diamagnetism. Elememts like Cu, Ag, AuPb with no unpaired

electrons demonstrate diamagnetism.



1.1.3 Paramagnetism

Paramagnetism appears only in elements with unpaired eleohs. As in dia-
magnetism, the negative magnetic moment is induced even irag@amagnetic ma-
terials. However, the alignment of the atomic moments withhe magnetic eld
dominates, resulting in a positive magnetic moment. Parangmetic materials ex-
hibit susceptibility of the order of =10 > 10 2.

If the atomic moment is assumed to be 1 Bohr magneton, then atraagnetic
eldof H =1 1 A/m, the magnetic energy isH  1:2 10 2 J. This is two
orders of magnitude less than the thermal energy (kT/2 =2 10 2! J) at room
temperature. Therefore, a magnetic eld of this magnitude &n barely in uence
the atomic moments that get thermally agitated at such tempeatures. Therefore,
it takes enormous eld to align the magnetic moments with theeld. Lower the
temperature, higher will be the susceptibility of paramagetic materials. This is

given by the Curie law:

2
= S (1.14)

Z

which states that the susceptibility of paramagnetic mateals is inversely propor-
tional to the absolute temperature. The magnetization of p@amagnetic materials
can be quantitatively de ned usingLangevin function. For more details the readers

are referred to [L.



1.1.4 Ferromagnetism

Ferromagnetism is characterized by a strong magnetic behax. Susceptibility
of ferromagnetic materials can be as high as= 1000. The origin of such a strong
magnetism is not only the strong atomic moment from the unpaed electrons but
also the spontaneous magnetization produced due to the aligent of all atomic
moments parallel to each other. Weis<] explained the mechanism of this sponta-
neous magnetization in 1907 by introducing an e ective eldcalled molecular eld.
Later in 1928 Heisenberg3 proposed the exchange interaction energy between the

atoms with spinsS; and S; de ned as
Wi = 2SS §; (1.15)

where J is the exchange integral, to be the source of the molecularice This
exchange interaction is a quantum mechanical e ect. The elkange integralJ de-
termines if the lower energy state is spin parallel or antipallel. If J is positive then
spins are all aligned parallel to each other resulting in fesmagnetism. IfJ is neg-
ative then spins align antiparallel to each other resultingn antiferromagnetism. As
with paramagnetic material, temperature plays an importatrole. The spontaneous
magnetization occurs only below a critical temperature, dad Curie temperature
T.. Beyond Curie temperature, the thermal energy agitates thatomic spins to the
point where the atomic spins do not align parallel to each o@r anymore. In this
temperature regime, ferromagnetic materials become paragnetic.

The physical origins of the exchange interaction energy cdame understood
from Pauli's exclusion principle and Coulomb interaction.Suppose two atoms with
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unpaired electrons are close to each other then if the spinktbe two atoms are an-
tiparallel, the electrons will share one molecular orbitalThis increases the Coulomb
energy. If this increase in the Coulomb energy is less thandlenergy minimization
due to spin cancellation then the electrons maintain antipallel spin. Such antipar-
allel alignment of spin is called antiferromagnetism. If iis the other way around,
then the electrons maintain parallel spins and form separatmolecular orbitals, ac-
cording to Pauli's exclusion principle, thus decreasing th Coulomb energy. Such
parallel alignment of spin is known as ferromagnetism.

The Exchange energy of an ensemble of atoms, like in a crystzdn be written

[4] as |

_ @ ° @ *, @ *
Feth ex T ey T @z

(1.16)
where A is the exchange sti ness constant and is the unit vector along the mag-
netization direction.

The exchange interaction leads to spontaneous magnetizati but it does not
dictate the direction in which the magnetization orients. 8, the magnetization is
free to orient along any direction in the crystal without chaging the internal energy
if no additional interaction exists. However in actual feromagnetic materials, there
exists an easy direction in which the magnetization likes torient. Rotation of
the magnetization away from this easy direction increasehé internal energy of
the system. Therefore rotation of the magnetization away ém easy axes is only

possible by applying a magnetic eld. The energy that dictats the preference

in magnetization orientation is called magnetic anisotrop The anisotropy that



assigns an energy to di erent directions in the crystal is kwn as magnetocrystalline

anisotropy and is given by
EK:K]_ %%4‘ §§+ §%+K2 %g%, (117)

for materials with cubic crystal structure. ConstantskK ; andK , are cubic anisotropy
constants.

To understand how the magnetocrystalline anisotropy can beonstructed from
spin-pair energy, we should revisit equation1(15, which is the expression for ex-
change energy and is independent of the crystal directiongherefore, additional
terms are added that are dependent on the orientation of thepms (or magnetiza-
tion) with respect to the crystal axes. Interaction energy btween two atomic spins

can then be expressed as

W)=wectl (3 va () 2 P (19)

where the rst term is the exchange energy that is independénf and the second

term is dipole-dipole interaction term [L, 5].

Figure 1.1: Ferromagnetic spins on a simple cubic lattice

For a cubic lattice as shown in gurel.l, the magnetocrystalline anisotropy
can be calculated by summing up all the spin pairs within the nit volume of the

9



crystal

X
Ex = Wi; (1.19)

wherei is a spin pair. For simplicity, we consider here the interacin between
the rst nearest neighbors ignoring the interaction betwee distant pairs. Then

expanding the above equation gives

X 1 6 3
Ek=N | 2 > + e 1.20
“ - A (1.20)

which can be simpli ed using the identity $+ 3+ 2=1to
Ex = 2Ng 23+ 32+ 22 tconst; (1.21)

whereN is the number of atoms in a unit lattice. Comparing this with .17)

Ki= 2Ng: (1.22)

It should be noted here that we derived only the rst term of the magnetocrystalline

anisotropy as the interaction between distant pairs was igmed.

1.2 Magnetostriction

All ferromagnetic materials demonstrate magnetostrictio - a change in shape
due to a change in magnetization. It was rst discovered in on wires by Jame
Joule in 1842 §]. Magnetostriction arises due to the interaction betweenhie atomic
magnetic moments. If are the direction cosines of the magnetization and are the
direction cosines of the bond direction, then the interaabn energy [, 5] between

two atomic moments (or two atoms) can be de ned in terms of the interatomic

10



distancer as

(e

6
= 1.23
7 35 ( )

Wi =10 (5 s ()

Ignoring the higher order terms, the energy of the spin painian unstrained state

can be written as

w(r; )=1ro) () 3 : (1.24)

Figure 1.2: A spin pair with variable bond lengthr. Arrows indicate
direction of the spin

When the crystal is deformed by

]
3

I MRXRRARIXRRIARARY O

zz
: (1.25)
Xy
yz
zx’

the equilibrium bond lengthr, changes tor (1 + ). Calculating the change in the

interaction energy w and summing it up for all the nearest neighbor pairs in a
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unit volume of the lattice, one can get], 4]

Emagel = B1  xx 2 %wa 5 %Jr 2 3 :%,
+Ba(xy 1 2% yz 2 3% 2 3 1) (1.26)
. (1.27)
where
o= B, 7 3 B 3 1 B 3 % BoioBiaaBray

(1.28)
This energy, expressed in terms of the magnetization diresh of the atomic mo-
ments and the lattice strain, is called magnetoelastic engy. Constants B; and
B, are called magnetomechanical coupling constantg, [8] and can be calculated
from the values of magnetostriction and elastic constantsf @ ferromagnetic mate-
rial as will be seen later. The axis directions X,y, and z caspond to thehl0(
crystallographic directions of the material. Because of thmagnetoelastic energy,
the material strains when its magnetization is changed. Adtrnatively the magne-
tization also gets a ected if the material is strained by ex¢rnal mechanical forces.
This phenomenon was rst discovered by Villari in 1865 and veasince then called
Villari e ect [ 9].

To evaluate the expression for magnetostriction, the Gibbkee energy of the
system is formulated as the Legendre transformation of theiternal energy. As-
suming isothermal and isentropic processes, the Gibbs freeergy is reduced to the
enthalpy of the system can be expressed as the sum of exchaagergyE¢yx, mag-
netocrystalline anisotropy energyEx , magnetoelastic energyE magel, €lastic energy

12



Ee, magnetic work or Zeeman energWmag, and mechanical workWmecn
H = Eex + EK + Emagel + EeI Wmag Wmech: (1-29)

The expression folEx was given in (L.17). The elastic energy can be written

as

C; (1.30)

NI =

Ea =

where C is the sti ness matrix. For cubic materials, C is expressed using elastic

constantsc;, Cio, and Cq4 AS
2 3

Ci1 Ci2 Cp2 0 0 0

Cio Ci1 Cpo 0 0 0

C= : (1.31)
0 0 0 Csa4

o
o

0 0 0 0 Ca4 0

0 0 0 0 0 Caq

The expression folWn,,g IS given by
Wiag = oM TH; (1.32)

while the expression fokVecn Can be written as the product of an externally applied

stress () given in equation (1.33 and the resulting strain ().

T = ; (1.33)

XX yy zz Xy yz zZX

Wieen = ' (1.34)

13



Magnetization can be expressed a8l = Ms[ 1 » 3]T, where M is the
saturation magnetization, which is a material property. Umg this, the enthalpy
of the system can be written as a function of ; and . Therefore, the vari-
ables ; and can now be termed as the system's internal variables. Usingua-

tions (1.17), (1.32, (1.27), (1.30, and (1.34) the enthalpy can be expressed as

Sy — 22, 22, 22 2
H(i; )=Ky 13+ 533+ 31 +Kza 1353

+b +Z7C oMTH T (1.35)

The equilibrium states of the system can be calculated by mmizing H with
respect to its internal variables ; and . Itis assumed thatH( ;; ) is a continuous
function of ; and and has continuous second order partial derivatives.

Some of the earlier workq], 4, 7, 8] that have derived the equilibrium strains
did so under an assumption of a zero applied stress. The exgs®n for the equilib-
rium strains assuming a constant 3-D stress was derived ratg [ 10, 11], which will
be presented here. The enthalpy of the system, which is de dién equation (1.35

with ; and as the internal variables, is minimized with respect to

@ (i)
-1 7=0; 1.36
@ (1.36)
which gives
bT + C =0: (1.37)
Solving for yields
=C! C'= pent (1.38)
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Taking a second partial derivative with respect to yields

% = C: (1.39)

which is a positive value and hence corresponds to a relative minimum ofH.
Therefore, is the equilibrium strain.

The equilibrium strain derived earlier [L, 4, 7, 8] for zero stress included only
the second part of the equation 1.39, which is the magnetostrictive = C !bT
strain. For the non-zero stress condition, the equilibriunstrain is a superposition
of purely mechanical n.cn = C ! and magnetostrictive strains.

Using equations (.28 and (1.31), the magnetostrictive strain can be calcu-

?

The elongation due to magnetostriction along any directiof ;; ,; 3) can be

lated as

Wl

Wl

o

h%

N

o

h%

=
w
Wl

(1.40)

8
B1 2
Ci2 C1n1 1
B1 2
Ci2 C11 2
Bi 2

evaluated using the expression

2 2 2
w 1t yy 2t 2z 3

+ Xy 1 2% y223+ zx 3 1 (1-41)
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which becomes

l: B 22, 22, 22 }

| 7012 . ! 2 2 33 3
B>
— (121 2% 23 23% 313 1) (1.42)
Ca4

by substituting the expressions for ; from equation (1.40.
The magnetostriction along the direction [100] occurs whethe magnetization

is along this direction. This can be calculated to be
(1.43)

byusing ;1= ;=1and ,= 3= ,= 3=0Iin equation (1.42. Similarly,
magnetostriction along [111] can be obtained to be

1B,
= -2 1.44
111 3C44 ( )

by using | = ;= #% in equation (1.42.
Using equations (.43 and (1.44), the magnetoelastic coupling constants can

be expressed in terms of the magnetostriction constants aethstic constants as], 7]

3
B, = 5 100(C11  C12); B2= 3 111Cua (1.45)

Substituting equation (1.45 g\ (1.40 and (1.33 gives

3 1
2 100 1 3

1
100 2 3

N W

1

5 100 3 2

= 3 (1.46)
3 111 1 2

3111 2 3

311131’
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and

| 3 1
|—=§100 P+ 25+ 3% 3
+3 m(121 2% 232 3% 313 1) (1.47)

respectively.
One can see that volume change due to the magnetostrictigh =, + yy +
2z 1S zero. This is the case because the higher order terms in atjon (1.23 were
ignored. The volume conserved magnetostriction is calledule magnetostriction.
All magnetostrictive materials, however, show some volunmagnetostriction [7, 8,
12, 13] in addition to the Joule magnetostriction.
Substituting the equilibrium strains from equation (1.38 in equation (1.35

and simplifying, results in an additional anisotropy term vith its anisotropy constant
— 9 2 2 .
Ky = 4 200(Ci1  C12) 2 711Cas : (1.48)

This anisotropy is called the magnetostriction induced asbtropy. Therefore, the
e ective magnetic anisotropy is the sum of magnetocrystaie anisotropy and mag-
netostriction induced anisotropy. As expected, if the maggtostriction is constrained
then the magnetostriction induced anisotropy becomes zerblowever, the constraint
should be at length scales less than that of the exchange lémg[10. This was ex-

perimentally veri ed by [14, 15].
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1.3 Magnetic domains

As described in the previous section, the exchange energgults in a sponta-
neous magnetization of ferromagnetic materials. Becausktbis energy, the atomic
spins are aligned parallel to each other. However, the net guaetization of the
entire sample need not be magnetized to saturation. The matal can split into
domains with magnetization oriented in di erent directiorns. The reason behind this
is: If the sample is magnetized in the same direction everyete, the exchange en-
ergy is zero but as a result, the cost of magnetostatic ener¢gue to magnetic free
poles on the surface) increases. Therefore, a balance isnfibbetween the exchange
and magnetostatic energies. The material splits into magtie domains. Within
each domain the atomic spins are collinear but the directiors di erent in di er-
ent domains. For example, if the material breaks into two domains as in gure
1.3b, the magnetostatic energy is halved compared to a singlerdain case in gure
1.3a. If the material breaks in toN domains then the magnetostatic energy reduces
by 1=N times. However, breaking into domains costs exchange enengear the
domain boundaries (domain walls) . Therefore, the materiddreaks into domains
until an equilibrium is reached between the magnetostaticnergy and magnetic do-
main wall energy. If the material has a cubic magnetocrystae anisotropy or low
magnetocrystalline anisotropy then closure domains can lb@rmed resulting in zero
magnetostatic energy as in gurel.3d.

Weiss P] proposed the existence of magnetic domains in ferromagiceia-

terials in 1907. Barkhausen 16| discovered in 1919 that the magnetization pro-
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Figure 1.3: (a) Single domain with high magnetostatic eneyg(b) form-
ing two domains reduces the magnetostatic energy, (c) forng multiple

domains reduces the magnetostatic energy further, (d) foration of clo-
sure domains results in zero magnetostatic energy

cess in ferromagnetic materials takes place in small disetesteps, which he called
Barkhausen e ect. It was thought that each step in the magnezation process corre-
sponds to the ipping of a complete magnetic domain. Also, # magnetic domains
were believed to be mesoscopic features.

Bitter [17] in 1931 made the rst attempt to observe ferromagnetic domas
under microscope using powder-pattern method. The obsedvelomain patterns
were maze patterns as shown in gurd.4a, which were misinterpreted as the real
domains. In 1934 Kaya 18 showed that the maze patterns were not real domains

and are caused by stresses introduced during surface pdligh The true domain
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structure, however, remained elusive. In 1949 Williams etl.a[19] observed well-
de ned domain structures on a precisely cut, stress-free & crystal as shown in

gure 1.4b. Unlike maze domains the true domains are much larger in siand are

Figure 1.4: Bitter patterns in Fe-Si that is, (a) mechanicdl polished,
(b) electrochemically polished or annealed()].

more geometrical. Further discussion on magnetic domains provided in Chapter

3.

1.4 Magnetostrictive materials

As discussed earlier, magnetostriction was discovered bgule [6] in 1842 in
Fe. Since then most ferromagnetic materials were discovéreo demonstrate mag-
netostriction. Most common magnetostrictive materials inlude ferromagnetic ma-
terials like Fe, Ni, and Co. They have magnetostriction on ta order of 10 and
did not have many practical applications. This, however, dnged with the devel-
opment of rare earth-Fg alloy systems that havegiant magnetostrictive properties.
One such alloy is Terfenol-D, a Th-Dy-Fe alloy that can genate a magnetostrictive
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strain close to 2000 [21{23. Terfenol-D is being used commercially since then
[24]. Although Terfenol-D exhibits giant magnetostriction, t su ers from poor ten-
sile strength ( 30 MPa) and brittleness. As a result, its applications are raited to
those involving only axial compressive forces.

Discovery of large magnetostriction in Fe{Ga alloysZ5, 26 has spurred a
new wave of research initiatives into magnetostrictive matials. These alloys are

collectively known as Galfenol.

1.5 Iron-Gallium (Fe{Ga) alloys

For an excellent summary of the past research work on Fe{Gauyfratik Datta's
dissertation can be consultedZ7]. Here only the research work pertinent to this
dissertation is discussed.

Large magnetostriction was recently discovered in Fe{Galays [25 2. It
was found that like Fe-Al 28 alloys the magnetostriction signi cantly increases
upon Ga addition to Fe. While peak magnetostriction of Fe-Alis 140 [2§],
itis 400 for Fe{Ga [26]. Such a large magnetostriction enhancement makes
Fe{Ga a much more interesting alloy system. The magnetosttive constants ;qo
and 1, of these alloys as a function of Ga at% are shown in gurgé.5. The
magnetostriction of Fe{Ga alloys is an order of magnitude $s than that of rare earth
alloys like Th-Dy-Fe but still large enough to be of practichuse. In conjunction
with their large magnetostriction, these alloys exhibit datile-like behavior 9], high

tensile strengths ( 400 MPa) R5, 30], low saturation elds ( 10 mT) [29, 31],
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Figure 1.5: Magnetostrictive constants for Fe{Ga (singlergstal) alloys
for di erent at% Ga [26]. Two peaks in magnetostriction correspond to
20 at% Ga and 28 at% respectively.

low hysteresis 29]. Moreover, these alloys can be rolle®®, 33], machined 4], and
welded B5] making it easy to manufacture these alloys into various spas and sizes.
Unlike Terfenol-D, these alloys can also be subjected to bding [27, 36{39] paving
way to novel applications from macroscaletf 43] to nanoscale 37, 44{47].
Magnetostriction (3=2 100) Of -Fe increases monotonically from 36 [7] to
300 with a gradual addition of Ga concentration up to 17 at% Ga. Bgond

this, the magnetostriction is thermal history dependent u 25 at% Ga. While
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guenching the alloy from a high temperature sustains the motonic increase upto

20 at% Ga, slow-cooling decreases the magnetostriction bag 17 at% Ga. Beyond

25 at%, the magnetostriction increases again with a seconeak at 28 at% Ga.
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Figure 1.6: (a) Equilibrium phase diagram of Fe{Ga4§]. (b) Metastable
phase diagram of Fe{Ga49].

Figure 1.6a shows the equilibrium phase diagram4f]. At room temperature

-Fe has a body-centered cubic (BCC) or A2 crystal structureA solid-solution of
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Figure 1.7: Structure of di erent phases in Fe{Ga

Fe and Ga forms upto 12 at% Ga, beyond which Fe{Ga alloy forms mixture of
two phases, A2 and FesGa (L1,) upto 25 at%. At higher temperatures, phases
like DO3, B2, DOy exist. The schematics showing the unit cells of these crysta
structures are shown in gurel.7.

The kinetics of equilibrium phase formations are extremelgluggish in Fe{Ga
[50, 51]. For example, the formation of D@y and L1, phases can be easily avoided
by normal cooling rates 49, 51, 52]. Therefore, the phase diagram at nite cooling
rates is di erent from the equilibrium phase diagram. lkedaet al. [49] evaluated
the phase formation in Fe{Ga at nite cooling rates and develped the metastable

phase diagram of Fe{Ga as shown in gurd.6b. This metastable phase diagram
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shows that when the alloys are cooled at nominal rates to rootemperature then
upto 15 at% Ga, Fe{Ga alloys make solid solutions with disoeted BCC structure

(A2). Beyond 15 at% Ga, DOS3 begins to precipitate.
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Figure 1.8: Lattice parameter of Fe{Ga $2|

Figure 1.8 shows the lattice parameter for A2, DO3, and Liphases of Fe{Ga
measured using X-ray diraction p2. It can be seen that the lattice parameter of
all phases increase with the addition of Ga. It is interestip to note that at 20 at%,
the lattice parameter of DO3 phase is less than that of A2.

The magnetic anisotropy as a function of Ga concentration v8ameasured by
Ra que et al. [53. As shown in gure 1.9 the anisotropy contant K, decreases
to almost zero as the rst peak in magnetostriction is approghed. Similarly the
anisotropy constantK , also decreases in magnitude and becomes zero near the rst

peak. The elastic constants were measured by Wuttig et al54] and Clark et al.
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[26] as shown in gure1.1Q While the tetragonal shear modulus®= (c;1  C12)=2
linearly softens with increasing Ga at%g¢,44 remains more or less unchanged. Clark
et al. [26] also show a linear increase in the magnetoelastic constd®t with the
increase in Ga at% leading upto the rst peak. Since the magtastriction constant
100 = B1=3c° (see equation {.45), the dependence of magnetostriction on Ga
at% leading to the rst peak is quadratic. It is believed thatthe second peak is

purely due to the softening of shear modulub§).
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Figure 1.9: (a) Magnetic anisotropy constantK,; and (b) Magnetic
anisotropy constantK , as a function of Ga at% in Fe{Ga $3.

This large (more than tenfold) enhancement of magnetosttion in Fe{Ga
is remarkable, especially since Ga is a honmagnetic elemernt addition to this
the promising technological properties of Fe{Ga alloys stiulated intense studies
focusing on elucidating the nature of the observed unusugallarge magnetostriction
[50, 55{66]. Due to the complexity of the second magnetostriction peakwhere

multiple phase formations were reported3p], most of the research e ort is focused

on the rst peak.
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H=0 H > Saturation field

Figure 1.11: Mechanism of intrinsic magnetostriction. Themagne-
tostriction arises within the atomic bond due to spin-orbitcoupling.

