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This thesis is devoted to experimental studies of Heusler compounds CoFeCrAl,
CoFeCrX (X = Si, Ge) and MnPtSn. These Heusler alloys present an interesting class of
ferromagnetic materials for spintronic applications since they are predicted to be spin gapless
semiconductors and have half-metallic properties with 100 % spin polarization at the Fermi
level. In this thesis, the structural, magnetic, spin-polarization and electron- transport properties
of the fabricated alloys were studied. CoFeCrAl thin films deposited on MgO exhibit nearly
perfect epitaxy and a high degree of L21 Heusler order. All considered types of chemical disorder
destroy the spin-gapless semiconductivity of Y-ordered CoFeCrAl, but B2 disorder and A2-type
Cr-Fe disorder conserve the half-metallicity of the alloy. The transport spin polarization at the
Fermi level is higher than 68%. Epitaxial thin films of inverse tetragonal Mn2PtSn were
synthesized and show lattice constants a = 0.449 nm, and b = 0.615 nm. Magnetization
measurements revealed an in-plane anisotropy energy of 10 Merg/cm?®. CoFeCrSi and CoFeCrGe
Heusler alloys crystallize in cubic L2; structures with a small site disorder. The CoFeCrSi alloy
exhibited a high Curie temperature (Tc = 790 K). Cubic CoFeCrGe decomposed into other
compounds near 402 °C (675 K). A new tetragonal Coss sFes04CrssGez.s phase with lattice
parameters a = 0.760 nm, ¢ = 0.284 nm was studied with a series of tilted electron- diffraction
measurements in this work. The (Co, Fe)-rich phase was found to embedded in the matrix of a
Cr-rich phase. The results show promise for the implementation of CoFeCrX (X = Al, Si, Ge)

and Mn2PtSn in future spintronics devices.
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Chapter 1. Introduction

This chapter introduces basic concepts relevant to Heusler compounds such as
structure, chemical ordering, half-metallic (HM) and spin-gapless semiconductor (SGS)
band gap, spintronics and potential device application. Section 1.1 describes basics of
magnetic Heusler compounds. Section 1.2-1.3 introduce different types of Heusler
compounds, chemical disordering, and magnetic properties. Section 1.4-1.5 discusses the
basic concepts of half-metallic Heusler and spin-gapless semiconductors. Section 1.6-1.8
cover the transport properties such as temperature dependence of longitudinal resistivity,
ordinary and anomalous Hall-effects, and field dependence of magnetoresistivity. Section
1.9 introduce the concept of spin polarization and during section 1.10, the concept of

spintronics and potential device application of magnetic Heusler films are discussed.
1.1 Basics of Heusler Compounds.

Heusler compounds were discovered in 1903 by Friedrich Heusler.! The first
Heusler compounds studied were CuMnSb, CuzMnAl, and CuzMnSn.> 2 At that time, the
original attention to Heusler compounds was due to three ‘nonmagnetic’ elements (Cu,
Mn, Al) yielding a ferromagnetic compound. Mn is known to be an antiferromagnet now,
but antiferromagnetism was unknown until Néel’s work in the 1940s. Today’s renewed
interest is largely linked to spin electronics. Up to now, Heusler compounds have been
found more than 1000 members as an outstanding class of materials exhibiting various
property types such as half-metals, spin-gapless semiconducting, high-temperature ferri-
and ferromagnets, antiferromagnets, multiferroics, shape-memory compounds, Weyl or

Dirac semimetals and tunable topological insulators.® These properties have potential



application in the fields of spintronics, energy technologies, and magneto-caloric
applications. For example, the Co-based Heusler compound, Co2MnSi shows high spin-
polarization of 93 % at room temperature experimentally.* Besides, the highest tunnel
magnetoresistance (TMR) ratio record of 1995 % at a low temperature of 4.2 K and

354 % at room temperature were obtained when the Co,MnSi Heusler compound was
used in tunnel-junction devices.” Moreover, Mn-based Heusler compounds also attract
much interest in the context of an inverse tetragonal structure, which has a high
magnetocrystalline anisotropy value and is very promising in rare-earth-free permanent
magnets.® Antiparallel coupling of magnetic moments on Mn atoms leads to the
ferrimagnetic order, or antiferromagnetic order, which exhibits interesting properties such

as non-collinear magnetism, topological Hall-effect, and skyrmions.®

There is no absolute definition of Heusler compounds. But generally, Heusler
compounds consist of Half-Heusler, Full Heusler, Quaternary Heusler, Inverse Heusler
and Tetragonal Heusler compounds, as illustrated in FIG. 1.1. The Half-Heusler has the
composition 1:1:1 and C1p, structure, formed by three interpenetrating FCC-lattices such
as in CuMnSb, NiMnSh, and YbPtBi.”  In 1983, de Groot recognized that NiMnSh
exhibits a peculiar band structure that is semiconducting in the minority-spin, but metallic
in the majority spin channel.® This was named “half-metallic ferromagnetism” and was
predicted to have 100 % spin polarization at the Fermi level. The Full Heusler
compounds have the composition 2:1:1, i.e. X2YZ and L2; structure, formed by four
interpenetrating FCC-lattices as in CuzMnAl, Co.MnSi, and Cu,MnSn.? 1° Depending on
the numbers of valence electrons and the Slater-Pauling rule, X>YZ type of ternary

Heusler may exhibit ferromagnetic, ferrimagnetic, antiferromagnetic or nonmagnetic



properties.** becasue the diversity of combination of X, Y, Z elements, ternary Heusler
may behave as semiconductors, topological insulators, Weyl or Dirac semimetals, half-
metals, spin-gapless semiconductors or normal metals. For example, Fe,TiSi and FeVAI
are nonmagnetic semiconductors although it has magnetic Fe atoms occupied the 2 X
sites.'? Co2CrAl and Co2MnSi were ferromagnetic half-metals with high
magnetoresistance as a signature for high spin polarization at room temperature.® It is
found that Co and Mn are an excellent combination to achieve a high spin-polarization.
Co.TiGe is a ferromagnetic Weyl semimetal with Curie temperature calculated to be
more than 630 K.** Mn,CoAl with L2; structure is a spin-gapless semiconductor with one

spin channel insulating and the other spin channel has zero bands gap.™
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FIG. 1. 1 Schematic illustration of the various structures of Heusler compounds.

Another Heusler family is the LiMgPdSn-type quaternary Heusler compounds,
also known as LiMgPdSb-type Heusler compounds. These Y-ordered quaternary

compounds have the chemical formula (XX*)YZ where X, X’ and Y are transition metal



atoms. The valence of X’ is lower than the valence of X atoms, and the valence of the Y
element is lower than the valence of both X and X’. The sequence of the atoms along the
FCC cube’s diagonal is X-Y-X’-Z which is energetically the most stable. A few
LiMgPdSn-type half-metallic and spin-gapless semiconducting compounds have been
studied, for example, CoFeMnSi, FeVTiSi.*® The fourth type of Heusler compounds is
Inverse Full Heusler compounds. These compounds have also the chemical formula
X2YZ but in their case, the valence of the X transition metal atom is lower than the
valence of the Y transition metal atom. And the Inverse Heusler compounds crystallize in
the Xa structure, where the sequence of the atoms is X-X-Y-Z and the prototype is
Hg.TiCu.!” The fifth type of Heusler compounds is Tetragonal Inverse Heusler, as shown
in FIG. 1.1 (b). The compounds have the chemical formula X>YZ, but the X is usually
Mn atoms and Y, Z represents the transition metals and the main group metals, such as

Mn2RhSn, Mn,RhGa.°

1.2 Chemical Disordering in Heusler Compounds.

Heusler are potentially promising materials in real devices to inject spins into
semiconductors. The number of known ternaries and quarternary Heusler compounds
with various multifunctionality for magnetoelectronics applications is increasing. In
addition, the control of disorder and defects in these Heusler compounds plays an

important role in synthesis process and affects the potential applications.

As mentioned in the above section 1.1, the Full Heusler compounds have the

composition 2:1:1, i.e. X2YZ, formed by four interpenetrating FCC-lattices such as



CuzMnAl, CozMnSi and CuMnSn.*? Depending on the synthesis process and the
similarities between X, Y and Z atoms, Full Heusler compounds X>YZ may have L2,
B2, and/or A2 structures. FIG. 1.2 shows a schematic illustration of a unit cell of
different types of chemical disordering. The full ordered structure of X>YZ is L2; with a
space group of Fm-3m (225) and prototype Cu2MnAl, as shown in FIG 1.2 (a). Each'Y
or Z atom has eight X atoms as first neighbors in an octahedral symmetry position, while
each X has four Y and four Z atoms as first neighbors and thus the symmetry of the
crystal is reduced to the tetrahedral one. The X atoms occupying the two different
sublattices are chemically equivalent as the environment of the one sublattice is the same
as the environment of the second one but rotated by 90-. The occupancy of two FCC
sublattices by X atoms distinguishes the full-Heusler compounds with the L2; structure
from the Half Heusler compounds with the C1, structure, like e.g. CoMnShb, where only
one sublattice is occupied by Co atoms and the other one is empty. The B2 type structure
is partially disordered with half of the Y and Z atoms interchange their positions (FIG 1.2
(b)). DO3 type disorder is an exchange between the X and Y sites (FIG. 1.2 (c)). The A2
type structure is fully disordered with X, Y, and Z atoms randomly distributed at all

available lattice sites (FIG. 1.2 (d)).
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FIG. 1. 2 Schematic illustration of atom exchange of different types of chemical

disordering in the unit cell.

At the stoichiometric composition, the disorder can exist in the form of partial
interchange of atoms in different sublattices. A single disordering parameter a is used to
describe the effects of certain types of preferential disorder on the structure amplitudes of
compounds of the type X2YZ. For compounds ordered in L2; structure, o is defined as the
fraction of either Y or Z atoms being not on their correct sites. Partial occupation of Y
and Z atoms on each other sublattices leads to L21/B2 type disorder. The B2-type
structure can be obtained by allowing half of the Y and Z atoms to interchange their
positions. The ratio of the L2:/B2 depends on the heat treatments. Due to smaller
interatomic distances in B2-type structure, an antiferromagnetic ordering becomes

energetically favorable.'®

Atomic ordering in Heusler compounds was evaluated by the Webster scheme of
x-ray diffraction (XRD) analysis.'*?* The general idea is that these ordered/disordered

structures can be identified using the relations between atomic orderings and superlattice



diffraction lines. Y-Z disordering (FIG. 1.2 (b)) extinguishes odd superlattice diffraction
lines which are defined by the index relation of h, k, and | = odd numbers, e.g., (111).
Furthermore, even superlattices diffraction lines, i.e. (h+k+l) / 2 = 2n+1, e.g., (200)
vanish under X-YZ disordering (FIG. 1.2 (d)). On the other hand, fundamental diffraction
lines, i.e. (h+k+l) /2 =2n, e.g., (220) are independent of the ordering structures. Then
there is an extention of the Webster model, the developed physical formalism for the
degree of L2; ordering including correction from the degree of B2 ordering. The
respective degrees of B2 order (A2 disorder) and L2; order (B2 disorder) can be

calculated from the long-range order parameters:
552 = L300 - 1{00/1400 ) Iécoo [1.1]
(S21(3 = $82)/2)* = I11 * 10/ I20 - 14 [1.2]

where I,; and I,{kl are the experimental diffraction intensity for the (hkl) plane and its

reference intensity calculated for fully ordered compounds.??

1.3 Magnetic Properties

Heusler compounds possess very interesting and diverse magnetic phenomena
such as ferromagnetism, ferrimagnetism, itinerant and localized magnetism,

antiferromagnetism, helimagnetism, Pauli paramagnetism or heavy-fermionic behavior.

Most of the Heusler compounds have ferromagnetic order and saturate in weak
applied magnetic fields due to the Heusler compounds crystallizing in cubic structures
with low magnetocrystalline anisotropy. For example, in X2MnZ compounds, the

magnetic moment is carried by Mn atoms with a value of saturation magnetization close



to 4 pg /f.u..*° These compounds have localized magnetic properties, which depends on
atomic disorder and changes in the electron concentration. It has been shown that the sp
electron concentration is primarily important in establishing magnetic properties,

influencing both the magnetic moment formation and the type of the magnetic order.

Although the majority of Heusler compounds are ferromagnetic, there are some
with antiferromagnetic order, in particular, those compounds containing 3d elements in
which the magnetic moment is only carried by Mn atoms at the Y site. Experimentally,
the antiferromagnetic order has been measured in Half Heusler (C1,) and Full Heusler
compounds (L21, B2 and A2). Antiferromagnetism is more favorable in full Heusler
compounds which have the B2-type crystal structure due to smaller interatomic Mn-Mn

distances. For example, XoMnZ (X = Ni, Pd; Z = Al, In).%

Ferrimagnetic ordering in Heusler compounds is due to the antiferromagnetic
coupling of X and Y atoms, which is very rare in Heusler compounds compared to
ferromagnetic or antiferromagnetic ordering. For example, Mn,VAI and Mn,VGa

compounds were measured to be ferrimagnets.?*

1.4 Half-Metallic Heuslers

Half-metallic ferromagnets (HMF) was initially proposed by de Groot et al. in the
early 1980s.° In a half-metallic material, the two spin bands show a completely different
behavior. The majority spin band shows typical metallic behavior, and the minority spin
band exhibits semiconducting behavior with a gap at the Fermi level. This is shown
schematically in FIG. 1.3 (a). The band gap is the essential ingredient in half-metals, and

it is reported three categories can be distinguished on the basis of the nature of the band



gap: half-metals with (1) covalent band gaps, (2) charge-transfer band gaps, and (3) d - d
band gaps.?® This distinction is important because the origin of the half-metallicity is
different in each category. Covalent band gaps are strongly related with the crystal
structure. A well-known example is NiMnSb.? It crystallizes in the Heusler C1, structure,
which is closely related with the zincblende structure: One of the empty positions is
occupied by the third element (Ni). Both Mn and Sb must occupy sites with tetrahedral
coordination. The band structure, interactions, and bonding for the semiconducting spin
direction are equivalent to those in the group 11I-V semiconductors such as GaAs. The
metallic spin direction shows conduction in very wide bands with an effective mass
approximately equal to the free-electron mass. Charge-transfer band gaps are found in
strongly magnetic compounds, where the d bands of the transition metal are empty for the
minority spin direction and the itinerant s, p electrons of the transition metal have been
localized on the anions. Materials with a d-d band gap show rather narrow bands, so that
gaps occur between crystal-field split bands. The exchange splitting can be such that the

Fermi level is positioned in a gap for one spin direction only.

In HMFs, the existence of the gap leads to 100% spin polarization at the Fermi
level and thus a fully spin-polarized current should be feasible in these compounds,
maximizing the efficiency of magnetoelectronic devices. For example, Bowen et al. have
observed such a current in trilayers made up of half-metallic Lao.7Sro3MnOs as electrodes
and SrOs as a barrier.?® Other known half-metallic materials except for the semi- and full-
Heusler compounds are some oxides CrO and FesO4.2” Although thin films of CrO, and
Lao.7Sro.3Mn0O3 have been verified to present practically 100% spin polarization at the

Fermi level at low temperatures,?’ 28 the Heusler compounds remain attractive for
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technical applications like spin-injection devices, spin filters, tunnel junctions, or GMR

devices due to their relatively high Curie temperature compared to these compounds.

E E
4 4

» n(E)

(a) (b)

FIG. 1. 3 The schematic density of states n(E) as a function of energy E for a half-
metallic ferromagnet (a), a spin-gapless semiconductor (b). The occupied states are

indicated by filled areas. The arrows indicate the majority (1) and minority (] ) states.

The most-well known half-metallic Half-Heusler compound is NiMnSb, i.e., the
minority band is semiconducting with a gap at the Fermi level (Ef), leading to 100% spin
polarization at Er.° The loss of half-metallicity in the NiMnSb thin films is due to the
segregation of Sb and Mn atoms to the surface, which is far from perfect.? Later on, Full
Heusler compounds such as Co,MnX (X = Si, Ge),*° CozFeX (X = Ga, Ge, Al, Si, Sn),*
Mn,CoX (X = Al, Ga, In, Si, Ge, Sn, Sh),*? were calculated to be half-metallic with
100% spin polarization at Er. Full Heusler compounds became very popular for potential
applications. Several groups managed to grow Co>MnGe and Co2MnSi thin films. But

highest spin polarization (P) value of CoMnSi at room temperature is 93% via
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Ultraviolet Photoemission Spectroscopy (UPS),* which is less than the predicted 100%. It
has been shown that disorder, defects and vacancies can lead to loss of the half-metallic
character.?® 3 However, a magnetic tunnel junction device was still built based on
Co2MnSi. Record value of TMR ratio around 1995% at low temperature and 354% at
room temperature were obtained.>* * Similar experiments have been undertaken by
Inomata and collaborators using Co2CrosFeosAl as the magnetic electrode.*®

Development of TMR for Heusler compounds is presented in FIG. 1.4.
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FIG. 1. 4 Development of TMR for Heusler compounds is presented.> 3/ %8

1.5 Spin-Gapless Semiconductor (SGS)

Magnetic semiconductors are compounds combining both the semiconducting
behavior with the magnetic properties. Such compounds can offer novel functionalities to

spintronic and magnetoelectronic devices, e.g., they can act as spin-filter materials. Such
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materials can find application in magnetic tunnel junctions (MTJ). Then the probability
for electrons tunneling through the spin-filter barrier is different for the two spin
directions and the flow of a spin-polarized current can be achieved.*® A special class is
the so-called spin-gapless semiconductors. These materials combine the properties of
half-metals and magnetic semiconductors, and they are actually magnetic semiconductors
where there is an almost vanishing energy gap at the Fermi level in the majority-spin
direction and a normal energy gap in the other spin-direction, as shown in Fig. 1. (b).*
Spin-gapless semiconductors also offer novel functionalities due to their unique
properties: (i) the mobility of carriers is considerably larger than in usual semiconductors,
(i) excited carriers include both electrons and holes which can be 100% spin-polarized
simultaneously, and (iii) a vanishing amount of energy is enough to excite majority spin

electrons from the valence to the conduction band.

Although gapless-semiconductors are well known in the literature,*® it was not
until 2008, that Wang proposed that the Co-doping of PbPdO>, a gapless semiconductor,
with transition metal atoms would lead to a spin-gapless semiconductor.*!: 42
Experimental confirmation was offered via study of polycrystalline films of Mn and Co
doped PbPdO,.*> Among Heusler compounds several have been identified to be spin-
gapless semiconductors, as summarized in Table 1.1. The main attention was given to
Mn,CoAl, an Inverse Full- Heusler compound, due to its successful growth in the form of
films. In 2008 Liu and collaborators synthesized Mn,CoAl using an arc-melting
technique and found that it adopted the lattice structure of Inverse Full-Heusler with a
lattice constant of 5.8388 A and a total spin magnetic moment of 1.95 pg per formula

unit.>> The breakthrough took place in 2013 when Ouardi et al. identified the spin-gapless
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behavior of Mn2CoAl and have confirmed it experimentally in bulk-like polycrystalline
films.*® They found an experimental lattice constant of 5.798 A, a Curie temperature of
720 K and a total spin magnetic per formula unit of 2 ug at a temperature of 5 K.
Following this research, Jamer and collaborators have grown thin films of 70 nm
thickness on GaAs,** but these films were found to deviate from the spin-gapless
semiconducting behavior. On the contrary, films grown on a thermally oxidized Si
substrate were found to be spin-gapless semiconductors with a Curie temperature of 550
K. Ab-initio calculations of Skaftouros et al. identified among the inverse Heusler
compounds another four potential SGS materials: Ti2CoSi, TizMnAl, Ti2VAs and
Cr2ZnSi, with the latter three being also fully-compensated ferrimagnets, and V3Al for
which one V sublattice is not magnetic and the other two form a conventional
antiferromagnet.*® CoFeMnSi and CoFeMnGe have also been identified to be SGSs and
experimentally realized by Bainsla et al.*’ Perfectly ordered CoFeCrAl, which has been
predicted to be a spin-gapless semiconductor, crystallizes in the cubic Heusler-type Y
structure (prototype LiMgPdSn).*® Galanakis and collaborators have also shown that
defects keep the half-metallic character of Mn2CoAl but destroy the spin-gapless

semiconducting character.®



Table 1.1: Summary of Heusler compounds with potential SGS properties.'® 4852
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Compound | Valence Magnetic Magnetic Lattice Crystal
electron moment ordering parameter | Structure
number (us)/f.u. temp. (K) a(A) type

Th. | Exp. Th. Exp.