Cullen et al. [56] proposed that the magnetostriction enhancement could be
due to local ordering, possibly B2-like, within the disorded state. More recently,
local Ga pairing was also proposed§] to be the reason behind the decreased mag-
netocrystalline anisotropy (see gurel.9) with increasing Ga composition. In this
model, the magnetostriction is intrinsic to the material ina sense that the atomic
bond undergoes deformation due to spin-orbit coupling. A aapeting idea proposed

by Khachaturyan et al. [67, 68 theorizes the enhancement in the magnetostriction
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Figure 1.12: Mechanism of extrinsic magnetostriction. Thenagne-
tostriction arises due to the reorientation of tetragonal lusters in the
presence of a magnetic eld. The cluster shape itself is defed to be
tetragonal for illustrative purposes. The phase of the cltsr is tetragonal
and it can be in any shape.

to be due to tetragonal D@, heterogeneities. It was thought that these Df hetero-
geneities are magnetically coupled to the matrix (A2) and th magnetostriction is
a result of the heterogeneity reorientation. It was predi&d that the heterogeneity
results from the following series of transformations: (1)dz! bcd* DO3 decom-
position, (2) a di usionless Bain strain transformation fom DO3 to D0,,. The two
competing ideas of magnetostriction in Fe{Ga are illustrad in gures 1.11 and
1.12

Wu et al. [69, 70] showed through rst principle calculations that B2-like
local ordering of Ga atoms might play a crucial role in magnestriction enhance-
ment. Lograsso et al. 30 showed using X-ray diraction that beyond 17 at%
Ga, long range order sets in the slow-cooled samples (DO3 @p#tation) and the
magnetostriction goes down. Quenching the samples supesgthe long range or-
der and the high magnetostriction is sustained. It was alsamfind that quenched

samples have some short range order and it was postulated thhis could be the
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local ordering responsible for enhanced magnetostrictiorHowever, the phase of
this short range order could not be established owing to ex@dmely weak anomalous
re ections. Messabauer studies 1] also found some short range order. Using Dif-
ferential X-Ray Absorption Spectroscopy (Di XAS) Pascardli et al. [60] found that
Fe-Fe bond within the vicinity of Ga-Ga pair shows an enhancemagnetostriction.
However, their measured local strain of 390 indicates a much lower macroscopic
magnetostriction, which clearly does not agree with expeniental values. X-ray syn-
chrotron di raction [ 55, 66] and X-ray di raction [ 72] also showed the existence of
short range ordering in quenched alloys near the rst peak Ihuheir signi cance in
magnetostriction enhancement could not be ascertained. tever, Du et al. pf
found that in the quenched samples the short range order alé@as B2-like contri-
butions and the average size of these clusters is 2-3 nm whé&e tmagnetostriction
peaks. More recently, Zhang et al. 7[3 calculated the magnetostriction through
rst principles and showed di erent ordered structures fordi erent compositions.
It must be noted, however, that the rst principle calculations by Wu et al. B9, 70]
and Zhang et al. 3 may not be applicable to the real Fe{Ga alloys, which are dis
ordered structures 74]. Khmelevska et al. J4] proposed that the magnetostriction
in Fe{Ga could stem from a local symmetry e ect. The magnetidisorder resulting
from a local symmetry was thought to induce a chemical disoed.

Using High Resolution Transmission Electron Microscopy (RTEM) Bhat-
tacharyya et al. b9 showed the existence of heterogeneities. Through modelin
they claimed the clusters to be of Dg-type. Their HRTEM images showed that

the heterogeneities are spaced about 6 nm from each otherofr magnetic domain
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imaging, Bai et al. b7, 62 showed maze-like domain structure even after polish-
ing the samples. They postulated such a domain structure toeba result of the
tetragonal heterogeneity presence. More recently, Cao dt 1] found short range
ordering through neutron di raction. They showed di use (100) peak that is slightly
shifted towards lowerg-values. They also show the (300) peak to split at 19 at% Ga
concentration. They claim this to be the evidence for tetragnality and hence the

short range order is D@, as theorized by the extrinsic model of magnetostriction.

1.6 Research objectives

An understanding of the origin of magnetostriction is cledy of high scienti c
and technological importance. Such an understanding willgve way to nd better
alloy systems with even higher magnetostriction while retaing or improving upon
the good mechanical properties of Fe{Ga. However, even aftgears of research
e ort, discussed above, the origin of magnetostriction in &Ga is still elusive.

One of the main shortcomings of previous research e orts isafjmentation.
Due to the nature of phase mixture near the rst peak that is vey sensitive to
composition and heat treatment, comparison study on dispate samples is often
not reliable. Further, the short range order or heterogenges were probed without
applying any eld. Studying their response to external magetic and elastic elds
could reveal their a ect on the magnetostriction enhancenm.

Therefore, the main objectives of this research te systematically conduct

experiments on the same set of samples characterizing them a t di erent

30



length scales . To accomplish this, the following studies are conducted:

1. Characterize samples of di erent composition and heat@atments at macroscale,
measuring their magnetostriction and reconstructing thetate of the samples

at remanence.

2. Study magnetic domains at remanence, under magnetic eldnd under elastic
eld to see if the maze-like domain structure reported by Baet al. [57, 62

gives any clues about the nature of the heterogeneities.
3. Study heterogeneities and their response to magnetic aerthstic elds.
4. Identify the phase of these heterogeneities.

5. Compare all the experimental data measured at di erent lggth scales and un-
derstand the nature of heterogeneities and their a ect on th magnetostriction

enhancement.

To visualize heterogeneities and identify their phase, ngons experiments
were carried out. Neutrons, unlike X-rays or electrons, doom interact with the
electron cloud because of their neutral charge and hence gaisrough bulk samples.
This allows us to probe whole of samples without any sampleggaration that may
change the shape or size and make it di cult to compare with tle macroscale char-
acterization results. In addition, neutrons have magnetispin (s = %), which makes
them interact with the atomic magnetic moment, revealing pecious magnetic infor-
mation. Further, unlike electrons, neutrons do not get a eted signi cantly by the
applied magnetic elds, which makes it much easier to studyhe sample subjected to
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magnetic or elastic elds. HRTEM images $9 showed that the heterogeneities were
separated on average by about 6 nm. These length scales arthinithe regime of
small-angle scattering. Therefore, small-angle neutrorcattering was used to study
the response of heterogeneities to magnetic and elasticdsl Neutron di raction is

used for phase identi cation.

Thesis organization

The sample set and their macroscopic characterization rdsiform Chapter
2 of this dissertation. To image magnetic domains, magnetforce microscopy and
Kerr microscopy were used. The description of these micragic methods along with
the results is provided in Chapter 3. Details about neutronmall angle scattering
and di raction experiments along with the results are proviled in Chapter 4. All

the experimental results are summarized and conclusionseadrawn in Chapter 5.
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Chapter 2
Macroscale characterization

2.1 Overview

In this chapter, the magnetostriction of all the samples isarefully character-
ized with magnetic eld applied along two of the in-plane easdirections. From the

magnetostriction measurements, the remanent states of tlsamples is estimated.

2.2 Sample specimens

All the samples were grown at the materials preparation ceat, AMES Lab [75].
While 15S, 18S, and 19Qe samples were cut from the ingots gnowa the Bridge-
mann technique, 17S, 17Q, 20S, and 20Q samples were cut frdra blocks grown
via solid state annealing. All the samples with names endingith S are slow-cooled
samples i.e., the samples were annealed at 10@D for 4 hours and then cooled
down to room temperature at a rate of 10 C/min. All the samples with names
ending with Q are quenched samples i.e., the samples were ealed at 1000 C
for 4 hours and then water quenched to room temperature fron08 C. The 19Qe
sample was additionally electron irradiated at a ux of 3 MeV 100 mA at 100 C
for 100 min. This was done to enhance the defect concentratidhat is thought

to aid the formation of nanoscale D022 tetragonal heterogeities [67, 68]. All the
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samples except the 15S are rectangular. The rectangular gales were cut such that
their axes are collinear to thenl 0 G crystallographic directions. The 15S sample
was cut from the ingot at UMD. The orientation of the disk plare is already known
from the orientation determination done by AMES labs. Howesr, the orientation
within the plane was not known. Since we know that for 15 at% Gaomposition,
hl1 00 are the easy axes, a small magnetic eld, below the saturatianagnetic eld,
was applied along di erent directions within the plane and bhen the magnetization
along that direction was measured using VSM. It can be seerofn gure 2.1 that
the maximum magnetization is along a direction 30 degreestanlockwise from the
reference direction. Therefore, it was determined that tkidirection is the [100].
These results were further corroborated by measuring theientation using Elec-
tron Back Scatter Detector (EBSD), which also showed the [1@ direction to be 30
degrees anti-clockwise from the reference direction.

Next, composition of all the samples was determined by Eleon Dispersion
Spectroscopy (EDS) at the UMD nanocenter. The composition ag determined
at more than 5 points on one of the surfaces and the average quosition was
determined. Table2.1 shows the composition, standard deviation, heat treatment

and dimensions of all the samples.

2.3 Magnetization

A vibrational sample magnetometer (VSM) was used to measuthe magne-

tization of the samples. Samples were attached to a long rott vibrates in the
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Figure 2.1: Magnetization of 15S vs. azimuthal angle

Table 2.1: Sample specimens

Sample Avg Ga at% Std deviation Heat Treatment Dimensions (m3)

15S 15.3 0.53 Slow cooled 11 1.2
17S 17.5 NA Slow cooled 18 145 15
17Q 17.3 0.43 Quenched 2013 13
18S 18.1 0.56 Slow cooled 1285 1.8
19Qe 19 0.53 Quenched 2512 05
20S 19 0.6 Slow cooled 1811 07
20Q 194 0.51 Quenched 1811 07

presence of a magnetic eld. The current induced in the coilwk to the vibration

of a magnetized sample gives a measure of the magnetizatidrihee sample. For all
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the measurements, a eld ramp rate of 0.5 mT/s was used and thmagnetization

was measured point-by-point averaging over 10 seconds atleaeld point.

15S 18S
1 1
0.9 1 0.9
0.8 1 0.8
0.7 1 0.7
» 0.6 1 » 0.6
To To
< 5 1 < 5
0.4 1 0.4
0.3 1 0.3
0.2 1 0.2
0.1 1 0.1
0 ‘ ‘ ‘ 0 ‘ ‘ ‘
0 200 400 600 0 200 400 600
Hy (mT) Hyx (mT)

Figure 2.2: Magnetization of 15S (left) and 18S (right)

Figure 2.2 shows the magnetization of 15S (left) and 18S (right) sampe
These two samples are the smallest in volume compared to thest of the samples.
However, they are still able to produce a large moment resing in a high magnetic
force. So, both the samples moved toward one of the magnetiolgs at higher
magnetic elds, bending the vibrating rod.

19Qe sample is larger than 15S or 18S samples. Therefore oidany sample
movement toward the poles, away from the saddle point, a snhed sample ( = 3
mm disk) was cut out from the ingot from which 19Qe was cut. It &s ensured that
the 3 mm disk was cut adjacent to the 19Qe so that there is miniah compositional

variation between the two. Figure2.3 (left) shows the magnetization of this 3 mm
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Figure 2.3: Magnetization of 19Qe

sample. Since this 3 mm sample is dimensionally di erent fro the 19Qe, they
each have di erent demagnetization factors. Therefore a R model was used to
estimate the demagnetization eld of both the samples. Theamagnetization factor
alonghatx was calculated to be 0.1455 for the 3 mm disk and 0.0157 for th@Qe.
In gure 2.3 (right), the magnetization of the 3 mm sample is scaled usinthe
demagnetization factors of 3 mm and 19Qe samples to estimdtee magnetization
of the 19Qe sample. It can be seen that the magnetostrictiori the 19Qe in gure
2.9 and the estimated magnetization of the 19Qe in gure2.3 (right) saturate at
more or less the same magnetic eld.

From M-H curves of 15S, 18S, and 19Qe samples, it can be seeat tthe
hysteresis in these samples is almost negligible. For exdmpthe coercivity of the

19Qe was 0.2 mT and the remanent magnetization was 5 mT. So, Fe{Ga is
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magnetically very soft.

19 =27
182 Qe @H=2

181 ¢}
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Figure 2.4: Magnetization vs Temperature @H= 2 T for 19Qe

Another 2 mm disk was cut from the 19Qe sample and the magnediron of
this sample was measured from room temperature to 10 K usingS®QUID. Figure
2.4 shows the magnetization vs. temperature. As expectet, {], the magnetization

increases as the temperature decreases.

2.4 Magnetostriction

2.4.1 Experimental procedure

A coordinate system was chosen such that the x-, y-, and z axesrrespond
to [100], [010], and [001] of the samples respectively. Areefomagnet was used

to apply magnetic eld up to 0.8 T. A bidirectional resistive strain gage rosette

38



was used to measure strain along x- and y-directions. The elwas ramped up
from 0:1 mT (remanent eld) to 650 mT and then down to 0:1 mT at a rate
of 10 mT/s. Data was acquired using National Instruments DAQ bard and
LabView software.

Throughout this dissertation, | means magnetostrictive strain along direction
T due to the magnetic eld along directioni. If T and] are easy axes then! represents

kH and |g represents ? H.

2.4.2 Remanent state calculation

From the magnetostriction measurements the magnetizatiodistribution at
remanence can be estimated. H, b, and c are the fractions of magnetic moments
oriented alongr, ¥, and2 respectively, thena+ b+ c=1and a;b;c 0. In a perfectly
demagnetized samplea = b= ¢ = 1=3. Assuming volume magnetostriction , =
3v for simplicity, the in-plane magnetostrictions can be de ed in terms of the

initial magnetic moment distribution as following:

x=b +c +v
X —

y= b +v
y=a +c +v
y —

y= a +v

From the above equations,

— X y — Y X
X X~y y



Therefore, is taken as (( } w+HC Y Y)=2.

Reducing the above equations such that they are linearly iegpendent gives:

b+tc+v=p= = = J= +1 (2.1a)
b+tv=q= §y= = J= 1 (2.1b)
a+ b+c=1; (2.1¢)

where p and g are calculated ag=( = + §= +1)=2andq=( j= + J= 1)=2
At least one more independent measurement is necessary taab a unique solution.

In the absence of such a measurement a range of solutions carobtained as follows

maxfO;(p 1);q9 v (p+ Q=2 (2.2)

Choosing a given value of from equation (2.2,

a=1 p+v (2.38)
b=v q (2.3b)
c=p+q 2v: (2.3c)

2.4.3 Results and Discussion

Figures2.9- 2.11show the magnetostriction data for all the samples obtained
using an automated LabVIEW data acquisition program.
In a perfectly demagnetized sample and in the absence of amsidual stress,
xand J are always 23 , meaning the remanent states = b= c=1=3. However,

this is not observed in all the samples. Since the hysteresisthe magnetostriction
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Figure 2.5: Magnetostriction of 15S under H applied along (left) and ¢ (right)
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Figure 2.6: Magnetostriction of 17S under H applied along (left) and ¢ (right)

data is almost negligible, the deviation can be attributeda@ some anisotropy, either

due to shape or the presence of a residual stress.
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Figure 2.7: Magnetostriction of 17Q under H applied along (left) and ¥ (right)
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Figure 2.8: Magnetostriction of 18S under H applied along (left) and ¢ (right)

Of at most interest is sample 17S that shows 100% magnetizati oriented

along ¥ at remanence. This is extraordinary because attempts haveeén made
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Figure 2.9: Magnetostriction of 19Qe under H applied along (left) and ¢ (right)
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Figure 2.10: Magnetostriction of 20S under H applied alongy (left) and ¢ (right)

to induce an anisotropy in Fe{Ga either by magnetic eld annaling [76] or stress

annealing [/7, 78 but such an anisotropy has not previously been observed im a
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Figure 2.11: Magnetostriction of 20Q under H applied along (left) and ¥ (right)
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Figure 2.12: Magnetostriction of 18Q under H applied along (left) and ¥ (right)

as-grown sample, i.e. one that has not undergone processesighed to selectively

develop such an anisotropy. The reason for this is uncleart is thought that the
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DC heating coil used for annealing this sample might have csed the magnetic eld
annealing e ects. However, it could not be reproduced. In #t sense, this sample
is quite unique. It is important to note that such an anisotrgy at remanence is
shown not only by 17S but also by other samples, especially@,718S, and 20S.

In order to see if re-annealing the sample can remove the asti®py and \reset"
the sample, 18S was annealed at 100Q for four hours and then water quenched
from 800 C to room temperature. Figure2.12 shows the magnetostriction mea-
surement after re-annealing 18S sample. Calculating themnanent states how show
a2 [0:46071],b2 [0:03029], andc 2 [0 0:51]. The anisotropy that is still present
can be explained to be due to the shape of the sample. The matpstatic energy
or the shape anisotropy also has a profound in uence on themanent states.

The values for %, §, ¥, 3, and are given in table2.2 Using equations
(2.39 - (2.39, contribution of the volume magnetostriction to the linea magne-

tostriction, v and the remanent states, b, c are listed in table2.3.

2.5 Summary

The macroscopic characterization of all the samples was famed. This is
essential because every sample is unique in its own way. Tlnanent state of the
sample perhaps depends on many parameters and it is very dudt to produce two
samples that are identical in every aspects. Therefore, dalaaterizing every sample
- composition, magnetostriction, magnetization - is verymportant. These results

form a basis for the analysis of measurements in Chapters 3da.
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Table 2.2: Magnetostriction atH = 800 mT

Sample X v y y

15S 177 1 35 1 181 1 35 1 215
17S 3121 295 1 12 1 12 1 303
17Q 92 1 311 310 1 189 1 280
18§ 331 1 237 1 83 1 25 1 312
18Q 150 1 11 1 274 1 125 1 280
19Qe 212 1 143 1 115 1 62 1 266
20S 183 1 127 1 128 1 59 1 248

20 203 1 63 1 249 1 119 1 317

46



Table 2.3: Remanent states

Sample v *( ) a b ¢
158 [072] [0.170.50] [0.16 0.5] [0 0.67]
17S  [1010] [00] [11] [0 0]
17Q [3061] [0.780.89] [00.11] [00.22]
18S [2150] [00.1] [0.810.9] [00.19]
18Q  [072] [0.460.71] [0.030.29] [0 0.51]
19Qe [031] [0.220.33] [0.550.67] [0 0.23]
20S  [031] [0.250.38] [0.50.62] [0 0.25]
20Q [067] [0.370.58] [0.210.42] [0 0.43]
* [min max]
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Chapter 3
Magnetic domains

3.1 Overview

In this chapter, magnetic domain imaging using magnetic foe microscopy
(MFM) and Kerr microscopy is discussed. Domains were imagédth at remanence
as well as under externally applied magnetic and elastic @. In section3.2, a
background is given highlighting the expected domain pattas in these alloys and
discussing the domain imaging published in the literatureln subsequent sections,
the results from magnetic domain studies at remanence, undmagnetic eld, and

under elastic eld are provided.

3.2 Background

In cubic materials with K; > 0 (hLOG are the easy axes), such as Fe, Fe-Si,
or Fe-Al, there are two kinds of magnetic domain walls: 180walls separating two
domains for e.g. [108J100] domains with magnetization anti-parallel to each othre
and 90 walls separating two domains for e.g. [106P10] whose magnetizations are
at right angles. In cubic materials withK; < 0 (hl11l are the easy axes), there
are three kinds of magnetic domain walls: 180109, and 71. It is common to

classify all domain walls other than 180walls as 90 walls [1]. If one considers a

48



Figure 3.1: Magnetic domains on (001) Fe-3 at% Si showing 180

separating [1004100]-type domains and 90 domain walls separating

[L00HO010]-type domains. Taken from79].
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energy [].
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180 wall in a cubic material with K; > 0 separating [100] and/00] domains on a
(001) surface, gure3.2 shows why these domain walls are straight. If the wall is
curved as in gure 3.2b, magnetic free poles would appear along the curved portion
of the wall, giving rise to a demagnetizing eld opposite to e magnetization of
the domains. To reduce the magnetostatic energy arising oof a curved wall, the

180 wall straightens as in gure 3.2a. When a 180 wall is viewed from a

180° WALLS

Fig. 16.13. Possible curvature of a domain wall.

Figure 3.3: Possible curvature of a 180domain wall in a material with
uniaxial anisotropy [1].

direction parallel to the domain magnetization, the wall mg be curved as shown in
gure 3.3 This is possible because the curvature does not result inyamagnetic
free poles. The curvature, however, increases the total $ace area of the domain
wall thus increasing the wall energy. Therefore, such cudedomain walls form
only when the additional energy can be sustained. Possibleasons for sustaining
curvature in the domain walls include the presence of incliens or voids, irregular
distribution of internal residual stresses, and the depemace of the wall energy on
the crystallographic directions. One such example is the ra@a domain structure in
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Figure 3.4: Maze domain structure with curved domain wallsni poly-
crystalline Ni thin Im with out-of-plane anisotropy [ 80].

polycrystalline Ni thin Im with out-of-plane anisotropy, shown in gure 3.4 The
curved domain walls are 180walls separating domains with magnetization aligned

out-of- and into- plane.

a’\

Figure 3.5: Fir tree magnetic domain pattern in (100) Fe-Al that is
slightly mis-oriented [B1].

Also, a slight misorientation of the crystal plane relativeto the surface being
observed can change the magnetic domain patter@9. For example, gure 3.5
shows the magnetic domain pattern on a (100) surface of Fe-[1] that is slightly
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mis-oriented. This domain pattern is calledr tree pattern that forms near a 180
domain wall. There are several such domain patterns that caiorm on the mis-

oriented surfaces. For more details, refer t@'§).

3.2.1 Magnetic Force Microscopy (MFM)

Magnetic Force Microscopy or MFM is a scanning technique tenage spatial
variation of magnetic forces on a sample's surface. Underpppriate conditions,
this allows magnetic domain imaging. A cantilever with tip oated with ferro-
magnetic material, typically Co/Cr, is used under close pramity to the surface
intended for the investigation. There are two interaction dérces between the tip and
the surface - van der Waals force and magnetic force. Typibalvan der Waals
forces dominate as the tip gets closek(50 nm usually) to the sample giving topo-
graphic information. Increasing the distance from the sani@ surface weakens the
van der Waals interaction and beyond a critical distance (afve 50 nm) magnetic
forces dominate. Therefore, MFM scanning mode is also soinats called the \lift
height" method. The topographic pro le of the surface is r& measured by scanning
the tip at close proximity and then in the second pass, the magtic information is
recorded by lifting the tip a certain height above the surfae.

The magnetic information can be extracted in a static mode atynamic mode.
In static mode, the tip displacement due to magnetic forces imeasured. A more

sensitive method utilizes the dynamic properties of the tij82]. In this method, the
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cantilever is oscillated (by a piezoelectric bimorph) neats resonant frequency
k
o= —: 3.1
0= — (3.2)

When the tip comes under the in uence of a force; , then the vertical component of
the force gradient,@F=@g detected by the microscope. Under this approximation,
the cantilever can be considered to behave, under the in uea of the tip-sample

interaction force, as if it had a modi ed spring constant

_ @F
ke =k o (3.2)

This change in the spring constant of the cantilever modi e#s resonant frequency

to
r—
1@F
I =1 = -
=14 1 c @ (3.3)
Assuming @F=@z k, the shift in resonant frequency can be given by
1 @F
' = .
! > @7 (3.4)

A change in the resonant frequency changes the tip's osdilan amplitude as
well as the phase shift, which can be measured. In this diskdron, the phase shifts
are used to image the magnetic domains.