Mn2CoAl |26 2 2 720 (Exp.) |[5.73 5.798 | XA

CoFeMnSi | 28 4 3.7 620 (Exp.) [5.60 5.658 |Y

CoFeCrAl |26 2 2.1 540 (Exp.) |5.70 575 |Y

Ti2CoSi 21 3 N/A  |400 (Th.) 6.03 N/A [ XA

Ti2MnAl |18 0 N/A | 960 (Th.) 6.24 N/A [ XA

CraZnSi |28 0 N/A |1040 (Th.) |[5.85 N/A | XA

Ti2VAs 18 0 N/A | 800 (Th.) 6.23 N/A [ XA

CoMnCrSi | 26 2 |NA Elrgeﬁ'gehd) 5.63 NA |Y
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1.6 Temperature Dependence of Electrical Resistivity

Collisions of electrons in a metal cause the resistivity. Impurity scattering and
electron-phonon scattering are the two most common processes in metals. Defects change
the periodic lattice of ions, leads to electron scattering and gives a temperature-
independent contribution to the resistivity. The electron-phonon scattering process is the
interactions of thermal fluctuations of the crystal lattice with conduction electrons. The
lattice vibrations (phonons) are characterized by a characteristic temperature known as
the Debye temperature, 6p. Electron-phonon scattering is directly proportional to the
temperature T. Below 0p, electron-phonon scattering scales as T2, and at the lowest
temperatures, the electron-phonon scattering scales as a T° dependence known as the
Bloch Law.>* >* However, in a ferromagnets, the temperature dependence of the
resistivity can be affected by another scattering called magnon scattering. Magnons are
quantized spin waves analogous to lattice vibration (phonons) and magnon scattering
leads to a quadratic temperature dependence of the resistivity. The resistivity with
combined scattering of residual (pr), magnonic (pm), and phononic (pp) contribution,
p(T) = pr + pu(T) + pp(T). > The residual resistivity pr is temperature independent
and caused by defects of the ideal crystal lattice. An upturn in the resistivity p at low
temperatures (typically < 40 K) has been observed in half-metallic ferromagnets, which is
attributed to weak localization and it is commonly observed in disordered metallic

systems.*®
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1.7. The Hall-effect

1.7.1. Ordinary Hall-effect

The Hall-effect (or the ordinary Hall-effect) phenomena was found by Edward
Hall in the 1870s.°" This effect was observed in both semiconductors and metals. The
Hall-effect is defined by the voltage difference across the electrical conductor, transverse
to the longitudinal electric current in the conductor with the magnetic field is normal to

the current, as shown in FIG. 1.5.

FIG. 1. 5 Hall-effect measurement setup for electrons. Initially, the electrons follow the
curved arrow, due to the magnetic force. At some distance from the current-introducing
contacts, electrons pile up on the left side and deplete from the right side, which creates
an electric field in the direction of the assigned Vu. VH is negative for some

semiconductors where "holes" appear to flow.

The Hall-effect is due to the nature of the current, which consists of the
movement of charge carriers, typically electrons, holes, ions or all three. When a

perpendicular magnetic field is applied, the carriers experience the Lorentz force and the
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carriers accumulate on one side of the material. This finally leaves equal and opposite
charges on the both sides. For example, in a simple metal where there is only one type of
charge carrier (electrons) the Hall voltage V1 can be derived using the Lorentz force. In
the steady-state condition, charges are not moving in the y-axis direction because the
magnetic force on each electron in the y-axis direction is canceled by a y-axis electrical
force due to the buildup of charges. The vxterm is the drift velocity of the current which
is assumed at this point to be holes by convention. The v«B; term is negative in the y-axis
direction by the right-hand rule.>3 %8 >°

F = q[E + (v X B)] [1.3]

0=E, — 1B, [1.4]
The Hall voltage is described by

nte

The Hall coefficient is

E Vit 1
Ry=-—L=tat__L 16
H= B, =~ IB ne [1.6]

As a result, the Hall-effect is very useful as a means to measure either the carrier density
or the magnetic field.

When a semiconductor with both electrons and holes is measured in a magnetic
field, the charge carriers of the semiconductor experience a force in a direction
perpendicular to both the magnetic field and the current. Hall coefficient in

semiconductor is

2 2
_ _bup—nue 1 7
H ™ e(pup+nue)? [1.7]
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where n is the electron concentration, p is the hole concentration, u, the electron

mobility, u;, the hole mobility and e the elementary charge.

1.7.2. Anomalous Hall-effect (AHE)

Experimental observations found that the dependence of the Hall resistivity pxy on
applied perpendicular field H; is qualitatively different in ferromagnetic and nonmagnetic
conductors. pxy increases linearly with H; for nonmagnetic conductors, whereas pxy
increases steeply in weak H; but saturates at a large value. For example, in Fe, Co, and
Ni, the saturation value is roughly proportional to the magnetization M; and has weak
anisotropy associated with the crystal anisotropy. An empirical relation between pxy, Hz
and Mz is p,, = RoH, + R,M,.>® The second term represents the Hall-effect contribution
due to the spontaneous magnetization. This is Anomalous Hall-effect. Ro depends mainly
on the density of carriers, however, Rs was found to depend subtly on a variety of

material specific parameters and, in particular, on the longitudinal resistivity pxx.

In 1954, it was found when an external electric field is applied to a solid,
electrons acquire an additional contribution to their group velocity. This anomalous
velocity was perpendicular to the electric field and therefore contributed to the Hall-
effects.” For ferromagnetic conductors, the sum of the anomalous velocity over all
occupied band states depends only on the band structure and is largely independent of
scattering and referred to as the intrinsic contribution to the AHE. In other words, inter-
band coherence induced by an external electric field gives rise to an E velocity
contribution perpendicular to the field direction. These currents do not sum to zero in

ferromagnets. Electrons have an anomalous velocity perpendicular to the electric field
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related to their Berry’s phase curvature. Later on, Smit argued the main source of the
AHE currents was asymmetric (skew) scattering from impurities caused by the spin-orbit
interaction.®® This picture predicted that p,, ~px,. Asymmetric scattering due to the
effective spin-orbit coupling of the electron or the impurity. In contrast, Berger argued
that the main source of the AHE current was the side jump experienced by quasi-particles
upon scattering from spin-orbit coupled impurities.®* This theory predicted that Pay™~Pzx-
The electron velocity is deflected in opposite directions by the opposite electric fields
experienced upon approaching and leaving an impurity. The time-integrated velocity
deflection is the side jump.®* The three main mechanisms considered in this early history
are shown schematically in FIG. 1.6. Thus, if all mechanisms are operative the total AHE

conductivity is given by the following equation,

AH _ _AH—int AH-skew AH-sj
Oxy = Oxy + 0%y + 0y [1.8]

(a) Intrinsic deflection (b) Side jump (c) Skew scattering

/\f* — b— @\1/
\&¥% E — —@_ ~

FIG. 1. 6 Illustration of the three main mechanisms that can give rise to an AHE. In any

real material, all of these mechanisms act to influence electron motion.%?

1.8 Magnetoresistance

Magnetoresistance is a change of the electrical resistance of a material in an

applied external magnetic field. There are a variety of effects that can be called
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magnetoresistances such as geometrical magnetoresistance, Shubnikov-de Haas
oscillations, the common positive magnetoresistance in metals, negative
magnetoresistance in ferromagnets, anisotropic magnetoresistance (AMR), giant
magnetoresistance (GMR), tunnel magnetoresistance (TMR), and extraordinary
magnetoresistance (EMR).> The first magnetoresistive effect with a 5% electrical
resistance ratio was discovered in 1851. AMR was discovered in 1857 and used in early
hard disk designs.®® Later on, GMR was discovered in 1988 in
ferromagnetic/nonmagnetic/ ferromagnetic multilayered systems due to interlayer
exchange coupling.®* Griinberg and Fert discovered the antiferromagnetic coupling effect
in Fe/Cr/Fe multilayered system, as shown in FIG. 1.7 and were awarded the Nobel prize
in Physics in 2007. The effect in a GMR multilayer is explained in FIG. 1.8.%% % For the
parallel-aligned case, one spin channel experiences small or no spin scattering through
both ferromagnetic layers. This leads to a low-resistance state. In the anti-parallel aligned
case, both spin channels experience spin scattering in one of the ferromagnetic layers
leading to a high-resistance state. Electric current can be passed through magnetic
superlattices in two ways. In the current-in-plane (CIP) geometry, the current flows along
the layers, and the electrodes are located on one side of the structure. In the current
perpendicular-to-plane (CPP) conFiguration, the current is passed perpendicular to the
layers, and the electrodes are located on different sides of the superlattices. The CPP
geometry results in more than twice higher GMR but is more difficult to realize in
practice than the CIP conFiguration. However, CPP-GMR is the current focus of much

research interest due to its applicability to current generation MRAM.®’
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FIG. 1.7 The founding results of Fert and Griinberg: change in the resistance of Fe/Cr/Fe
superlattices at 4.2 K in external magnetic field H. The current and magnetic field were
parallel to the [110] axis. The arrow to the right shows maximum resistance change. Hs is

the saturation field.%*

If the non-magnetic spacer is replaced by an insulating spacer such as MgO or
Al>Oz, then tunneling magnetoresistance (TMR) can occur. In 1975, Julliere reported for
the first time an MR ratio of 14% between parallel and anti-parallel states at 4.2K.°® Then
in the 1990s, room temperature TMR ratio of 18% was reported by Miyazaki.®® Up to
now, there has been much greater interest in using crystalline MgO barriers. Theoretical
calculation predicted TMR ratios of over 1000% for MgO barriers.”® Experimentally, the

highest value of TMR ratio of 600% at room temperature have been achieved for
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CoFeB/MgO/CoFeB multilayer films.”* Compared to GMR, TMR is fundamentally
different. TMR depends on the conduction states which could tunnel into across the
barrier, as shown schematically in FIG. 1.9.7% For the parallel orientation there are a large
number of majority conduction states and majority valance states resulting in a large
electron flow and thus low resistance. For the anti-parallel orientation, there are the fewer
majority and minority states resulting in a high resistance. This makes TMR dependent
upon the number of available states for each spin direction at the Fermi level, i.e. the spin

polarization, equation [1.9].%

2P, P,
1-P, P,

TMR = [1.9]

Note that P1 and P> are the spin polarizations of ferromagnetic layers in the
junction. It means that for Heusler compounds studied in this work, the achievable TMR

should be extremely high due to large values of spin polarization from these materials.
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FIG. 1. 8 A schematic representation of GMR using a simple resistor network model. In
the left picture, the spin-up channel is the majority spin channel in both the ferromagnetic
layers, experiencing a low resistance (R1) throughout the structure. In the right-hand
picture, the spin-up channel is the majority spin channel (R1) in the first magnetic layer
but the minority-spin channel (R ) in the second magnetic layer and vice versa for the
spin-down channel. Neither spin channel is of low resistance throughout the structure and
the overall resistance state of the structure is high. GMR occurs when the relative
orientation of the magnetic layers is switched, usually by the application of a magnetic

field.%®
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(a) (b)

FIG. 1. 9 Schematic illustration of the TMR effect. In a magnetic tunneling junction, the
density of states of both plates determines whether a large current (a) or small current (b)

tunnels through.®® 72
1.9 Spin Polarization

Highly spin-polarized ferromagnetic materials as spin-polarized current sources
are strongly desired for spintronics devices such as magnetic tunnel junctions (MTJs),
spin injectors to semiconductors and spin-torque oscillators.”*"> A minority of Heusler
compounds are calculated to be half-metals and particularly promising as the
ferromagnetic electrodes of magneto-resistive devices since they have high Curie

temperatures and high spin polarization. The spin polarization (P) is defined as

_ NT-NL
T NT+N!L

[1.10]

where N T and N | are the spin-up and spin-down density of states (DOS) at the Fermi

level (Er ). The values of P can be experimentally estimated by superconducting
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tunneling spectroscopy (STS),’® Julliere’s model for MTJ,°® or point contact Andreev
reflection (PCAR) (transport spin polarization weighted by v or v?).?” Spin resolved x-ray
photoelectron spectroscopy also has been reported to measure spin states at surfaces and
with large spin polarization P value of 93% of Co,MnSi at room temperature.* The first
STS measurement of P was carried out on Fe, Co and Ni. The obtained P values for Fe,
Co and Ni are 44%, 34% and 11%, respectively.’® Besides, the spin polarizations of
electrode materials of MTJs were estimated by the Julliere model.®® For example, due to
the MgO barrier in Fe/MgO/Fe, a P value of Fe is estimated to be greater than 80%
compared to a bulk P value of 40%.”” Compared to the above mentioned two methods,
point contact Andreev reflection (PCAR) is a relatively easier method to estimate the spin
polarization of bulk and thin film materials promptly for screening promising materials.”
The transport spin polarization measurement by PCAR utilizes the Andreev reflection
that occurs at a point contact between a normal conductor and a superconductor. The
Andreev reflection occurs at a point contact between a normal conductor and a
superconductor. Electrons can flow from normal conductors to semiconductors by
forming Cooper pairs of spin-up and spin-down electrons when the energy of the incident
electrons is smaller than the superconducting band gap. if the normal conductor doesn’t
have polarization of spins (P = 0), the same number of spin-up and spin-down electrons
are present at Er, so they can form Cooper pairs and thus the conductance is enhanced to
double within the superconducting gap. Andreev reflection is effect that holes are
reflected to the normal conductor in order to conserve the momentum in the system. On
the contrary, the Andreev reflection is suppressed due to the different DOS of spin-up

and spin-down in ferromagnetic materials. If the ferromagnetic materials are perfectly
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spin-polarized, i.e. P = 100%, there is no electron to form a Cooper pair and the
conductance in the superconducting gap is completely suppressed. The final spin
polarization of measured materials is deduced by fitting the conductance curve to the
modified BTK model under the assumption of the electron scattering because of the

surface oxidation.”®
1.10 Spintronics and Devices

Spintronics is an emerging field based on electron charges and spins.’® ® Today’s
information technology needs larger capacity data storage and faster data processing.
Since the possibility of reaching the physical limits in both ferromagnet-based memories
and conventional semiconductor-based electronic processors is known, an
interdisciplinary field between magnetism and electronics is required. Spintronics, based
on spin-polarized electron transport, is believed to meet the requirements for future
technologies. Studies of spintronics started in 1988 after the discovery of giant
magnetoresistance (GMR),** which was implemented into hard disk drives (HDD),
allowing for a drastic increase in the areal density due to the increased sensitivity of the
GMR read heads. In spintronic devices, efficient generation of a spin-polarized current is
an essential issue. The most common method is spin injection from a ferromagnetic
material, e.g., conventional ferromagnetic metals (Fe, Co, Ni, and Gd), half-metallic
ferromagnets (HMF)® and dilute magnetic semiconductors (DMS).8* Conventional
ferromagnets typically possess a spin polarization of <50% and hence cannot inject
electrons with a large degree of spin polarization into the non-magnetic material.®? The
injected spin polarization could be increased by employing an HMF or a DMS, both of

which might have 100% spin polarization in theory. In a DMS, Curie temperatures are
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typically below 80 K.%* In order to satisfy the above requirements, HMFs have been
rigorously investigated to exploit 100% spin polarization induced by spontaneous
magnetization.®® However, to date, there have been no experimental reports
demonstrating half-metallicity at room temperature, crucial for device applications.
Among the many theoretically proposed HMFs, Heusler compounds hold the greatest
potential to realize half-metallicity at room temperature due to their high Curie
temperatures (above room temperature), lattice constant matching with major substrates
(such as 111-V semiconductors and MgO), and generally large gap (5) at Er.2* The
addition of the spin degree of freedom to the conventional electronic devices based on
semiconductors has several advantages like non-volatility, increased data processing

speed, decreased electric power consumption and increased integration densities.”

1.10.1 Magnetic Tunnel Junctions (MTJs)

If two conducting electrodes are separated by a thin dielectric layer as a tunnel
layer and the thickness ranges from a few angstroms to a few nanometers, electrons can
tunnel through the tunnel barrier and result in electrical conduction. The evanescent
transmission of electrons through the tunnel barrier leads to the exponential dependence
of the tunneling current with the barrier thickness. In a typical MTJ device, the two
electrodes are ferromagnetic materials such as CoFe, and/or CoFeB. Recently, Heusler
compounds were applied in MTJ. In a ferromagnetic material, the electrons have two spin
states, i.e. either spin-up or spin-down. In a tunneling process in which electron spin is
conserved, the tunneling conductance depends on whether the magnetizations M1 and M

of the two electrodes are parallel or antiparallel. The difference in the electronic density
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of states (DOS) at the Fermi level Er between spin-up N 1 (Er) and spin-down N | (Ef)

electrons decided the tunneling magnetoresistance (TMR) ratio. Because the electron spin
is conserved, i.e. electrons preserve their spin orientation during the tunneling process,
electrons can only tunnel into the subband of the same spin orientation. FIG. 1.10 is a
schematic illustration of electron tunneling of two spin states.’? The tunneling
conductance is proportional to the product of the Fermi level DOS values of the two
electrodes with same spin orientation. A change of magnetization from parallel to
antiparallel of the two ferromagnetic materials lead to an exchange between the two spin
subbands of one of the ferromagnetic material for the tunneling process. Consequently, a
corresponding change in resistance will be measured. The definition of TMR ratio is

given by Eqn. [1.9].

266 mu 504

f

FIG. 1. 10 Schematic of the TMR effect in an MTJ. During tunneling, electron spin
orientation is preserved, i.e. an electron can only tunnel to the spin subband of the same
spin orientation, and the conductance is proportional to the product of the Fermi level
DOS values of the two electrodes of the same spin orientation. A change from the parallel

conFiguration (a) to the antiparallel conFiguration (b) of the magnetizations of the two
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electrodes results in an exchange of the spin subband for electrode 2, causing a

corresponding change in the conductance.’

Early MT]Js utilized amorphous AlOyx tunnel barrier and exhibited significant
TMR ratios at room temperature. Then, a series of theoretical calculations predicted
extremely high TMR ratios for MTJs using MgO barrier and experimental results
confirmed that. For example, observed TMR ratio of 604% at 300 K in pseudo-spin-valve
MTJ Ta/Co20FesoB20/MgO/Co20FesoB2o/Ta annealed at 525 °C and the highest TMR ratio
observed at 5 K was 1144% for this MTJ in 2008.”* Some Heusler compounds were
tentatively applied in MTJ replacing CoFeB such as Co.MnSi and Co2(Cr, Fe)Al and

have already obtained large TMR of 1995% at 4.2K and 354% at 300K in Co2MnSi.**

1.10.2 Hard Disk Drives (HDDs)

One application of MTJs is in hard disk drive (HDD) read heads.®® Disk
read/write heads are the small parts of a disk drive that move above the disk platter and
transform the platter's magnetic field into electrical current (read the disk) or, vice versa,
transform electrical current into a magnetic field (write the disk). The separate read head
uses the magnetoresistive (MR) effect. These MR heads are able to read very small
magnetic features reliably, but cannot be used to create the strong field used for writing.
The read heads of HDD product are made of TiOx-based MTJs in early times. The
detailed structure of an MTJ read head in an HDD is illustrated in FIG. 1.11.%° It has one
free layer to sense magnetic flux from the magnetic disk medium in a rotation of its
magnetization in response to the flux. The other magnetic electrode is known as the

reference layer. Its magnetization orientation is ‘fixed” normal to the disk surface by
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being next to a pinned layer and an antiferromagnetic layer with a metallic barrier
between them. The magnetic moment orientation of the pinned layer is constrained by an
effective surface magnetic field, known as an exchange bias field, which arises from the
interface with the antiferromagnetic layer. The purpose of the pinned layer is to
compensate the stray field from the reference layer. Hence, the magnetic moment of the
pinned layer is always opposite to that of the reference layer. This is done by introducing
a strong antiparallel coupling between them by choosing a particular metallic interlayer

of adequate thickness.

l/biax :
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\

Perpendicular thin film medium

FIG. 1. 11 MTJ read head in an HDD. One magnetic electrode is a free layer, and its
magnetization rotates freely in response to the medium signal field. The magnetic
moment of the other electrode is ‘fixed’ through the interlayer magnetic coupling and

functions as a reference to the free layer magnetization orientation. > 8

Nowadays, almost 80% of information and data is currently stored magnetically
onto hard disk drives (HDDs), whose areal density has increased rapidly. HDD media is
typically CoPtCr.8” The current magnetic media has a perpendicular magnetic anisotropy

(PMA), providing much greater stability than the early media of in-plane magnetic
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anisotropy. The stability of the recording depends on the grain size of the media. The
main methods to lower the noise from the magnetic media is to lower the grain size. The
energy stored in one grain is defined as KyV, where Ky is anisotropy constant and V is
grain volume. For example, in order to store data for 10 years, thermal stability K V/kgT,
therefore, needs to exceed 60, where kg is Boltzmann constant and T is temperature.
Since the current film-growth techniques can make the grain size to be around 5 nm, a
main contribution is to search for higher Ky magnetic media which could be applied in
HDDs, although heat-assisted magnetic recording technique may be a solution. Recently,
theoretical calculations have predicted tetragonal Heusler compounds may have a rather
high magnetic anisotropy constant. Additionally, experiments also found that the

substrates induced distortion can also introduce very high K.%’

1.10.3 Magnetic Random Access Memory (MRAM)

As well as exploring different methods to increase the storage capacity of HDDs
there is great interest in technologies which could replace them. One of the major
ongoing device studies is in magnetic random access memory (MRAM). MRAM is a
non-volatile random-access memory technology.’? & Data in MRAM is not stored by
magnetic storage elements. The elements are formed from two ferromagnetic layers, each
of which can be a magnetized, separated by a thin insulating layer such as MgO. One
layer is a permanent magnet set to a particular polarity, i.e. pin layer. The magnetization
of the other layer can be switched to match that of an external field to store memory. This
configuration is known as a magnetic tunnel junction and is the simplest structure for an
MRAM bit. The simplest method of reading is accomplished by measuring the electrical

resistance of the cell. For example, by powering an associated transistor that switches
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current from a supply line through the cell to ground, the electrical resistance of the cell
changes due to the relative orientation of the magnetization in the two layers due to the
tunnel magnetoresistance. By measuring the resulting current, the resistance inside any
particular cell can be determined, and from this the magnetization polarity of the writable
plate. Typically, if the two layers have the same magnetization alignment (low resistance
state) this is recorded to be "1", otherwise, antiparallel magnetization is recorded to be
"0", as shown in FIG. 1.12. This is the same with TMR mechanism. Half-metallic
magnetic Heusler compounds may be expected to be applied in this device due to a high

spin-polarization values.

e Storage layer

o~ Storage layer

<+— Tunnel barrier

S—— <«— Ref. layer
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FIG. 1. 12 Schematic illustration of a memory element design with a single storage

layer.”
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A newer technique, spin-transfer torque (STT) or spin-transfer switching, uses
spin-aligned ("polarized") electrons to directly torque the domains.®® Specifically, if the
electrons flowing into a layer have to change their spin, this will develop a torque that
will be transferred to the nearby layer. This lowers the amount of current needed to write
the cells, making it about the same as the read process. There are concerns that the
"classic" type of MRAM cell will have difficulty at high densities due to the amount of
current needed during writes, a problem that STT avoids. For this reason, the STT
proponents expect the technique to be used for devices of 65 nm and smaller. The
downside is the need to maintain the spin coherence. Overall, the STT requires much less

write current than conventional or toggle MRAM.
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Chapter 2. Sample Fabrication and Characterization

This Chapter describes sample fabrication (both bulk and thin-film samples), and
structural, magnetic and transport properties measurement procedures. Both the
experimental tools and analysis methods are described. The Section 2.1 describes the arc-
melting and melt-spinning methods to make bulk Heusler compounds and the AJA
magnetron sputtering systems used for epitaxial thin-film fabrication. The following
Section 2.2 describes the use of x-ray diffraction (XRD) and electron microscopy (SEM
and TEM) for structural characterization. The third Section describes the magnetometers
and magnetometry measurements used. Section 2.4 covers the electron-transport and Hall
-effect measurements and analysis. The final Section 2.4 describes the use of point

contact Andreev-reflection (PCAR) methods to detect the spin polarization of materials.

2.1 Sample Fabrication
2.1.1 Arc Melting

Arc melting is used for melting metals— typically to form compounds. Heating is
via an electric arc struck between a tungsten electrode and metals placed in a depression
(crucible) in the copper hearth. In inert-gas arc melting, the chamber is evacuated and
then back filled with argon gas. Hence, melting is performed in an argon atmosphere. A
standard Tungsten Inert Gas (T1G) welding unit is used as a power source. Heat

generated by the electric arc struck between the electrode and the metals serves to melt
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the metals placed in the crucible to form an compound. Repeated melting is performed to
improve the homogeneity of the compound. Evacuation of the chamber avoids oxidation
of the melt (Ar being an inert gas does not react with molten metal). The metals can be
heated to a temperature in excess of 2000 °C. A batch of four compounds can be made in
a single evacuation, as there are four crucibles in the hearth. About 10 g of metal can be
melted in the crucibles. There are three main parts to the system: a power source, chiller,
and vacuum unit. The vacuum unit with a rotary pump can attain a vacuum of 107 torr.
The cold circulation water from the chiller cools both the copper hearth and the
electrodes. After elemental metals (or master compound) are melted and solidified, it can
be 'turned over' by a 'tweezer mechanism' without breaking the vacuum (and then re-
melted). The melting, solidification, turning over of the sample, the re-melting process is
typically repeated three times to attain a better compositional homogeneity. The

schematic illustration of a typical arc melting machine is shown in FIG. 2.1.

Electrode

View Window

on | Off
Pump System

[ P ,,,‘,, pPower
~y: Source

FIG. 2. 1 The schematic illustration of a typical arc melting machine
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2.1.2 Melt Spinning

Melt spinning is a technique used for rapid cooling of liquids. A wheel is cooled
internally, usually by water or liquid nitrogen, and rotated. A thin stream of liquid is then
forced onto the wheel and cooled, causing rapid solidification. This technique is used to
develop materials that require extremely high cooling rates in order to form, such as
metallic glasses or to capture metastable phases, which could not be obtained by common
annealing process.'™ The vacuum unit with a combination of rotary pump and diffusion
pump can attain a vacuum of 107 torr. The cooling rates achievable by melt spinning are
on the order of 10* - 107 K/s. A typical melt-spinning system consists of a cooling
system, power system, a vacuum chamber with diffusion pump, induction heating with
vacuum casting device, spinning wheel with a maximum 50 meter /sec. spinning speed

and air quenching system, as shown in FIG. 2.2.

Air quench chimney

View Window

Pump System
mOn
POWe r Rotary :Off
SOurce Diffusion

FIG. 2.2 Schematic melt-spinning system.
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Melt spinning involves impact under pressure, phase-change and large
concentration, velocity, and thermal gradients. In the melt-spinning process, the jet is
brought so close to the rotating chill-wheel that it interferes with the molten metal flow
on the wheel. Consequently, a molten bridge or “puddle” forms between the nozzle face
and the spinning wheel (the “planar” gap), and the metal is spun off as a thin ribbon. The
schematic illustration of the principle of melt spinning method is presented in FIG. 2.3.
The common crucible is boron nitride or quartz, with a slit nozzle or round nozzle.
Melting material from crucible is heated to the ideal temperature and injected through a
nozzle onto the chilled spinning wheel. The wheel spinning speed is different for various
materials and goals. For obtaining amorphous samples, a higher spinning speed is
helpful. For obtaining large grain size, lower spinning speed is preferred. For magnetic
materials, the magnetic performance is associated with the grain size of samples.
Therefore, it is critical to choose the optimal spinning speed of the chill wheel. The width
and thickness of the ribbon samples greatly depend on the size of the nozzle. The large
size of the nozzle will cause the increase of the width and thickness of the ribbons." 2 The
typical parameters used in this work were 1.5 mm nozzle size of quartz tubes, 24 m/s

wheel spinning speed, 35% current of the induction process, respectively.
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FIG. 2.3 Schematic illustration of the principle of melt spinning.

2.1.3 Magnetron Sputtering

The thin-film fabrication system used in this work is AJA International
Magnetron Sputtering System, which has four sputtering guns with two DC and two RF
sources. A schematic graph is shown in FIG. 2.4. The sputtering guns are loaded into the
bottom in the main chamber and pointed toward to the top center where the substrate is
loaded. The tilting angles of these four guns are able to be varied if necessary. The AJA
magnetron sputtering system has a main deposition chamber and a sample load-lock.®
The sample load-lock is to protect the main chamber from frequent exposure to the
atmosphere. A combination of turbo pumps and roughing pumps evacuates the chambers.
The main chamber can reach a vacuum of 5x107 Torr. Ar flow-pressure is controllable

by the prepared LabVIEW program. The substrate holder height is adjustable along the
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central axis of the deposition chamber with the substrate surface facing downward. The
rotation of the holder is controllable if necessary at an optimal speed to ensure
homogeneous deposition. The system utilizes two tungsten-halogen bulbs to heat the
substrate up to about 900 °C. The temperature is controllable and can be tuned to achieve
efficient heat ramping. Deposition in the AJA system is operated by a preset LabVIEW
program, controlling gas flow-pressure, gun power, substrate temperature, and the
position of pneumatic shutters situated over each gun. Typical parameters for substrate

height and gun tilt in this work were 30 mm and 5.5 inches.

Rotating

FIG. 2. 4 Schematic graph an AJA sputtering system main chamber.

Sputtering rates were tuned by varying the sputtering power with fixed 2 mTorr
Ar flow pressure. Typical deposition powers and corresponding rates of Co, Fe, Cr, Al,
Si, Ti, Ge, Mn, Pt, and Sn are shown in Table. 2.1 with the applicable power supply.
Deposition rates were calibrated upon any change in power supply for each gun, targets,
substrate height, tilting angles of each gun, Ar flow pressure, etc. Rate calibration was

determined by depositing a single-layer and measuring the thickness by x-ray reflectivity
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(XRR) or atomic force microscopy (AFM). The details of each calibration film depended
on the material being calibrated. For example, for Pt calibration of a single-layer film in
the range of 10 - 20 nm, XRR showed high-quality total-thicknesses oscillations from the
smooth interfaces. FIG 2.5 shows a typical XRR spectra of single calibration film of Pt
(10 nm) on SiO; substrate. A simulated curve generated by user-input parameters is
fitted to the data using a genetic algorithm. The resulting simulation curves are included
in the Figure. An in situ annealing and/or post-deposition thermal process was required at
ambient temperatures in order to achieve the desired phase and film properties. Two

tungsten-halogen lamps attached to the substrate holder providing the heat source.



Table. 2.1 Typical deposition powers and corresponding rates of Co, Fe, Cr, Al, Si, Ti,

Ge, Mn, Pt, and Sn.

Target | Power Supply | Gun Power (W) | Gun Tilting | Depositing Rate (A/s)
Co DC 146 5.5 0.198
Fe DC 37.5 5.5 0.195
Cr RF 58.2 5.5 0.198
Al DC 50 5.5 0.2738
Si RF 60 5.5 0.05
Ti DC 183 5.5 0.177
Ge RF 40 5.5 0.112
Mn DC 37.5 5.5 0.29
Pt RF 36 5.5 0.173
Sn RF 27 5.5 0.309

— Pt (10 nm)
— Simulation

Intensity

o
o

4

NL

20
FIG. 2. 5 shows a typical XRR spectra of single calibration film of Pt (10 nm) on SiO>

substrate.
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2.2 Structural Characterization

2.2.1. Transmission-Electron Microscopy (TEM)

Transmission-electron microscopy (TEM) is a microscopy technique in which a
beam of electrons is transmitted through a prepared ultra-thin specimen.® The TEM
operates on the same basic principles as the light microscope but uses electrons instead of
light. When an electron beam passes through a thin-section specimen of a material,
electrons are scattered. A sophisticated system of electromagnetic lenses focuses the
scattered electrons into an image or a diffraction pattern, or a nanoanalytical spectrum,
depending on the mode of operation. A magnified and focused image is formed from the
interaction of the electrons transmitted through the specimen onto a fluorescent screen, or
is detected by a sensor such as a charge-coupled device. TEM imaging is at a
significantly higher resolution than light microscopes, which allows examining fine
detail, such as a single column of atoms. The very high magnifications follow from
complex wave interactions that modulate the intensity of the image, requiring expert
analysis of observed images. Briefly, the working principle is that the beam of electrons
from the electron gun is focused into a small, thin, coherent beam by the use of the
condenser lens. This beam is restricted by the condenser aperture, which excludes high-
angle electrons. The beam then strikes the specimen and parts of it are transmitted
depending upon the thickness and electron transparency of the specimen. This transmitted
portion is focused by the objective lens into an image on phosphor screen or charge
coupled device (CCD) camera. The image is then passed down the column through the
intermediate and projector lenses, is enlarged along the way. As the electrons pass

through the sample, they are scattered by the electrostatic potential set up by the
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constituent elements in the specimen. After passing through the specimen they pass
through the electromagnetic objective lens which focuses all the electrons scattered from
one point of the specimen at one point in the image plane. TEM is capable of observing
modulations in chemical identity, crystal orientation, electronic structure, and sample
induced electron phase shift as well as the regular absorption based imaging.’ For
example, FIG. 2.6 shows a typical TEM image of Zr,Co11 nanoclusters with an average

cluster size of 8.7 nm.?
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FIG. 2. 6 TEM image of Zr,Co11 nanoclusters with an average cluster size of 8.7 nm.

Specimens have to be thin to use transmitted electrons in the TEM. ‘Thin’ is a
relative term, and for TEM it means electron transparent. For a specimen to be
transparent to electrons, it must be thin enough to transmit sufficient electrons such that
enough intensity falls on the screen, CCD, or photographic plate to give an interpretable
image in a reasonable time. Typically, thinner is better and specimens <100 nm should be
used wherever possible. In extreme cases such as doing higher resolution TEM
(HRTEM) or electron spectrometry, specimen thicknesses <50 nm (even <10 nm) are
essential. In this work, the bulk samples were first polished to a 30-pum-thick thin layer

and then further polished by an ion-polishing PIPS/PIPS Il machine. Thin-film TEM
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samples were even more complicated. Thin-film TEM samples in this work were all
prepared for cross-sectional view. Thin films with substrates were first cut into 4 mm x 4
mm square and then bonded together with the thin-film side facing each other. The next
step was to polish the cross Section side of this bonded sample to a 30-um-thick thin
layer followed by ion-polishing PIPS/PIPS Il machine. The TEM equipment in this
dissertation is a FEI Tecnai Osiris (S) TEM with fully digital 200 kV TEM and STEM
system including the HAADF detector, X-FEG high-brightness Schottky FEG, Super-X

windowless EDX detector, and EELS system.
2.2.2. Selected-Area Electron Diffraction (SAED)

Selected-area electron diffraction (SAED) is a crystallographic experimental
technique performed inside a TEM.® In a TEM, a specimen is subjected to a beam of
high-energy electrons of about 100 - 400 keV, so that the electrons pass through the
sample easily. In this case, electrons are treated as a wave. The spacing between atoms in
a solid is about a hundred times larger than the wavelength of electrons, and the atoms act
as a diffraction grating to the electrons. Due to the diffraction, electrons will be scattered
to particular angles. The angles are determined by the crystal structure of the sample.
Consequently, the diffraction image shown on the screen of the TEM is called a selected-
area diffraction pattern. For the single crystal, the pattern is periodic spots. Each spot
corresponds to a satisfied diffraction condition of the sample's crystal structure. If the
sample is tilted, the same crystal will stay under illumination, but different diffraction
conditions will be activated, and different diffraction spots will appear or disappear.
SAED patterns are a projection of the reciprocal lattice, with lattice reflections showing

as sharp diffraction spots. By tilting a crystalline sample to low-index zone axes, SAED
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patterns can be used to identify crystal structures and measure lattice parameters. Besides,
users can choose the different area and areal size for diffraction by choosing different size
of apertures. Located below the sample holder on the TEM column is a selected-area
aperture, which can be inserted into the beam path. The aperture is a thin strip of metal
which contains the different size of holes. The aperture is to block all of the electron
beams except for a small part of the beam which passes through the selected hole. In this
way, the particular area is selected by the aperture. This is important in polycrystalline
specimens with more than one phase. If different phase and different crystals contribute
to the SAED patterns, it can be difficult or impossible to analyze. Thus, it is useful to
select a single crystal for structural analysis. It may also be useful to select two crystals,
in order to examine the crystallographic orientation between them. Generally, SAED is
used to identify crystal structures and examine crystal defects, which is similar to X-ray
diffraction. The difference is that SAED is for the very small area of several hundred
nanometers in size and XRD is macro-analysis. On the other hand, single spots appear
only when the beam is diffracted by a single crystal. Polycrystalline materials have
crystals with different orientations. SAED for this material gives ring patterns analogous
to those from X-ray powder diffraction and can be used to identify texture and
discriminate nanocrystalline from amorphous phases.” As an example, FIG. 2.7 shows
SAED spot patterns of (a) FCC Co phase, and (b) Hf2Co7 phase, polycrystalline SAED

rings of FePt clusters.® 10
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FIG. 2. 7 SAED spot patterns of (a) FCC Co phase, and (b) Hf2Co- phase, polycrystalline

SAED rings of FePt clusters.® 1°
2.2.3. High-Resolution TEM (HRTEM)

High-Resolution TEM (HRTEM) is an advanced mode of TEM and the ultimate
tool in imaging defects.® It can show directly a two-dimensional projection of the crystal
with defects and other characteristics. However, HRTEM only makes sense if the two-
dimensional projection is under some low-index direction, so atoms are exactly on top of
each other. For example, [100], [001], [010], and [110]. The basic principle involved in
the image formation in both TEM and HRTEM is similar. However, HRTEM provides
high-resolution images at atomic scale level. HRTEM uses both the transmitted and the
scattered beams to produce an interference image, which is a phase contrast image and
can be as small as a column of atoms. In this case, the outgoing modulated electron
waves at very low angles interfere with itself during propagation through the objective
lens. All electrons emerging from the specimen are combined at a point in the image

plane. There are some important features involved in HRTEM. First, the specimen should
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be tilted so that a low-index direction is exactly perpendicular to the electron beam. All
lattice planes about parallel to the electron beam will be close enough to the Bragg
position and will diffract the primary beam. Second, the diffraction pattern is the Fourier
Transform of the periodic potential for the electrons in two dimensions. In the objective
lens, all diffracted beams and the primary beam are brought together again; their
interference provides a back-transformation and leads to an enlarged picture of the
periodic potential.” One example of HRTEM of [001] axis of Zr.Coa; is shown in FIG.
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FIG. 2. 8 HRTEM of [001] axis of Zr;Co11.8

2.2.4. Scanning TEM (STEM)

Scanning transmission-electron microscopy (STEM) is a type of TEM. In STEM,
the electron beam is focused to a fine spot which is then scanned over the sample in a
raster.® The rastering of the beam across the sample makes STEM suitable for analytical

techniques such as Z-contrast annular dark-field imaging, and spectroscopic mapping by
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energy dispersive X-ray (EDX) spectroscopy, or electron energy-loss spectroscopy
(EELS). It obtains these signals simultaneously and directly correlates images and
spectroscopic data. In EDX, an X-ray spectrometer is used to detect the characteristic X-
rays that are emitted by atoms in the sample as they are ionized by an electron in the
beam. In STEM, EDX is typically used for compositional analysis and elemental
mapping of samples.” For example, FIG. 2.9 shows (a) a STEM HAADF image of HfCo
and elemental mapping of Hf, Co, HfCo, respectively. (b) line scan of a nano HfCoz
particle. It shows clearly that the nanocluster is a HfCo7 phase and the cluster size. By the
elemental mapping and line scan, it is also possible to obtain the stoichiometry

composition information for the nanocluster.'!
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FIG. 2. 9 (a) STEM HAADF image of HfCo7 and elemental mapping of Hf, Co, HfCo,

respectively. (b) Line scan of a nano HfCoy particle.'*
2.2.5. X-Ray Diffraction (XRD)

X-ray powder diffraction (XRD) is a rapid analytical technique primarily used for
phase identification of a crystalline material and can provide information on unit cell
dimensions. The analyzed material is finely ground, homogenized, and average bulk

composition is determined. The diffraction is based on Bragg diffraction, which occurs
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when radiation, with a wavelength comparable to atomic spacings, is scattered in a
specular fashion by the atoms of a crystalline system and undergoes constructive
interference. For a crystalline solid, the waves are scattered from lattice planes separated
by the interplanar distance d. When the scattered waves interfere constructively, they
remain in phase since the difference between the path lengths of the two waves is equal to
an integer multiple of the wavelength. The path difference between two waves
undergoing interference is given by 2dsin6, where 0 is the scattering angle, as shown in

FIG. 2.10.°

FIG. 2. 10 schematic illustration of Bragg scattering.

The effect of the constructive or destructive interference intensifies because of the
cumulative effect of reflection in successive crystallographic planes of the crystalline

lattice (as described by Miller notation). This leads to Bragg's law,
Zdhlein(H) =nAl [21]

Where h, k, I, are Miller indices, n is a positive integer and A is the wavelength of the
incident wave. Note that moving particles, including electrons, protons, and neutrons,

have an associated wavelength called de Broglie wavelength. A diffraction pattern is
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obtained by measuring the intensity of scattered waves as a function of scattering angle.
Very strong intensities known as Bragg peaks are obtained in the diffraction pattern at the
points where the scattering angles satisfy the Bragg condition. Diffraction peaks are
associated with planes of atoms and Miller indices (hkl) are used to identify different
planes of atoms. A single-crystal specimen in a diffractometer would produce only one
family of peaks in the diffraction pattern. The powder x-ray diffractometers used for
structural characterization in this dissertation is PANalytical Empyrean - Linear Detector
and Non-ambient Environment. PANalytical Empyrean uses a sealed-tube generator with
operating voltage of 40 — 45 kV max. and operating current of 20 — 40 mA max. Copper
anodes, i.e. Cu Kol have a wavelength of 1.54056 A. Beam masks have the size of 5, 10
and 15 mm. Programmable divergent slit can be adjusted from 0.5 to 20 mm and it also

has fixed from 1/32 to 2°. Antiscatter slits are from 1/16 to 4°.

X-ray reflectivity (XRR) measurements of a thin-film sample reveal the
perpendicular distances between diffracting interfaces within the film. Interference
between reflections from the film-free and the film substrate interfaces produces intensity
variations i.e. Kiessig fringes.® The position, &m, of the m™" order peak of the Kiessig

fringes, relates to a film’s critical angle, ac and total thickness, d has the relations as:

02 — a? = m? (%)2 [2.2]

In a typical XRR pattern, surface and interface roughnesses dampen the
intensities. A comparison of XRR scattering and modeling of the system can quantify the
roughness of a film’s interfaces. XRR measurements were used to calibrate deposition

rates by analyzing the period of Kiessig fringes to determine layer thicknesses of
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specially designed calibration films. FIG. 2.4 shows an example of typical XRR spectra
and simulation. The XRR measurement is performed with a Rigaku SmartLab
Diffractometer in this dissertation. This machine has a dedicated arm for detector
movement in-plane and perpendicular to the sample surface, thereby on ablng one to
probe structure in both directions without tilting the sample. The instrument is equipped
with a cross-beam optics device that will allow switching between focussing (BB) and
the parallel beam (PB) geometries easily. SmartLab guidance software helps the
automated optics and sample alignment and prepares optimum scan conditions. The
diffractometer uses Cu Ka radiation (wavelength of about 1.54 A). SmartLab is
configured not only for grazing-incidence in-plane XRD, but also for texture (pole

Figures) in this dissertation.