MFM o ers a very high magnetic spatial resolution 30 nm B2]. However,
it is a scanning technique and hence it is inherently slow. Athe scanning area
increases, the scanning time increases as well. Moreovédre maximum area that
is possible to scan is 100 m. Therefore, MFM is suitable to image thin Ims,
nanoparticles, nanowires, and bulk materials in which donmasizes are typically less
than 100 m.

53



3.2.2 Kerr microscopy

3.2.2.1 Magneto-Optic Kerr e ect

Kerr e ect [ 83], named after John Kerr, is one of the several magneto-opic
e ects [79. When a plane-polarized light is re ected o of a magnetizé surface, the
polarization rotates by an angle known as Kerr angle. It candophenomenologically
described by

D= (E+iQxm E); (3.5)

where is the dielectric constant,Qx is a material parameter that describes the
strength of the Kerr e ect. The vector D can be interpreted as secondary light
amplitude being generated by the magneto-optical interaitin of the electrical vector
E of the illuminating plane light wave with the magnetization vector m of the

sample.

Figure 3.6: lllustration of the elementary magneto-opticknteraction for
the longitudinal Kerr e ect. The sample with in-plane magnéization is
illuminated using light that is polarized parallel to the plane of incidence.
Taken from [79].
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When the light wave is incident on the magnetic sample, eladns are set in
vibration motion. The Lorentz force (m E) on the electrons results in the Lorentz
movement,# , . If this Lorentz movement is projected onto the plane perpetcular
to the direction of propagation of the re ected light, the magneto-optical amplitude
or Kerr amplitude K is obtained. This Kerr amplitude is polarized perpendiculato
the regular re ected amplitudeN that is polarized in the same plane as the incident
light. The interference ofK and N results in the rotation of the polarization vector
by «k = jKj3N j, which, by using an analyzer, leads to the domain contrast.

There are di erent con gurations of Kerr microscopy based o di erent ge-
ometries that result in being sensitive to di erent directons of magnetizations. All
these geometries can be derived from the knowledge of the &tz movement. An
appropriate direction of the incident light needs to be set¢ed for a given mag-
netization direction to produce a Lorentz movement leadingo a measurable Kerr
rotation. Kerr rotation is proportional to the magnetization component parallel to
the re ected beam of light. When the polarizer is set to eitheparallel or orthogonal
to the incidence plane andf 6 0, the con guration is called longitudinal Kerr e ect
(gure 3.6). In such con guration, the Kerr amplitude is proportional to the sine of
the angle of incidence, sif). Therefore, if the magnetization lies within the surface
as in gure 3.6, the maximum Kerr amplitude is obtained if the plane of incigénce
is parallel to the direction of magnetization and the Kerr armplitude disappears for
perpendicular incidence. Hence, longitudinal Kerr e ect wh oblique incidence is
used to image such domains. Perpendicular incidence £ 0), also known aspolar

Kerr e ect, can be used to image domains that are magnetizeceendicular to the

55



sample surface.

Figure 3.7: lllustration of the elementary magneto-optickinteraction for

the transverse Kerr e ect. The sample with in-plane magnetation is

illuminated using light that is polarized at 45 to the plane of incidence.
Taken from [79].

In transverse Kerr e ect, as shown in gure 3.7, the in-plane magnetization
is normal to the plane of incidence. Light withE parallel to this plane generates a
Kerr amplitude but it is in the same direction asN , the normally re ected beam.
This only generates an amplitude variation and no rotation. If the polarization
of the incident light is at 45 to the plane of incidence, then the component d&
perpendicular to the incidence plane is not a ected and thearnponent parallel to
the incidence plane is modulated in its amplitude upon re é®n. By superposition,
this results in the rotation of the polarization leading to he in-plane magnetization

sensitivity.
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Figure 3.8: Kerr microscope setup

3.2.2.2 Wide- eld Kerr microscopy

Wide- eld Kerr microscopy is most versatile technique for ragnetic domain

visualization, especially because it is real-time, nonyasive, and high contrast
method. Figure 3.8 shows the wide- eld Kerr microscope that has been assem-
bled by Evico Magnetics GmbH. Optical illumination is used ad the microscope
has a eld of view from severamm down to m using objective lenses from 5 to

100 . A rotatable electromagnet is capable of applying magnetields in-plane up

to 1 T. A CCD camera is used to obtain digital images.

Typically, the Kerr amplitude K is much smaller compared to the regular

re ected amplitude N . Because of this, the contrast of the domains is weak ( gure
3.9a). The image obtained has both magnetic and topographic imfmation. Since

the Kerr amplitude is weaker, topographic information dormates. Therefore, a
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domain-free image containing only topographic informatio is used as background
and is subtracted from the image to enhance the contrast. Theackground image
can be obtained either saturating the sample under a magnetield or applying an

alternating eld and taking several averages. By subtractig thus obtained back-

ground image, the contrast can be immensely enhanced as irurg 3.%.

(b)

(a)

Figure 3.9: Subtracting the background enhances the consta

Further, degree of magnetization of a sample can be estimdtom its domain
images. For example, gure3.10shows the histogram of a domain image. The four
gray levels in the image represent four di erent domains. Tése four gray levels can
be found in the histogram image. The intensity peaks of two ndeum gray levels
merge into a single peak. By integrating the area under eacle@k, one can estimate
the area of the corresponding magnetic domain. This way, i ipossible to estimate

the degree of magnetization of the sample.
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Figure 3.10: A magnetic domain image (left) with four kinds bdomains
and its histogram (right) showing peaks corresponding to #tndomains

3.2.3 Expected domain structure in Fe{Ga

The equilibrium magnetic domain state of magnetostrictivanaterials is deter-
mined by the balance of magnetocrystalline anisotropy, stss-induced anisotropy,
exchange, magnetostatic, magnetostrictive self-, and Zean energies. As discussed
in section 1.3, magnetic domains are primarily formed to reduce the magnestatic
energy, but the domain character depends on the quality famt Q = K=K 4 [79],
where K is the rst-order constant of any kind of anisotropy andKy4 = 0:5 (M2
is the stray eld energy coe cient with Mg being the saturation magnetization. If
Q 1, the stray eld energy dominates resulting in in-plane domin patterns that
minimize stray elds, even at the expense of anisotropy ergy. If Q > 1 a domain
structure forms to minimize the anisotropy energy even if tt leads to stray elds

[79). Details of the domain patterns also depend on the sampleage ( Im or bulk
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material), stress state, and most importantly in case of bklspecimens, on the sur-
face orientation. If a surface contains easy anisotropy éictions, simple domains
will develop. However, with increasing surface-misoriesion, the patterns become
increasingly complex (supplementary and branched domaiase then observed for
details see 79)).

In terms of magnetic microstructure, Fe{Ga alloys belong téhe class of iron-
like materials, i.e. cubic materials with positive magneterystalline anisotropy in
which the h100 crystallographic directions are magnetically favored. I@lloys con-
taining less than 20 at% Ga, &< K ; < 65kJ=m?3 [53] and M > 1:6 T [84] resulting
in Q < 0:06 1. One therefore expects domains like in iron, which are of xu
closing character with regular 180 and 90 domain walls B5, 86] as shown in gure
3.1 The higher magnetostriction of Fe{Ga, however, will incrasingly support the
formation of elastically compatible domains to reduce the agnetostrictive self en-
ergy, and will render the material more sensitive to lower nohanical stresses when
compared to pure iron. On a (001)-surface of Fe{Ga, one wouékpect to observe
domains that are magnetized along the four surface-pardlleasy directions [100],
[100], [010] and [@0] like Fe-Si in gure 3.1 The structure can be either \basic" do-
mains separated by 180and 90 walls, or closure domains of underlying [003[P01]

basic domains if the [00HO00L]-axes should be favored by mechanical stress.
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Figure 3.11: MFM images of Fe-19 at. %Ga upon applying a step-
increased eld normal to the sample surface, (a) as-grownage, (b) H
=400 Oe, (c) H =1000 Oe, and (d) H = 2600 Oe. {7

3.2.4 Literature review

Prior domain studies p7, 62, 87, 88| revealed highly complex and heteroge-
neous domains in Fe{Ga alloys. Often, these domains are of ape-character that
is typical for magnetic Ims with out-of-plane anisotropy [79. Based on their maze-
like MFM images (see g. 3.11), Bai et al. [57] stated that the domain size in
bulk Fe{Ga single crystals decreased and became increasyngregular with in-
creasing Ga content. Typical domain widths for x = 20 were regrted to be less
than 0.4 m with domain lengths less than 2m . They hypothesized that the in-
creasing nonuniformity of the domains is due to the DO3-likprecipitates in the A2
matrix. This observation was cited in support of theoretichpredictions regarding
magnetostriction enhancement in Fe{Ga alloysq[7, 68]. Zhou et al. [B7] studied

the domain structures of polycrystalline FgGayg alloys using MFM with di er-
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ent degrees of undercooling. They reported domain struces with maze-like and
other complicated patterns that seem to have little correldon with the grain size

or orientation. Song et al. 88] studied a polycrystalline Fg;Ga;g alloy subjected
to compressive and grinding stresses, using scanning elestacoustic microscopy
(SEAM) and MFM. They reported stripe-like main domain strudures using SEAM

with subdomains of dendrite morphology using MFM. They didhowever, detect
some evidence of 90and 180 domain walls. Xing et al. b5 employed Lorentz
microscopy on thinned specimens, which revealed no relatibetween the magnetic
domains and the underlying microstructure as postulated bai et al. [57]. The

magnetic domains showed straight 90and 180 domain walls forx = 10 and irreg-

ular domain walls forx = 20 and 31. In contrast, the MFM study of [57] showed a
complex domain structure forx = 12, 20, and 25. In more recent workdZ2], Bai et

al. imaged complex domain patterns and showed that the out-plane anisotropy
leading to the maze-like complex domains increases with reasing Ga concentra-
tion. It was noted that the domain irregularities under an aplied magnetic eld

did not t conventional domain growth or magnetization rotation mechanisms 79

and the unconventional magnetization rotation mechanism ag explained to be due
to the presence of heterogeneities in the A2 matrix.

As discussed in chapter 1, Fe-Al alloys show a similar magostriction en-
hancement as Fe{Ga alloysZg]. It is thought that the mechanism of this enhance-
ment could be similar in these two alloy systems$§]. The magnetic domain struc-
ture in Fe-Al alloys, however, showed the expected domain fparns [81]. Figure
1.4in chapter 1 shows the magnetic domains in Fe-Si imaged usiBgter pattern
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technique. Chikazumi et al. 0] showed the stringent surface nish requirements for
domain visualization in Fe-Si. Kaya 18], Williams et al. [19 and Chikazumi et al.
[20] showed that the mazelike domain patterns (see gl.4a) are due to mechanical
polishing and when the sample is either annealed after mectizal polish or elec-
trochemically polished, then the real domains (see gl1.4b) can be imaged. Such
surface requirements not only a ect Fe-Si but any mechanidlg soft bulk specimens
[79]. It is important for the surface to be well polished and freef scratches and
stress that might in uence the domain structure. Mechanichpolishing is known
to induce a thick, glass-like or amorphous layer with largetress known as Beilby
layer [89). The stress-induced anisotropy on the damaged surface mwhelms the
stray- eld energy resulting in ne out-of-plane magnetizel maze domain structures,
which are not representative of the \true" domain structures hidden underneath
[20]. Hua et al. [P(] showed that a strong surface anisotropy can induce dense
stripe domains in bulk materials, akin to those observed indfGa. Moreover, the
similarity in the maze domain structure due to surface stregs in Fe-SiZ0 with
the Fe{Ga domain structure reported in b7, 87] necessitates a re-evaluation of the
Fe{Ga domain structure.

Domain patterns under stress were observed in Fe-Si alloy&l] but such a
study was not conducted on Fe{Ga. So, in this chapter, magnetdomains of Fe{Ga

were studied not only under magnetic elds but also elasticelds.
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3.3 Experimental procedure

For the magnetic domain study, 19Qe, 17S, and 17Q samples weised. MFM
and Kerr micrscopes are used to image the magnetic domains. high moment
(HM-MESP) Co/Cr coated tip magnetized perpendicular to thesurface was used in
the tapping mode™ . A lift height of 50 nm was used to obtain the magnetic force
gradient images. For the wide eld Kerr microscope, longitdinal mode (longitudinal
Kerr e ect) at oblique incidence with either longitudinal ( §) or transverse ( R)
sensitivity [79] was used. When the longitudinal sensitivity is used, the J@FO010]
or ¥ domains appear bright and dark while the [106{100] or ® domains appear
gray. Similarly, when the transverse sensitivity is used,he R domains appear
bright and dark while the § domains appear gray. The samples were held in place

by means of double-sided tape.

3.4 Magnetic domains at remanence

In this section, the magnetic domain structure in the 17S, 17, and 19Qe

samples at remanence is imaged using magnetic force and Kmiicroscopy.

3.4.1 Conventional polishing

The surface coplanar with (001) for each of the three samplegss mechanically
polished using increasingly ner polishing media. First,lie samples were polished
using SiC sheets starting from 400 grit down to 1200 grit sizend subsequently

alumina suspension was used down to3m . The samples were then etched with
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10 % Nital solution for 30 seconds. This polishing proceduiis similar to that
described in §7, 87]. After polishing all the samples, the magnetic domain sticture
was imaged under zero magnetic eld. Figur8.12a shows the Kerr image obtained
in the longitudinal mode, which does not reveal any domain sicture. Switching to
the polar mode reveals the domain pattern similar to the mazpattern in Ni thin
Ims with out-of-plane anisotropy. The magnetization of these domains is aligned
indeed out-of- and into- the plane since their contrast was aximum in the polar

mode and they became invisible in the longitudinal mode (sesection3.2.2.2.

10

Figure 3.12: Kerr image of (001) surface of 17S in (a) longdinal mode
and (b) polar mode.

Figure 3.13shows the magnetic domain structure of 17S as imaged by MFM.
The bright and dark areas indicate domains with magnetizatin out-of or into the
surface. This corroborates the magnetic domain structuresamaged by the Kerr
microscope in gure3.12

Figure 3.14shows the magnetic domain structures of 17Q and 19Qe as imdge

by MFM. It can be seen that in all three samples, 17S, 17Q, an®Qe, the magneti-
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Figure 3.13: MFM image of (001) surface of 17S, showing mazstprn
with out-of-plane magnetization.

o

Figure 3.14: MFM image of (001) surface of (a) 17Q and (b) 19Qe
showing maze pattern with out-of-plane magnetization.

zation of the domains is oriented out-of- and into the imagepglane. These patterns
are similar to the maze domain patterns reported by5[7, 87, 88. Contrary to the
reported correlation between the domain size and the samptemposition p7], it
was found that domain patterns vary in size and structure whin the same sample.

As described in sectiorB.2, an out-of-plane anisotropy is necessary to overcome
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the magnetostatic energy to form out-of-plane magnetizedodhains. That is, the
quality factor must be Q > 1. Also, for the domain walls to curve in a single
crystal sample, there must be inclusions or voids, or thereust be an internal stress
distribution [ 1]. The hypothesis of Bai et al. $7] that the maze patterns are a result
of DO, precipitates agrees with both the inclusion and internal séss distribution
reasons. A D@, precipitate (inclusion) will lead to local stresses near #nDG0,, and
matrix (A2 phase) boundary. However, it is also possible thahese domain patterns
are limited to the surface and the stress distribution couldbe as a result of surface
damage due to conventional polishing. It was demonstrated/tiKaya [18], Williams
et al. [19) and Chikazumi et al. R(] (see gure1.4) that maze patterns in Fe-Si are
not representative of the \true" domain structure and are Imited to the damaged
surface. The \true" domain structure, consisting of wide ifmplane domains with
straight 90 and 180 domain walls (on a [1 0 0]-surface) was rather revealed after
electro-polishing the samples surface or annealing the galm at high temperature
to allow the damaged layer to re-crystallize. Therefore, twerify whether the maze
domain patterns imaged in Fe{Ga are due to the surface damage D0,, inclusions,
the surfaces were polished further to carefully remove theadhage layer without

introducing anymore damage.

3.4.2 Additional silica gel polishing

Etching the samples in 10% Nital at 70 C for 4 minutes or more revealed

the expected domain structure in 19Qe as shown in gurd.15 However, the sur-
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Figure 3.15: Etching in Nital for more than 4 minutes

face nish degraded signi cantly with the formation of pits and otherwise invisible
scratches becoming much more pronounced due to the Nital eiteg. In other sam-
ples, the surface condition degraded so badly with the forman of pits that no Kerr

contrast from the magnetic domains could be observed.

A relatively simple technique to remove the damaged layer #t utilizes an
additional polishing step using colloidal amorphous silicwas described by Ho mann
et al. [92).

It is believed that alumina, a hard material, introduces a dese network of
deep scratches that result in a high surface stress. Silicalgontains amorphous
SiO, particles with mean size about 60 nm, which are much softer icomparison
to the metals. Polishing with silica gel gradually removeshe \mountains” without
introducing new scratches thus allowing the disturbed suate layer to gradually thin
down (see gures3.16b, 3.16c, 3.1&).

Applying this technique, all the samples were additionallpolished using com-
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Figure 3.16: (a) Highly stressed surface layer with e ectesthicknessd;
after polishing with alumina powder. (b,c) Reduction of thestressed
layer thickness with silica gel polishing. (d) Extremely smoth surface
with stressed layer thicknessl, d;. Taken from [92]

mercially available 0.06 m silica suspension. Figur&.17 shows the domain struc-
ture evolution of 17S with the silica gel polishing time. It 6ok 75 minutes to get
rid of the damaged surface layer in this sample. In generat,took 1 - 3 hours of
silica polishing to remove the damaged layer.

The typical domain size in these samples is much larger thaihd maximum
scan size of the MFM. Since contrast is obtained only near dain walls, most of
the MFM (see g 3.18 scans do not show any magnetic features. As a result, it
takes multiple iterations of positioning a sample for a scabefore a domain wall can
be imaged using MFM. Figure3.19shows the MFM images of 17S, 17Q, and 19Qe
samples obtained after silica gel polishing. Contrast exssonly near the domain
walls, which indicates that the magnetization of all the dorains is oriented within
the (001) plane. Both the expected 90and 180 domain walls can be seen.

Typical Kerr domain images are shown in Figur8.20 These images show four

di erent gray scales indicating four di erent domain phase each of them magnetized
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Figure 3.17: Domain structure of 17S as a function of silicaepgpolishing
time (a) t = 0, (b) t = 20 min, (c) t = 50 min, (d) 75 min.

along one of the fourhl0d directions within the (001) plane. The domains thus
imaged show the same characteristics as observed by MFM. &reach Kerr image
covers more than four times the area of the maximum MFM scanhé di erence in

the Kerr and MFM images can be solely attributed to di erent €ales. Further, the

di erence between the Kerr and MFM images of sample 19Qe adidnally stems

from di erent areas of the sample that were imaged.

Figure 3.21 shows a high magni cation MFM scans of 19Qe sample showing
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Figure 3.18: No domain structure visible in 17S with MFM evemt the
maximum scan size

Figure 3.19: MFM images after additional polishing with cdbidal silica.

the meeting point of two 90 domain walls and one 180domain wall. The high
magni cation image shows no evidence for any subdomain stiwre reported by
Song et al. §g.

Figure 3.22shows that domain splitting can occur near areas of stressnoen-
tration such as scratches. The domain walls that form as a n@$ are usually not

straight. They can curve or form an angle as shown in the gureThe high stress
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17S

Figure 3.20: Typical Kerr images after additional polishig with colloidal
silica. The domains show 90and 180 domain walls with domains ori-
ented along [100],300], [010] and [QO].

Figure 3.21: High magni cation MFM scan of 19Qe showing 9Cand
180 domain walls

concentration within a scratch results in maze-like domaipatterns as shown in the

inset of gure 3.22

3.4.3 Discussion

The maze-like domain patterns with out-of-plane magnetizeon were observed

in conventionally polished Fe{Ga samples. Such domains tigally appear when
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Figure 3.22: Domain splitting near areas of stress conceation in 17Q
(left) and 17S (right). Inset shows a magni ed view of the maz domain
structure within the scratch.

Q = K=K 4 > 1. ChoosingK = K for Fejgo xGay (x 20),Q 1. Therefore, a
su ciently strong perpendicular anisotropy, K, must be present so that the total
anisotropy K = K, + Ky is strong enough to obtainQ > 1. Bai et al. attributed
K, to the presence of heterogeneities responsible for the enbament of the mag-
netostriction. However, the present study clearly demonsites that the need to
invoke an additional uniaxial anisotropy arises from the plshing-induced surface
damage. If one assumes that the damaged surface layer isl gihgle-crystalline,
the additional anisotropy K, could re ect the surface stress-induced anisotropy. It
would then follow that the maze-like domains appear readiljn Fe{Ga because of
the alloy's high magnetostriction. The stress-induced asotropy scales linearly with
magnetostriction. Hence, even smaller surface stresseeda mechanical polishing
result in a high stress-induced anisotropy when compared to-Fe. The Fe{Ga al-
loys, therefore, require even more stringent surface tregméents than known from

pure iron or Fe-Si alloys.
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The key for true domain visualization in bulk Fe{Ga alloys isto remove the
damaged surface layer of the conventionally polished suct without further in-
ducing any signi cant surface stress. Removing the top layeafter conventional
polishing by etching in 10% Nital at 70 C for more than 4 minutes revealed the
expected domain structure. However, the surface nish degded signi cantly with
the formation of pits and otherwise invisible scratches beming much more pro-
nounced due to the Nital etching. Additional amorphous sitia suspension polishing
as the last step was found to be su cient to remove the top sudce layer without
introducing new scratches or anisotropies. Following thistep, the unperturbed do-
main structures of the samples were revealed. These patterwere similar to those
expected with the magnetization oriented along the four psgle hL 00 directions
within the (001) plane and with straight 90 and 180 domain walls. Further, the
domains were typically larger than 100m , which is the maximum scan length of
an MFM. The longitudinal Kerr images show much larger domamand provide con-
trast to identify the four possible orientations of the magetization of the domains.
Therefore, one can conclude that the previously reported d@in patterns for Fe{
Ga bulk material are due to the surface conditions and do noepresent the true

domain structure.

3.5 Magnetic domains under magnetic and elastic elds

Now that the real magnetic domains could be imaged, studieseasuring the

magnetic domains response to magnetic and elastic elds acenducted. In this
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section, the response of magnetic domains in 19Qe, 17S, and@lto the applied
magnetic elds is provided rst followed by the magnetic donains response in 19Qe

and 17S to the applied elastic elds.

3.5.1 Experimental setup

Magnetic poles Objective lens

N

Electromagnet

Stress device

Figure 3.23: An electromagnet that can be rotated was used #&pply
magnetic eld along %R or ¥. Due to space constraints between the
poles of the electromagnet, stress could be applied only adp ¥.