Crystal texture can be quantified with x-ray diffraction by a number of different
techniques. One way is to collect spectra with a two-dimensional detector and create pole
Figures, from which a sample’s texture coefficients can be determined. The pole Figure is
the stereographic projection of the poles used to represent the orientation of an object in
space. A pole Figure (in the context of texture) is a map of a selected set of crystal plane
normals plotted with respect to the sample frame.*? The rows (not columns) in the
orientation matrix define the coordinates of each crystal axis with respect to the sample
frame. This definition refers to plane normals because of the standard use of x-ray
diffraction to measure pole Figures. Since each plane normal is plotted by itself, there is
no information in the resulting plot about directions lying in that plane. Pole Figures
represent a projection of the texture information. Each chosen crystal direction is

generally specified as a low-index plane normal, e.g. [100], [110]. Crystal symmetry is
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generally assumed to apply such that all equivalent plane normals sharing the same
Miller indices are shown. For cubic materials, obviously, plane normals and directions
are coincident but this is not the case for lower symmetry Bravais lattices. Since unit
vectors representing directions with respect to a common origin live on a sphere, it is
natural to transform the coordinates to spherical angles such as azimuth (longitude) and
declination (co-latitude). This makes it clear that, for each crystallite, its three orientation
parameters (e.g. Euler angles) are reduced (projected) to only two parameters. Only the
upper hemisphere is plotted, by convention. The resulting diagram is often called a
stereogram. If only a few distinct orientations are displayed, multiple poles can be plotted
on the same diagram as a discrete pole Figure. When many crystallites are included in the
dataset, which has variable orientation, it is impracticable to have more than one pole.
Also, it is necessary to bin the data and convert points to densities. For display purposes,
contour plots are the easiest way to understand the result. For example, FIG. 2.11 shows
the goniometer is set for [100] reflections, then all directions in the sample that are

parallel to <100> directions will exhibit diffraction.

FIG. 2. 11 Example of a cubic crystal pole Figures of [100] reflections.
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2.3 Magnetic Characterization

2.3.1. Physical Property Measurement System (PPMS)

The Quantum Design Physical Property Measurement System (PPMS) represents
an open-architecture, variable temperature-field system that is optimized to perform a
variety of automated measurements. It has many modes for a variety of material
properties characterization. In this dissertation, the vibrating-sample magnetometer mode

and AC Transport mode are used. | will briefly introduce these two modes.

The magnetic properties of the samples were measured using the vibrating-sample
magnetometer (VSM). The VSM is based on Faraday’s law which states that an emf will
be generated in a coil when there is a change in flux linking the coil. The temperature
dependence of magnetic properties of the samples was measured using the VSM mode. If
a sample of any material is placed in a uniform magnetic field, a dipole moment will be
induced. If the sample vibrates with sinusoidal motion a sinusoidal electrical signal can
be induced in suitably placed pick-up coils. The signal has the same frequency of
vibration and its amplitude will be proportional to the magnetic moment, displacement
amplitude, and relative position with respect to the pick-up coils system. This device
covers two sample temperature ranges from 2 K to 400 K and from 300 K to 1000 K. For
measurements in the low-temperature range the sample is glued to a quartz holder free of
paramagnetic impurities. For measurements in the high-temperature range, a ceramic
holder with embedded heating wires is used. The sample is fixed on this holder by a piece
of copper foil wrapped around sample and holder. Measurements in the low-temperature

range are conducted in a He atmosphere at a pressure of approximately 10 mbar. For
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measurements in the high temperature range, the pressure is decreased below 10 mbar in
order to avoid oxidation or other reactions with residual gases. For thin-film samples, the
film and substrate are cut into a small size 6 mm x 6 mm and attached to a quartz sample
holder. For high-temperature measurement, zirc-cement was used to seal the sample onto
a special holder which could bear the high temperature. The sample is attached to the end
of a sample rod that is driven sinusoidally. The center of oscillation is positioned at the
vertical center of a gradiometer pickup coil. The precise position and amplitude of
oscillation are controlled by the VSM motor module using an optical linear encoder
signal read back from the VSM linear-motor transport. The voltage induced in the pickup
coil is amplified and lock-in detected in the VSM detection module. The VSM detection
module uses the position encoder signal as a reference for the synchronous detection.
This encoder signal is obtained from the VSM motor module, which interprets the raw
encoder signals from the VSM linear motor transport. The VSM detection module detects
the in-phase and quadrature-phase signals from the encoder and from the amplified
voltage from the pickup coil. These signals are averaged and sent to the VSM application

running on the PC.13°

The PPMS AC transport mode offers angular-dependent electron-transport
measurements, including resistivity and Hall-effect. The AC Transport measurement
system (ACT) option is a precision current source and a voltage detector. It works at the
current range: 10 mA to 2 A, provides a sensitivity: 1 nV @ 1 kHz and frequency range:
1 Hz to 1 kHz. The PPMS sample-mounting system is straightforward; at the bottom of
the sample chamber is a 12-pin connector pre-wired to the system electronics. This

connector enable pluging in a removable sample insert or sample “puck” and offers
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convenient access to electrical leads for application hardware and electronics. This
connector provides the foundation for all of the PPMS measurement inserts. FIG. 2.12
shows the schematic architecture of a PPMS probe and a plane view of the puck for ACT
mode. The puck can measure two samples at the same time and the angle between the

film plane and the magnetic field could be tilted from 0° to 360°.

> Multiple thermometers accurately monitor

while heaters quickly control the system

temperature.

FIG. 2. 12 Architecture of a PPMS probe and a plane view of the puck for ACT mode.

2.3.2 Superconducting Quantum Interference Device Magnetometer (SQUID)

A Superconducting Quantum Interference Device (SQUID) uses the properties of
electron-pair wave coherence and Josephson Junctions to detect very small magnetic
fields. A ring of superconducting material with one or more weak links is the most
important element of a SQUID. FIG. 2.13 shows an example of a weak link at points W
and X whose critical current, ic, is much less than the critical current of the main ring.
This produces a very low current density making the momentum of the electron-pairs
small. The wavelength of the electron-pairs is thus very long leading to a small difference

in phase between any parts of the ring. If a magnetic field, is applied perpendicular to the
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plane of the weak links, a phase difference is produced in the electron-pair wave. A small
current is also induced to flow around the ring, producing a phase difference across the
weak links. Normally the induced current would be of sufficient magnitude to cancel the
flux in the hole of the ring but the critical current of the weak-links prevents this. The
quantum condition that the phase change around the closed path must equal n2z can still
be met by large phase differences across the weak-links produced by even a small
current. Detecting this circulating current in the weak links enables the use of a SQUID
as a magnetometer. The SQUID magnetometer used in this work is the MPMS XL
SQUID magnetometer from Quantum Design, which can employ superconducting coils
to generate applied fields up to 70 kOe. The system contains the dewar, probe and
SQUID assembly, and the electronic control system. The probe system is modular
allowing the addition of extra component options such as the reciprocating sample option
(RSO). The probe contains a high-precision temperature-control system, allowing
measurements between 1.9 K and 400 K with an accuracy of 0.01 K. The dewar consists
of an inner liquid-helium reservoir and outer liquid-nitrogen jacket, to reduce excessive
liquid-helium boil-off. The liquid helium is used both for maintaining the electromagnet
in a superconducting state and for cooling the sample space. Samples are mounted within
a plastic straw and connected to one end of a sample rod which is inserted into the
dewar/probe. The other end is attached to a stepper motor which is used to position the
sample within the center of the SQUID pickup coils. The pickup coils are conFigured as
highly balanced second-derivative coils. The coils reject the applied field from the
superconducting magnet to a resolution of 0.1 %. Unlike DC measurements where the

sample is moved through the coils in discrete steps, the RSO measurements are
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performed using a servo motor which rapidly oscillates the sample. A shaft encoder on
the servo motor records the position of the sample synchronous with the SQUID signal.
The data received is fitted to an ideal dipole moment response. In this dissertation, RSO

measurement with Center scans was used.> *#

FIG. 2. 13 Superconducting quantum interference device (SQUID) as a simple

magnetometer.

2.4 Electron-Transport and Hall-Effect Measurements

The Hall-Effect measurement is a useful technique for determining the accurate
carrier density and the mobility of carriers in semiconductors and metals. As mentioned
in Section 1.6 and 1.7, collisions of electrons in a metal cause the resistivity. Impurity
scattering and electron-phonon scattering are the two most common processes in metals.

Defects change the periodic lattice of ions which leads to electron scattering, and gives a
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temperature-independent contribution to the resistivity. The history of the Hall-effect
begins in 1879 when Edwin H. Hall discovered that a small transverse voltage appeared
across a current-carrying thin metal strip in an applied magnetic field.'® In this
dissertation, the longitudinal and Hall resistivity were measured by a standard four-point-
probe Hall-effect measurement methods.*® A schematic view of the resistivity
measurement using a narrow sample and by arranging the four-point-contact on a line
along the strip axis is displayed in FIG. 2.14. The advantage of the four-probe technique

is that it largely eliminates contact resistance.*®

FIG. 2. 14 A schematic view of the resistivity measurement.

By applying a current Il across the film, the resistance is measured by detecting
the longitudinal and transversal voltages Vxx and Vxy as shown in FIG. 2.14 through
separate contacts. For a good electrical contact and homogeneous current distribution
across the ends of the thin film, gold contact pads were used. The nano-patterned sample
shown in FIG. 2.15 is prepared by AJA magnetron sputtering with two different types of
the patterned mask for two steps. The mask 1 is patterned with a rectangular hole in the
center. The size could be adjusted depending on the experimental requirements. In this
dissertation, the length is 4400 um and width is 400 um. Mask I, which is mounted on

the substrate (Si or MgO), is used in the first step for film deposition. The second step



71

used mask Il for gold contact deposition in AJA. Mask 1l has a different pattern, which is
designed for standard Hall-effect measurement. The schematic illustration of the two

steps is shown in FIG. 2.15.
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FIG. 2. 15 The schematic illustration of the two steps.

For a thin film with length I, width w, and thickness d, the resistivity p of the film

is given as:
p=—R [2.3]
And the MR ratio is calculated by:

MR(100%) = @ * 100% [2.4]
0

For temperature dependence of resistivity of the sample, the resistivity is measured with
varying temperature from 5 K to 300 K (or 350 K). For resistivity versus magnetic field
at a specific temperature, the sample was measured with magnetic field is perpendicular
to the film plane and varying from — 7 T to 7 T. The resistivity for various temperature
and magnetic field is measured in a Quantum Design, Physical Property Measurement

System (PPMS) with AC and/or DC resistivity mode.
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2.5 Point Contact Andreev Reflection Measurements

Point Contact Andreev Reflection (PCAR) measurements are one useful method
to measure spin polarization of materials especially HM and SGS Heusler compounds.
This utilizes the Andreev reflection that occurs at a point contact between a normal
conductor and a superconductor.!’” De Jong and Beenakker proposed the principle to
measure spin polarization using Andreev reflection in 1995.'® Subsequnetly, Soulen et al.
reported the first experimental results of spin polarization measurement using the point
contact Andreev reflection method.*® This measurement should be operated at a low
temperature of about 1.8 K so that cryogenic cooling is necessary for measurements. FIG.
2.16 (a) shows a schematic illustration of the density of states (DOS) of a non-magnetic
metal (NM) and a superconductor (SC). Electrons can flow from NM to SC by forming
Cooper pairs of spin-up and spin-down electrons when the energy of the incident
electrons is smaller than the superconducting band gap 2A. In the normal conductor with
no polarization of spins (P = 0), i.e. the number of spin-up and spin-down electrons are
the same at Er. In this case, the Cooper pairs are formed and thus the conductance is
enhanced to double within the superconducting gap (FIG. 2.16 (c)). Andreev reflection
holes are reflected the normal conductor owing to the momentum conservation in the

system.
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FIG. 2. 16 Schematic images of Andreev reflections with point contact of (a) normal
conductor and superconductor and (b) half-metal and superconductor. (c) Calculated

conductance curves with different spin polarization.’
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However, in a half-metallic ferromagnetic magnet, the Andreev reflection is
somewhat suppressed due to the different DOS of spin-up and spin-down. For half-
metals, the electrons are 100% spin-polarized, i.e. electrons at Er only have one spin
direction, there is no electron to form a Cooper pair (FIG. 2.16 (b)), so the conductance in
the superconducting gap is completely suppressed (FIG. 2.16 (c)). Therefore, the
conductance curves vary depending on the spin polarization of the material. The spin
polarization is deduced by fitting the conductance curve to the modified Blonder-
Tinkham-Klapwijk model (BTK) under the assumption that the electron scattering occurs
due to the surface oxidation.?® In a PCAR measurement, the temperature should be lower
than the critical temperature of Nb, 9.2 K and electro-polished sharp Nb tips with a point
contact of several 10 nm are required, which is shorter than the mean free path of
electrons. However, the typical contact resistance was ~20 Q in real measurement,
corresponding to a diameter of about 28 nm, larger than the mean free path of electrons.
The conductance is through multiple diffusive contacts and the transport spin polarization

measured by PCAR is formulated as

_ (NVET—(NvEN

Prear = (Nv2Y+(NDE) [2.5]

where N is the DOS and v is the Fermi velocity. The real experimental electrical circuit

is as shown in FIG. 2.17. The current was measured by the lock-in technique.*’
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FIG. 2. 17 Schematic illustration of the electric circuit in PCAR measurement.'’
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Chapter 3. Half-Metallicity in Highly L2:-Ordered CoFeCrAl Thin Films

In this chapter, structural, magnetic, and electron-transport properties of Heusler-
ordered CoFeCrAl thin films (both polycrystalline and epitaxial films) are investigated.
The films, sputtered onto MgO and Si substrates, have thicknesses of about 100 nm. The
epitaxial CoFeCrAl films on MgO substrate exhibit virtually perfect single-crystalline
epitaxy and a high degree of L2; chemical order. X-ray diffraction and transmission
electron microscopy show that the structure of the films is essentially of the L2; Heusler
type. The films are ferrimagnetic, with a Curie temperature of about 390 K and a net
moment of 2 ug per formula unit. The room temperature resistivity is 175 pQcm; the
carrier concentration and mobility determined from the low temperature (5 K)
measurement are 1.2 x 108 cm= and 33 cm?/Vs, respectively. In contrast to well-
investigated Heusler compounds such as Coz(Cri.xFex)Al, the CoFeCrAl system exhibits
two main types of weak residual A2 disorder, namely Co-Cr disorder and Fe-Cr disorder,
the latter conserving half-metallicity. Point-contact Andreev reflection yields a lower
bound for the spin polarization, 68% at 1.85 K, but our structural and magnetization
analyses suggest that the spin polarization at the Fermi level is probably higher than 90%.
CoFeCrAl films grown on SiO> substrates have a saturation magnetization of 2.5 ug/f.u.
at 5 K and Curie temperature of about 550 K. The electron-transport measurements on
the films revealed a negative temperature coefficient of resistivity, large anomalous Hall
conductivity and linear field dependence of magnetoresistance. The carrier concentration
and mobility to be 1.3x10% cm3, 21.46 cm?/(V-s) at 10 K, respectively, are comparable
to the reported bulk value. The compound is, ideally, a spin-gapless semiconductor, but

structural disorder destroys the spin-gapless character and drastically alters the transport
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behavior. These two types of CoFeCrAl films were grown by magnetron sputtering
deposition at 973 K, namely polycrystalline films on Si substrates and epitaxial films on
MgO (001) substrates. The resistivity decreases with increasing temperature, with
relatively small temperature coefficients of —0.19 uQcm/K for the polycrystalline films
and —0.12 uQcm/K for the epitaxial films. The residual resistivity of the polycrystalline
films deposited on Si is higher than that of the epitaxial film deposited on MgO,

indicating that the polycrystalline films behave as so-called dirty metals.

Many of the results presented in this chapter are adapted from the publications:

1.Y.Jin, P. Kharel, S. R. Valloppilly, X.-Z. Li, D. R. Kim, G. J. Zhao, T. Y.
Chen, R. Choudhary, A. Kashyap, R. Skomski and D. J. Sellmyer, “Half-metallicity in

highly L21-ordered CoFeCrAl thin films”. Applied Physics Letters 109, 142410 (2016).

2. Y. Jin, R. Skomski, P. Kharel, S. Valloppilly, and D. J. Sellmyer, “Effect of

Disorder on the Resistivity of CoFeCrAl Films”. AIP Advances 7, 055834 (2017).

| performed the synthesis and characterization of the CoFeCrAl Films. R.
Skomski and R. Choudhary helped with the theoretical explanations. and P. Kharel and S.
R. Valloppilly contributed revising the manuscripts. D. R. Kim, G. J. Zhaoand T. Y.
Chen performed the PCAR measurements. All co-authors contributed to the final

manuscript.

3.1 Introduction

Exotic spin-electronics materials have recently attracted much attention because
they are scientifically interesting and technologically important. Examples are half-

metallic compounds, graphene-like structures, and—more recently—spin-gapless
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semiconductors. The unique band structure of spin-gapless semiconductors (SGS), which
exhibit a nonzero Fermi-level gap in one spin channel and a zero gap in the other one,
leads to several favorable properties. They combine the advantages of half-metallic
magnets® Z and zero-gap semiconductors and®, are voltage-tunable and generally have
high spin polarization at the Fermi level, have the ability to switch between spin-
polarized n- and p-type conduction, and have carrier mobilities much higher than those of
classical semiconductors®*°, Furthermore, some SGS have nearly compensated
ferrimagnetic spin structures with small net magnetization, which produce no harmful
magnetic stray fields in nanoelectronic devices'!. Heusler compounds play an important
role in the search for half-metals and spin-gapless semiconductors” 124, A few of them
are realized experimentally® %8 1° and some, such as Co,MnSi and Co(Cr, Fe)Al, have
already been implemented in magnetic tunnel junctions, with high tunneling

magnetoresistances of 1995% at 4.2 K and 354% at 300 K in Co.MnSi*°.

CoFeCrAl is a particularly intriguing material for structural and physical reasons.
Perfectly ordered CoFeCrAl, which has been predicted to be a spin-gapless
semiconductor” ** 16, crystallizes in the cubic Heusler-type Y structure (prototype
LiMgPdSn). This structure is a CsCl (B2) derivative and has the composition XX'YZ,
where the X and X' atoms occupy one B2 sublattice in an alternating NaCl-type order,
whereas the Y and Z atoms do the same for the other B2 sublattice. An impressive spin
polarization of 67% has been measured even in partially disordered bulk samples.*’
However, practical devices require high-quality thin films, because some types of

disorder destroy half-metallicity by forming additional states in the minority spin gap.'®
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18 Key requirements are epitaxial film growth, to ensure single-crystallinity rather than

polycrystallinity, and a sufficiently high degree of chemical order.

The Y-structured CoFeCrAl is prone to various types of chemical disorder. Co
(X) and Fe (X") are expected to interchange very easily,'® so that X = X' and the material
becomes a Heusler-type L2: compound of composition X2YZ (prototype Cu2MnAl). The
corresponding structure is that of the well-investigated compound Co2CrAl, except that
half of the Co atoms are randomly replaced by Fe. Another type of B2 chemical disorder
is Cr-Al disorder, where Y and Z atoms interchange positions (FIG. 3.1). This disorder is
not limited to CoFeCrAl but also affects the related Co.Cri-xFexAl system, where it is
crucial for the understanding of spin-polarization effects'® 2°. The Co2CrixFexAl series
includes the end members Co.CrAl (x = 0) and Co2FeAl (x = 1), and is, therefore
different from CoFeCrAl structurally and electronically, although there are parallels as

far as the B2-type Cr-Al disorder is concerned.

FIG. 3. 1 Structure of and defects in CoFeCrAl. The Figure shows Fe-Cr disorder as one

example of the A2 disorder.
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The third type is A2 (bcc) disorder, where all atoms (X, X', Y and Z) are
randomly distributed in a bce unit cell. The effect of A2 disorder on spin-electronic
properties is devastating. As we will analyze below, B2 type Fe-Co disorder destroys the
SGS behavior of Y-ordered CoFeCrAl but conserves half-metallicity. In Co.Cri.xFexAl,
B2-type Cr-Al and Fe-Cr disorders also largely conserve half-metallicity.'*?> CoFeCrAl
is qualitatively different from Co2Cri.xFexAl because, in the former, both Co-Cr and Fe-
Cr disorders are of the more severe A2 type. The question, therefore, arises about the

harmfulness of the two A2 disorder contributions.

Experimentally, CoFeCrAl compounds prepared by arc-melting or rapid
quenching and subsequent annealing® *” exhibit substantial degrees of B2 (CsCl) and A2
(bce) disorder. Using the 2 x 2 x 2 unit cell of the L2; and Y structures, which contains 8
formula units, the most dominant A2 x-ray diffraction (XRD) peaks are (220), (400), and
(422). B2 order leads to a pronounced (200) peak, whereas L2; and Y orders create a
characteristic (111) peak. The (111) peak is normally barely visible'?, indicating

incomplete Heusler ordering.

Pronounced chemical disorder leads to dirty-metal behavior, characterized by
resistivities of the order of 200 uQcm and observed, for example, in Ti-Al, NbsSn, and
Ni-Cr-Al.2*?7 Spin-gapless semiconductivity and dirty-metal mechanism are difficult to
distinguish experimentally, because high resistivities are also expected for SGS and
because both dirty metals (i.e. highly disordered metals) and SGS can exhibit negative
temperature coefficients of the resistivity (TCR), as contrasted to the positive TCR of
ordinary metals. Ideal SGS have the infinite residual resistivity at zero temperature

(‘freeze-out regime"), due to the absence of carriers at the Fermi level, but thermal
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excitations are very effective in creating carriers because the gap width is zero. This
causes a negative TCR. Weak chemical disorder in SGS is likely to create some carriers
even at zero temperature so that the residual resistivity is finite but large.'° The high
residual resistivity of dirty metals and their negative TCR have very different origins.
They are linked to the electrons’ mean free path becoming comparable to the interatomic
distance so that the electrons are no longer described by well-defined k-vectors.?’

The unusual magnetoresistance (MR) effect, linear in a magnetic field and
positive,? varies greatly among spin-gapless semiconductors and is only partially
understood. MR values of 150% are observed in Co-doped PbPdO2,* 2° but much smaller
values of 9% and 0.6% have been reported for bulk and thin film Mn2CoAl,
respectively,> ®  and the magnetoresistance of bulk CoFeCrAl is about 1.5%.%" The
difference reflects the electronic structure of the materials: a magnetic field changes the
direction of the Co spins in the doped PbPdO., which is a very effective magnetoresistive
mechanism, whereas the MR in the Heusler requires an electron transfer from the
minority spin channel to the majority spin channel, which is energetically rather
unfavorable.

While both SGS and dirty metals have similar resistivities and TCRs, and the
magnetoresistance is not very telling, the two classes of materials can be distinguished by
considering the residual resistivity as a function of the chemical disorder. FIG. 3.2
outlines the idea. If one has samples with different degrees of chemical order, for
example, due to different processing parameters or substrate, then a distinction between
SGS and dirty metals may be possible. In the SGS regime, the residual resistivity

decreases with increasing disorder, because the disorder creates carriers. In dirty metals,
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the residual resistivity increases with the disorder, because the disorder is the very origin

of the resistivity.

Residual Resistivity (arb.units)

Ordered Disordered

Disorder (arb.units)

FIG. 3. 2 Residual resistivity as a function of disorder (schematic). "MgQO" and "Si" refer

to CoFeCrAl films on MgO and Si substrates, respectively.

Here we consider thin films of CoFeCrAl, a material that has been predicted to be
an SGS in its fully ordered Y structure.'® '® In this chapter, the degree of order can be
controlled by the choice of substrate: films deposited on MgO are much better ordered

than films on Si.
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3.2 Experimental Details

A magnetron sputtering system with a base pressure of about 3 x 10® Torr was
used to deposit CoFeCrAl thin films onto atomically flat C-cut MgO (001) and Si
substrates. The samples were co-deposited from Co, Fe, Cr and Al targets under
optimized deposition conditions. A stoichiometry very close to CoFeCrAl is achieved at
973 K and DC powers of 40 W and 42 W for Al and Fe targets, and RF powers of 69 W
and 33 W for Cr and Co targets, respectively. Ar pressure is 2 x 107 Torr. Lower
deposition temperatures yield polycrystalline CoFeCrAl films on MgO, whereas
temperatures above 600 K do not affect the film growth on Si. The crystal structure and
the epitaxy of the films were investigated by in-plane and out-of-plane XRD diffraction,
by pole-Figure experiments using a Rigaku SmartLab Diffractometer with Cu Ka
radiation (wavelength 1.54 A), by electron diffraction using the FEI Nova NanoSEM450
Scanning Electron Microscope (SEM), and using an FEI Tecnai Osiris (Scanning)
Transmission Electron Microscope (TEM). The elemental compositions of the films were
determined using the energy-dispersive x-ray spectroscopy (EDX) in the SEM and TEM.
The typical thickness of the films, as determined by the Bruker Dimension Icon® Atomic
Force Microscope and TEM, is 100 nm. The magnetic and electron transport properties
were measured using a Quantum Design SQUID magnetometer (MPMS) and a physical
property measurement system (PPMS). The degree of transport spin-polarization was

determined by point-contact Andreev reflection (PCAR).
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3.3 Structural Properties

FIG. 3.3 shows the out-of-plane XRD patterns of CoFeCrAl films onto (a) Si, (b)
MgO (001) substrates. First, the films grown on Si are polycrystalline but textured, with a
preferential (220) orientation. This orientation is inferred from the strong (220) peak and
the absence of (200) and (400) peaks in FIG. 3.3 (b). Second, the films grown on the
MgO substrate exhibit an epitaxial growth of the (001) type, as evidenced by the
exclusive presence of only the (002) and (004) peaks in FIG. 3.3 (b), indicating that the

films are grown with a high degree of orientation with respect to the cube axes of MgO.

Due to the epitaxial character of the films, the degree of Heusler (L21 or Y) order
cannot be judged from FIG. 3.3. This question is important because CoFeCrAl is likely to
exhibit various degrees of A2 (bcc), B2 (CsCl), and L2: (normal cubic Heusler)
disorder.!% 161" These types of disorder affect and potentially destroy SGS behavior and,
in the case of A2 disorder, even half-metallicity. To establish Heusler order, it is
necessary to trace XRD peaks such as the (111) peak, and this peak has indeed been

found after milling the films.
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FIG. 3. 3 Out-of-plane XRD patterns of CoFeCrAl on (a) on Si and (b) on MgO (001).

FIG. 3.4 shows intensity profiles extracted for (111), (002), (004) and (220) peaks
with an appropriate tilt of the sample (y degrees), with respect to the surface normal. The
order parameters for the CoFeCrAl film were evaluated using the extended Webster
model?!. The respective degrees of Cr-Al B2 order (A2 disorder) and L2; order (B2

disorder) can be calculated from the long-range order parameters
Sz%z = L300 14{00/1400 ) I;oo [3.1]
(SL21(3 — SBZ)/Z)Z = 1111 " I{ZO/IZZO " 1{11, [32]

where Ip;,; and I,{kl are the experimental diffraction intensity for the (hkl) plane and its
reference intensity calculated for fully ordered compounds. In our samples, Si21 and Sg»
are both equal to 88% with an uncertainty of about 5%. This indicates a high degree of

Heusler-type chemical order, in addition to the nearly perfect crystalline orientation. The



90

Fe-Co B2 order parameter, which enables the distinction between L2; and Y structures,
could not be determined due to almost identical scattering contrast for Fe and Co for X-

rays, but the system probably exhibits a large degree of Fe-Co solid-solution disorder.

(110)

F>1004)

- 00
J L Y= 45°

o
—hee g 64.74°
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Intensity (a.u.)
= (002)

20 30 40 50 60 70
20(degree)

FIG. 3. 4 Intensity profiles extracted for (111), (002), (004) and (220) peaks extracted
with a beam of about 0.5 mm and the area detector. The sample was tilted with respect to

the surface normal // (001) by 54.74° for the (111) plane and by 45° for the (220) plane.

FIG. 3.5 show the pole-Figure plots for the [111] and [220] planes relative to the
(100) plane of MgO, respectively. These plots confirm the high degree of epitaxial
crystallinity of the film deposited on MgO and establish the orientation relationship

between the crystallographic axes in the film plane. The pole-plot intensities have
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maxima at two angles, namely 0° and at 45°, and both exhibit 4-fold symmetry, providing
clear evidence that the CoFeCrAl films grown on MgO are single-crystalline with the
cubic crystal structure. Moreover, the azimuthal angles mean that MgO [100] and
CoFeCrAl [220] are parallel and that CoFeCrAl [100] is rotated by 45° away from MgO
[100]. This situation is similar to the epitaxial growth of Fe film on MgO, where the
rotation of the over layer unit cell by 45° favors epitaxial growth.? The lattice parameter

of CoFeCrAl, about 5.74 A, is 1.36 times that of MgO (4.21 A) and close to the "ideal"

ratio /2 = 1.41. The experimental ratio indicates that the lattice spacing di10 (MgO)

corresponds to aio0 (CoFeCrAl), with a small in-plane strain of about 3.6%.

Projection RD
(a) 20=44.56° (b) 26 - 26.9° I ()
CFCA (220) (202) (220) (202) CFCA (111) (111) (111) (111) '
Alpha=34.00
Beta=45.00

Intensity(a.u.)
Intensity(a.u.)

[ 0 =s TD

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
¢(degree) ¢(degree)

FIG. 3. 5 Pole-Figure plots of CoFeCrAl deposited on MgO (001): (a) ¢ scan for (220)
diffraction (20 = 44.56°) and (b) ¢ scan for (111) diffraction (26 = 26.9°), and (c) The

[110] pole-Figure shows the epitaxy and four-fold in-plane symmetry of the films.

FIG. 3.6 shows the selected area electron diffraction (SAED) pattern of a
specimen prepared from the CoFeCrAl film on MgO substrate. The SAED is along the

MgO [100] zone axis, which corresponds to the CoFeCrAl [110] direction, and the
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diffraction spots from MgO and CoFeCrAl are marked with red and white colors,
respectively. The presence of the (111) superlattice diffraction spot in the SAED pattern
confirms the presence of a Heusler superstructure. FIG. 3.6 (b) shows a high-resolution
TEM image of the interface between the CoFeCrAl film and MgO substrate. The image
confirms the epitaxial growth of the CoFeCrAl film on the MgO, with a small lattice
mismatch. The lattice constant a = 5.74 A determined from the lattice fringe spacing of
the high-resolution TEM image of FIG. 3.6 (c) agrees with the analysis of the XRD
pattern. As shown in the STEM image with elemental mapping of FIG. 3.6 (c) and 3.6

(d), the film growth is uniform and the films are about 100 nm thick.

'
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FIG. 3. 6 Structure of CoFeCrAl on MgO: (a) SAED pattern, (b) high-resolution TEM

image of the interface between film and substrate, (c) STEM image, and (d) high-angle
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annular dark-field (HAADF) and element-mapping images. Red and white colors indicate

MgO and CoFeCrAl, respectively.

Our structural analysis shows that the CoFeCrAl grows epitaxially on MgO, with
a common c-axis perpendicular to the plane and an angle of 45° between the a-axes of
CoFeCrAl and MgO. The atomic structure is essential of the Heusler type, very likely
L2:, with some degree of B2-type Cr-Al and A2 disorder. Alternatively, we can interpret
the structure as a Y-ordered compound with substantial B2-type Fe-Co disorder, some

B2-type Cr-Al disorder, and some A2 disorder.

To investigate the structure of CoFeCrAl on Si, we have used Rietveld analysis of
a film ground into powder. FIG. 3.7 shows the room-temperature XRD pattern. The weak
peaks in the pattern marked with star sign are from silicon impurity, where the silicon
particles were scraped off from the substrate surface with the sample. The CoFeCrAl
pattern contains the fundamental bcc peaks and the (100) super-lattice peak, which
indicates that the films exhibit B2-type structural disorder. The lattice constant and
density of B2-type polycrystalline CoFeCrAl film deduced from the Rietveld analysis of
XRD pattern are 2.875 A and 6.971 g/cm?, respectively. SAED patterns conducted on
this CoFeCrAl polycrystalline film on Si substrate is shown in FIG. 3.8. The rings pattern
of SAED confirmed a B2-type structural disorder and a lattice constant of 2.87 A was

deduced from this pattern.
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FIG. 3. 7 XRD pattern and Rietveld analysis of powder sample prepared by grinding the

1000-nm-thick film.

FIG. 3. 8 SAED pattern of CoFeCrAl polycrystalline film on Si substrate.
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3.4 Magnetic Properties

The magnetization of the films of CoFeCrAl on MgO substrate is 2.0 + 0.1 uB per
formula unit, as expected for ferrimagnetic CoFeCrAl, and the films are magnetically
soft, with coercivities of 50 Oe (in-plane) and 150 Oe (perpendicular) at 5 K, as shown in
FIG. 3.9. The Curie temperature of the films is about 390 K, somewhat smaller than that
of rapidly quenched bulk CoFeCrAl, 456 K.?? Such processing-related Curie temperature
variations, which reflect site occupancy and stoichiometry, are not unusual, as
exemplified by a Curie-temperature difference of 170 K between bulk and sputter-

deposited thin-film Mn2CoAl.®
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FIG. 3. 9 Magnetization of the epitaxial CoFeCrAl film at 5 K with the magnetic field
applied parallel and perpendicular to the film plane. The inset shows temperature

dependent magnetization M(T) of the epitaxial CoFeCrAl film measured at 1.0 kOe.

FIG. 3.10 (a) shows the isothermal magnetization curves M(H) of the 100-nm-

thick CoFeCrAl polycrystalline film on Si substrate recorded at 5 K and 300 K. The films
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are magnetically soft with coercivities being below 200 Oe. The saturation
magnetizations Ms are 2.5 uB/f.u. at 5 K and 1.6 uB/f.u. at 300 K, respectively. The value
of Ms measured at 5K is slightly higher than the value 2.0 ug/f.u. predicted by the Slater—
Pauling curve and also calculated for CoFeCrAl compound with ferrimagnetic spin order
(Mo = 0.94, mee = —0.63, Mcr = 1.78 and Miotal = 2.00 uB/f.u.).** The slightly higher value
of Ms in our film is probably from excess cobalt as seen from the EDX analysis. The
integral value of M;s is the characteristic feature of half-metallic magnets and has been
observed in other half-metallic Heusler compounds, including the SGS compound
Mn,CoAl.° Figure 3. 10 (b) shows thermomagnetic curves M(T) of the CoFeCrAl film
measured at 1.0 kOe, where we see a gradual magnetic transition. Such slow magnetic
transitions are found in ferrimagnetic materials due to a gradual reversal of magnetic

moments in different magnetic sublattices.*
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FIG. 3. 10 (a) Magnetization hysteresis loops of the synthesized film at 5 K and 300 K
with the magnetic field applied out of the plane, respectively. (b) Temperature dependent

magnetization M(T) of the 100-nm-thick film measured at 1.0 kOe.
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3.5 Transport Properties

FIG. 3.11 shows the temperature dependence p(T) of the longitudinal resistivity in
zero magnetic field. The films are moderately conducting, with room-temperature (RT)
resistivities of 150 uQcm (MgO) and 210 uQcm (Si). The respective residual resistivities
are 187 uQcm (MgO) and 268 uQcm (Si). The value of 187 uQcm for CoFeCrAl
epitaxial film grown on MgO is substantially lower than those measured in more highly
disordered bulk CoFeCrAl,® namely 810 pQcm (RT) and 930 uQcm (residual), and
compare well with the room temperature resistivity of MBE-grown Mn2CoAl films (280
uQcem).® The order of magnitude of the CoFeCrAl resistivity is consistent with both SGS
and dirty-metal resistivity, but the comparison of the two substrates suggests the
CoFeCrAl film on Si substrate is highly disordered and falls into the dirty-metal regime,

as shown in FIG. 3.2.
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FIG. 3. 11 Temperature dependence of the longitudinal zero-field resistivity of CoFeCrAl

on the two substrates.
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Based on the above structural evidence, the films deposited on MgO are clearly
the more ordered ones, both chemically and from the viewpoint of crystalline texture. In
FIG. 3.2, they are therefore on the left of the Si films and structurally closer to an ideal
SGS. Concerning transport, experiment (FIG. 3.11) shows that the resistivity of
CoFeCrAl on MgO is lower than that of CoFeCrAl on Si. In terms of FIG. 3.2, the
reduced resistivity is consistent with two scenarios, enclosed by the dashed box. While
the film on Si lies on the dirty-metal branch of the curve, the MgO film may be a dirty
metal or an SGS.

Note that the resistivity of the film decreases almost linearly with increasing
temperature, but the temperature coefficients of the resistivity are very small, —0.12
pQcem/K for epitaxial films (MgO) and —0.19 nQcm/K for polycrystalline films (Si). By
comparison, the temperature coefficients in bulk CoFeCrAI‘° and bulk Mn,CoAlI° are —
0.50 uQcm/K and —0.14 uQcm/K, respectively. The p(T) curves measured in a magnetic
field of 70 kOe for films grown on both types of substrates are almost identical to the

zero-field p(T) curves, which indicates very small longitudinal magnetoresistance, that is,
MR = (pZT — pd1) /poT x 100% < 0.5%. [3.3]

This magnetoresistance is comparable to the magnetoresistance of 0.6% in thin-film

Mn2CoAl* % 8 and to that of 1.5%"’ in CoFeCrAl.

FIG. 3.12 shows the MR of the epitaxial CoFeCrAl film measured at various
temperatures between 10 K and 300 K with magnetic field perpendicular to the film
plane. The temperature dependence at high field (70 kOe) MR is shown as the inset of
FIG. 3.12. As shown in FIG. 3.12, the MR curves of the epitaxial film are unsaturated up

to 70 kOe. Such unusual linear behavior of MR has been found in other Heusler
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compounds and explained as quantum magnetoresistance.?® The negative MR can be
attributed to the reduction of random spin-flip scattering process as the field aligns the
magnetic moments, which is expected to increase as temperature decreases consistent
with the plot in the inset of FIG. 3.12. At low temperatures, the increase in MR with
temperature is logarithmic, which can be explained as caused by the presence of strong
spin-orbit scattering.®! The slope of the MR(H) curves changes abruptly near 10 kOe,
which is more obvious for the low-temperature measurements. This is presumed to be
due to strong spin-orbit scattering at the weak field but as field increases the magnetic

scattering becomes dominant.
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FIG. 3. 12 Magnetoresistivity (MR) of the epitaxial film measured at various
temperatures with magnetic field perpendicular to the film plane, and the temperature

dependence of the absolute value of MR.

FIG. 3.13 shows the MR of CoFeCrAl polycrystalline film on Si substrate

measured with magnetic field perpendicular to the film plane and the variation of high-
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field (70 kOe) MR with temperature is shown in the inset. The MR curves measured
above 30 K are linear in the magnetic field up to 70 kOe, which are identical to that
reported for both the bulk and film samples of another SGS compound Mn,CoAl.> 8
However, the behavior is different for low temperature (< 40 K) measurements, where
the MR first decreases with increasing field and then starts increasing linearly when the
magnetic field exceeds a certain value. The turning points in the MR curves are 5 kOe, 10
kOe and 40 kOe for the curves measured at 30 K, 20 K and 10K, respectively, as shown
in FIG. 3.13. We also note that MR is negative below 30 K and it is positive at and
above 30 K. The negative MR is a consequence of the reduction of random spin-flip
scattering process as the field aligns the magnetic moments. Bulk SGS materials have
shown negative MR that transforms to positive at lower temperatures. However, as
shown in the inset of FIG. 3.13, the MR shows a maximum around 50 K. The unusual
temperature dependence of MR has also been observed in Mn,CoAL% & The negative
value of MR indicates that the spin-dependent scattering is dominant at temperatures
below 40 K. As shown in the Figure, this change leads to a W-shaped MR Curves, which
may be caused by the spin-dependent scattering of conduction electrons.®? Ferrimagnetic
materials usually show negative MR which decreases with increasing temperature but the
positive vale of MR in the high temperature regime may be attributed to the Lorentz force

to the resistivity in the presence of a magnetic field.
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FIG. 3. 13 MR of polycrystalline film measured with magnetic field perpendicular to the

film plane, and the inset shows the absolute MR value variation with temperature.

FIG. 3.14 shows the magnetic field dependence of Hall resistivities p,,, (H) of
epitaxial CoFeCrAl film measured between 5 K and 300 K. The p,,,(H) curves are
nonlinear at all temperatures and look identical in shape to the corresponding M(H)
curves. The p,,, can be expressed as p,, (H,T) = Ry - H + R, - M(H), where the first
term in proportional to the external magnetic field (ordinary Hall resistivity) and the
second term in proportional to the magnetization of the film (anomalous Hall resistivity).
The coefficients Ro and Ra in the expression are, respectively, the ordinary Hall
coefficient and anomalous Hall coefficient. These coefficients can be determined by
extrapolating the high-field portion of p,., (H) curve to H = 0, where the slope and
intercept of the line are equal to Ro and Ra M(0), respectively, with M(0) being saturation

magnetization.

The anomalous Hall coefficient Ra is related to the mechanism leading to

anomalous Hall-effect. It follows a simple power-law dependence on longitudinal
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resistivity p,., of the form Ra o (p,,)™ depending on the scattering mechanism, where m
= 1 for skew-scattering and m = 2 for intrinsic plus side-jump scattering and can be
expressed as R4, = apy, + bp2,. The constants a and b contain information about the
skew-scattering and intrinsic (Berry phase) plus side jump scattering mechanisms,
respectively.” This means, experimentlly, we see p,,,(0,T) o< pZ,(T) if side jump plus
intrinsic scattering is dominating AHE and p,,, (0, T) & p,.(T) if the skew-scattering is
dominating AHE. As shown in the FIG. 3.14 inset, we have plotted p,,, (0) at 10, 30, 50,
100, 200 and 300 K as a function of p2, at the corresponding temperatures and found a
linear relationship. This indicates that the side-jump (plus intrinsic) mechanism is

responsible for the observed anomalous Hall-effect in our epitaxial films.* We have also

estimated the Hall conductivity using an expression o, = Z% . The low temperature (10

xx

K) o, is 130 S/cm which is close to the value (121.8 S/cm) predicted for the B2-type

disordered parent compound Co2CrAl.**
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FIG. 3. 14 Magnetic field dependent Hall resistivities pxy Of the epitaxial CoFeCrAl film
measured at selected temperatures. The inset shows anomalous Hall resistivity pxy/HE
versus the squared longitudinal resistivity pxx Of the epitaxial film. The dashed red line is

a linear fit.