The samples were held in place by means of double-sided tap®n electro-
magnet as shown in3.23was used to apply a magnetic eld along the ® or ¢
direction. The remanent stray eld from the electromagnet aithe sample position
was 1 mT. Due to the space constraints as shown in gurg.23 elastic eld was
applied only alongy direction, by tightening the screw of a custom built deviceqee
gure 3.24). In-situ strain measurement was made along the ¥ direction using a
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Figure 3.24: Device built from high strength aluminum to aply com-
pressive stresses. Samples are squeezed between 1 and 2 Inyaiig
turning the screw.

resistive strain gage bonded on the backside of the sample.ndér an externally
applied elastic eld, the measured strain along ¥ includes both elastic and mag-
netoelastic strains because of which calculation of stresalues was not possible.
Therefore, the elastic eld was quanti ed in terms of the meaured strain. The
magnetostriction measurements were corroborated with thex-situ measurements

obtained with bidirectional rosette strain gages from chapr 2.

3.5.2 Domains under magnetic eld

Figure 3.25 shows the magnetic domain structure in 19Qe with increasing
magnetic eld applied along the® direction. Longitudinal mode with transverse
sensitivity of the microscope was selected to obtain thesmages. The images show
all four types of domains with magnetization oriented alonghe easy axes®, X,
¥, ¥, within the (001) plane. With H k®, 2R domains grow by domain wall mo-
tion and eventually engulf the whole sample beyond 30 mT. The magnetostriction
measurements, both ; and , are shown in gure3.25 As expected, ¥ is positive

and 7§ is negative. Both the magnetic domain structure and the maggtostriction
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Figure 3.25: Magnetic domain structure evolution in 19Qe Wi magnetic
eld applied along ®

saturate at around the same magnetic eld 40 mT. Figure 3.26 shows the lo-

cal magnetization calculated by integrating the area coved by ® (black) domains

77



0 10 20 30 20
Hyx (mT)

Figure 3.26: Magnetization measure in 19Qe from Kerr microspe with
magnetic eld applied along®

from the Kerr images. Thus calculated local magnetizationlso saturates at about
the same eld as the magnetostriction. This also agrees witthe magnetization
measurement of 19Qe in gure.3.

Evolution of the magnetic domain structure of 17S with magnre eld applied
along R is shown in gure 3.27. Splitting of the domains, visible in the domain
images at< 52 mT, are due to the scratch marks on the imaged surface thatigint
have formed during the last stage of polishing. The Kerr cordst clearly shows
that all the domains at zero magnetic eld were of § type, possibly due to the
superposition of some uniaxial anisotropy onto the cubic &otropy. At a magnetic
eld of 52 mT this uniaxial anisotropy is overcome and the ® domains begin to
nucleate. Beyond this magnetic eld, the R domains grow by domain wall motion

eventually engul ng the material at > 100 mT. As expected, the magnetostriction
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Figure 3.27: Magnetic domain structure evolution in 17S wlt magnetic

eld applied along %
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Figure 3.28: Magnetization measure in 17S from Kerr micragge with
magnetic eld applied along®

measurement is consistent with the magnetic domain evoloti, both saturating at
100 mT. Figure3.28shows the local magnetization curve measured by integragn
the area covered by R (white) domains from the Kerr images. Thus calculated
local magnetization also saturates at about the same eld abe magnetostriction.
Therefore, it appears that these surface domains are same ths bulk domains.
Also, the formation of large R domains under eld indicate that the domain walls
go through the thickness of the sample. If the domains are lited to the surface
then much smaller R with many more domain walls are expected. More on this is
elaborated later when discussing 17Q domain images.
To verify whether the domains are truly the bulk domains, théackside surface
of the sample was also polished. Figurés29and 3.30show the magnetic domain

images and the local magnetization calculation from the domm images for the
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Figure 3.29: Magnetic domain structure evolution in 17S (lmkside) with
magnetic eld applied along R

backside surface of the 17S sample. The domain structure amanence and the
domain structure evolution with eld is similar on both the surfaces. This shows
that the domains on both the surfaces are same as the bulk doms Further, it can

be said that the additional uniaxial anisotropy is present lirough out the sample.
This is also consistent with the remanent states estimateaf this sample in table

2.3
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Figure 3.30: Magnetization measure in 17S (backside) fromekt micro-
scope with magnetic eld applied alongR

Figure 3.31shows the evolution of the magnetic domain structure in 17Qnaler
a magnetic eld applied along R. Longitudinal sensitivity was used to obtain
these images. Similar to 17S, the magnetization in this samepis oriented along
¥ at zero magnetic eld i.e., there appears to be a uniaxial asotropy favoring
the ¢ directions. At 50 mT the uniaxial anisotropy is overcome and the R
domains begin to nucleate. Figur&.32shows the local magnetization calculated by
integrating the area covered by the R (gray) domains. The local magnetization
saturates at 70 mT. One key di erence from the 17S sample is that beyond the
critical magnetic eld ( 50 mT) required to overcome the uniaxial anisotropy, the
R (gray) domains are much smaller in size and there are many neo®0 domain
walls. If these domain walls go through the thickness of theample, the energy

required to form such a large number of domain walls is high. uRher, if these
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Figure 3.31: Magnetic domain structure evolution in 17Q wit magnetic
eld applied along %
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Figure 3.32: Magnetization measure in 17Q from Kerr microgpe with
magnetic eld applied along®

are the bulk domains then the magnetostriction } should be close to (280 ).
However, } was measured to be much lower (92 ). Therefore, it is probable that
these domains are limited to this front surface and are not thbulk domains.

The sample was polished on the back side and the domain strupt was mea-
sured. Figure3.33shows the magnetic domain evolution with increasing magnet
eld. It can be observed that the stripe domain structure on he back side is similar
to the front side but the remanent domains are of ®-type instead of ¥-type. The
magnetostriction measurement on this side shows to be more than (due to
the additional volume magnetostriction component). This grees with the expected
value. Further, the local magnetization calculated by intgrating the ¢ domains,
shown in gure 3.34 also agrees with the magnetostriction data. The formatioof

large number of 90 domain walls indicates that the domain walls may not be going
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Figure 3.33: Magnetic domain structure evolution in 17Q (bek side)

with magnetic eld applied along ¢
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Figure 3.34: Magnetization measure in 17Q (backside) fromer micro-
scope with magnetic eld applied alongR

through the thickness of the sample. Sincg {j is less thanj 3] the bulk domain
structure is expected to have 2-type domains and thus di erent from the domain
structures imaged on either side of the sample. Thereforenlike 17S, the domains

imaged in 17Q do not represent the bulk domains.

3.5.3 Domains under elastic eld

Figure 3.35shows the magnetic domains in 19Qe under a compressive atast
eld applied along . The images show that the ® magnetic domains grow by
domain wall motion and eventually form two large domains sepated by a 180
domain wall at 1500 . This is expected because the compressive elastic eld
results in a stress-induced anisotropy alongy thus favoring magnetization to orient

along R or 2. On the (001) surface, the magnetostatic energy precludes?
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Figure 3.35: Magnetic domain structure evolution in 19Qe Wi com-
pressive elastic eld applied along

domains and hence, only R are favored.
Next, the magnetic domain evolution in 17S under elastic €l is shown in
gure 3.36 Similar to the magnetic eld case, it took a compressive edtic eld of
600 to overcome the uniaxial anisotropy present in this sampleéAppearance
of domain walls that are not straight is possibly due to the satch marks. Beyond

600 , R domains grow at the expense of ¢ domains. As can be seen, at

87



0 pe
200 zm

Figure 3.36: Magnetic domain structure evolution in 17S wlt compres-
sive elastic eld applied alongy

the maximum elastic eld applied ( 1100 ), the sample still has § domains.
Higher elastic elds could not be applied due to the limitaton of the maximum force
that can be applied using the elastic eld setup. One cannotute out the possibility
that the bulk domain structure consists predominantly 2 domains and the domain
structure imaged at the maximum elastic eld is limited to the surface.

In gure 3.37, the maximum possible compressive elastic eld{= 1140 k

88



‘ H=86mT AX =20pg H=167mT Ay =50ue
X | H > 200 pm

Figure 3.37: Magnetic domain structure evolution in 17S wlt an elastic
pre-strain o = 1140 k¥ and magnetic eld applied along®

¥) was applied and then a magnetic eld was superimposed. Thean gage indica-
tor was zeroed and § was measured. The § domains still present at zero magnetic
eld could either be because the sample is not elastically tsmated or because the
bulk domain structure (after elastic saturation) consistof 2 domains. Applying a
magnetic eld along® makes the® domains grow. The +® domains initially grow
at the expense of the ® domains and then the § and 2 domains, eventually
covering the entire sample at 100 mT. The in-situ magnetostriction measurements

y are shown below the domain images in gur8.37. Contrary to the expectation,
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y was positive. Therefore, the strain measured could be donated by the volume
magnetostriction component. Further, since the Joule magostriction component
is possibly insigni cant, one can deduce that the bulk domaistructure after elastic

saturation consists of predominantly 2 domains.

3.6 Discussion and conclusions

In this chapter, the domain structures of 19Qe, 17S, and 17@rmmples were im-
aged. The maze-like domain patterns with out-of-plane magtization were observed
in conventionally polished Fe{Ga samples as previously reged by [57, 62, 87, 89].
It was shown that such irregular maze-like domain patternsf Fe{Ga bulk materials
result from improper polishing. Such domains typically apgar when quality factor
Q = K=K 4 > 1. As described in sectior8.4.3 choosingK = K, for Feygo xGay
(x 20),Q 1. Therefore, unless a su ciently strong perpendicular amsiotropy,
Ky, Is present such that the total anisotropyK = K, + K, is strong enough to
obtain Q > 1, maze-like domain patterns should not form. Bai et al. attbuted
the additional uniaxial anisotropy, K, to the presence of heterogeneities that were
claimed to be responsible for the enhancement of the magnstiction [59, 61].
However, the present study clearly demonstrates that the ed to invoke an addi-
tional uniaxial anisotropy arises from the polishing-induoed surface damage. If the
damaged surface layer is still single-crystalline, the adbnal anisotropy K, could
be attributed to the surface stress-induced anisotropy. Mvould then follow that the

maze-like domains appear readily in Fe{Ga because of themlls high magnetostric-
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tion. Since the stress-induced anisotropy scales lineasyth magnetostriction, even

smaller surface stresses due to mechanical polishing résala high stress-induced
anisotropy when compared to -Fe, Fe-Si, or Fe-Al . Therefor, Fe{Ga alloys require
even more stringent surface treatments than known from pureon, Fe-Si, or Fe-Al

alloys.

After properly polishing the samples and imaging the true duoain structures,
the in uences of externally applied magnetic and of elastields on the domains were
studied. The magnetic domain evolution was compared with 8hmagnetostriction
data. The local magnetization estimated from the magneticainain images was also
compared. In 19Qe and 17S samples under magnetic eld, thendain images, local
magnetization, and the magnetostriction were consistent.ilmaging the magnetic
domains on the bottom side of the 17S sample revealed idealicstripe domain
structure. This agrees with the remanent state of the samplestimated from the
magnetostriction data in chapter 2. In 17Q sample, the remamt domain structure
was a stripe structure that does not agree with the remanentate estimate. Imaging
the domain structure on the bottom side of this sample reveadl stripe domains
with magnetization ipped 90 compared to the top side. When magnetic eld was
applied perpendicular to the magnetization of the domainsofi either side) much
smaller domains (compared to the 17S sample) with magnettzan parallel to the
eld formed with a large number of domain walls. It is energetally expensive
to form such a large number of domain walls should these domawalls penetrate
through the thickness of the sample. Hence, the domains inedjon either side of

the sample must be limited to the surface and perhaps do not glarough the bulk of
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the sample as in 17S. Further, the di erence in saturation ngnetic elds of 17Q in
gures 3.32and 3.34is simply because the eld was applied in di erent directios.
The di erence can be attributed to di erent demagnetization factors along the two
directions.

Under elastic eld, both 19Qe and 17S samples behaved as péetexpec-
tations. The magnetization rotates perpendicular to the dection of compressive
elastic eld applied. This happens via domain growth throug domain wall motion
in 19Qe. In 17S it happens via domain nucleation and then theodhain growth
through domain wall motion. After elastic saturation, two knds of domains remain
separated by 180 domain walls formed in 19Qe sample. At the maximum elastic
eld applied to the 17S, there were still four types of domais. This could mean
that elastic saturation was not reached. However, when a magtic eld was super-
imposed a positive magnetostriction was measured perpeadiar to the magnetic
eld. This happens when the Joule magnetostriction is dometed by the volume
magnetostriction component. This indicates that perhapshe sample was elasti-
cally saturated with magnetization oriented along the thikness of the sample and
the domains imaged are limited only to the surface without peneating through the
sample. Elastic eld could not be applied to 17Q because thample's edges were
not smoothed. Due to this the sample's edges could not be innsplete contact with
the elastic eld apparatus leading to non-uniform elastic elds.

In conclusion, it was shown that insu cient polishing causs residual stresses
that induce a perpendicular surface anisotropy resultingni maze-like surface do-
mains, hiding the real domains. Due to increased magnetostion, Fe{Ga alloys
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are perhaps more susceptible to the formation of surface ess-induced domain pat-
terns. It was demonstrated that an additional polishing stp using colloidal silica
su ced to remove the damaged surface layer. The \true" domais as imaged by both
MFM and Kerr microscopies show large in-plane domains wittharp 90 and 180
domain walls, as expected for soft-magnetic materials thatre cubic with positive
anisotropy energy. From these results, the conclusions ofepious works that the
presence of heterogeneities in Fe{Ga engenders irregulaaze-like domain patterns
[57, 62] or that a dendritic subdomain structure exists within the regular domains
of Fe{Ga [88] cannot be upheld. From the domain images under magnetic |
the magnetic domains, local magnetization, and magnetogttion were observed to
be strongly connected. From the elastic eld experiments{ was observed that the
magnetic domains respond to the elastic elds as expectech summary, there was
no evidence of any unusual behavior in Fe{Ga alloys. In all ththree samples stud-
ied, the magnetic domains and magnetostriction seem to beoskly connected with
each other. Further, there is no evidence of any heterogetyeielated irregularities

from the magnetic domain images.

93



Chapter 4
Neutron Scattering

4.1 Overview

In this chapter, neutron scattering experiments are detagld. First some back-
ground on neutrons and neutron scattering is provided. In # next section, inter-
action of neutrons with nuclei, resulting in nuclear scatteng is explained followed
by a section detailing the magnetic scattering due to the iraction of neutron with
atomic spins. Thereafter, neutron di raction from single cystals is introduced. In
subsequent sections, setup for various experiments contitfollowed by the results

are provided.

4.2 Background

The neutron is one of the several subatomic particles. Unékelectrons or
protons, the neutron has no charge. It has a mass of6¥5 10 2’ Kg [93], and
a magnetic moment of 9:649 10 27 JT ! [93). Like all subatomic particles, the
neutron displays the wave/particle duality i.e., it can be loth a particle and a wave
at the same time. As such the neutrons display a variety of wavbehaviors like
re ection, refraction, di raction etc.

When a beam of neutrons is incident on a sample of thicknessit leads to 1)
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a transmitted beam, 2) coherent scattering, 3) incoherentcattering, 4) absorption,
and 5) multiple coherent scattering. Therefore, the total sattering cross section can
be expressed as

T= coht incoh T abs (4-1)

Coherent scattering involves correlations between the ptiens of an atom
and hence it contains structural and magnetic information foa sample. Incoherent
scattering involves correlations between the position ohaatom at time zero and the
position of the same atom at timet. Thus, there is no interference of scattered waves
from di erent nuclei. Thus, incoherent scattering often lads to a at background,
independent of the scattering angle. For a brief overview ofeutron scattering the
readers are referred to94] and for a detailed overview, the readers are referred to
[9F]. In this chapter, we limit our discussion to the coherent aktic scattering.

The neutron scattering has two componentsnuclear scattering due to the
interaction of the neutrons with the nucleus of the atoms, ahmagnetic scattering
due to the interaction of the magnetic spin of neutrons with he magnetic moment

(or unpaired electrons).

4.2.1 Nuclear Scattering

In elastic scattering, the scattering neutron changes onlits direction i.e.,
only the momentum is transfered and not the energy. So, if th@ave vector of the
incident neutron isk and the scattered neutron ikg then jkj = jksj. Compared to

the wavelength of the neutrons ( 10 ° m), the range of the nuclear forces (1G4
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Figure 4.1: Schematic showing the elastic scattering of timeeutron from
a xed nucleus. Taken from p4]

to 10 1> m) that cause the scattering is much shorter. Thus, the nudls essentially

acts as a point scatterer leading to a scattering wave that spherically symmetric.
By assuming the origin to be at the position of the nucleus, ahthe incident

neutron's wave vectork to be along the z-axis of the coordinate system (see gure

4.1), the wave function of the incident neutrons can be represtd by

e (4.2)

I
0]

Since the scattered wave is spherically symmetric, the wduaction of the scattered
neutrons at a pointr can be written as

<= ?ékf : (4.3)

where b is the nuclear scattering length representing the interawin of the neutron
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with the nucleus. An e ective interaction potential (V(r)), called Fermi pseudopo-
tential, is described. For a single nucleus, this potentias related to the scattering
length asV(r)=hQ (r r;), where is the Dirac delta function. For an assembly
of nuclei, the potential V(r) can be written in terms of the scattering length as
X
V=B (o) (4.4)
J
The negative sign in equation 4.3) is arbitrary and corresponds to a positive
value of b for a repulsive interaction potential. The scattering lenth is a complex
number and varies rapidly with the energy of the neutron. Thamaginary part
of the scattering length corresponds to absorption. Nucleaif 1°°Rh, 1*3Cd, *'Gd,
and *"Lu, which have a large imaginary part, strongly absorb neutms. Since the
majority of the nuclei have a small imaginary part and do notigni cantly absorb
neutrons, their scattering lengths can be treated as real gutities.
For a three-dimensional assembly of nuclei, the resultingattered wave can
be written as the sum of the scattered vectors from all the niei
s = X8 dar; (4.5)
: r
j
whereq = k  Ks is the scattering vector withk and ks being the wave vectors of

the incident and scattered neutrons respectively.

4.2.1.1 Scattering Cross Section

Scattering cross-section is a measure of tleeective area of the nucleus that

scatters the neutrons. It is the quantity that is actually measured in a scattering
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experiment. If a beam of neutrons of a given enerdy is incident on a scattering
system (see gure4.2), a neutron counter can be set up that counts the neutrons
scattered into the solid angled along the direction ; . The dierential cross-

section can then be de ned as

number of neutrons scattered per second int
= g ; (4.6)

Q.‘Q.

where is the ux of the incident neutrons. The total scattering cross-section is

the number of neutrons scattered in all directions and is gan by
Z
d
tot — — d : (47)
alldirections d
Experimentally these cross-sections are typically quoteger atom or per molecule

and thus the expressions above are divided by the number ofoats or molecules in

the scattering system.

Scattering direction

Incident Neutrons

Z-axis

Figure 4.2: Geometry of a scattering experimenSp]
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Using the above expressions, the cross-sectidr=d can be calculated. If
the velocity of the neutrons is denoted as then the number of scattered neutrons
passing through an areas$S per second is

gs Xt
vdSj sj2=vr—2 | hel" =v | hed d: (4.8)
J J

The ux of incident neutrons is
= vj ij?=w (4.9)

From the de nition of the scattering cross-section in equabn (4.6),

P o2
v fReT d g

d — — 1 igr .
d_(Q)_N g =N | hedt (4.10)

The scattering cross-section can also be expressed in terofighe interaction

potential V(r) as
Z 2

V(r)ed'dr ; (4.11)

o

1
d—(Q)— -

where is volume of the scattering system.

4.2.2 Magnetic Scattering

Equation (4.4) de nes the potential for the interaction of the neutron with the
nucleus, which yields the nuclear scattering cross-sectiequation in (4.11). Simi-
lary, we must derive the potentialVy, (r) de ning the magnetic interaction between
the neutron and unparied electrons.

The magnetic dipole moment of the neutron can be de ned as

n = N (4.12)
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where

eh
N = Z—mp (4.13)

is the nuclear magneton. m, is the mass of the proton ance its charge. is a
positive constant known as gyromagnetic operator and its iize is =1:913. is
the Pauli spin operator for the neutron and is represented by 2 2 matrix [93].

Similarly, the magnetic dipole moment of the electron can bde ned as

e= 28S; (4.14)
where
eh
= 4.15
5 = ome (4.15)

is the Bohr magneton.me is the mass of the electrons is the spin angular momen-
tum operator for the electrons. Its values are %
The magnetic eld due to the magnetic dipole moment of the etdron at a

point R from it can be expressed as

Bs=r

(4.16)

where R is a unit vector parallel to R. Using Biot-Savart law that states the
magnetic eld at a point R due to a current elementl dl, the magnetic eld due to

the momentum of the electron can be obtained as

d R
B, = -2 : 4.17
L 4 R2 ’ ( )
where the current element for the moving electron with moméam p is
e 2B
ldl= —p= —p: 4.18
di= p= 7P (4.18)



The total magnetic eld due to an electron is therefore
( ! )
] e ﬁ 2B P Q

B=Bg+B,=-2
STELT g R2 h R2

(4.19)

The magnetic interaction potential of the neutron with dipde moment |, due

to this magnetic eld (B) is

( ! )
~ B ) s R 1p R
VM (R) - n B - N B r R2 + H R2 (420)
The rst term in this equation
!
s R
Wg=r = (4.21)
is the potential arising from the spin of the electron and theecond term
_1p R

is the potential arising from the orbital motion of the electon.
Using Vi (R) instead ofV (r) in equation (4.11), the magnetic scattering cross-

section is
Z 2

1 Vu (R)E%"dr : (4.23)

Q) =

D_‘Q.

If we consider the spin contribution of theth electron with spin s; and position

vector r; then

Z Z B

We(R)E N dr= r 2

= eardr: (4.24)

Using the mathematical result (refer to §3] for derivation)
!

s R
R2

L Z
=55 R (s R)e“Rdk (4.25)
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and thatr =r; + R,
Z Z

WSi(R)eiqrdrzz—lzeiqri R (si K)EGTHRdkdR: (4.26)

Since
Z

@R IR = (2 )3 (q+ k); (4.27)

the spin contribution to the magnetic cross section can be pressed as

Z
W(R)EIdr=4e9"f¢ (si &)g: (4.28)

Next we consider the orbital contribution of theith electron with momentum

p; at position r; to simplify

Z Z B

' _ P
WLi(R)qurdr— H ?