FIG. 3.15 plots Hall-effect p,,, of polycrystalline CoFeCrAl film measured for
various temperatures and selected 10 K, 30 K, 50 K, 100 K, 300 K as shown. The p,,,(H)
curves show the same hysteresis loops as that of epitaxial CoFeCrAl film. The lower
inset shows the temperature dependence of anomalous Hall resistivity p,?§”5 of

polycrystalline CoFeCrAl film. It shows the same negative coefficient as that of epitaxial

CoFeCrAl film.
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FIG. 3. 15 Magnetic field dependent Hall resistivities pxy Of the polycrystalline CoFeCrAl
film measured at selected temperatures. The inset shows anomalous Hall resistivity
AHE

pxy = versus the squared longitudinal resistivity pxx of the epitaxial film. The orange line

is a linear fit.

p

The Hall conductivity is given as g, = % , but in our case p,., is two orders

xx T Pxy

of magnitude higher than p,,, and can be approximated by o, = Z%. We have calculated

xx

the values of a,,, and plot the field dependence of Hall conductivity of epitaxial and
polycrystalline films for different temperatures as shown in FIG. 3.16 (a) and (b),

respectively. By extrapolating the high field portion of o,,,(H), we can obtain the
anomalous Hall conductivity a}'# for the corresponding temperature. It is obvious that
the anomalous Hall conductivity o;3'% increases as the temperature decreases, which is

the opposite trend to that of half-metallic Heusler compounds and metals®> *¢ but the
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same as that of most semiconductors and reported SGS.% *"=*° For instance, the value of

om'E of the epitaxial film at 5 K is 130 S/cm, while 23 S/cm for the polycrystalline film

at 10 K, which is close to the value reported for the oriented Mn,CoAl film (22 S/cm).®
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FIG. 3. 16 (a) Hall conductivity o, of oriented CoFeCrAl film calculated for selected
temperatures. (b) Hall conductivity o, of polycrystalline CoFeCrAl film calculated for

selected temperatures.

We have determined the carrier concentration n and mobility p in our films using
the single-band model, where Ry = 1/ne and u = Ry(T)/p(T). FIG. 3.17 shows
temperature dependence of carrier concentration of polycrystalline and epitaxial

CoFeCrAl films, where n is almost constant up to 150 K but increases rapidly with
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further increase in temperature. The rapid increase in n(T) above 150 K may be due to the
onset of thermal excitations across the half-metallic band gap. As the temperature
increases, the carrier mobility decreases approximately. FIG. 3.18 shows temperature
dependence of mobility of polycrystalline and epitaxial CoFeCrAl films. The mobility
remains almost constant until 150 K and then slightly decreases with further increase in
temperature. Typical values of n and p for oriented film at 5 K are 1.2 x10*® cm™ and 33
cm?/(V-s), respectively, while typical values of n and p for polycrystalline film at 10 K
are 1.3x10%8 cm= and 22 cm?/(V-s), respectively, which are less than the values reported
for oriented SGS Mn2CoAl film (10%° cm=3)®, bulk FeVAI (102 cm®)* and Co-doped
magnetic semiconductor ZnO film*¢. However, the value of n in our sample is greater
than those of HgCdTe (10°- 10'” cm®)* and bulk Mn2CoAl (107 cm).%? Similar

temperature independent behavior of n has been found in other SGS materials as well.°

Polycrystalline film
- Epitaxial film

2o

n(x10"°cm™)
w

6 . 5b .160.160.260'25'0'360
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FIG. 3. 17 Temperature dependence of carrier concentration n of epitaxial and

polycrystalline CoFeCrAl films.
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FIG. 3. 18 Temperature dependence of mobility p of epitaxial and polycrystalline

CoFeCrAl films.
3.6 Experimental Observations of Heusler Compound Spin Polarization

The degree of transport spin-polarization (Pt) was measured using PCAR
technique where the conductance spectra were recorded at the interface between the
sample and the superconducting Pb tip at 1.8 K.**> ** In this technique, a current is
injected from normal metal into a singlet superconductor. For the electron to enter into
the superconductor and proceed as a part of supercurrent, it must be paired with another
electron of opposite spin leaving a hole in the interface which propagates away from the
interface (Andreev reflection). In the case of a half-metal with no minority spin states at
the Fermi level, there is no Andreev reflection and thus the conductance across the half-
metal-superconductor interface is zero. Therefore, for magnetic materials, the Andreev
reflection is limited by the minority spin states available at the Fermi level. Depending on

the experiment, Pt is given as
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_ (Nv)T—(ND)L _ A(NVHT—(Nv2)
Ny ™ (Nu)M+(Nv) N2 ™ (Np2)T+(Nv2)l

[3.4]

for the ballistic and diffusive regimes, respectively. Here, v and N are the fermi velocity
and spin-projected density of states for majority (1) and minority () spins,
respectively.*>*® In our experiment, the value of Pt was extracted by analyzing the
PCAR spectra using the modified Blonder-Tinkham-Klapwijk (BTK) model in the
ballistic regime taking into account factors such as interfacial scattering (Z), inelastic
scattering (I), temperature (T), superconducting gap (A), and extra resistance (rg).*" 8

Pt of two CoFeCrAl samples with thicknesses 100 nm and 56.7 nm and surface
protective Al layers of thickness 2 nm. The sharp tip of a few nanometers was made by
mechanically polishing a superconducting Pb wire (transition temperature 7.2 K) of the
diameter of 0.030 inches. Both the sample and the tip were enclosed in a vacuum jacket
with 10 milliTorr of exchange-gas pressure and first cooled to 4.2 K and then to 1.8 by
pumping liquid helium. Point contacts were established at the desired temperature using a
differential screw mechanism.

More than 10 point contacts were measured for each sample. FIG. 3.19 (a-d)
shows some representative PCAR spectra, where the open circles are the experimental
data and the solid curves are the best fit to the modified BTK model. All the contacts
have contact resistance between 150 Q and 300 Q. From Sharvin’s formula, the contact
size can be estimated to be a few nm, much smaller than the mean free path of the
sample, which is above 1 um from the Drude model using above resistivity and carrier
concentration. So all the contacts are in the ballistic regime and any diffusive effect, if
present, is attributed to the Z factor in the analysis.“® All the spectra show a double-peak

structure which is the hallmark of Andreev reflection. In Andreev reflection
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spectroscopy, the peak value usually indicates the superconducting gap. In our case, the
gap value of the Pb is about 1.33 meV at 1.8 K, but the peak value is larger than 5 mV, as
shown in FIG. 3.19. This is due to the large resistivity of the CoFeCrAl sample, which
adds an extra resistance in series with the point contact.® We note that the thin sample
has a larger r than that of the thick sample due to its larger resistivity as shown in FIG.
3.19 (a) and (b). AtV =0, the conductance is suppressed to less than 1, indicating a Pt of
larger than 50 %. All the recorded data can be well described by the modified BTK

model if the effect of r is included.
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FIG. 3. 19 Representative normalized differential conductance curves of the epitaxial
CoFeCrAl film with thickness 56.7 nm (a, b) and thickness 100 nm (c, d) obtained at 1.8
K. The open circles denote the experimental data and the solid lines are the fit to the data
using modified BTK model. The Z dependence of Pt with a quadratic fit to the data for

both samples are shown in Figure (e).

FIG. 3.19 (e) shows the Z dependence of transport spin-polarization for both the
samples taking the extrapolation of the least-squares fit the case of the transparent

interface (Z = 0) to obtain the limiting values of Pt. As shown in the Figure, the Pt values
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for both the samples decrease as Z increases which is due to spin-flip scattering at the
interface. Although the Pt for the thin-film sample is higher at higher Z factors, the
limiting values of Pt at Z = 0 are almost the same for both the samples, Pt = 0.652 +
0.034 for the 100 nm and 0.685 + 0.011 for the 56.7 nm sample. The discrepancy in the
Pt values at large Z may be attributed to the difference in the oxidation level of the top Al
protective layer, which causes different spin-flip scattering. We note that the 100 nm film
was measured two weeks after the measurement of 67.5 nm sample. In fact, a Z factor
smaller than 0.1 was not achieved experimentally for the thick sample.

The measured value of spin polarization (68%) in our CoFeCrAl films compares
well with the values reported for other partially disordered Heusler compounds such as
bulk CoFeCrAl (67%)*’, bulk CoFeMnGe (70%)* and thin film CozFe(GaosGeos)
(75%).>° Hono et al. have investigated the effect of disorder on the spin polarization of
half-metallic CooMnGe and found 35% for A2-type disordered and 56% for the cubic L2
ordered films'* indicating that the degree of spin polarization is highly sensitive to the
structural disorder. The Pt in our samples is much larger than the values measured in L2;
ordered bulk and thin-film samples of Co,MnGe and Co,MnSi compounds.’* Note that
the BTK model sometimes underestimates the spin polarization due to spin mixing at the

interface.’?

3.7 Summary

In conclusion, we have investigated how the structural disorder affects the

magnetic and transport behavior of CoFeCrAl thin films deposited on MgO and Si. Our
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films exhibit nearly perfect epitaxy and a high degree of L2; Heusler order. All
considered types of chemical disorder destroy the spin-gapless semiconductivity of Y-
ordered CoFeCrAl, but B2 disorder and A2-type Cr-Fe disorder preserve the half-
metallicity of the compound. The latter, a specific feature of CoFeCrAl, does not exist in
related Heusler compounds such as Co2(Fe1xCrx)Al and must be contrasted to A2-type
Cr-Co disorder, which has a profound effect on the electronic structure and destroys half-

metallicity.

Secondly, CoFeCrAl films deposited on MgO and Si with exhibit different
degrees of structural order: the MgO substrate yields well-ordered epitaxial films,
whereas the films deposited on Si are highly disordered and polycrystalline. The
resistivity was measured as a function of temperature and the residual resistivity was
analyzed as a function of the disorder. The films on Si have the higher residual resistivity,
which indicates dirty-metal behavior, whereas the behavior of the films on MgO is
consistent with both dirty-metal or spin-gapless semiconducting behavior. The saturation
magnetization of the CoFeCrAl film approaches the theoretical value of 2.0 uB with high
Curie temperature of 390 K for oriented film and 510 K for polycrystalline film, less than
bulk value. The carrier concentration and mobility expectedly fall into the regime of

semiconductors and is comparable to the reported values of other SGSs.

Based on our experiments (PCAR, X-ray line intensities, magnetization) we find
that the spin polarization at the Fermi level is about 68%. Our findings are encouraging
for spin-electronics applications, due to the robustness of the half-metallicity with respect
to most types of chemical disorder and because the disorder enhances the resistivity

without much reduction in Curie temperature.
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Chapter 4. Structural, Magnetic and Electron-Transport Properties of Epitaxial
Inverse Tetragonal Mn2PtSn Films

This chapter discusses the epitaxial thin films of Mn2PtSn grown on a MgO (001)
substrate by magnetron co-sputtering of the constituents. Structural, magnetic and
transport properties were investigated. The structure of epitaxial MnzPtSn film is inverse
tetragonal with lattice constants a = 0.4488 nm, and b = 0.6148 nm (space group 1-4m2,
No. 119). Lattice constants have a very small mismatch with MgO, which makes it
promising for coherent electron-tunneling phenomena. Measured saturation
magnetization is 3.2 ug/f.u., less than that calculated from density of states. The
magnetization measurements revealed an in-plane anisotropy energy of 10 Merg/cm?.

The magnetoresistance ratio is 1.0 % with a magnetic field applied out of the plane.
Many of the results presented in this chapter are adapted from the manuscript:

Y. Jin, P. Kharel, S. Valloppilly, T. Y. Chen and D. J. Sellmyer, “Structural,
Magnetic and Electron-Transport Properties of Epitaxial Inverse Tetragonal Mn2PtSn

Films”. (to be submitted)

| performed the synthesis and structural, magnetic and transport characterization
of the MnzPtSn Films. S. R. Valloppilly helped with XRD measurement. P. Kharel

assisted in revising the manuscript. All co-authors contributed to the final manuscript.

4.1 Introduction
Ferromagnetic half-metallic Heusler compounds are very promising materials for
spintronic application as a spin aligner, spin injector, etc., due to their very high degree of

spin polarization at the Fermi level.* For example, among the most recent examples are
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half-metallic Co.MnSi,? spin-gapless semiconducting Mn2CoAl,*  and giant intrinsic
exchange bias in the Mnz.xPtxGa compounds.® As a branch of the family of Heusler
compounds, ferromagnetic Mn-based tetragonal compounds such as Mn2YZ (Y =
transition metals, Z = Al, Ga, and Sn) are special and have been actively investigated due
to a high magnetic anisotropy constant, above-room-temperature Curie temperatures and
potential applications including permanent magnets, high-density recording, multiferroic
shape memory compounds, topological insulators, etc.®'° For instance, Mn,RhSn
crystallizes in the inverse tetragonal Heusler structure and the epitaxial thin film sputtered
onto MgO substrates exhibited a complex noncollinear magnetic behavior and a
moderately low anisotropy energy Ky = 0.89 Merg/cm? than calculated Ky of 500
Merg/m?.1- 18 Epitaxially grown tetragonal MnsGa films exhibit a spin polarization of up
to 58%, together with uniaxial anisotropy (Ku = 8.9 Merg/cm?®) and low magnetization.*®
Winterlik et al. calculated magnetocrystalline anisotropy energy of Mn»-based inverse
tetragonal Heusler compounds and found the magnetocrystalline anisotropy Ky is tunable
by element composition adjustment, such as MnyCoz.xGa, MnyFezxGa, MnxNizxGa,
Mn2YSn (Y = Pt, Rh, Ir). Among them, Mn2PtSn in the inverse-tetragonal crystal
structure has been predicted to have a ferromagnetic spin structure (T = 374 K) with high
magnetocrystalline anisotropy (50 Merg/cm?).2° The calculated electronic band structures
are similar to those of half-metals, where the transport spin polarization at the Fermi level
is about 91%.%" It is ideal for high density magnetoresistive random access memory
(MRAM) with in-plane magnetic tunnel junctions (MTJs) and spin-transfer-torque
magnetic random access memories (STT-MRAMs).6® The measured high-field

magnetization and anisotropy constant for bulk Mn2PtSn are 405 emu/cm? and 2.6
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Merg/cm?, respectively.?? 2° Since practical spintronic devices require high-quality thin
films, it is of vital importance to obtain single crystalline epitaxial thin films of Mn2PtSn
with desired structure and magnetic anisotropy constant and to have a complete
understanding of the magnetic and electron-transport properties performance in thin

films.

In this chapter, an experimental investigation on the epitaxial films of Mn2PtSn
prepared by magnetron sputtering technique on atomically flat MgO substrates is
presented. MnzPtSn crystallizes in the inverse tetragonal Heusler structure. It exhibits a
lattice mismatch of about 3.6 % with MgO (the lattice parameters are given in structural
analysis session). A small lattice mismatch is an important condition for the successful

manufacturing of thin films and tunnel junctions by epitaxial growth.

4.2 Experimental Details

All samples of Mn2PtSn films presented in this Chapter were deposited on
atomically flat C-cut MgO using magnetron sputtering system with a base pressure of
about 3 x 108 Torr. Mn, Pt, and Sn targets were used for film deposition under optimized
conditions: Ar pressure of 2 x 10 Torr, the substrate temperature at 773 K for MgO, DC
power of 52.5 W for Mn target, and RF power of 10.0 W and 26.4 W for Pt and Sn
targets, respectively. The crystal structure of the films and the epitaxy relationship of
Mn2PtSn/MgO (001) were investigated by in-plane and out-of-plane x-ray diffraction
(XRD) using a Rigaku SmartLab Diffractometer with Cu Ka radiation (wavelength of
about 1.5406 A) and a Bruker-AXS D8 Discover Diffractometer as well as a FEI Tecnai
Osiris (Scanning) Transmission Electron Microscope (TEM). The elemental

compositions of the samples were determined using energy-dispersive X-ray spectroscopy
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(EDX) in a FEI Nova NanoSEM450. The magnetic and electron-transport properties
were measured using a Quantum Design superconducting quantum interference device

(SQUID) magnetometer and physical property measurement system (PPMS).

4.3 Structural Properties

We first investigate the structural properties. FIG. 4.1 (a) shows the out-of-plane
XRD pattern of the 90-nm-thick Mn2PtSn film deposited on a Si (100) substrate. The
prominent peaks in the pattern other than the peak around 69° were indexed with the
inverse tetragonal structure, which indicates the film is a polycrystalline film. FIG. 4.1
(b) shows the out of plane XRD pattern of Mn2PtSn on a C-cut MgO (001) substrate. The
two prominent peaks in the pattern other than that around 44° from MgO substrate are
from the (110) and (220) planes of Mn2PtSn, indicating that the films are grown with a

high degree of orientation relationship with the cube axes of MgO.
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FIG. 4. 1 Out of plane XRD pattern of epitaxial MnzPtSn film on (a) Si (100) substrate,

and (b) MgO (001) substrate.

Nevertheless, to establish the single crystalline properties and structure of the
film, pole Figures, capillary diffraction and in-plane grazing incidence diffraction
experiments were carried out. FIG. 4.2 shows the pole-Figure plots for the [111] planes
relative to the (100) plane of MgO, respectively. These plots confirm the high degree of
epitaxial crystallinity of the film deposited on MgO and establish the orientation
relationship between the crystallographic axes in the film plane. The pole-plot intensities
have maxima at 45°, and exhibit 4-fold symmetry, providing clear evidence that the
Mn2PtSn films grown on MgO are single-crystalline with the cubic crystal structure.
Moreover, the azimuthal angles mean that MgO [100] and Mn2PtSn [111] are parallel and
that Mn2PtSn [001] is rotated by 36° away from MgO [100]. The lattice parameters of
Mn2PtSn, a = 0.4488 nm, and b = 0.6148 nm indicate significant lattice mismatch
between the ordered Mn2PtSn film and the MgO substrate (a = 0.421 nm). This situation
is similar to the epitaxial growth of Fe film on MgO, where the rotation of the over layer
unit cell by 45° favors epitaxial growth.?® However, it is different with the Mn2RhSn film

on MgO (001), which shows that [001] is out of plane and parallel to MgO [001].Y
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FIG. 4. 2 Pole-Figure plots of Mn2PtSn films deposited on MgO (001): (a) ¢ scan for
(111) diffraction (26 = 24.5°), and (b) The [111] pole-Figure shows the epitaxy and four-

fold in-plane symmetry of the films.

FIG. 4.3 shows intensity profiles extracted for (112) and (020) peaks with an
appropriate tilt of the sample (y = 45°), with respect to the surface normal. In this kind of
measurement, a certain set of (112) and (020) planes is selected, which means d112 and
do2o are selected by fixing the detector (20) and incident beam (6) angle. Diffraction will
only occur if the normal N to the selected (112) and (020) planes is parallel to the
diffraction vector. Therefore, the sample has to be tilted to y = 45° for (112) and (020)
planes, and the intensity at each point in the obtained pattern (FIG. 4.3) is proportional to
the number of grains in the film that have their normal to the selected (112) and (020)
planes. For a random orientation of the grains in the thin film, the pattern will be
featureless and show a polycrystalline ring. No preferred orientation for the normal to the
(112) and (020) planes is observed. For an epitaxial thin film, only one grain orientation

will be present in the film and the Figure is characterized by a small and strong spot. As
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shown in FIG. 4.3, two strong neighboring spots at the peak positions of 40° and 41°
indicate an epitaxial growth of Mn2PtSn film and the peaks positions are consistent with
the peak positions of (112) and (020) planes of the simulated pattern of inverse tetragonal

structure Mn2PtSn (space group I-4m2, no 119).
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FIG. 4. 3 Intensity profiles extracted for (112) and (020) peaks with an appropriate tilt of

the sample (y = 45°), with respect to the surface normal.

In order to confirm the epitaxial growth of MnzPtSn film on MgO and the
structural properties analyzed by XRD, we conducted a TEM analysis. As shown in FIG.
4.4, the TEM image shows that the thickness of MnzPtSn film is about 90 nm and Al cap
layer is about 5 nm, which are very close to the calculated thickness based on the

deposition rate calibrated by the AJA system.
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Al cap layer

FIG. 4.4 TEM image of both Mn2PtSn film and MgO substrate.