=

eardr: (4.29)
Again usingr = r; + R and the mathematical result P3|
Z
R 4

SN Adar — i .
ms€iidr=41i . (4.30)

equation (4.29 can be simpli ed to

z .
W i (R)97dr = T]—:qéq“(pi @): (4.31)
Substituting equations @.28 and (4.31) in equation (4.23and simplifying,

d . :
T@= 0 Qf (4.32)

where
Z

Q.= & (s q>+h'—q(p a) €9rdr (4.33)
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The operatorQ- , known as Halpern-Johnson vectoBf], is related to the total
magnetizationM (sum of the magnetic moment due to spin and orbital motion) of

the scattering system as follows

Q= 54 (M@ g (4.34)
B

where M (q) is the Fourier transform of M (r). M , can be dened asM , =

¢ (M(q) @)andcan be simplied to

M>=M(q (M(q) 9 a: (4.35)

This indicates that only the component of magnetization pgrendicular to the
scattering vector is e ective in scattering the neutrons.
Using this,

L@=1rof Qs (4.36)

The operator depends only on the spin coordinates of the neutron and the eqator

Q. depends only on the coordinates (both space and spin) of thee@ron. And
they both are independent of each other.

Equation (4.36 can alternatively be expressed using bracket notatio®§] as

d 1 X o
T @= “(ro)® pihs Quiij%; (4.37)

S

wherep is the probability that the neutron is initially in the state . It describes
the polarization of the incident beam. The neutron has spié and so has two spin
states which are denoted by + and . These may be regarded as corresponding

“spin up' and “spin down' relative to a speci ed axisX axis). The bracket notation
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indicates the probability of an incident neutron with spin sate  to get scattered

to have a spin state ..

4.2.2.1 Unpolarized Neutrons

For unpolarized incident neutrons,

(4.38)

NI

Pu= B =

Simplifying equation (4.37) (for details refer to [93]) and using equation 4.34)
we can get

d 1 |'02

_ 0 . ’).2_
g () = 2. M 5] (4.39)

The total scattering cross-section is the sum of nuclear anagnetic cross-

sections. Therefore the total scattering cross-section is

2
C@=1 5o ATHiM, (4.40)
B
where
25 °
A=V(Qq) N ; (4.41)
0

V(q) is the Fourier transform of the neutron-nuclear interactbon potential V (r)
de ned in equation (4.4).
Let the incident neutrons are alongz axis. Then the scattering vector lies in

they x plane and can be expressed in terms of the azimuthal anglgx axis as
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the reference) ag} = (cos ; sin ; 0). If the components ofM , are (X;Y;Z) then
0 1

X sir? Y sin cos
M>=B Yco€2 Xsin cos (& (4.42)
Z

Therefore, equation 4.39 can be expanded to
1 Io 2

5 A%+ Z%2+ X?%sin? + Y?co¢  2XY sin cos : (4.43)
B

Q_‘Q_

(q) =

4.2.2.2 Polarized Neutrons

Equation (4.37) can be rewritten using equation 4.34) as

d 1 r 2X o
g @== ﬁ pihs Mojij?: (4.44)

S

Polarized neutrons give rise to four cross-sections, whiclan be calledspin-

state cross-sections and they are:

+ 1+ o+ o] ; (4.45)
Of these, cross-sections corresponding to+ + and ! are callednon-
spin- ip cross-sections and + and ! + are called spin-ip cross-sections.

The total scattering cross-section, including nuclear anghagnetic cross-sections

can then be de ned as

1 r 2X o A
- 2—0 p jh A M oj ij2: (4.46)
B

Q.‘Q.

()=

S

Now, let an operator be de ned such that

U: =h4A YISRE (4.47)
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then (refer to [93, 96| for derivation), assuming the direction of polarization ¢ be

along hatx
U™ = A Moy,
U = A+ Moy
(4.48)
u* = (M?z"'iM?y);
u> = (M,, iM 2y):

Therefore, the non-spin- ip scattering cross-section is

2

d 1 lo . .2
—(q)== — jA M
1 1o ?
== 2—0 A%+ X2sin® + Y2sin® cog  2XY sin® cos (4.49)
B

2AX sin? 2AY sin cos

and the spin- ip scattering cross-section is

2

d 1 lo . . .2
d—(CI)=— 24 IM22 M 5yj |
1 1o 2 2 2 i 2 2 :
== 5 Z%+ X2si? cog + Y2?cod  2XY coS sin
B

(4.50)
It can be seen that as expected the sum of all spin-state cressctions equals

twice the cross-section for unpolarized neutrons in equati (4.43.

4.2.3 Small-Angle Neutron Scattering

So far the discussion was focused on atomic scales dealintp\atomic nuclei.

However, for small-angle neutron scattering, length scalemuch larger than the
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atomic dimensions are important. The neutron wavelength, , and scattering angle,

s , determine the scattering length scale. The relationships

jq = 4—8in( s) 4 . (4.51)
and
2
d= — — 4.52
19 25 ( )

show that for small ¢ (or small-angle), d is much larger. Further, through the
use of cold (i.e. long wavelength) neutrons and tight beam lination, the SANS
instruments are able to probe structure on a length scalé, ranging from 1 nm to
nearly 10,000 nm. Therefore, it is easier to think in terms aiaterial properties
rather than the atomic properties. As a result, scatteringdngth density (SLD) is
important than the scattering length itself.

The nuclear scattering length density (SLD) of a phase can kmlculated as

"No o R)

(r) = (4.53)

wherel is the scattering length of theith atom in the unit cell and is the volume
of the unit cell.

Magnetic SLD can be calculated using

m=—5_M=CM (4.54)

whereC =2:9109 10 °=4 A 2T '[97] and M is the magnetization of the phase

inT.
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4.2.3.1 Contrast

For simplicity, considering nuclear scattering alone, thenacroscopic cross-

section can be expressed as

Z _ 2
(r)edtdr : (4.55)
This shows us that small angle scattering arises due to thehiamogeneities in
scattering length density (r).
Now, let us consider a scattering system that has two phasesthwscattering
length densities to be ; and , respectively and volumes ; and , respectively.

Using equation @.55 and breaking the total volume into two sub volumes

z z )

d E 1eiq rdr1+ 2eiqrdr2 (456)

d—(CI) =

gives
Z 2
d 1 :
d—(CI): (1 2)? e9dry (4.57)

1

Therefore the scattering cross-section is proportional the square of the di er-
ence in scattering length densities. The integral term desbes the spatial arrange-
ment of the material (and hence the phases). It can be seen thexperimentally
only the term ( »)? can be determined and it is not possible to determine if

1> 5 or otherwise.

As described in the introduction, Fe{Ga alloys may have oneramore of the
following phases - A2, DO3, D§, L1,, or B2. The scattering length of Fe and
Ga are 9.45 fm and 7.228 fm9p| respectively. The DO3, D@,, L1, phases have
25% Ga and 75% Fe and B2 has 50% Ga and 50% Fe. Tabl& shows the nuclear
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and magnetic SLDs calculated for di erent phases in Fe{Ga. #discussed earlier,

Table 4.1: Scattering Length Densities (SLDs)

Phase Nuclear SLDA 2) YMagnetic SLD (A ?)

ZA2 74 10° 40 10°
DO3 73 10° 32 10°
D02, 73 10° 32 10°
L1, 73 10° 32 10°
B> 69 10° <32 10°

’ Assuming Fe1Gai;g and M = 1:74 T (measured in
Chapter 2).
* Assuming = a2

Y'M values taken from P9

a contrast in neutron scattering results due to the di erene in the SLDs of matrix
and heterogeneity. It can be seen from tablé.1 that the nuclear SLDs of A2, DO3,
D0y, and L1, are very similar. Therefore, a very weak nuclear contrast expected
even if there are any heterogeneities of di erent phase etiigy in these alloys. The
presence of such heterogeneities can still be detected amytlare expected to provide

a good magnetic contrast.
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4.2.4 Neutron Di raction by Crystals

The summation in equation @.10 extends to all the nuclei in the sample. In
a crystal, the nuclei are arranged in a repetitive structurealled a lattice. Assuming
a cubic structure and the lattice parameter to bea, a lattice vector a can be de ned
asa = a(n;! + n,f + nsk). The position of any nucleus () can then be de ned in
terms of the position of the nucleus in the unit cell(}) asr = r, + a. Using this,
equation (4.10 can be re-written as

d XX - 2
g @/ hednra) (4.58)
j |
] « ,
/ S(q) €92 : (4.59)
j

where S(q) is called the unit-cell structure factor. Index!| in the summation for
S(q) covers for all the nuclei within a unit cell of the lattice. Wsing (for derivation

refer to [93)

X X
gra=CN7 g, (4.60)
0

j
where g is the volume of the unit cell, one can write

d X
d—(CI)/ S(q) @ ) : (4.61)

where is the reciprocal lattice vector. For cubic materials, =2 =a(hi'+ k[ + IK).

Hence,

X .
Shkl — be|2 (hni+kna+1In3) (4.62)

110



and the scattering cross-section is the square of the struce factor and is visible

only whenq = . Therefore,

d . .
q I Shiai’; (4.63)
hk

which indicates that the structure factor Sy determines which of the reciprocal

lattice points will be visible.

4.2.5 Optimal thickness

One important question is how much thick the sample should bi® obtain an
optimal intensity of the scattered neutron beam. As discussl before, the incident
neutrons on a scattering system lead to 1) transmitted neutns 2) coherently scat-
tered neutrons 3) incoherently scattered neutrons, and 4)aorbed neutrons. The
sum of all these four cross-sections is the total cross-gent t (see equation 4.1).

If is the sample thickness then the expression for the transrsisn is

T= II—O:exp( T) (4.64)

and the expression for the scattered intensity is

I/ T dd°°h I exp( 1) dd°°h : (4.65)

where | is the intensity of the transmitted neutrons, | is that of the incident
neutrons, | ¢ is that of the coherently scattered neutrons.

When + cohs 1.€., When incon +  aps IS Negligible, then there may be a
problem of multiple scattering. To mitigate this, the thickness of the sample is
choosen such that the transmissiol  90%. When o T incoh T abs then
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the multiple scattering problem is no longer present. In siiccase, the scattered

intensity |s is maximized. Since

dCO
s/ exp( 1) n exp( 1 ); (4.66)

the maximum occurs when = 1= ¢ thatresults in T = 1=e= 37%.

4.3 Setup

4.3.1 Small-Angle Neutron Scattering (SANS)

Small-Angle Neutron Scattering (SANS) probes structure imaterials on the
nanometer (10° m) to micrometer (10 ® m) scale. SANS is widely used to study
polymers [LOJ. A contrast is produced due to a di erence in the magnetizadn of
the sample at di erent length scales. The NG3 and NG7 30m SANfstruments
[10]] at NIST Center for Neutron Research (NCNR) were used in thistudy. The
schematic of the instrument is shown in gure4.3 and the characteristics of the

instruments is listed in table4.2

(128 x 128 pixels)

Scattered beam
Sample

Neutron Source Neutron Guide Collimation

Velocity or A selector

Figure 4.3: Schematic of Small-Angle Neutron Scattering ANS)
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Table 4.2: 30m NG3SANS CharacteristicslP2

Source: Neutron guide 6 6 cn?
Monochromator: Mechanical velocity selector with vari-
able speed and pitch

Wavelength (): 5Ato20A

spread: = =10% to 30% (FWHM)
Collimation: Circular pin hole / lenses
Q-range: 0.001to 0.6A 1
Size regime: 10A to 6000 A
Detector: 64 64 cnt He-3 position sensitive area

detector proportional counter with (0.5
cn? resolution) i.e., 128 128 pixels

Magnetic eld: 0- 1.6 T at sample position

Since the scattering vector

N
wn

q ; (4.67)
the g-resolution function is
2 2 2
q s
— = + — 4.68
a ) (4.68)
Therefore at lowerqs  s= ¢ dominates and at highergs = dominates. To
achieve a low = the neutron beam needs to be collimated. Either pin-hole

collimators (as shown in gure4.3) or focusing lensesl0]] are used for this purpose.
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A tight wavelength spread = cuts down the available intensity. So, a tight
wavelength spread is employed if one is particularly intesged in higherdss.

The 128 128 pixels on the detector count the neutrons. Scatteringdm
the sample is not the only contributor to the detector counts Scattering from
sample holder, scattering from the air, and stray neutronsral electronic noise also
contributes to the detector counts. Scattering from the haler and air together is
called scattering from cell. Stray neutrons and electronigcoise contribution is called
blocked beam as it will be present even when the beam is swigcho . Therefore,

the intensity from the scattering experiment can be writtenas
!

d d
|scat = COTsampIe+ cell d_ + d_ + IBlockedbeam; (4-69)
sample empty
whereCy = A t, A is the sample area and is the detector e ciency. Hence

apart from the scattering and transmission measurementsyngty cell, blocked beam,
and detector sensitivity measurements are also necessagmnpty cell measurement
is repeating the scattering experiment without the sample ut leaving the sample
holder and rest of the equipment as is. Blocked beam measumam is measuring

the detector counts with the beam completely blocked. Theggve

lempty = Coleel —— + | Blockedbeam (4.70)
empty

and

I bkd = |Blockedbeam (4.71)

Using the transmission measurement®sampie+ ce and Teey, the corrected in-
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tensity can be calculated as

TSamp|e+ cell

T (I empty I bkd) . (4-72)
cell

I cor — ( I scat I bkd)

The corrected data is then calibrated with the detector seiits/ity measurement

I cor
lcal = - —! 4,73
@ ™ Normalized detector sensitivity (4.73)

4.3.2 Ultra Small-Angle Neutron Scattering (USANS)

BT5 perfect crystal USANS instrument [L0O3 at NCNR in Gaithersburg, MD
was also used in this study to probe the sample at even lowgs - downto 1 10 °
A 1. BT5 is perfect crystal diractomer (PCD) based instrument Channel-cut
silicon (220) crystals are used as monochromator and anatyz The perfect crystals
provide high angular resolution and the multiple re ectiors sharpen the beam pro le,
improving the signal-to-noise ratio. BT5 has a signal-to-mise ration of 10 at a
scattering vectorg = 0:0005A 1

Similar to the Small-Angle Neutron Scattering, the neutroriransmission should
beT > 90% to avoid multiple scattering problem. In USANS, transnssionT is

I0 ISAS,

T= ; (4.74)

lo

wherel g is the intensity on the Bragg peak of the perfect crystal, i.eat jgj = 0 and
| sas Is the intensity of the small angle scattering i.e., fofgj & 0. It simply means
that the scattered beam intensity should be less than 10% dfi¢ transmitted beam
for it not to be resulting from multiple scattering.

Figure 4.5 shows the schematic of therspace probed by USANS. USANS is
only sensitive to the momentum vector along horizontal diion (R). The narrow
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Figure 4.4: Schematic of Ultra Small-Angle Neutron Scattérg (USANS) [104]

slit in the gure represents the g-space measured by the analyzer at a given tilt
angle. By tilting the analyzer, ¢ (or ¢,) can be measured at a step size of 210 °
A 1. The vertical g-space measured is alwaysil7 A . Therefore, USANS data

is one-dimensional.

4.3.3 Single Crystal Neutron Di raction

The single crystal neutron di ractometer, TriCS at Paul Scterrer Institut in
Villigen, Switzerland was used for the diraction studies. This instrument uses
thermal neutrons of wavelength 1.18 - 2.32A with a resolution of 0.5%. The ux
at the sample isup to 1 1C° n/cm?/sec. At = 1:18 A, maximum q that can be
reached is 8.9\ 1. Therefore for Fe{Ga,p hZ+ kZ+ 12 4 can be probed.

The instrument needs to be calibrated to move from the crystacoordinate
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Figure 4.5: Circles represent iso-intensity contours fronsotropic small
angle scattering. The Narrow slit represents the scattereckgion col-
lected by the BT5 analyzer. 105

system to the instrument coordinate system and back. This idone using a UB
matrix [107]. To nd the UB matrix that transforms the desired crystal reciprocal
coordinates to the equivalent instrument setting angles,wo known Bragg peaks
are used. Once the UB matrix is evaluated, the instrument sihg angles can
be calculated and appropriately changed to reach a desireaipt in the sample's

reciprocal space.
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Figure 4.6: Schematic of triple axes single crystal neutraii ractometer
(left). TriCS intrument at Paul Scherrer Institut, Switzerland (right)
[104

4.4 Unpolarized SANS

In this section, SANS results using unpolarized neutrons @detailed. Samples
19Qe, 18S, 18Q, 17S, 17Q, 15S, 20S, and 20Q were used for tHe¢SSéxperiments
under magnetic eld. For SANS experiments under elastic e, 19Qe sample was
used. SANS experiments were conducted in two or three di emecon gurations of
the instrument so as to cover the desired range. The samples were placed such
that their long axes, labeled® or [100] are along the horizontal direction, parallel
to the horizontal axis of the detector and the?2 axis of the sample (thickness) is
parallel to the neutron beam direction. jgj values between @01 j g 0:02A 1!
are labeled adowq and jgg = 0:02 ashighqg A beamstop was used to cover the
transmitted beam while measuring the scattering and remodewhile measuring the

transmission. A circular aperture of diameter 9.5 mm was ptad in front of the
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sample. As described in the introduction, TEM results 49 show the separation
between two heterogeneities is about 6 nm. When the samplesturated, the main
source of magnetic inhomogeneity should be from the hetessgities. Therefore,
it is expected that the scattering will occur at these lengthscales i.e., at highg.
When the sample is not saturated then the magnetic inhomogeity can be even
at higher lengths scales or lowq due to the presence of dongmend domain walls.
Therefore, lowq scattering is expected to be present only der magnetic elds below
saturation. All the data shown here were reduced using SAN®duction software
developed by NCNR 10§. In the next sections, magnetic eld experiments are

detailed followed by elastic eld experiments.

4.4.1 Under magnetic eld

Magnetic eld experiments using unpolarized neutrons wereonducted on
19Qe, 18S, 18Q, 17S, 17Q, 15S, 20S, and 20Q samples. Magnelils as high
as 1.6 T were applied alongt using a conventional electromagnet.

Transmission measurements showed that for sample 19Qe, 95%. There-
fore, the scattering from this sample should not have any nigeable e ect from
multiple scattering.

Figure 4.7 shows the SANS lowq images of 19Qe subjected to a magnetid el
along®. The dark circle in the center is the beamstop. Streaks runmg along 0, 90,
and 45 degrees to the® axis or alonghl00 and h110 crystallographic directions

of the sample can be seen. These streaks result from the sedtig of the neutrons
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Figure 4.7: 19Qe SANS lowqg images fdf, = 0.07 mT and 30 mT.
Streaks along 0, 90, and 45 degrees to the® are due to the 90 and
180 domains walls

from the domain walls. It was shown in Chapter 3 that the 180domain walls run
along thehl0a crystallographic directions and 90 domain walls run along theh11d
crystallographic directions. Therefore, neutrons scatting from these 90 and 180
domain walls lead to streaks along 0, 90, and45 directions in the scattering plane.
Although hysteresis is negligible in Fe{Ga, a high magneticeld ( 1.3 T),
much larger than the saturation eld was applied to the samm@ along R and then
the eld was lowered to remanence. After pre-treating the saple to a high negative
eld, the lowg SANS experiment was repeated with increasingnagnetic elds along
R. The resulting lowg SANS images are shown in guré.8. The scattering at lowq
now looks slightly anisotropic. This is possibly due to thedkmation of R domains
when the sample was pre-treated with high magnetic eld. Asidcussed in section
4.2.2and equation @.34), only the component of magnetization perpendicular to the

scattering vector leads to neutron scattering. Thereforejue to the high number of
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Figure 4.8: 19Qe SANS lowg images under magnetic eld aftere
treating the sample withH = 1:3 T. Streaks along 0, 90, and 45
degrees to ther are due to the 90 and 180 domains walls

R domains than ¥ domains, the scattering will be more along the ¥ directions,
leading to an anisotropy. Further lowerg SANS images were also obtained, which are
shown in gure 4.9. When the results in gure 4.9 were obtained the sample was in
nely polished state for the domain observation reported irtchapter 3. The presence
of streaks, more clearly visible in gure4.9, along 0, 90, and 45 directions is,
again, due to the 90 and 180 domain walls. It can be seen that as magnetic eld

is increased, the scattering decreases and nally disappeaat a high eld. This
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Figure 4.9: 19Qe SANS lowq (lower) images. In addition the posurface
of the sample was nely polished such that magnetic domaingevisible.
Streaks along 0, 90, and 45 degrees to the are more clearly visible.
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is consistent with the thought that the lowq scattering sters from the magnetic
domains and domain walls. As the magnetic eld is increasethe magnetic domain
walls and number of domains decrease and eventually disappe Therefore, in a
way, the lowq scattering re ects the sample's state of magtieation.

Figure 4.10 shows the SANS images at highg, which show strong anisotropy
in scattering. The scattering is predominantly alon@® at remanence, which rotates
under the magnetic eld and eventually is oriented along after saturation. The
scattering after saturation shows a clear sine-squared daplence on the azimuthal
angle indicating the presence of heterogeneities with distt magnetization from
that of the host matrix.

Figure 4.11 shows SANS images for higheg values. To cover these values,
the detector was moved such that a larger reciprocal spacenth hence higherq
values) can be covered from the centeg & 0). These images show that there is no
signi cant small-angle scattering higher than theq values covered in gure4.10

Figure 4.12 shows the averaged intensity for di erentjgj values. On the left
side is the intensity averaged in the 30 degree sector alongrizontal (®) direction
and on the right side is the intensity averaged in the 30 degeesector along vertical
(9) direction. It can be seen that for lowq (i.e., forqg < 0:02 A 1) the scattering
intensity decreases with increasing magnetic eld both afg the horizontal and ver-
tical sectors, as is expected if lowq represents magneticna@in wall scattering. In
the highg range, the intensity decreases along the horizahtdirection and increases
along the vertical direction with increasing magnetic eld This shows that the net
scattering intensity (sum along all directions) in thisq range is eld independent.
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Figure 4.10: 19Qe SANS highqg images under magnetic eld aftpre-
treating the sample withH = 1:3 T. Strong anisotropy in the scattering
suggests presence of heterogeneities
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Figure 4.11: 19Qe SANS highq (higher) images under magnetaild
after pre-treating the sample withH = 1:3 T. Detector was moved to
cover even higheq values.

Also, the scattering persists even after saturation. Thissipossible only if the scat-
tering sites leading to the scattering in thisq range have the magnitude of their
magnetization distinct from that of the matrix. Further a peak at q 0:04 A 1!
indicates an average separation between the scatteringestto be 15 nm.

When the magnetization is saturated alon@® the Fourier components of the

magnetization alongy and 2 directions will be zero. SubstitutingY =0and Z =0
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Figure 4.12: 19Qe SANS vs. g averaged along a 30 degree horizontal
sector (left) and a 30 degree vertical sector (right)

Intensity (a.u)

0 90 180 270 360
Azimuthal angle (degree)

Figure 4.13: Azimuthal angle dependence of the SANS intensity aver-
aged over @21 j g 0:057A 1! for 19Qe
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in equation (4.43, the intensity for unpolarized neutrons can be written as

1(q) = A%+ X?(g)sin? : (4.75)

The intensity after saturation in gure 4.13 clearly has sif dependence.
From equation 4.43, it is expected that at remanence, if the sample is in a per-
fectly demagnetized state, the scattering should be isope i.e., there should not be
any dependence. However, it can be seen that the anisotropy égiat remanence.
This indicates a pre-strained remanent state in the samplayhich agrees with the
remanent state calculation (showing 64-76% magnetizatiaoriented along ¥) for
this sample in table2.3. Almost negligble scattering along® shows that the nu-
clear contribution A? to scattering intensity is neglible, as expected. The fouold
anisotropy at H = 6:8 mT cannot be readily explained with equation 4.43. It
may be a result of complex magnetization variation near thedterogeneity/matrix
boundary. Such a pattern has been observed in the padtO and micromagnetic
simulation was o ered as a likely avenue to understand thishnomenon. In this
dissertation, no attempt has been made to understand this grfurther.

Next, 18S sample was studied. Transmission measurements tbrs sample
showedT 88%. Since it is less than 90%, there might be a small e ect frothe
multiple scattering.

Figure 4.14 shows the lowq SANS intensity for the 18S sample. Again, the
streaks formed due to the domain wall scattering are cleanysible. The streak along
45-degrees becomes intense ldt= 40 mT. From the remanent state calculation in

table 2.3, it was found that the sample has a strong anisotropy at remamce. If
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Figure 4.14: 18SLowQ

the domains are all oriented in one direction at remanencesan 17S sample (see

gure 3.29, at a critical eld perpendicular to the direction of the magnetization
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of the domains at remanence, 90domain walls form. This increase in the 90
domain walls could be the reason for the intense 45-degreeesk. Unfortunately,
domain study was not conducted on this sample to verify thisxplanation. After
saturation, the scattering intensity is much reduced. Hower, there is still some
scattering, especially along the 45-degrees. As the sample is saturated, it is likely
that this scattering is nuclear in origin - perhaps from cryslline imperfections.
Nonetheless, the overall character of the lowq scattering similar to that of the
19Qe sample.

Highg SANS images of 18S sample in gur4.15show no signi cant scattering
as the 19Qe did. On careful inspection, however, some anisgly is visible in the
scattering image atH = 1:3 T. This is more pronounced in the azimuthal plot
shown in gure 4.16 This plot also shows that similar to 19Qe sample, there is an
anisotropy even at remanence. This indicates that the 18Srsale is also in a pre-
strained remanent state. It was estimated, in tabl&.3, that in the remanent state,
18S is predominantly (81-90%) magnetized alongy. The higher remanent state
scattering along 2R (0 degrees) is in agreement with the remanent state calcuian.

In gure 4.17, merging lowq and highq data for 18S sample is shown. The dif-
culty in aligning the lowq and highq data is possibly due to tie multiple scattering
e ect. It could also be due to the changing instrument resolion between the two
instrument con gurations used to obtain lowq and highg data Since the transmis-
sion through 18S was measured to be 88%, multiple scatteriegect is inevitable.
However, the misalignement problem was limited to lower maegtic elds. At a

higher magnetic eld, the sample becomes more homogeneous do the reduction
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Figure 4.15: SANS highg images of 18S subjected to magnetatd. Very
weak anisotropy can be discerned from the scattering imageld = 1:3
T.
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Figure 4.16: Azimuthal angle dependence of the SANS intensity aver-
aged over W39 j g 0:15A 1! for 18S

Figure 4.17: Merging lowq and highq data in 18S sample. The salign-
ment of the intensity curves is possibly due to the multiple attering
e ect
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of domain and domain walls possibly leading to a reduced migte scattering e ect.

Figure 4.18: 18S SANS$ vs. jq circularly averaged in all directions. No
peak is perceptible.

In gure 4.18 circularly averaged (in all directions) intensity for 183s plotted.
Non-overlapping points inH = 2:8 mT curve were deleted. The intensity at lower
g values decreases with increasing magnetic eld as expectéithere seems to be no
apparent peak as in the 19Qe sample. However, the azimuthdbpin gure 4.16
clearly shows a sine squared dependence indicating the prese of heterogeneities.
The lack of peak indicates that the heterogeneities are ditiand there is no average
separation between them as in the 19Qe case.

Next, the 18S sample was heat treated for four hours at 100C and then
water quenched to room temperature. Measurement of magnstaction showed a
decrease in the maximum magnetostriction by 32 . Quenching was expected to
boost the magnetostriction of the slow-cooled sample. Hoves, the decrease could
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be attributed to a possible loss of Ga. Composition analysigas not performed on
this sample after the heat-treatment. In view of the reducednagnetostriction, this
sample was treated as completely new sample and no comparatstudy between
di erent heat treatments was conducted. Transmission measements showedrl

85%. Therefore, multiple scattering is expected to a ect ta measurements.

Figure 4.19: SANS lowq images of 18Q under magnetic eld

Figure 4.19 shows lowgq SANS images of 18Q. As expected from the domain
wall and domain scattering, the scattering decreases withdreasing magnetic eld.

Residual scattering at high magnetic eld beyond saturatio indicates nuclear scat-
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tering possibly from crystalline imperfections.

Figure 4.20: SANS highq images of 18Q under magnetic eld
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Figure 4.21: Azimuthal angle dependence of the SANS intensity aver-
aged over W39 j g 0:15A ! for 18Q

Highg SANS images for 18Q sample are shown in gu#2Q Clearly, there
is an anisotropy atH = 1:5 T. This can also be understood from the azimuthal
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angle plot in gure 4.21 There is some anisotropy at remanence but this is in the
same direction as when the sample is saturated. It was estitad in chapter 2 that

18Q sample has 46-71% magnetization oriented alon@® and only 3-29% magne-
tization oriented along . This is in quite a good agreement with the anisotropy

measurements in gure4.21

Figure 4.22: 18Q SANS vs. jq circularly averaged in all directions.
No peak is perceptible.

Figure 4.22 shows SANS intensity of 18Q averaged in all directions. Silaui
to 18S, there is no perceivable peak in the intensity curvesThe lowq intensities
decrease with increasing magnetic eld as is expected. Thack of prominent peak
is indicative of dilute heterogeneities that lead to the amiotropy in scattering shown
in gure 4.21

Transmission measurements on 15S sample showed 81%. Therefore, mul-
tiple scattering is expected to a ect the measurements in i sample as it did in
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18S and 18Q.

Figure 4.23: SANS lowq images of 15S under magnetic eld. &eaing
at H = 1:5 T indicates nuclear scattering due to crystalline imperfgions

Figure 4.23 shows the SANS lowq images of 15S sample. Strong scattering
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even after saturation indicates its nuclear origins. Thiscattering could be from
crystalline imperfections as in 18S and 18Q samples. It is iokerest to note that
the nuclear scattering is predominantly alon@® and ¢ directions or alonghl0Q in
15S whereas it was along 45 degrees t®R/ ¢ directions or h110 in 18S and 18Q

sample.

Figure 4.24: SANS highq images of 15S under magnetic eld

Figure 4.24shows highg SANS images for 15S sample. The streaks aléig
due to nuclear scattering extend to the highg range. This obscures any anisotropy
present due to magnetic scattering in the azimuthal angle pls shown in gure
4.25 Since the nuclear scattering is eld independent, this ptdem can be solved
by subtracting the lower magnetic eld scattering image fran the scattering image at
saturation eld. Figure 4.26shows the azimuthal angle dependence of the intensity
obtained from subtractingH = 3:4 mT image fromH = 1:5 T image. Clearly,

there is an anisotropy that is sine squared dependent on theimuthal angle. This
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Figure 4.25: Azimuthal angle dependence of the SANS intensity av-
eraged over @41 j g 0:17 A ! for 15S. Strong nuclear scattering
leads to deviation from the sine squared dependence.

shows that the heterogeneities are present in 15S sample adlw

Figure 4.27shows the circularly averaged vs. g curves for increasing magnetic
elds. Similar to the samples discussed before, the lowq esity decreases with
eld. And similar to 18S and 18Q, there is no peak in the inteny. Therefore, the
heterogeneites responsible for scattering intensity to ksne squared dependent on
azimuthal angle at saturation elds, are dilute.

Next the 17S sample was studied. Transmission measuremeotsthis sample
showedT  822%. Therefore, as in 18S, 18Q, 15S, multiple scattering liigehas
an e ect on the measurements.

Figure 4.28 shows the lowgq SANS images for the 17S sample. A high mag-

netic eld was applied and the scattering was measured by deasing the eld to
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Figure 4.26: Azimuthal angle dependence of the SANS intensity aver-
aged over W41 j g 0:17 A ! for 15S. Nuclear scattering, which is
eld independent was removed by subtractingd = 3:4 mT scattering
image fromH = 1:5 T image.

Figure 4.27: 15S SANS vs. jqj, circularly averaged in all directions.
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Figure 4.28: SANS lowq images of 17S under magnetic eld.

remanence. Before applying a high magnetic eld, the scatieg was measured with

the sample in its remanent state and it matches with the remaat state scatter-
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ing image shown in the gure4.28 It can be observed that streaks along 0, 90,
and 45 degrees are visible only at the intermediate elds. At reanence, only
the streak along O degrees or along is visible. The domain structure images of
this sample (see gures3.29and 3.27) show domain walls running along $. Such
domain walls will lead to streaks along R in the reciprocal space, which agrees
well with the measured scattering pro le. As magnetic eld & increased along,
90 domain walls start to form as can be seen in gure8.29and 3.27. These lead
to the formation of 45 degree streaks. It can also be observed that a 90-degree
streak along ¥ is absent at all magnetic elds. This is because given the daim
structure in this sample at remanence, 180domain walls along R will not form
when a magnetic eld is applied alongr. Figures 3.29 and 3.27 also do not show
any 180 domain walls oriented along %.

Figure 4.29 shows highqg scattering images for 17S sample. Upon carefu i
spection, an anisotropy can be seen in the scattering at highagnetic elds. Similar
anisotropy but in perpendicular direction can also be founth the scattering image
at remanence. Figure4.30shows the azimuthal angle dependence of the scattering
intensity. It is more clear from this plot that there is a strang anisotropy at rema-
nence that ips its orientation upon applying a eld beyond sturation. The nature
of the intensity dependence on the azimuthal angle is sineusged. Therefore, the
heterogeneities are present even in this sample.

Figure 4.31shows the circularly averaged vs. g curves for 17S sample under
increasing magnetic elds. The lowq intensity decreases thi eld as is expected
and as shown to happen in other samples. And similar to 18S,Q8and 15S, there
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Figure 4.29: SANS highq images of 17S under magnetic eld.

is no peak in the intensity. Therefore, the heterogeneitegsponsible for scattering
anisotropy at saturation elds, are dilute.

Next 17Q sample was studied. Transmission measurements wad T
81:3%. Therefore, as it was for 18S, 18Q, 15S, and 17S, the muiigscattering
is expected to have some e ect on the measurements.

Figure 4.32 shows lowg SANS images for 17Q sample. As in the case of 17S,
a high magnetic eld was applied and the scattering was measd by decreasing

the eld to remanence. Before applying a high magnetic eldthe scattering was
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Figure 4.30: Azimuthal angle dependence of the SANS intensity aver-
aged over @45 j g 0:14A 1 for 17S.

Figure 4.31: 17S SANS vs. jqj, circularly averaged in all directions.
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Figure 4.32: SANS lowq images of 17Q under magnetic eld.

measured with the sample in its remanent state and it matchesith the remanent
state scattering image shown in the gure4.32 The absence of streaks due to the
domain wall scattering is quite evident from these images. HE remanent state
calculation for this sample in table2.3 shows that 78-89% of the magnetization is
oriented along R. It also shows that 0-22% of it is oriented along 2. Since the
scattering due to the domain walls running out-of-plane (ang the 2 direction)
is independent of the azimuthal angle, it can obfuscate thérsaks arising from the

in-plane domain walls.
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Figure 4.33: SANS highqg images of 17Q under magnetic eld.

Figure 4.33 shows the SANS highqg images for 17Q. There is some scattering
even at high elds, which could be of nuclear origin. Howevethis seems to be lim-
ited to lower g values in the highqg range. A clear anisotropy is not perceikike from
the images directly. However, from the azimuthal plots in gre 4.34, the anisotropy
in scattering is prominently visible. The intensity dependnce on azimuthal angle at
H =1:6 T is sine squared. Further, it can be observed that there isnaanisotropy

already present at remanence in the same direction & = 1:6 T. As discussed
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Figure 4.34: Azimuthal angle dependence of the SANS intensity aver-
aged over @45 j g 0:14A 1! for 17Q.

earlier, the results in table2.3 show that the remanent state of 17Q has 78-89% of
the magnetization oriented along ®. Therefore it is expected that the scattering
has an anisotropy along ¥ at remanence, which agrees well with the measurement
in gure 4.34

Figure 4.35shows the circularly averaged vs. q plots for 17Q sample under
di erent magnetic elds. The tapering of the intensity at lower q values for low
magnetic elds is likely due to the extinction of the neutronbeam because of multiple
scattering.

The next sample studied was 20S. Transmission measuremeoisthis sample
showedT 89%. Therefore, multiple scattering is expected to have sentontribu-
tion to the scattering images but it should not be signi cant

Figure 4.36 shows lowq scattering images of 20S under magnetic eld. Fno

146



Figure 4.35: 17Q SANS vs. jqj, circularly averaged in all directions.

the images at lower magnetic elds it can be observed that staks along 45 degrees
are more prominent than at O and 180 degrees. This indicatelsat there are more
90 than 180 domain walls in the sample for lower elds. This is possiblenty when
the magnetization is equi-distributed along® and ¥. This agrees with the remanent
state calculation in table 2.3, which shows that 25-38% of the magnetic moments
are oriented along R and 50-62% to be oriented along.

Highg SANS images are shown in gurd.37. The anisotropy in scattering is
strikingly clear unlike the highq scattering in 18S, 18Q, 15, 17S, and 17Q samples.
The four-fold symmetry seen in 19Qe is also remarkably cle&om the scattering
images themselves. It can be seen that & = 1:6 T the scattering is mostly along
¥ and also seems to have a sine-squared dependence on the dhamhangle. This

indicates the presence of heterogeneities. As the magnegtd is lowered the two-
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Figure 4.36: 20S lowqg SANS images under decreasing magnetdid

fold symmetry becomes four-fold. As explained in the case d®Qe, with equally
distributed magnetic moments, which appears to be the case R0S, an isotropic
scattering is expected at remanence. The four-fold symmgtseen here could be
related to subtle magnetic distribution near the heterogegity/matrix interface.
Figure 4.38shows the azimuthal angle dependence of the intensity forQ0As
expected from the highq scattering images in gurd.37, at remanence the intensity
hasasif cog dependence, which can not be explained from the theory pressd

in the introduction. At elds beyond saturation, however, the dependence is clearly
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Figure 4.37: 20S highg SANS images under decreasing magnedid

sin
Figure 4.39shows circularly averaged scattering intensity. A peak cogspond-
ingtog 0:018A ! can be seen in the intensity. This corresponds tod spacing
of 35 nm. Therefore, the scattering sites or the heterogenas responsible for the
highq scattering are spaced, on average, 35 nm apart. As thegk exists at the
border of lowq and highq scattering, there is also an e ect afomain wall scattering

near the peak. Therefore, when the magnetic eld is increadethe intensity of the
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Figure 4.38: Azimuthal angle dependence of the SANS intensity aver-
aged over @29 j g 0:14A 1 for 20S.

Figure 4.39: 20S SANS vs. jqj, circularly averaged in all directions.
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peak reduces because of the reduced domain wall scatterifidne scattering in this
sample is very similar to 19Qe sample than any other samplesoked at in this
study.

Next, the 20Q sample was studied. Transmission measuremgohn this sample
showedT  92%. AsT > 90%, the multiple scattering e ect is expected to be

minimal.

Figure 4.40: 20Q lowg SANS images under decreasing magnegid

Lowqg SANS images for 20Q under decreasing magnetic eld atesvn in gure
4.40Q It can be observed that the streaks representing 9@omain walls are absent
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for all magnetic elds. This could be because of the remanestate of the sample.
Also, if the magnetization is aligned along the thickness (2) of the sample, then the
isotropic scattering resulting from such domain walls canbscure the streaks. The
estimation of the remanent states of this sample from tabl2.3 shows that 0-43% of
the magnetic moments could be oriented along2. Magnetic domain images could

have been useful but such a study could not be conducted onghsample.

Figure 4.41: 20Q highg SANS images under decreasing magnegid

Figure 4.41 shows highqg SANS images for 20Q sample. The scattering at
this g range was expected to be anisotropic as seen in 19Qe and 20&véver, the
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Figure 4.42: Azimuthal angle dependence of the SANS intensity aver-
aged over @29 j g 0:14A 1 for 20Q.
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Figure 4.43: Azimuthal angle dependence of the SANS intensity of 20Q.
Intensity at remanence was subtracted from the intensity aH =1:6 T
and averaged over ©29 j g 0:14A 1.
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anisotropy in scattering seems imperceptible from the sdating images. Contrary
to the expectation, the scattering in 20Q is closer in naturéo 15S, 17S, 18Q, 17S,
and 17Q rather than 19Qe or 20S. Plotting the azimuthal angldependence of the
scattering in gure 4.42 shows anisotropy. However statistics were barely su cient
to distinguish the anisotropy. It must be noted that the couting time for 19Qe,
20S, and 20Q is same. Plotting the scattering dependence & tazimuthal angle by
subtracting the intensity at remanence from that atH = 1:6 T shows the anisotropy

more clearly (see gure4.43.

Figure 4.44: 20Q SANS vs. jqj, circularly averaged in all directions.

Figure 4.44 shows circularly averaged intensity of 20Q. The intensity urves
are more similar to the rest of the samples rather than 19Qe @0S sample. There
is no peak corresponding to the average separation of the éeigeneities. The lowq

scattering decreases with increasing magnetic eld as exgted. The lack of peak in
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the intensity curves and a very weak scattering anisotropyhsws that the hetero-

geneities are much less in volume in 20Q compared to any otlsample studied.

Table 4.3: Summary of unpolarized SANS results under magmet

eld
Sample  Anisotropy Anisotropy Avg heterogeneity
atH> 13T at remanence separation
15S Weak NA random
17S Weak Twofold along ® random
17Q Weak negligible random
18S Weak Twofold along ® random
18Q Weak negligible random
19Qe Strong Twofold along 2R 15 nm
20S Strong Fourfold along 45 34 nm
20Q Weak negligible random

Results from unpolarized SANS experiments are summarized table 4.3,
Peaks in SANS intensity curves were observed only for 19Qeda?0S samples. The
anisotropy in the intensity was also strong in the same sangd. At remanence, the
anisotropy in the SANS intensity was present in all the sampbk. For 15S sample,

the anisotropy was obscured by the nuclear scattering.
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Figure 4.45: Device used to apply compressive elastic loathe sample.
A resistive strain gage bonded to the sample was used to qudytthe
applied load

4.4.2 Under elastic eld

SANS experiments as described in the previous section weepeated on 19Qe
sample. For these experiments, 19Qe was subjected to an ttagld. A compressive
load was applied along using a device shown in guret.45 For applying a load, the
sample was compressed by manually turning the nob and comgseng the sample
between a xed and a movable high strength aluminum plates. Aesistive strain
gage bonded to the sample, as shown in gu#.45 was used to quantify the load
that was applied to sample.

Figure 4.46 shows lowg SANS images of 19Qe under elastic eld. When the
elastic eld is increased, there appears to be some changethie lowq scattering in
that it becomes more symmetrical for intermediate elasticelds. However, even at
the maximum elastic load that could be applied, the scattenyq is still present unlike
the magnetic eld case. When the sample is subjected to a conggsive elastic eld
alongy, the magnetization is expected to re-orient perpendiculdo the compressive

elastic eld direction i.e., along R or 2. From domain studies in chapter 3 and
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Figure 4.46: 19Qe lowg SANS images under elastic eld

gure 3.35 it can be seen that ® domains with 180 domain walls running along

R form up on application of a compressive stress on 19Qe. Thiemre a streak along
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R is expected in the lowq SANS image. However, there was no sigant change

seen in the lowq scattering.

Figure 4.47: 19Qe highq SANS images under elastic eld
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Figure 4.48: Azimuthal angle dependence of the SANS intensity aver-
aged over M2 j g 0:051A ! for 19Qe under elastic eld

SANS highq scattering images of 19Qe are shown in gu#e47for increasing
elastic elds. At remanence, the scattering has a two-foldysnmetry, as observed
previously in gure 4.11 This indicates, as discussed before, that the magnetizati
of the heterogeneities responsible for scattering is orted along $. Upon applying
a compressive elastic eld along ¥, the magnetization is expected to reorient either
along %R or along 2. It can be seen from the images that under elastic eld
the scattering eventually reorients itself to align along ¢ i.e., the magnetization
of the heterogeneities reoriented along®. The response of the magnetization of
the heterogeneities is in accordance with the magnetic domma as imaged by Kerr
microscopy in chapter 2, gure3.35 However, the magnetic domain wall scattering
in gure 4.46is not in agreement. At intermediate elastic elds, the scdering

shows a four-fold symmetry similar to the magnetic eld caseThis, as explained
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before, could be due to the distribution of magnetization ahe heterogeneity/matrix
interface. Intensity dependence on the azimuthal angle fted in gure 4.48shows
the anisotropy changing from two-fold along %R to four-fold and to two-fold along

¥ clearly.

Figure 4.49: SANS vs. jg of 19Qe under increasing compressive elastic
eld along ¥, averaged along a 30 degree horizontal sector (left) and a
30 degree vertical sector (right).

Circularly averaged intensity of 19Qe under elastic eld isshown in gure
4.49 As observed in the lowg and highg SANS images in gure$.46 and 4.47,
there is a minimal change in the lowq scattering with appliedompressive elastic
elds. Whereas, the highq scattering clearly reduced alortye horizontal sector and
increases along the vertical sector. These results show thehile highq scattering

for magnetic and elastic elds are similar, lowq scatteringeems to di er.
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45 Polarized SANS

As described in sectiond4.2.2.2 polarized neutrons give rise to four cross-
sections - two of them are non-spin- ip while the other two a& spin-ip. From
the expressions derived for non-spin- ip and spin- ip scdering in equations @.49
and (4.50, it can be seen that while non-spin- ip scattering has a ndear contribu-
tion superimposed on the magnetic contribution, spin- ip sattering has magnetic
contribution alone. This oers a very good opportunity to s@arate the nuclear
component from the magnetic component, that could lead to gang valuable infor-
mation about the nature of the heterogeneities. The neutroneam is polarized using
Fe/Si transmission polarizer and the scattered neutrons we analyzed using a cell of
nuclear spin polarizedHe. Using such a setup, all four cross-section were measured

The sample placement was similar to the unpolarized neutraexperiments.