FIG. 4.5 shows the SAED pattern of both Mn2PtSn film and MgO substrate, and a
corresponding index of Mn2PtSn [111] axis (red color) and MgO [001] axis (blue color).
The lattice constants a and b were determined to be 0.4488 nm and 0.6148 nm,
respectively, by measuring the separation d;; (h, k, | are Miller indices) between
parallel reflection planes d,,; and d,, from the SAED patterns. This finding is
consistent with XRD results. In addition, we found that MgO [100] and Mn2PtSn [111]
are parallel and that MnyPtSn [001] is rotated by 36° away from MgO [100]. The lattice
parameters of Mn2PtSn, a = 0.4488 nm, and b = 0.6148 nm indicate significant lattice
mismatch between the ordered Mn2PtSn film and the MgO substrate (a = 0.421 nm). In
fact, the lattice spacing d;,, 0f MgO is comparable to d,;; of MnzPtSn, with a strain of

about 3.6 %.
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FIG. 4. 5 SAED pattern of both Mn2PtSn film and MgO substrate, and corresponding

index of Mn2PtSn [111] axis (red color) and MgO [001] axis (blue color).

FIG. 4.6 shows unit cell of the inverse-tetragonal structure of Mn,PtSn with space
group 1-4m2, No 119. Wyckoff positions are Mn1, (0, 1/2, 1/4), Mn2, (0, 0, 1/2), Pt,
(0,1/2, 3/4), Sn, (0, 0, 0). High-resolution TEM observation of the interface between
Mn2PtSn film [111] and MgO substrate [001] is shown in FIG. 4.7 (a), which reveals the
epitaxial growth of Mn2PtSn film onto MgO (001). FIG. 4.7 (b) shows the unit cell of
inverse tetragonal Mn2PtSn with [111] axis normal to paper. The pink plane is (111)
plane with 3 Sn atoms in the plane of the unit cell. Besides, the HRTEM image in FIG.
4.7 (a) clearly shows the atomic columns of MgO (001) plane and Mn2PtSn (111) plane
as indicated by the colored balls. The composition of the films was investigated to be

Mna7.sPt25.2Sn27 3 using energy-dispersive Xx-ray spectroscopy (EDX) in TEM.
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FIG. 4. 6 Unit cell of the inverse-tetragonal structure of Mn,PtSn.

FIG. 4. 7 (a) High-resolution TEM image of the interface between Mn2PtSn film [111]
and MgO substrate [001]. (b) The unit cell of inverse tetragonal Mn2PtSn with [111] axis

normal to paper. The color plane (pink) is (111) plane with 3 Sn atoms in the plane of the

unit cell.

4.4 Magnetic Properties

FIG. 4.8 (a) shows isothermal magnetization curves M(H) of an epitaxial MnzPtSn
film recorded at 5 K and 300 K with the magnetic field applied in the film plane and
isothermal magnetization curves M(H) with a magnetic field applied out of the plane in

(b). The films have in-plane anisotropy with coercivities being around 4 kOe at 5 K and 1
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kOe at 300 K with a magnetic field applied in the film plane. For the magnetic field
applied out of the film plane, the coercivities are around 100 Oe at 5 K and 50 Oe at 300
K. The saturation magnetization Ms (800 emu/cm®) is 3.2 ug/ f. u., which is lower than
the value (4.0 us/ f. u.) predicted by the Slater-Pauling curve for the half-metallic phase
of MnzPtSn compound.?! At 5 K, the anisotropic field (Ha) is around 20 kOe from FIG.
4.8 (a) and (b). Js= 4nMs = 10 kOe. The anisotropy field Ha is defined as the field needed

to saturate the magnetization of a uniaxial crystal in a hard direction,
E = K,sin?6 — M Hcos(m/2 — 6).%*% [4.1]
Minimizing E, 0E/00 = 0 and setting 6 = n/2,
H, = 2K, /M;. [4.2]

Since at 5 K, Js = 10 kOe, Ha is around 20 kOe. The derived K, is about 10 Merg/cm? at 5
K for Mn2PtSn film, which is lower than the theoretical calculation of effective
anisotropy constant 50 Merg/cm?.?° The reduction of in-plane anisotropy of Mn,PtSn film
from 5 K to 300 K are due to temperature increase results in harm to anisotropy constant.
The rapid decrease of in-plane anisotropy at room temperature attributed to Curie
temperature being slightly above room temperature as shown in FIG. 4.9 (b). FIG. 4.9 (a)
shows thermomagnetic curve M(T) of the epitaxial MnzPtSn film measured at 1.0 kOe,
where the magnetization gradually decreases. As compared to the magnetic properties of
bulk Mn2PtSn, epitaxial Mn2PtSn films on MgO has been realized a large in-plane

anisotropy due to the epitaxial growth of Mn2PtSn films.
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FIG. 4. 8 Field dependence of magnetization M(H) loops of epitaxial Mn2PtSn films at 5

K and 300 K with a magnetic field applied in the plane (a), and out of the plane (b).
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FIG. 4. 9 (a) Low, and (b) high temperature dependence of magnetization of epitaxial

Mn2PtSn films with magnetic field H = 1 kOe applied out of the plane.

4.5 Transport Properties

FIG. 4.10 shows temperature dependence of the zero-field longitudinal resistivity
Py OF epitaxial films, where p,., has an approximately linear increase with increasing
temperature up to 300 K, showing a metallic behavior. The residual resistivity po of 250

uQcm is caused by defects in the ideal crystal lattice. However, the temperature
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dependence of the zero-field longitudinal resistivity p,, obeys a power law T2 below 50

K, which is experimentally found in other half-metallic ferromagnets®® 2’. Moreover, the

formula p = py + AT?2e Yr may fit the temperature-dependent resistivity of half-
metallic ferromagnets as well, where po is the residual resistivity and A is the critical
temperature switching from half-metal to normal metal.?® The second quadratic magnonic
term related to electron-magnon scattering is expected to be exponentially suppressed due
to the gapped spin-flip scattering. The parameter A is a measure of the strength of the
magnon scattering process. A fitting parameter A of 50 K is obtained. The observed
exponential suppression of spin-flip scattering confirms clear HMF behavior. However,
the unexpectedly small extracted value of A =50 K implies that perfect spin polarization
of the electrons at the Fermi level is present only for T < A. Besides, considering the
phononic contribution, the temperature-dependent resistivity of MnzPtSn may be fitted by
the Bloch-Gruneisen formula to evaluate the phononic contribution of the scattering
process.?® This fitting may be done once the Debye temperature is obtained by specific

heat measurement.
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FIG. 4. 10 Longitudinal resistivity of Mn2PtSn film as a function of temperature with a

zero magnetic field.

FIG. 4.11 shows the magnetic field dependence of Hall resistivities p,,, (H) of
Mn2PtSn films measured at 5 K, 10 K, 30 K, and 300 K. The p,,,(H) curves are nonlinear
at all temperatures and look similar in shape to the corresponding M(H) curves. The p,,,
can be expressed as py, (H,T) = Ry * H + R, - M(H), where the first term depends on the
external magnetic field (ordinary Hall resistivity) and the second term depends on the
magnetization of the film (anomalous Hall resistivity).** 3! The coefficients Ro and Ra in
the expression are, respectively, the ordinary Hall coefficient and anomalous Hall
coefficient. These coefficients can be determined by extrapolating the high-field portion
of p,, (H) curve to H = 0, where the slope and intercept of the line are equal to Ro and Ra
M(0), respectively, with M(0) being saturation magnetization. As mentioned in other

chapters, the anomalous Hall coefficient Ra follows a simple power law on longitudinal
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resistivity p,., of the form Ra o (p,,)™ depending on the scattering mechanism, where m
= 1 for skew-scattering and m = 2 for intrinsic plus side jump scattering and can be
expressed as R, = ap,, + bp2,. The constants a and b contain information about the
skew-scattering and intrinsic (Berry phase) plus side jump scattering mechanisms.®! As
shown in the FIG. 4.12, we have plotted p,, (0) at various temperature as a function of
pZ, at the corresponding temperatures and found a linear relationship for both the films.
This indicates that the side-jump (plus intrinsic) mechanism is responsible for the

observed anomalous Hall-effect in epitaxial Mn2PtSn films.
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FIG. 4. 11 Hall-effect of Mn2PtSn film measured at various temperatures with a magnetic

field applied out of the plane.
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FIG. 4. 12 Anomalous Hall-effect coefficients at various temperature as a function of

p2,. at the corresponding temperatures and a linear fit (red dash line).

FIG. 4.13 shows the magneto-resistivity (MR) as a function of the magnetic field
of Mn2PtSn films measured at various temperatures 5 K, 10 K, 30 K, and 300 K with
magnetic field perpendicular to the film plane. The MR was derived from the resistivity

(pxx) with and without a magnetic field as
MR = (pi — pax )/ Pz * 100% < 0.5%. [4.3]

The MR values of the epitaxial film are below 1.0 % and saturated up to 70 kOe.
MR exhibits the conventional behavior as in most ferromagnets. The slope of the MR(H)
curves changes abruptly near 30 kOe, which is more obvious for the low-temperature
measurements. This is presumed to be due to strong spin-orbit scattering at the weak field

but as field increases the magnetic scattering becomes dominant. In the low magnetic
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field below 25 kOe, the resistance changes rapidly and the MR curve is nonlinear. In high
field of magnetic saturation (> 25 kOe), the changes in rate of resistance become slow
and exhibit a linear trend and approaching saturation. The negative MR can be attributed
to the reduction of random spin-flip scattering process as the field aligns the magnetic
moments, which is expected to increase as temperature decreases. Similar MR behavior
has been reported for both the bulk and thin-film samples of another SGS compound
Mn,CoAl,** the MR of which is positive at low temperatures and changes to negative

with increasing temperature, and Fe,CoSi.*?
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FIG. 4. 13 Field dependence of magneto-resistivity (MR) of MnzPtSn film for various

temperatures with a magnetic field applied out of the plane.

4.6 Summary
In summary, the structural, magnetic and electron transport properties of thin films

of a Heusler compound Mn2PtSn have been investigated. Structural analysis shows the
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structure of epitaxial Mn2PtSn film is inverse tetragonal with lattice constants a = 0.4488
nm, and b = 0.6148 nm (space group 1-4m2, No. 119). Lattice constants have a very small
mismatch with MgO, which makes it promising for coherent electron tunneling
phenomena. Measured saturation magnetization is 3.2 us/f.u. is less than that calculated
from the density of states. The magnetization measurements revealed an in-plane
anisotropy energy of 10 Merg/cm?3. The magnetoresistance ratio is 1.0 % with a magnetic
field applied out of the plane. Curie temperature is around 410 K, which is higher than
room temperature allowing for high-temperature spintronics application. Longitudinal
resistivity shows a linear and positive TCR, confirmed the metallic behavior. Hall-effect
measurements indicate the side-jump mechanism contributes to the electron transport.
Such half-metallic magnetic films with the advantages of strong in-plane
magnetocrystalline anisotropy and proper thickness might be used in spin valves or

magnetic tunnel junctions as high-performance magnetic memory elements.
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Chapter 5. Structural and Magnetic Properties of Heusler CoFeCrX (X = Si, Ge)

Compounds.

This chapter discusses the structural, electronic, and magnetic properties of
CoFeCrX (X = Si, Ge) Heusler compounds. Experimentally, the compounds were
synthesized in the cubic L2y structures with small disorder. The cubic phase of CoFeCrSi
was found to be highly stable against heat treatment, but CoFeCrGe discomposed into
other phases when the temperature reached 402 °C (675 K). A new tetragonal CoFe-rich
structure with lattice parameters a = 0.76 nm, ¢ = 0.284 nm, was found embedded in the
matrix of the CrzGe phase, but there is no special orientation between the two phases.
Both CoFeCrSi and CoFeCrGe compounds showed ferrimagnetic spin order at room
temperature, and have Curie temperatures significantly above room temperature. The
measured Tc for CoFeCrSi is 790 K but that of CoFeCrGe could not be measured due to
its dissociation into other phases at 675 K. The saturation magnetizations of CoFeCrSi
and CoFeCrGe are 2.82 ug/f.u. and 2.78 ps/f.u., respectively, which are close to the
theoretically predicted value of 3 pg/f.u. for their half-metallic phases. These materials
have the potential for spintronic device applications, as they exhibit half-metallic
electronic structures with large band gaps, and Curie temperatures significantly above

room temperature.

Many of the results presented in this chapter are adapted from the publication and

manuscript:

Y. Jin, P. Kharel, P. Lukashev, S. Valloppilly, B. Staten, J. Herran, I. Tutic, M.

Mitrakumar, B. Bhusal, A. Connell, K. Yang, Y. Huh, R. Skomski and D. J. Sellmyer,
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“Magnetism and electronic structure of CoFeCrX (X = Si, Ge) Heusler alloys”. Journal of

Applied Physics 120, 053903 (2016).

Y. Jin, X. Li, D. J. Sellmyer, “A new tetragonal phase in CoFeCrGe Heusler

alloy” (to be submitted to Materials Characterization).

| performed the synthesis and characterization of the samples. S. R. Valloppilly,
X. Li, P. Kharel assisted with XRD measurements, TEM measurement and revising the
manuscripts, respectively. P. Lukashev performed the first-principle calculation, R.
Skomski helped with discussion and revising the manuscript. All co-authors contributed

to the final manuscripts.
5.1 Introduction

Magnetic materials that conduct electrons of only one spin orientation have a
great potential in spintronic devices. These materials include half-metallic ferro-, ferri-,
and antiferromagnets.’’ Since the electronic band structure of half-metals is metallic for
one spin channel and insulating for the opposite spin channel, they are in principle
capable of producing 100% spin-polarized current. For practical device applications,
these materials need to show robust half-metallicity at room temperature, which is
possible in ferro- or ferrimagnetic materials having high Curie temperature, ideally far
above room temperature.® Another factor responsible for the robustness of the half-
metallic property is the size of the band gap because materials having small band gap are
likely to lose their half-metallic properties if their crystal lattice is slightly strained in thin
films.® Recent theoretical and experimental studies have indicated that several Heusler

compounds with cubic or tetragonal crystal structures, especially, Mn- and Co-based



147

materials, have shown half-metallic band structures with promise for spintronic

applications, e.g., in spin transfer torque (STT)-based memories.*14

Heusler compounds include a wide range of interesting materials such as half-
metallic magnets, high perpendicular-magnetic-anisotropy materials, shape-memory
compounds, spin-gapless semiconductors, skyrmions, topological insulators, and
magnetocaloric.>*® The completely ordered full Heusler compounds (X2YZ; X and Y are
transition-metal elements, and Z are main-group elements) crystallize in the cubic L2;
structure (prototype Cu.MnAl). However, many of the synthesized Heusler compounds
are found to crystallize either with partially disordered B2-type (half of the Y and Z
atoms interchange their positions) or fully disordered A2-type (X, Y, and Z atoms are
randomly distributed at all available lattice sites) phases losing their half-metallic
properties.’® 2° Further, the ordered quaternary Heusler compounds XX'YZ, where X' is
also a transition-metal element, crystallize in Y structure (prototype LiMgPdSn).?! Recent
studies have shown that several of these quaternary Heusler compounds exhibit either

half-metallic or spin-gapless semiconducting properties.'® 22

In this chapter, we focus on experimental and theoretical investigations of two
quaternary compounds CoFeCrSi and CoFeCrGe. Our interest in these compounds stems
from a recent theoretical prediction that both of these materials have relatively large half-
metallic band gaps and high Curie temperatures significantly above room temperature.’
Here, we present our experimental investigation of the structural and magnetic properties
of CoFeCrSi and CoFeCrGe compounds and compare the experimental data with results
of the first-principle calculations. We found that CoFeCrSi compound exhibits very high

Curie temperature (Tc = 790 K) but CoFeCrGe decomposed into other phases near 675
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K. The compositions and structures of the crystalline phases in the annealed samples
were systematically characterized by transmission-electron microscopy (TEM), energy-
dispersive X-ray spectroscopy (EDS), selected-area electron diffraction (SAED), and
high-resolution electron image (HREM) experiments. The structural properties of the

new tetragonal CoFe-rich phase will be discussed.

5.2 Experimental Details

CoFeCrSi and CoFeCrGe compounds in the form of ribbons were prepared using
arc melting, rapid quenching, and annealing. To investigate the effect of heat treatment
on the structural and magnetic properties, the samples were annealed in a vacuum (10”7
Torr) at various temperatures for 4 hours between 300 °C and 600 °C. The crystal
structures of the samples were investigated using powder XRD in Rigaku Miniflex and
PANalytical Empyrean diffractometers with copper Ko radiation. Magnetic properties
were investigated with a Quantum Design VersalLab magnetometer and Physical
Properties Measurement system (PPMS). The phase distribution (elemental
compositions) of various grains in the samples was investigated using an FEI Tecnai
Osiris TEM. TEM specimens were prepared by grinding the ribbons into fine powders in
ethanol solution and then dropped onto a Cu grid with C film. TEM experiments were
carried out on a FEI Tecnai Osiris (scanning) transmission electron microscope, which
operates at 200 kV and is equipped with a double-tilt holder. The EDS data were
collected with the ChemiSTEM system on the Osiris microscope and analyzed with
Bruker’s ESPRIT software. The experimental SAED patterns were analyzed using

LANDYNE software.?% 24
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5.3 XRD Structural Analysis

The room temperature XRD patterns of the powder samples prepared from
ribbons of CoFeCrSi annealed at 450 °C for 4 hours and the simulated patterns and the
difference curves obtained from Rietveld analysis are shown in FIG. 5.1. The XRD
pattern in FIG. 5.1 agrees well with the patterns simulated for the cubic L2; structures of
the corresponding compounds. The lattice constants a obtained from the refinement of
the XRD patterns of the cubic CoFeCrSi is 5.69 A. The room temperature XRD pattern
of the powder sample prepared from ribbons of CoFeCrGe annealed at 300 °C for 4 hours
and the simulated patterns and the difference curves obtained from Rietveld analysis are
shown in FIG. 5.2. The XRD pattern in FIG. 5.2 agrees well with the patterns simulated
for the cubic L2 structures of the corresponding compounds. The lattice constants a
obtained from the refinement of the XRD patterns of the cubic CoFeCrGe is 5.78 A. Both
CoFeCrSi and CoFeCrGe have mainly the ordered L2; structures, but a small amount of
Cr/Si or Cr/Ge site exchange similar to a partial B2-type disorder has been found by
XRD simulations. It is worth noting that the presence of (111) and (002) reflections are
the signatures for the L2 structural ordering that distinguishes itself from the B2-type. In
a fully ordered L2; structure, a strong scattering contrast between Si and the transition
metal elements and a weak scattering contrast between Ge and the transition metals can
be clearly distinguished from the strong and weak intensities of both (111) and (002)
Bragg reflections in the simulations. This can be seen in the XRD patterns simulated for
CoFeCrSi and CoFeCrGe as shown in FIGs. 5.1 and 5.2, respectively. However, a partial
B2-type disorder in CoFeCrSi was determined by modeling the intensities in the Rietveld

analysis. It has been estimated that about 17% of Cr and Si exchange their positions in
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the Cubic CoFeCrSi. In the low temperature (300 °C) annealed CoFeCrGe sample, the
simulated pattern with the L2, order matches very closely with the experimental data

making it difficult to determine the B2-type disorder.
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FIG. 5. 1 Room temperature powder XRD pattern of CoFeCrSi ribbon annealed at 450 °C

for 4 hours.
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FIG. 5. 2 Room temperature powder XRD pattern of CoFeCrGe ribbons annealed at 300

°C for 4 hours.

The room temperature XRD pattern of the powder sample prepared from ribbons
of CoFeCrGe annealed at 500 °C for 4 hours and the simulated patterns and the difference
curves obtained from Rietveld analysis are shown in FIG. 5.3. The XRD pattern of
CoFeCrGe annealed at 500 °C contains several additional peaks which cannot be indexed
with its cubic L2; structure. However, all of these peaks can be fully indexed if the
sample is assumed to contain two additional compounds with structures similar to those
of CozFeGe and CrzGe. This indicates that CoFeCrGe disintegrates into other compounds
if annealed at 500 °C. The phase identification of these compounds as obtained from the
Rietveld analysis are Co-rich (Co, Fe, Cr).FeGe and Cr-rich (Cr, FeCo)3Ge. The primary

compound Co-rich (Co, Fe, Cr).FeGe is the mixture of an ordered L2; structure with a =
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0.571 nm and a B2 structure with a = 0.286 nm. The secondary phase is the Cr-rich (Cr,
Fe, Co)3Ge phase with a =0.46127 nm.

This result is also supported by our TEM analysis, where some grains with an
elemental composition close to (Cro.s7Feo.0sC00.05)3Ge were found. High-temperature
XRD studies of the 300 °C-annealed CoFeCrGe ribbons suggests that some of these peaks

started appearing when the temperature reached about 450 °C.
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FIG. 5. 3 Room temperature powder XRD pattern of CoFeCrGe ribbons annealed at 500
°C for 4 hours. The # and * symbols correspond to the Co-rich (Co, Fe, Cr)2FeGe and Cr-

rich (Cr, Fe, Co)3Ge phases, respectively.
5.4 Magnetic Properties

FIG. 5.4 shows (a) thermomagnetic curves M(T) measured at H = 1 kOe, (b)
isothermal field dependence of magnetization M(H) measured at 5 K of CoFeCrSi ribbon

annealed at 450 °C for 4 hours. As shown in FIG. 5.4 (a), the M(T) curve of CoFeCrSi is
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smooth and exhibits only one magnetic transition at its Curie temperature (Tc = 790 K).
The isothermal magnetization curves measured at 5 K are shown in FIG. 5.4 (b). The
CoFeCrSi compound shows soft magnetic behaviors where the hysteresis loops are
saturated at small magnetic fields with coercivities being smaller than 20 Oe. The
saturation magnetization for single phase CoFeCrSi is 567 emu/cm?(2.82 us/f.u.). The
experimental value of Ms is close to the theoretical value of 3.0 pg/f. u. obtained from

first-principle calculations.?
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FIG. 5. 4 (a) Thermomagnetic curves M(T) measured at H = 1 kOe, (b) isothermal field
dependence of magnetization M(H) measured at 5 K of CoFeCrSi ribbon annealed at 450

°C for 4 hours.