Figure 4.50: 19Qe non-spin- ip scattering (left) and spinip scattering
(right) images atH =1:3 T
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Figure 4.51: Azimuthal angle dependence of non-spin- ip @nspin- ip
scattering in comparison to scattering of unpolarized nettns for 19Qe
at H = 1:3 T. Intensity was averaged for @2 q 0:057A L.

Figure 4.50shows the scattering images obtained from the polarized neans
at H = 1:3 T. On the left is the scattering image from non-spin- ip sctering and
on the right is the image from spin- ip scattering. In gure 4.5], the azimuthal
angle dependence of the non-spin-ip and spin- ip scattenig are plotted. It can
be seen that the non-spin- ip scattering has a clear sin dependence and spin- ip
scattering has a clear si co§ dependence as is expected from the expressions in
equations @.49 and (4.50. It can also be seen that the scattering is predominantly
magnetic and nuclear contribution appears to be negligiblas expected.

The polarization of the neutron beam that passes through theample, should
directly give the magnetization measurement of the samplef F = | *=I is the

ipping ratio, where | * is the intensity of the transmitted neutrons with parallel
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spin and| is the intensity of the transmitted neutrons with antiparallel spin, then

polarization P can be de ned as

P = : (4.76)

Figure 4.52: Schematic of depolarized neutron beam due tcetpresence
of magnetic domains and polarized neutron beam at saturatio

As shown in gure 4.52 when multiple magnetic domains are present the
neutrons passing through the sample get depolarized. Whemetsample is in a single
magnetic state, beyond magnetic saturation, the neutronseg completely polarized.
Therefore, polarization of the neutrons give a direct measel of the magnetization
of the sample.

Figure 4.53 shows the neutron polarization measurement for 19Qe with -in
creasing magnetic eld. From these measurements the sammeems to saturate
between 100 - 200 mT. However, the magnetization measurerhersing VSM in
gure 2.3and using Kerr microscopy in gure3.26both show the saturation to take

place around 30 mT.
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Figure 4.53: Neutron polarization with increasing magneti eld for 19Qe.

4.6 Ultra Small-Angle Neutron Scattering

In this section, the results from Ultra Small-Angle NeutronScattering (US-
ANS) experiments conducted on 19Qe, 20S, 17S, 17Q samples resented. US-
ANS allows the samples to be probed afvalues much lower than that possible with
SANS - as low as 3 10 ®* A *. This allows one to probe away from the length scales
where heterogeneities may e ect the domain wall scatteringVith g=3 10 °A 1,

a sample can be probed at length scales as large asrR0. It should be noted that
these length scales are still lower than the domain sizes €sehapter 3). Therefore,
the scattering is still expected to occur due to the domain vila.

For the USANS experiments, samples were placed such that théong axis
was parallel to the horizontal direction ) of the instrument. In other words, the

g values probed by USANS correspond to the SAN& values averaged over all,.
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As in the SANS experiments, magnetic eld was applied along with the help of a

conventional electromagnet capable of applying elds up t&.2 T.
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Figure 4.54: USANS transmission measurements for 19Qe, 203Q,
and 17S.Isps wWas measured ag=1:7 10 4 A 1.

As discussed in the introduction for USANS, multiple scatteng e ects can be

minimized if the transmission

T=l0 lsas l'SAS (4.77)
0

is greather than 90%. Herd, is the intensity at g = 0 i.e., intensity at the bragg
peak of the perfect crystal.l1sas is the intensity of the small angle scattering, for
someq 6 0. For the transmission experiments) sas was measured atj=1:7 10 *
Al

Figure 4.54 shows the transmission measurements for 19Qe, 20S, 17Q, and

17S. At remanence, the tranmission of all the samples is ledgan 90%. With
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increasing magnetic eld, however, the tranmission also aneases. As the density
of domain walls is reduced with magnetic eld, the scatterig probability also goes
down, increasing the tranmission. Therefore, USANS inteityyp was measured for
only those magnetic elds for whichT ~ 90% such that multiple scattering can be

safely ignored.

Figure 4.55: 19Qe USANS intensity curves for increasing magjic elds

Figure 4.55 shows the USANS intensity for 19Qe sample under increasing
magnetic eld. At H = 21 mT, there appears to be a broad peak af 1 10 *
A 1 which shiftstoq 2 104 A 'at H =43 mT, and disappears completely
at H = 1:2 T. The scattering across alb-values decreases with increasing magnetic
eld, consistent with the expectation. However, there is sl signi cant scattering
even atH = 1:2 T. If the source of the scattering is magnetic and from the doain

walls, it is expected to completely go away when a magneticletas high asH =1:2
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T is applied, which is way beyond the saturation magnetic & (30 mT) of this

sample.

Figure 4.56: 20S USANS intensity curves for increasing magjic elds

Figure 4.57: 17Q USANS intensity curves for increasing magpic elds
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Figure 4.58: 17S USANS intensity curves for increasing magic elds

Similarly, USANS intensity under increasing magnetic elds shown in gures
4.56 4.57, and 4.58for 20S, 17Q, and 17S respectively. A broad peakat 1 10 4
that shifts towards higher g-values, eventually disappearing can be seen to exist in
all the three samples. Further, the scattering does not corgiely go away even at
H =1:2 T. This is contrary to the expectation but seems to be a chacteristic of
all the samples studied.

Next, the USANS experiments were conducted to study the e ¢of sample's
surface conditions on the scattering results. All the USANS&esults shown above are
either for unpolished samples or one of the surfaces polidheSamples 19Qe, 17Q,
and 17S were those with one side polished whereas 20S was lsiped. Since the
neutrons pass through the sample, if there were any e ect oh¢ surface conditions

on the scattering, both the surfaces must be polished. Thdoge, for the next study,
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Figure 4.59: USANS transmission measurements of 17Q and l1afger
they polishing them both sides.lsas was measured ag=1:7 104
Al

17Q and 17S were nely polished on other side as well, as désed in chapter 3,
such that true domains were visible. Now, 17Q and 17S were Iyepolished on
either side.

The transmission experiments were repeated on 17Q and 17&mapolishing
them on both sides. The results are shown in gurd.59 Compared to the trans-
mission measurements before polishing both sides in gu#e54 the transmission
has improved signi cantly. At remanence, the transmissiorof 17Q has improved
from 71% to 85% while the transmission of 17S has improved ino85% to 97%.
This already shows that surface conditions of the sample hassigni cant e ect on
USANS.

Figures4.60and 4.61 show the USANS intensity of 17Q and 17S respectively
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Figure 4.60: 17Q USANS intensity curves for increasing magtic elds
after top and bottom surfaces were polished

Figure 4.61: 17S USANS intensity curves for increasing magjit elds
after top and bottom surfaces were polished
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after they have been polished on both sides. The scatteringténsity at H =1:2 T
drastically came down compared to the same before they wereligshed (see gures
4.57, and4.58 on both sides. Therefore, it seems that the high eld scatteng before

they were polished on both sides could be from the surface stglline imperfections.

4.7 Neutron Di raction

Fe{Ga are cubic alloys with lattice parametera 2:9 A[52]. The phase in
which Fe{Ga exists below 18 at% Ga is A25p]. A2 phase has disordered bcc
structure as shown in gurel.7. The primitive unit cell of this bcc phase is the one
which contains atoms at (0,0,0) and (1/2,1/2,1/2). Using egation (4.62), structure

factor of the A2 phase for Fe ,Ga, can be calculated as

Shkl — bdveiZ 0) + bclvel (h+k+1)

= by 1+¢ (kD (4.78)

where by, = (bre(l  X) + sa(X)) and b = 9:45 fm and bz, = 7:288 fm P
are the neutron scattering lengths of Fe and Ga respectivelyFor odd h + k + I,
Sk = 0. As a result, any reciprocal lattice point whereh + k + | is odd will be
invisible i.e., reciprocal lattice point (200) will be visble but (100) will be invisible.
Calculating the structure factor similarly for other plausble phases - DO3, D&,
B2, L1, - indicates that both (200) and (100) reciprocal lattice paits will be visible
for these phases. Further, the (1/2 1/2 1/2) reciprocal latice point (a superlattice
re ection) will be visible only for DO3 and DGQ,, and not for A2, B2 and LL.
Figure 4.62shows the rocking curves for the (200) reciprocal lattice pu of all
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Figure 4.62: Rocking curves for (200) reciprocal point. Mtiple peaks
were observed in all the samples that show the samples weré perfect
crystals but contain more than one crystal that are slightlymisoriented.
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the samples. Multiple peaks in the rocking curve show that me of the samples is
a perfect single crystal. Rather, the samples contain morédn one crystallite that
are slightly mis-oriented. With so many peaks, the peak witlthe highest intensity

was selected to de ne the UB matrix.

Table 4.4: lattice parameter

Sample| 15S  17S  17Q  18Q 19Qe 20S  20Q

a(A) |2.9025 29026 2.9030 2.9061 2.9059 2.9010 2.9090

Assuminga = 2:9 A, the (200) reciprocal point should be at 2 48 . Mea-
suring 2 scans allowed to calculate the lattice parameter for the sates. The
values thus calculated are listed in tablet.4. These values are slightly higher for
lower at% Ga compared with the lattice parameter measuremenby Kawamiya et
al. [52] but the trend is in good agreement. The decrease of the late parameter
for slow-cooled 20S compared to 20Q is also in good agreement

Since thef 20Qy reciprocal points are visible for all the phases, the (200nd
(002) reciprocal points were used to calculate the UB matrix107, which helps
in transforming the reciprocal space coordinates into thenstrument angles. After
calculating the UB matrix, the sample's reciprocal space vgaprobed.

Figure 4.63 shows the [h0OQ] reciprocal line scans for all the samples. €rh
Gaussian ts to the peaks after subtracting the backgroundrd normalizing to the
(200) peak intensity are shown in gure4.64 19Qe and 20S samples show very

sharp peak. This indicates the presence of one or more of thelered phases. 17Q
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Figure 4.63: (h0O0) reciprocal line scans. 19Qe and 20S shdarp (100)

peaks. 17S, 17Q, 18Q, 20Q show weak or di use (100) peaks. $68ws
no peak at all.
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Figure 4.64: Gaussian ts to the (100) peaks with backgrounsubtracted
and normalized to the (200) peak intensity. 19Qe and 20S shaharp
+ di use (100) peaks, 17Q shows weak + di use (100) peak, 18Chsws
weak (100) peak, 17S and 20Q show di use (100) peaks and 158veh
no (100) peak.

and 18Q samples show weak (100) peaks indicating that the eréd phase exists in
these samples but has much lower volume fraction. All the sgohes except 18Q show
di use peak at (100), possibly due to size-e ect of the orded phase precipitates.
The [h00] line scan was not long enough to capture the di useepk in 18Q so its
presence can not be ruled out. 17S and 20Q samples do not shatee sharp peak
at (100). Rather, the peaks are weak and diuse. 15S sample enot show any
peak at (100) at all, indicating the lack of any signi cant presence of ordered phases.
Therefore, an ordered phase is present in all the sampleseptcl5S. In order to
identify which of the ordered phases are present, one musbloat the (1/2 1/2 1/2)

reciprocal point. As discussed earlier, this point is visie only for DO3 and DQ,.

175



Counts/mon*1e6

0.5
hhh]

Figure 4.65: (hhh) reciprocal line scans. 20S shows sharp2(1/2 1/2)
peak. 17Q shows weak (1/2 1/2 1/2) peak. 17S shows a di use @/1/2
1/2) peak.

Figure 4.65 shows the (hhh) reciprocal line scans for 17S, 17Q, and 203ngées.
Figure 4.66 shows the Gaussian ts to the (1/2 1/2 1/2) peaks with backgrand
subtracted and normalized to the (200) peak intensity. Forlaof them the (1/2 1/2
1/2) reciprocal point is visible. 20S shows a sharp peak, 17€§pows a weak peak
and 17S shows a broad di use peak. Since the (1/2 1/2 1/2) pdins visible, the

precipitated phase in these samples could be either DO3 or 0

4.8 Discussion and conclusions

Results from Small-Angle Neutron Scattering (SANS) usingnpolarized and
polarized neutrons, with applied magnetic and elastic elsl were shown in sections

4.4 and 4.5. Neutrons scatter only when there is a inhomogeneity in theample

176



{Counts/mon}/{(200) Counts/mon}*1e6

055

0.5
hhh

Figure 4.66: Gaussian ts to the (1/2 1/2 1/2) peaks with baclground
subtracted and normalized to the (200) peak intensity. 20Shews sharp
(/2 1/2 1/2) peak. 17Q shows weak (1/2 1/2 1/2) peak. 17S shosva
di use (1/2 1/2 1/2) peak.

leading to a signi cant contrast. This inhomogeneity couldbe structural, chemical,
or magnetic. At lower magnetic elds, the presence of magnietdomains can also be
viewed as a kind of inhomogeneity. Unpolarized SANS resulits section 4.4 showed
both kinds of magnetic inhomogeneities present in the sangpl magnetic domain
walls in the lowq regime and magnetic heterogeneities in theghq regime. Because
lowq scattering is chased away by applying magnetic elds lgend saturation, it
can be said with full con dence that it indeed represents magetic domain wall
scattering. The highg scattering on the other hand persisteven after applying
saturation elds. Further, highq scattering shows sii  dependence on the azimuthal
angle indicating that the scattering sources at these lenigtscales (heterogeneties)

have a distinct magnetization than the matrix in which they ae embedded.
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In order to understand if the heterogeneities are the sourad magnetostric-
tion in Fe{Ga alloys, the scattering changes at highq and logvrepresenting hetero-
geneities and domain walls respectively is compared withéhbulk magnetostriction
measured for these samples from chapter 2. Since SANS intgn$ /j M » j2, square
root of I was compared to the magnetostriction. All the measurementsere scaled

to t between 0 and 1 for easy comparison.
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Figure 4.67: 19Qe lowq, highg SANS comparison with magnetiostion.
Highg SANS was averaged along 3Gectors between ©25< q < 0:05
A 1. Lowg SANS was circularly averaged between@69< q < 0:0195
Al

For all samples, lowq scattering decreased with increasingagnetic elds (see
gures 4.67 - 4.74. This is consistent with the thought that the lowq scattering
occurs due to the presence of domain walls. The highg scattey clearly shows
that it re-orients under magnetic eld. The highg scattering along the horizontal

(R) sector decreases while along the vertical}] sector increases with increasing
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Figure 4.68: 18S lowq, highq SANS comparison with magnetastion.
Highg SANS was averaged along 3®ectors between ©39< g < 0:15
A 1. Lowg SANS was circularly averaged between@49< g < 0:023
Al
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Figure 4.69: 18Q lowq, highg SANS comparison with magnetostion.
Highg SANS was averaged along 3®ectors between ©41< q < 0:17
A 1. Lowg SANS was circularly averaged between@6< q < 0:039
Al
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Figure 4.70: 15S lowq, highqg SANS comparison with magnetastion.
Lowqg SANS was circularly averaged between@56< g < 0:04 A 1.
Highg SANS was dominated by nuclear scattering from crystale im-
perfections

[y

0.9
0.8 X
> X
0.7 o SANS high g
(horizontal sector)
06 SANS high q

(vertical sector)
® SANS low g

Normalized values
o
(6] ]

04 |
03
0.2
01 <
0 L L L
0 100 200 300 200
H (mT)

Figure 4.71: 17Q lowq, highg SANS comparison with magnetostion.
Highg SANS was averaged along 3Gectors between ©45< q < 0:14
A 1. Lowg SANS was circularly averaged between@1< q < 0:015
Al
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Figure 4.72: 17S lowq, highqg SANS comparison with magnetastion.
Highg SANS was averaged along 3Gectors between ©45< q < 0:14
A 1. Lowg SANS was circularly averaged between@1< q < 0:015
Al
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Figure 4.73: 20S lowq, highqg SANS comparison with magnetastion.
Highg SANS was averaged along 3Gectors between ©29< q < 0:14
A 1. Lowg SANS was circularly averaged between@1< q < 0:015
Al
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Figure 4.74: 20Q lowq, highg SANS comparison with magnetostion.
Highg SANS was averaged along 3Gectors between ©29< q < 0:14
. Lowg SANS was circularly averaged between@1< g < 0:015

lowq and highq scattering changesre compared to the
magnetostriction, then for all samples, the highq scatteng agrees well with the
magnetostriction i.e., they both saturate nearly at the sam magnetic eld. The
lowq scattering, which represents the domain walls scatieg on the other hand
saturates at a higher magnetic eld than the magnetostricon. So, it appears that
the magnetization of the sample as a whole does not saturatéhthe magnetostric-
tion of the sample. However, the highqg scattering represeny the magnetization
of the heterogeneities indicates that the heterogeneitiemd the magnetostriction of
the whole sample saturate at the same magnetic eld. There#®, it appears that
a very strong relation to the hetemgeneities and it was

thought that they play a crucial role [63, 65).
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Figure 4.75: 19Qe lowq, highqg SANS response to elastic elddighqg
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Lowqg SANS was circularly averaged between@69< q < 0:0195A 1.

SANS high g
(horizontal sector)

8

% 0.6

; v SAN_S high q
g 05 (vertical sector)
S04yt = SANS low q

[=]

z

Neutron polarization

o
w

o
N

o
[

100 200 300 400
H (mT)

Figure 4.76: 19Qe neutron polarization data superimposec do the
data shown in gure 4.67.

In gure 4.75 the lowq and highg SANS response to elastic eld are plotted

The highg scattering clearly responds to the elastic eld. e scattering along the
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vertical sector increases while that in the horizontal seot decreases. The critical
eld where both of them become equal was 650 . On the other hand, the lowq
scattering does not show any signi cant changes with the afipd compressive elastic
elds. This indicates that, somehow, the domain walls are rioas responsive to
the elastic eld as the heterogeneities are, which again s$ee to indicate that the

existence of the heterogeneities perhaps is crucial to theagnetostriction of these
alloys.

The SANS results appear to contradict not only the intrinsicnotion of magne-
tostriction but also the extrinsic notion. Even if the magneostriction is engendered
from the heterogeneities, it is expected they are magnetibacoupled to the ma-
trix and hence the magnetization of heterogeneities, the rgaetostriction, and the
magnetization of the matrix should all saturate at the same eld. Previous charac-
terization of Fe{Ga samples 29, 31, 38, 99, 11Q 117 show that is indeed the case.
However, the SANS results portray a di erent picture.

Figure 4.76 shows the neutron polarization data of 19Qe superimposed on
the gure 4.67to compare with the lowq, highg, and magnetostriction of thesame
sample. The lowg SANS, representing the magnetic domain W&l and neutron
polarization data, representing the magnetization, bothi®w that the sample sat-
urates at a much higher magnetic eld compared to the magnestriction or the
magnetization of the heterogeneities.

Figures4.77 - 4.80 show the USANS intensity change with varying magnetic
elds and compares that to the magnetostriction for 19Qe, 28, 17Q, and 17S sam-

ples. The intensity values used in these plots were measuratiq = 1:7 10 *
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Figure 4.77: Comparison of USANS intensity atj=1:7 10 * A !and
magnetostriction of 19Qe
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Figure 4.78: Comparison of USANS intensity atj=1:7 10 * A !and
magnetostriction of 20S
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Figure 4.79: Comparison of USANS intensity atj=1:7 10 * A !and
magnetostriction of 17Q
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Figure 4.80: Comparison of USANS intensity atj=1:7 10 * A !and
magnetostriction of 17S
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A 1, which corresponds to the length scales of3.7 m . These length scales are
much larger than the heterogeneity length scales (seperdtby 15nm). Therefore,
USANS intensity should truly correspond to the magnetic domin wall scattering.
However, as with the SANS lowq intensity and neutron polaration measurements,
USANS intensity also saturates at higher magnetic elds tha at which the magne-
tostriction saturates.

Broad peaks in the USANS intensity atg 1 10 4, corresponding to the
length scales of 6 m that shift with the magnetic eld, indicate that the scatter ing
could be originating from the surface domain walls. From gres 3.13and 3.140n
pages66 and 66 respectively show the domain structure on an unpolished orldly
polished surfaces. The periodicity of domain walls in thesenages correspond to
approximately the same length scales at which broad peaks rwemeasured with
USANS.

In order to verify if the SANS and USANS results were a ected ypthe surface
conditions of the samples, 17Q and 17S were polished on boidtes so that neutron
interaction with domains formed due to surface stresses ddibe minimized. Com-
paring the transmission measurements after polishing botides (see gure4.590n
pagel69 with those measured before polishing (see gu.540n pagel65), it can
be seen that polishing both sides of the samples increasedrtsmissions. Comparing
the USANS intensitites before and after polishing in guret.57 and 4.60for 17Q
sample and in gures4.58 and 4.61for 17S sample shows that the scattering was
reduced signi cantly by merely polishing the samples on babtsides.

Further, the USANS intensity measured atq = 1:7 10 * A ! in gures
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Figure 4.81: Comparison of USANS intensity atj=1:7 10 * A !and
magnetostriction of 17Q that was polished on both sides
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Figure 4.82: Comparison of USANS intensity atj=1:7 10 * A !and
magnetostriction of 17S that was polished on both sides
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Table 4.5: Saturation magnetic elds in mT

Sample ¥ local magnetization highg SANS lowqgSANS USANS

X

15S 290 { { 350 {
17S 100 100 100 350 180
17Q 100 100 100 350 150
18S 120 { 105 300 {
18Q 155 { 150 > 300 {
19Qe 30 30 30 350 100
20S 50 { 50 350 150
20Q 100 { 80 350 {

After polishing both sides

17S 100 100 { { 100

17Q 100 100 { { 100

4.81and 4.82for 17Q and 17S respectively after they were polished on bosides
show that the USANS intensity now saturates with the magnetstriction at the
same magnetic eld. Therefore, surface conditions of the m@les have a signi cant
e ect on the USANS results. Extending this logic, one coulday that the lowq
SANS intensities too were likely a ected by the irregular stface domains. All these
results are summarized in tablet.5 This is contrary to the expectation that since

the neutrons interact with the bulk of the sample, surface ishing is not quite
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important.

As discussed in chapter 3, the irregular surface domains fierdue to an out-
of-plane anisotropy induced by the surface stresses. To oa@me this anisotropy,
a large magnetic eld is required and hence such irregular dains are known to
saturate at much higher magnetic elds than the bulk domaing79. Further, the
size of these irregular domains is about 2 - 5n whereas the true domains are
much larger in size, on the order of 100n . Therefore, the density of domain walls
for the irregular surface domains is much larger than the bkildomains although
they are restricted to few tens of microns in depth79]. This explains the reason
why magnetic domain wall scattering (lowq SANS and USANS) ahthe neutron
polarization saturate at a higher magnetic eld than either magnetostriction or
magnetization of the samples.

Therefore, though it appeared that the magnetostriction islosely connected
to the magnetic moments of the heterogeneities, with lowg $¥S not representing
the true domains, such a conclusion can not be made. Nonetsd, the highg SANS,
which is not a ected by the irregular domains (due to much smiger length scales)
shows that the heterogeneities exist in every sample that watudied. A large scat-
tering, indicating a higher volume fraction of heterogenges, was measured in 19Qe
and 20S samples. However, the volume fraction of heterogiies is much lower
in other samples, including 20Q. The heterogeneities arepected to be lower in
number in 20Q than 20S because it is known that when the samp¢ this compo-
sition is slow-cooled, DO3 phase precipitates. The unusbahigh volume fraction
of heterogeneities in 19Qe, which is similar to 20S, coupled the fact that the
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maximum magnetostriction measured on this sample is 270 hints that the sam-
ple might have actually been slow-cooled rather than quened. If it was quenched
then the quenching might not have been performed properly. part from the 19Qe
sample, all other samples are consistent with their heaté¢atment histories and mag-
netostriction values. As said before, the highg SANS showsdt the heterogeneities
exist in all the samples from 15S to 20Q. To understand if thesheterogeneities are
engendering the magnetostriction in Fe{Ga the nature of théeterogeneities must
be identi ed and then compared with the SANS and magnetosittion results.
Identifying to which of the possible phases the heterogetebelongs to is dif-
cult using SANS due to the weak nuclear contrast. Thereforeneutron di raction
was employed to identify the phase of the heterogeneities.h& neutron di raction
results showed (100) peak for all the samples except for 158hich suggests the
phase of the heterogeneities to be one of the ordered phasé3G3, D0, B2, or
L1,. The presence of (1/2 1/2 1/2) peak suggests that the heteregeities could be
of DO3 or DOy, phase. This does not, however, rule out the presence®? and L1,
phase heterogeneities. Recent results by Du et abf] show that the (100) peak has
contributions from both DO3 and B2-like phases. To estimatéhe relative presence
of DO3 and B2 phases, the intensities of (1/2 1/2 1/2), which as only DO3 contri-
bution, and (100), which has DO3+B2 contribution could be cmpared. However,
this cannot be done with the data acquired in this study becae the diraction
intensities measured has both nuclear and magnetic contutions. While nuclear
form factor is known, magnetic form factor is required to copare the two inten-
sities. Alternately, magnetic eld could be applied perpedicular to the scattering
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plane and magnetic contribution to the intensity can be supgssed $3]. Whatever

may be the phase of the heterogeneities, to nd out if they emegder the magne-

tostriction in Fe{Ga, the results from the macroscopic measements from chapter

2 are pooled together with SANS and neutron di raction resus in table 4.6. From

Table 4.6: Comparison of SANS and neutron di raction resuft with the

magnetostriction

Sample Discernible peak in SANS highqg (100) peak ( )
0:001<qg< 02A ' anisotropy
15S No Weak Indiscernible 215
17S No Weak Di use 303
17Q No Weak Weak + diuse 280
18Q No Weak Weak 280
19Qe Yes Strong Sharp + diuse 266
20S Yes Strong Sharp + diuse 242
20Q No Weak Di use 317

table 4.6, it can be observed that the sample 15S, which has a magnetasion of

215 |, shows no peak in the SANS intensity, a very weak anisotropy the SANS

intensity, and no (100) peak. Therefore the heterogeneiseDO3, DG, B2, or L1,

could be too small to yield a Bragg or di use peak in 15S. It ismportant to note

that this sample shows magnetostriction of 215 without any signi cant presence

of heterogeneities.

The 17S, 17Q, 18Q, and 20Q samples show no peak in the SANS nstty,
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weak anisotropy in the SANS intensity, and weak (100) peak&at suggest that the
presence of the heterogeneities in these samples is smalf. tii@se samples, 17Q
and 18Q show a well de ned, though weak, (100) peaks and theiragnetostriction
is 280 . In addition, 17Q shows a diuse (100) peak. Samples 17S an@Q
show broad diuse (100) peaks and both show magnetostrictioin access of 300
. Samples 19Qe and 20S show well de ned peaks in the SANS irtigyy large
anisotropy in the SANS intensity, and sharp (100) peaks supgmposed on to the
di use (100) peaks. They show magnetostriction of 266 and 24 respectively.
Taking all these results into account, the heterogeneitiesn 19Qe and 20S could
be DOS3 precipitates that degrade the magnetostriction. Thei use (100) peaks in
17S and 20Q seem to suggest that if these precipitates are gshrange ordered then
the magnetostriction in excess of 300 is possible. However, the fact that 15S
shows 215 without any signi cant presence of the heterogeneities sggsts that
the short range ordering in 17S and 20Q resulting in di use () peak might not be
as important to the magnetostriction as previously suggestl [59, 61]. It could be
possible that the precipitates present in 17S and 20Q are DQ@3Btheir nascent stage
of formation. If this is true, then the magnetostriction shalld decrease with the
appearance of the (100) peak (di use, weak, or sharp). Thdoge, one can expect
two regimes in the magnetostriction vs. Ga at% curves - one foee and the other
after the onset of the (100) peak i.e., 15 at% Ga. Figur4.83 shows the quadratic
t to the rst four data points - 0, 4, 6, 8.7 at% Ga. As expected the higher at%
Ga shows the magnetostriction below the quadratic curve. lis possible that the
intrinsic magnetostriction is quadratically dependent orthe Ga at% [58] while the
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Figure 4.83: Magnetostriction of slow-cooled (SC) and quelmed (Q) Fe-
Ga. Data points were taken from 26]. First four data points were used

for quadratic t.

reduction in the magnetostriction from the predicted valuebeyond 14 at% Ga

could be due to the precipitation of the DO3 phase. Of cours&hat is presented

here is just a hypothesis and not an a rmative conlucsion. Faher data with good

con dence levels is needed to test the veracity of this thoing
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Chapter 5

Conclusions

Fe{Ga alloys demonstrate extraordinary enhancement in ttie magnetostric-
tion with the addition of Ga. Understanding the origin of the magnetostriction in
these alloys has been the focus of many recent studiés, [59 61, 63, 65. With the
intention of nding out the nature of the magnetostriction in Fe{Ga alloys, speci -
cally if the magnetostriction is intrinsic as suggested bysp, 56, 58, 60] or extrinsic
as suggested bygp, 61, 63, 65, 67, 68, magnetic domain studies and neutron studies
were conducted.

It has been shown that due to the increased magnetostrictian Fe{Ga, com-
pared to Fe or Fe-Si, a large stress-induced anisotropy cduksult from small stresses
on the surface, which induce maze-like irregular domain pgatns. The importance
of preparing a stress-free surface has been demonstratedvigualizing the \true"
domain patterns. Studying magnetic domains under magnetignd elastic elds us-
ing Kerr microscopy, SANS, and USANS, and heterogeneitiemder magnetic and
elastic elds using SANS, no direct evidence has been found &ttribute the en-
hanced magnetostriction in Fe{Ga to tetragonal heterogeiitees as proposed by the
extrinsic theory [67, 68. However, there is evidence of magnetic heterogeneities i
all samples.

A research summary and the contributions of this dissertatin are provided in
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the subsequent sections followed by recommendations fotute work.

5.1 Summary of Research

Single crystal samples of varying composition and heat trements were used
in this study. Each sample was carefully characterized. Inl@&pter 2, macroscopic
characterization of the samples was discussed. First, theraposition of the sam-
ples was measured using EDS. The crystallographic orienia of the samples for
which the orientation is not known was measured using EBSD. &f@netization of
15S, 18S, and 19Qe samples was measured using VSM. Straioasg[100] and [010]
were measured using resistive strain gages with the magmeteld applied along
[100] and [010]. It was found that the measured magnetic strs have a volume
magnetostriction component € 70 ). Finally, using all the strain values, the
magnetostriction of the samples was calculated and theirmanent states were es-
timated. This macroscopic characterization is very impognt. For example, 17S
sample shows the presence of an anisotropy that strongly éas [100] to [010] or
[001]. Such a knowledge helps in understanding and analygithe results from
magnetic domain and SANS studies.

In Chapter 3, the magnetic domain studies were discussed. Has been shown
that all the magnetic domain study results on Fe{Ga in literaure su er from insuf-
cient polishing. The maze-like irregular domains imaged qgviously [57, 62, 87, 88|
were a result of surface stresses induced by mechanical gluhg. The higher sensi-

tivity of Fe{Ga (compared to pure iron, Fe-Si, or Fe-Al) to the surface stresses was
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explained as being due to the increased magnetostriction. h& maze-like domain
patterns form due the presence of a uniaxial anisotropy. Téiuniaxial anisotropy

was attributed to the stress-induced surface anisotropy. ifge the stress-induced
anisotropy is proportional to the magnetostriction, an incease in magnetostriction
leads to an increase in stress-induced anisotropy, thus niagx Fe{Ga more suscep-
tible to stresses induced from mechanical polishing. An atidnal polishing step

using silica gel proved to be e ective in removing the stresd surface layers. After
the additional polishing step, the expected domain structe with 100 magnetized

domains and straight 90 and 180 domain walls were imaged. High resolution MFM
images did not reveal any subdomain structure as reported §g8g].

Using Kerr microscopy, magnetic domains were imaged whilpgying a mag-
netic eld. Thus measured magnetic domain images were compd with the mag-
netostriction measurements and the remanent states estitea in chapter 2. The
information from the domain images was used to extract the ¢@l magnetization
of the sample. The magnetostriction, magnetic domain imageremanent states,
and the magnetization extracted from the domain images, cquared well for all the
samples except 17Q. Polishing the 17Q sample on both sidegeiaed a complicated
domain structure in which the magnetization of the domains as oriented along the
width of the sample on the top surface while it was oriented ahg the length on the
bottom surface, possibly ipping in direction through the thickness. Such a domain
structure with magnetization oriented along the thicknessvas also suggested by the
remanent state of this sample.

Next, the samples were subjected to elastic elds using a ¢am built device
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and the magnetic domains under the in uence of these elastields were imaged.
19Qe sample showed elastic saturation in which the magnetiion of the sample
was aligned perpendicular to the compressive elastic eldrdction with two kinds
of domains separated by 180domain walls. It appeared that for 17S sample, the
maximum applied elastic eld was not su cient to elastically saturate it as at the
maximum elastic eld, there were still some domains with maggtization parallel to
the compressive elastic eld direction. However, it was sk that these domains
were possibly restricted to the surface and the bulk domairtracture has out-of-
plane domains.

The magnetic domain studies showed that the domain structerin Fe{Ga,
which is a cubic material with positive magnetocrystallineanisotropy, is similar to
the domain structure in materials of its class - like Fe and F8i. The maze-like
domain patterns that were reported in literature and that wee claimed to be as
a result of tetragonal precipitates enhancing the magnetition in Fe{Ga, were
shown to be limited to the surface and form due to residual stsses from mechanical
polishing. Magnetic domain imaging under magnetic and elas elds revealed no
unusual behavior and they compared well with the remanent ate estimates and
magnetostriction measurements from chapter 2.

Neutron experiments conducted on the samples were discusse chapter 4.
First, the results from Small-Angle Neutron Scattering expriments were discussed.
The experiments were conducted both under applied magnetand elastic elds.
The SANS results fall under two regimes, lowq and highq. Low&gattering showed

behavior consistent with the magnetic domain wall scattemg. The scattering in the
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highqg regime was di erent in behavior from that of the lowq. h the highq regime,
the scattering was dominated by the heterogeneities presemthe sample. 19Qe and
20S samples showed a clear peak in the highq scattering irgegy corresponding to
the average separation between the heterogeneities. In X Ghe average separation
was 15 nm, while in the 20S it was 35 nm. There was no percepébpeak in
the SANS intensity for any other sample. However, the anisaipy in the SANS
intensity that had a sin?> dependence on the azimuthal angle indicated that there
were heterogeneities in all the samples but far less in 15351 17Q, 18Q, and 20Q
compared to 19Qe or 20S. Discerning the SANS anisotropy indand 20Q proved
to be dicult. In 15S, the highg SANS scattering was also domated by nuclear
scattering, possibly from the grain boundaries (although is supposed to be a single
crystal, neutron di raction showed that it contained many aystals that are slightly
mis-oriented from each other). This made it di cult to identify the anisotropy in
SANS intensity. In 20Q, there was no nuclear scattering domating at the highq
but it nonetheless proved to be di cult to discern the anisotopy in SANS intensity.
Comparing the changes in the highg SANS scattering, which mesponds to
the magnetization of the heterogeneities, lowq scatteringvhich corresponds to the
magnetic domain wall density, to the magnetostriction of tk samples revealed an in-
teresting behavior. While lowq scattering saturated at mut higher elds compared
to the magnetostriction, highq scattering changes resenda that of the magne-
tostriction. This appeared to indicate that the magnetizaton of the heterogeneities
saturate at much lower eld than the overall magnetization 6 the sample. More-

over, the magnetostriction seemed to correspond with the rgaetization of the
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heterogneities. SANS under elastic eld on 19Qe also indie@ similar behavior.
The highq scattering responded as expected to the elasticlds whereas there were
no signi cant changes in the lowq scattering. This again apgared to indicate that
the heterogeneities were more responsive to the elasticdslthan the magnetic do-
main walls or magnetization of the sample. Neutron polarizeon experiments on
19Qe also showed that the sample saturated at much higher nmagic eld than
the magnetostriction. The magnetic domain images obtaindd chapter 3, however,
show that this is not the case. Magnetic domains were indeetiased out of the
sample and the magnetization of the sample saturates with ¢hmagnetostriction
of the sample. To resolve this discrepancy, Ultra Small-Ahg Neutron Scattering
(USANS) experiments were conducted. Even USANS experimahtesults showed
similar behavior as that of SANS lowq results. The USANS intesity saturated at
much higher magnetic elds than is expected for the sampledn order to under-
stand if these strange results were as a result of sample'sfage nish, 17S and
17Q samples were polished on both sides so that the neutrorend interact with
any irregular domain walls. The results from USANS after pahing the samples
on both sides demonstrated that the USANS intensity, lowg SKS intensity, and
neutron polarization measurements were all a ected by theregular domain walls
on the sample's surface. As found in chapter 3 from magnetiomhain studies, these
irregular domain walls form due to the anisotropy induced byhe surface stresses
that result from mechanical polishing or scratches. It take enormous eld to over-
come this anisotropy and thus these irregular domain wallsake much larger elds

to be chased out of the sample. Also, the density of these ig@ar domain walls
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is much higher than the real domain walls. Typically, the iregular domains are
less than 2 m in size whereas the real domains are about 10 in size. This
explained why USANS and SANS lowq intensities, and neutronofarization mea-
surements saturated at much higher elds compared to the hetogeneities or the
magnetostriction. A peak was observed in the USANS intengitafter 17S was pol-
ished on both sides. It could be due to the irregular domainsat still remained
on certain areas of the surface that may not be polished as Wwat the rest. From
SANS and USANS experiments it was found that there were hetggeneities in all
the samples and the behavior of the magnetic domains and thetBrogeneities both
agree with the magnetostriction behavior in all the studiedsamples.

Next, neutron diraction experiments were conducted to idatify di erent
phases present in the samples. The (200) reciprocal pointcking curves showed the
presence of multiple crystals in all the samples. Sample 15Bowed exceptionally
large number of crystals, which explained the nuclear scatting seen in the SANS
experiments. It was observed that a peak at the (100) recipcal point was present
in all the samples except 15S. While 19Qe and 20S showed sh@0) peaks, 17Q
and 18Q showed weak (100) peaks. Samples 17S and 20Q showedt aerd di use
(100) peaks. Further, the presence of (1/2 1/2 1/2) reciprad points indicated that
the phase of the precipitates could be either DO3 or R However, the presence
of B2 or L1, could not be ruled out completely.

In order to understand if these heterogeneities are the saa of magnetostric-
tion in Fe{Ga alloys as suggested by the extrinsic magnetagttion model, the neu-
tron di raction measurements were compared to the SANS and agnetostriction
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measurements. Samples 19Qe and 20S, which showed highainael fraction of the
heterogeneities, also show sharp (100) peaks. Also, the mampstriction of these
samples was measured to be 266 and 242 respectively. Samples 17Q and 18Q
showed weak (100) peaks, weak SANS anisotropy, and magng&ioson of 280
each. Samples 17S and 20Q showed di use (100) peaks, weak SAdinsotropy,
and magnetostriction of 303 and 317 respectively. Sample 15S showed no (100)
peak at all, very weak SANS anisotropy, and magnetostrictioof 215 . Piecing
together these results indicated that the heterogeneitiesere most likely DO3 pre-
cipitates that are detrimental to the magnetostriction. It is certainly possible that
there are all kinds of heterogeneities - DO3, D@ B2, and L1,. It was argued in the
past [61], that the di use (100) peak does correspond to the D@ tetragonal phase,
supporting the extrinsic magnetostriction model. Howevertthe absence of any (100)
peak in 15S with magnetostriction as high as 215 does not lend support to this

hypothesis.

5.2 Contributions of this research

A systematic study has been conducted on various Fe{Ga sareplof varying
composition and heat treatment covering the rst peak in magetostriction.
One of the key contributions of this research is to conduct lahe experiments

on the same set of samples and at di erent length scales.

{ Macroscopic characterization - Composition, crystal oentation, magne-

tization, and magnetostriction were carefully measured. rbm the mag-
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netostriction measurements in two directions with eld ale applied along

two directions, the remanent states of the samples were estted.

{ Microscopic - Magnetic domains were imaged using wide elderr mi-

croscope and their response to magnetic and elastic elds svatudied.

{ Nanoscopic - Using Small-Angle Neutron Scattering (SANShe hetero-
geneities were identi ed and their response to magnetic aredastic elds

was studied

{ Lattice level - Neutron diraction was used to identify the phase of the

heterogeneities present in the samples.

The real magnetic domains in Fe{Ga were imaged for the rsttne. It has been
shown that all the previously published magnetic domain inges in Fe{Ga
were due to improper polishing. As a consequence, previolaims about the
notion of tetragonal precipitates inducing the formation 6 irregular domains

have been disproved.

The response of the magnetic domains to magnetic and elasetds was stud-
ied. A method to estimate the magnetization of the sample fro its magnetic
domain images has been described. The magnetic domain imggeagneti-
zation estimates, and the magnetostriction measurementsave been shown to
agree with each other quite well. This study found the expeetl magnetic

domain behavior in all the samples.

Small-Angle Neutron Scattering (SANS) were conducted fohe rst time on
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Fe{Ga samples. These studies revealed the existence of thetdnogeneities
supporting the ndings of previous TEM studies §9. These studies also

revealed that the heterogeneities are magnetically disthfrom the matrix.

The magnetic domain wall scattering observed from SANS andhd Ultra

SANS (USANS) experiments were observed to saturate at higheagnetic
elds than the magnetostriction of the sample or the magnetation of the
heterogeneities observed by SANS. The source of this digi@aacy was iden-
tied to be the surface nishing of the sample. The high dengy of irregular

magnetic domain walls on the surface were found to dominatee SANS and
USANS scattering. The importance of polishing both sides dfie sample for

reliable lowerq SANS and USANS results was demonstrated.

Through neutron di raction, the reciprocal space of the samples was probed.
It has been shown that although the samples were considered Ibe single
crystals, they are not perfectly single crystals. Multiplecrystallites that were
slightly mis-oriented from each other were observed. It hasso been shown
that ordered phases are present in all the samples except 1B measuring
the (100) peak. The lack of the (100) peak in 15S indicated th#&he phase
precipitates, if there are any, were too small to yield eithhea Bragg or di use
peak. From (1/2 1/2 1/2) peak measurements, it has been showthat this

ordered phase could be either DO3 or DA

By piecing together the results from all the experiments calucted, it has
been shown that DO3 heterogeneities in 19Qe, 20S, 17Q, andl1&re likely
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detrimental to the magnetostriction. The absence of the (1I) peak in 15S from
the neutron di raction experiments indicated that the phas precipitates, if
there are any, were too small to yield either a Bragg or di uspeak. It has been
proposed that the di use peaks observed in 17S and 20Q sangtuld be due
to the DO3 in its early stages of formation. Quadratic curvehat predicts the
lower at% Ga magnetostriction was shown to not t the higher #6 Ga. The
reduced magnetostriction observed at higher at% Ga was proged to be due
to the precipitation of the DO3 phase. Further, no evidence d&s been found
in this study that directly supports the proposed extrinsicmagnetostriction

model (67, 69].

5.3 Recommendations and future work

Magnetic domains in Fe{Ga alloys with Ga at% less than 20% werinvesti-
gated under static magnetic and elastic elds in this study.As the wide eld Kerr
microscopy technique allows real time visualization of theagnetic domains, studies
can be conducted to investigate the magnetic domains undeyramic elds. The
results from such a study could be used to develop a dynamic gmetoelastic model.

The magnetocrystalline anisotropy of Fe{Ga decreases wittomposition and
becomes almost negligible close to 20 at% G&8]. If the magnetocrystalline anisotropy
become negative above 20 at% Ga, théfi1l should the easy axes. In such a case,
interesting domain patterns form on thef 100g surfaces. The maximum composition

for which the domains have been imaged in this study was 19 at®a. Therefore,
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further domain studies could be carried out on samples with02and greater at% Ga.
Also, magnetic domains in samples beyond 25 at% Ga upto 29 at% could yield
information about the second peak in the magnetostriction.

It was shown that the surface condition of the samples has agiound impact
on neutron scattering. The SANS experiments reported in thithesis were conducted
on samples that were either unpolished or polished on one &id Although it is
expected that this will a ect the lower g SANS and not the higherq SANS, repeating
SANS experiments with samples polished on both sides shouldd done to ensure
the validity of the higher g SANS data.

The current study could not ascertain the phase of the hetegeneities conclu-
sively. It is possible that heterogeneities of multiple prees exist within the sample
[66]. To determine all the phases present, neutron di raction xperiments could be
conducted such that the diraction intensity has only nuclear contribution. This
can be achieved by using polarized neutrons. From the nuctedi raction intensity,
comparing various peaks would be easy, which can be used tentify all the phases
present in the sample.

A recent study reported p1] the presence of tetragonal heterogeneities in Fe{
Ga sample. They reported a peak atlfOO) and that it splits. It has been found
later that this data was not reproducible [L17. The maximum reciprocal point that
was investigated in their study was Il00) < (300). The TriCS neutron di raction
instrument used in this study is capable of reaching recipoal lattice points beyond
(300). Therefore, using TriCS the (300) peak and a possiblettagonal splitting
of this peak can be re-investigated. Further, by conductingreutron di raction
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experiments under magnetic eld the response of the recipral lattice points, and
hence di erent phases in the materials could be studied.

It was shown that the magnetostriction of higher at% Ga doesppear to
deviate from the quadratic enhancement at lower at% Ga. Mordata with good
con dence intervals need to be measured to verify if this is)xdeed true.

In the present study, the main focus was on the rst peak. Theexond peak
is more complex with a mix of several phases. Not many studiegre conducted to
investigate the reason for this second peak. Therefore, andar approach taken in
this thesis could be taken to investigate the second peak ttoughly and understand

its origins.
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