FIG. 5.5 shows: (a) thermomagnetic curves M(T) measured at H = 1 kOe, (b)
isothermal field dependence of magnetization M(H) measured at 5 K of CoFeCrGe
ribbons annealed at 300 °C for 4 hours, (c) enlarged isothermal M(H) loop of (b). The
magnetization of the 300 °C-annealed CoFeCrGe shows two transitions in its M(T) curve:
one near 675 K and the other near 870 K; the former corresponds to the temperature at
which CoFeCrGe dissociates into Co-rich (Co, Fe, Cr)2FeGe and Cr-rich (Cr, Fe, C0)3Ge

phases and the second corresponds to the Curie temperature of the Co-rich (Co, Fe,
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Cr)2FeGe compound. As shown in FIG. 5.5 (a), the transition at 675 K is irreversible
since the M(T) curve does not trace back on itself upon cooling the sample from 900 K to
room temperature. The saturation magnetization for single phase CoFeCrGe is 535

emu/cm?®(2.78 ps/f.u.).
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FIG. 5. 5 (a) Thermomagnetic curves M(T) measured at H = 1 kOe, (b) isothermal field
dependence of magnetization M(H) measured at 5 K of CoFeCrGe ribbons annealed at

300 °C for 4 hours, (c) enlarged isothermal M(H) loop of (b).

FIG. 5.6 (a) Thermomagnetic curves M(T) measured at H = 1 kQOe, (b) isothermal
field dependence of magnetization M(H) measured at 5 K of CoFeCrGe ribbons annealed
at 500 °C for 4 hours. (c) enlarged isothermal M(H) loop of (b). As shown in FIG. 5.6 (a),
the M(T) curve is smooth with the Tc of about 790 K. Based on the XRD data, we also
prepared several Co-rich (Co, Fe, Cr)2FeGe compounds and investigated the structural
and magnetic properties. We found that an compound with atomic composition
(Coo.75Fe0.125Cro.125)2FeGe has a cubic crystal structure similar to that of Co-rich (Co, Fe,
Cr)2FeGe phase determined by XRD with a Curie temperature of about 880 K, very close

to the Curie temperature (870 K) of the 500 °C-annealed CoFeCrGe. This suggests that
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one of the compounds formed by the dissociation of CoFeCrGe due to high-temperature
(500 °C) annealing may have an elemental composition close to
(Coo.75F€0.125Cro.125)2FeGe. The contribution to the magnetization of the 500 °C-annealed
sample from the Cr-rich (Cr, Fe, Co)3Ge phase is expected to be negligible as CrsGe is
reported to be paramagnetic.?® Further, there is no irreversibility between the
thermomagnetic curves of field-cooled (FC) and zero-field-cooled (ZFC) measurements
indicating that the samples are free from disordered spin structures. The isothermal
magnetization curves measured at 5 K are shown in FIG. 5.6 (b). It shows soft magnetic
behaviors where the hysteresis loop is saturated at small magnetic fields with coercivities
being around 130 Oe, as shown in an enlarged loop in FIG 5.6 (c). The saturation

magnetization is 672 emu/cm?.
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FIG. 5. 6 (a) Thermomagnetic curves M(T) measured at H = 1 kOe, (b) isothermal field
dependence of magnetization M(H) measured at 5 K of CoFeCrGe ribbons annealed at

500 °C for 4 hours. (c) enlarged isothermal M(H) loop of (b).

CoFeCrSi and CoFeCrGe compounds annealed at 300 °C show soft magnetic

behaviors, where the hysteresis loops are saturated at small magnetic fields with
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coercivities smaller than 20 Oe. These experimental values of Ms are close to our
theoretical value of 3 pe/f. u. obtained from the first-principle calculations.?® The
saturation magnetization of the 500 °C-annealed CoFeCrGe is larger than that of the
single-phase compound. Besides, the M(H) loop in FIG. 5.6 (c) shows an increase of
coercivity from 65 Oe to 130 Oe and exchange-coupling trend. The difference of the
isothermal magnetic curves M(H) measured at 5K in the 300 °C-annealed and the 500
°C-annealed ribbons cannot be explained due to the secondary phase since the (Cr, Fe,
Co)3Ge is a cubic phase and the total content of Fe and Co is about 10 % atomic
percentage, therefore the Cr-rich (Cr, Fe, Co)3Ge phase is expected to be the same or less
as the mixture of the L2, structure and the B2 structure. It is suggested that another
magnetic intermetallic phase may exist in the 500 °C-annealed ribbons which causes the
change of the magnetic hysteresis loops. The rather weak peaks in the XRD diagram of
the 500 °C-annealed ribbons could be observed when the XRD diagram is enlarged, the
extra peaks cannot be indexed by the mixture of L2; and B2 or the secondary Cr-rich
phases. This is an additional hint that the possible existence of the unknown intermetallic

phase in the 500 °C-annealed ribbons. This led to an investion of the sample of

CoFeCrGe annealed at 500 °C by TEM.

5.5 TEM Study of CoFeCrGe Annealed at 500 °C.

FIG. 5.7 shows the TEM images of the primary compound in the as-spun, 300 °C-
annealed and 500 °C-annealed samples, respectively. The grain size increased from about
10 nm in the as-spun samples to several hundred nm in the 300 °C-annealed samples and

decreases to about 5 nm in the 500 °C-annealed samples. The experimental SAED pattern
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and simulation based the B2 structure are given in FIG. 5.8 ~ 5.10 for phase
identification. The different grain sizes in the as-spun and 500 °C-annealed samples also
are reflected in the rings of isolated diffraction spots in FIG. 5.8 and the continuous rings
in FIG. 5.10. EDS analysis confirmed that the equiatomic CoFeCrGe for all the grains in
the as-spun and the 300 °C-annealed samples. However, there exist three types of grains
in the 500 °C-annealed samples. The main component is very fine grains whose
stoichiometry was confirmed to be CozsFe265Cr235Gezs, near the equiatomic Heusler
compound. The volume was estimated to be about 48% by counting statistically the
grains in several TEM samples. The results on the other two components are given

below.

FIG. 5. 7 TEM images of (a), the as-spun, (b), 300 °C-anneal and (c), 500 °C-anneal

CoFeCrGe ribbons.
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FIG. 5. 8 SAED pattern of the main phase in as-spun CoFeCrGe ribbons.
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FIG. 5. 9 SAED pattern of the main phase in 300°C-annealed CoFeCrGe ribbons.



159

('1'e) [

00
022

(0°1'¢)

(220 -
(1'2'¢)

1))

a : b

FIG. 5. 10 SAED pattern of the main phase in 500°C-annealed CoFeCrGe ribbons.

The second type of compound with grain size about serveral hundred nm up to
1~2 um and a stoichiometry composition near CozsFes 4CressGeo1.3 was observed in the
500 °C-annealed samples. The volume was estimated to be about 34 % by counting
statistically the grains in several TEM samples. FIG. 5.11 shows the TEM image of the
Cr-rich (Cr,Fe,Co0)3Ge phase; the central grain displaying darker contrast due to the grain
was aligned along or near one of the main zone-axes. FIG. 5.12 shows the SAED patterns
of the tetragonal phase CosgFes.4CressGez1.3, (a) [100], (b) [111] and (c) [121] zone axis.
The results of the SAED analysis are in agreement with the results of the previous XRD

analysis.
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100 nm

FIG. 5. 11 TEM image of the secondary phase in 500°C-annealed CoGeCrGe ribbons.
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FIG. 5. 12 SAED patterns of the secondary phase in 500°C-annealed CoGeCrGe ribbons.
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Although two compounds in the 500°C-annealed CoFeCrGe samples were
revealed in the previous XRD analysis, a third type of compound with grain size about
2~3 hundred nm and an average composition of Cosz 4Fez0.4CrssGer.s over 10 sample
grains was observed together with the Cr-rich (Cr, Fe, Co)3Ge phase in the 500 °C-
annealed samples. The volume was estimated to be less than 18% by counting

statistically the grains in several TEM samples. The compound has been identified as a
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new tetragonal phase in the present SAED study. FIG. 5.13 shows the TEM image of the
new tetragonal phase in an irregular shape half embedded in the Cr-rich (Cr,Fe,Co0)3Ge
grain. The darker contrast due to the grain was aligned along or near one of the main

Zone-axes.

100 nm t

FIG. 5. 13 TEM image of the new tetragonal phase in 500°C-annealed CoGeCrGe

ribbons.

FIG. 5.14 shows the SAED patterns obtained from multiple experiments and
rearranged together from the [001] to the [010] zone axes with the help of the SPICA?*
software. It is noted that the patterns along the [100] and [010] axes are identical, so only
the pattern along the [100] zone axis is given. The experimental tilt angles away from the
[001] zone axis are listed inside each SAED patterns. The lattice type and parameter were

determined by means of the reciprocal lattice reconstruction from a series of tilt SAED
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patterns, as shown in FIG. 5.15 (a), which is a snapshot of the UCRD software.?® The
SAED patterns in FIG. 5.14 (a ~ e) share a common axis, the reflections perpendicular
the common axis in each SAED patterns were used to build the reciprocal lattice. A
tetragonal lattice with a = 0.76 nm, ¢ = 0.284 nm was obtained. The calculated tilt angles
are listed near the experimental data and the zone axes for each SAED pattern are labeled

in FIG. 5.14. FIG. 5.15 (b) shows the distribution of the corresponding zone axes in a

stereogram.
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FIG. 5. 14 SAED patterns of the new tetragonal phase in 500°C-annealed CoGeCrGe

ribbons.
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FIG. 5. 15 Lattice reconstruction of the new tetragonal phase in 500°C-annealed

CoGeCrGe ribbons.

It is clear that the extinction happens for the reflections of (h00) and (0k0) when

h, k is odd. The extinct reflection may appear, e.g. in [001] SAED pattern, due to strong

dynamic multiple scattering. FIG. 5.16 shows the SAED pattern of the [001] zone axis in

the relatively thin area and processed pattern. The space group is P4212 (90) according to

the lattice type and the extinction rule. FIG. 5.17 shows an HREM image of the new

tetragonal phase along the [001] zone axis. A unit cell is marked as the square in the

HREM image. The features of the image can be described as circles at each of the square

corners. However, the sample was so thick that the circles only appear along the edge of

the grain.



(b)

FIG. 5. 16 SAED pattern of the new tetragonal phase along [001] zone axis and the

processed intensity.

FIG. 5. 17 HREM of the new tetragonal phase along [001] zone axis.
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The new tetragonal phase is always embeded in the matrix of the Cr-rich cubic
phase. The grains of the tetragonal phase were observed mostly in irregular shapes as
shown in FIG. 5.13, but a grain in a nearly rectangular shape was also observed. FIG.
5.18 shows (a) the TEM image of the new tetragonal phase and (b) a schematic drawing
for the interpretation of the facets of the grain. The darker contrast due to the grain was

aligned along or near one of the main zone-axes.

FIG. 5. 18 (a) the TEM image of the new tetragonal phase and (b) a schematic drawing

for the interpretation of the facets of the grain.

The lattice parameters of the two phases do not allow a perfect lattice matching in
any form, which indicates that there may be no fixed orientation relationship between
them. SAED experiment confirms this idea. FIG. 5.19 shows (a) a SAED pattern along
the [110] axis from the new tetragonal phase and (b) an SAED pattern along the [001]
zone axis from the adjacent matrix of the Cr-rich cubic phase. There is a tilt angle of 6.8°

between the two SAED patterns along their nearest main zone axes.
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FIG. 5. 19 The orientation relationship of the new tetragonal phase and the Cr-rich cubic
phase in SAED patterns, (a) along the [110] zone axis of the new tetragonal phase, (b)

along the [100] zone axis of the Cr-rich cubic phase. Tilting angle from (0,0) to (0.83,

6.60), i.e. 6.8 degree.

5.6 Summary

In summary, an experimental investigation of the structural and magnetic properties
of CoFeCrSi and CoFeCrGe Heusler compounds has been carried out. The experimental
results showed that both CoFeCrSi and CoFeCrGe compounds crystallize in cubic L2;
structures with a small site disorder. Although the first-principle calculation predicted a
possibility of tetragonal phase transition in CoFeCrGe, the tetragonal phase could not be
stabilized experimentally. Instead, the cubic CoFeCrGe disintegrated into other phases near
402 °C (675 K). Both CoFeCrSi and CoFeCrGe compounds showed ferrimagnetic spin
order with saturation magnetizations of 2.82 pg/f.u. and 2.78 us/f.u., respectively, which

are close to the theoretically predicted values of 3 ps/f.u. for their half-metallic phases. The
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CoFeCrSi compound exhibited very high Curie temperature (Tc = 790 K) but the T¢ of
CoFeCrGe could not be measured due to its dissociation into other compounds. The
predicted large band gaps and Curie temperatures much above room temperature make
these materials promising for room-temperature spintronic and magnetic applications.
These results are expected to stimulate further research on the thin films of these materials.
A TEM study of the CoFeCrGe compound annealed at 500 °C shows it is composed of
three alloys with average compositions of CozsFe265Cr235Ge2s, CosgFessCressGeziz and
Cossz4Fesz04CrseGers, listed in a sequence of volume percentage from major to minor. The
primary alloy is composed of a mixture the L2; type structure with a = 0.571 nm and the
B2 type structure with a = 0.286 nm. The secondary alloy has a cubic structure with a =
0.46127 nm in a prototype of CraGe. The tertiary one is a new tetragonal structure with
lattice parameters a = 0.76 nm, ¢ = 0.284 nm, which were determined using tilt-series
electron diffraction technique in this work. The tertiary (Co,Fe)-rich phase was found to
embedded in the matrix of the secondary Cr-rich phase, but there is no special orientation
between the two phases. The difference in the magnetic hysteresis loops of the samples
annealed at 300 °C and 500 °C may be interpreted as the appearance of the new tetragonal

crystalline phase.
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Chapter 6. Summary and Outlook

6.1 Summary

This thesis is devoted to experimental studies of the structural and magnetic
properties, spin polarization, magnetoresistance and anomalous Hall-effect of calculated
spin-gapless semiconductor CoFeCrAl, half-metallic CoFeCrX (X = Si, Ge) and inverse
tetragonal Mn2PtSn. These Heusler compounds present an interesting class of
ferromagnetic materials for spintronic applications since they are predicted to be spin-
gapless semiconductors and half-metallic properties with 100 % spin polarization at
Fermi level. In this thesis, the basic physical principles, the magnetoresistance, and Hall-
effect phenomena and the fabrication and characterization techniques utilized were
presented. The structural, magnetic properties, spin polarization and electron transport

properties of the fabricated elements were studied.

Chapter 3 presents how the structural disorder affects the magnetic and transport
behavior of CoFeCrAl thin films deposited on MgO. CoFeCrAl thin films deposited on
MgO exhibit nearly perfect epitaxy and a high degree of L2; Heusler order. All
considered types of chemical disorder destroy the spin-gapless semiconductivity of Y-
ordered CoFeCrAl, but B2 disorder and A2-type Cr-Fe disorder conserve the half-
metallicity of the compound. CoFeCrAl films onto MgO and Si with exhibiting different
degrees of structural order: the MgO substrate yields well-ordered epitaxial films,
whereas the films deposited on Si are highly disordered and polycrystalline. The
resistivity was measured as a function of temperature and the residual resistivity was
analyzed as a function of the disorder. The films on Si have the higher residual resistivity,

which indicates dirty-metal behavior, whereas the behavior of the films on MgO is
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consistent with both dirty-metal and spin-gapless semiconducting behavior. The spin
polarization at the Fermi level is higher than 68% and probably exceeds 90%. It is
encouraging for spin electronics applications, due to the robustness of the half-metallicity
with respect to most types of chemical disorder and because the disorder enhances the

resistivity without much reduction in Curie temperature.

In Chapter 4, the structural, magnetic and electron transport properties of epitaxial
thin films of an inverse tetragonal Mn2PtSn Heusler compound have been investigated.
Structural analysis shows the structure of epitaxial MnzPtSn film is inverse tetragonal
with lattice constants a = 0.4488 nm, and b = 0.6148 nm (space group I-4m2, No 119).
Lattice constants have a very small mismatch with MgO, which makes it promising for
coherent electron-tunneling phenomena. Measured saturation magnetization is 3.2 ug/f.u.,
less than that of calculated from the density of states. The magnetization measurements
revealed an in-plane anisotropy energy of 10 Merg/cm?. The magnetoresistance ratio is
1.0 % with a magnetic field applied out of the plane. Transport measurement confirmed
the metallic transport behavior and side-jump mechanism is dominant in carrier
scattering. Due to the high spin polarization, such half-metallic magnetic films with the
advantages of strong in-plane magnetocrystalline anisotropy and proper thickness could
be used in spin valves or magnetic tunnel junctions as high-performance magnetic

memory elements.

Experimental investigation of the structural and magnetic properties of CoFeCrSi
and CoFeCrGe Heusler compounds have been presented in Chapter 5. The experimental
results showed that both CoFeCrSi and CoFeCrGe compounds crystallize in cubic L2;

structures with a small site disorder. Cubic CoFeCrGe disintegrated into additional
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phases near 402 °C (675 K). Both CoFeCrSi and CoFeCrGe compounds showed
ferrimagnetic spin order with saturation magnetizations of 2.82 pg/f.u. and 2.78 ug/f.u.,
respectively, which are close to the theoretically predicted values of 3 ug/f.u. for their
half-metallic phases. The CoFeCrSi compound exhibited very high Curie temperature (Tc
=790 K) but the T¢ of CoFeCrGe could not be measured due to its dissociation into other
compounds. The predicted large band gaps and Curie temperatures much above room
temperature make these materials promising for room-temperature spintronic and
magnetic applications. These results are expected to stimulate further research on the thin
films of these materials. Secondly, a study of the CoFeCrGe compound annealed at 500
°C shows it is composed of three alloys with average compositions of
Coo6Fe265Cr235Ge24, Co3.8Fes 4CressGeor 3, and Cosz aFez0.4CrssGer s, listed in a sequence
of volume percentage from major to minor. The primary compound is composed of a
mixture the L2; type structure with a = 0.571 nm and the B2 type structure with a =
0.286 nm. The secondary compound has a cubic structure with a = 0.46127 nmin a
prototype of CrsGe. The tertiary one is a new tetragonal structure with lattice parameters
a=0.76 nm, ¢ = 0.284 nm, which were determined using tilt-series electron diffraction
technique in this work. The tertiary (Co, Fe)-rich phase was found to embedded in the
matrix of the secondary Cr-rich phase, but there is no special orientation between the two

phases. The difference in the magnetic hysteresis loops of the samples annealed at 300 °C

and 500 °C may be interpreted as the appearance of the new tetragonal crystalline phase.
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6.2 Outlook

In general, the Heusler compounds investigated in this thesis are very promising
for spin-electronics applications, due to the half-metallicity with above room temperature
Curie temperature. CoFeCrAl is calculated to be spin-gapless semiconductor based on
perfect ordered L2; structure with promising properties combined the half-metallicity and
gapless semiconducting performances. Thin films deposited on MgO exhibit nearly
perfect epitaxy and a high degree of L2: Heusler order, which gives a direction to
synthesize the perfect ordered L2; structure of CoFeCrAl via tuning the fabrication
parameters or utilizing a different substrate with lattice constant matching with
CoFeCrAl. All considered types of chemical disorder destroy the spin-gapless
semiconductivity of Y-ordered CoFeCrAl, but B2 disorder and A2-type Cr-Fe disorder
conserve the half-metallicity of the compound. This indicates that spintronic devices of
CoFeCrAl will have stable half-metallic properties due to the robustness of the half-
metallicity with respect to most types of chemical disorder and because the disorder
enhances the resistivity without much reduction in Curie temperature. Further

experiments are needed to apply CoFeCrAl into MTJs or spin filters.

Inverse tetragonal Mn2PtSn shows a high in-plane anisotropy energy and high
Curie temperature, which can be used in spin valves or magnetic tunnel junctions as high-
performance magnetic memory elements. For spintronic devices which need out of plane
anisotropy, a suitable and different substrate is needed to stimulate the perpendicular

growth of Mn2PtSn according to its lattice constant.
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The new (Co,Fe)-rich tetragonal phase Cos3.4Fe30.4CrssGez.s with lattice
parameters a = 0.76 nm, ¢ = 0.284 nm was found to embedded in the matrix of the
secondary Cr-rich phase if CoFeCrGe compound annealed at 500 °C. The coexistence of
cubic and tetragonal Co-Fe-Cr-Ge phases indicates that the synthesis parameters
including the heat treatment parameters need to be tuned to inhibit the cubic phase and
promote the tetragonal phase. The present samples do not exhibit hard magnetic
properties due to the amount of the new tetragonal phase is small. Element doping may
also be a direction to develop the single tetragonal phase or increase the amount of this
phase. If a single phase of tetragonal Cosz4Fe30.4Crs.sGez.s could be developed, it may

improve the next generation rare-earth-free permanent magnets.
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