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ABSTRACT

The discovery of quantum topology in condensed matter systems created new paths in the
fundamental sciences and potential technological applications. In this regard, the Kagome
systems have attracted much research interest due to their ability to host several exotic quan-
tum phases such as Weyl and Dirac fermions, flat bands, Skyrmion lattice, anomalous and
topological Hall effects, and frustrated magnetism. The Kagome lattice has a unique struc-
ture with hexagons and triangles, leading to geometrical frustration. This Ph.D. thesis aims
to design, synthesize, and characterize various Kagome lattice systems in their single crys-
talline phase. Importantly, this thesis discusses various exotic quantum phases of the fasci-

nating Kagome systems.

We have grown high-quality single crystals of various Kagome systems and studied their
structural properties systematically to know the phase purity of the as-grown single crystals.
Having established the crystal structure, we studied the physical properties like the electrical
and magneto-transport properties, magnetic properties, and electronic band structure. For
instance, Mn3Sn, a non-collinear antiferromagnet hosting Weyl fermions, shows a large in-
trinsic out-of-plane anomalous Hall effect (AHE). In this study, for the first time, in addition
to the out-of-plane AHE, we also uncover a large in-plane topological Hall effect (THE) in
Mn3Sn at room temperature, which is gradually suppressed by Fe doping at the Mn site of
Mn3 yFexSn. With the doping of Fe atoms, we see a significant change in the magnetic and
electrical transport properties of pristine Mn3Sn. The easy magnetization axis shifts from
the crystallographic ab-plane to the c-axis with Fe doping. The Fe doping generates huge co-
ercivity in the low-temperature region, converting the AFM system into a low-temperature
ferromagnet. Further, the observation of significant THE at a low temperature induced by
Fe doping suggests the presence of a Skyrmion lattice. Upon completely replacing the Mn
with Fe, i.e., Fe3Sn is an in-plane ferromagnet with very high magneto-crystalline anisotropy
(1.02 108 J/m?). Unlike in Mn3Sn, in which AHE is of the intrinsic type, the anomalous
Hall signal in Fe3Sn has intrinsic and extrinsic Hall contributions. The intrinsic Hall con-
tribution arises from the k-space Berry curvature. The extrinsic Hall contribution comes
from the skew-scattering, which decays quadratically with increasing temperature due to
electron-phonon scatterings. We have also studied the rare-earth-based Kagome magnet
HoMngGeg. Temperature-dependent electrical resistivity demonstrates various magnetic-
transition-driven anomalies. A crossover from negative to positive magnetoresistance (MR)
is observed. While the linear nonsaturating positive MR exists in the low-temperature re-

gion are mainly driven by the linear Dirac-like band dispersions as predicted by the first-

vii



principles calculations, the negative MR observed in the high-temperature region is due to
the spin-flop type magnetic transition. Consistent with anisotropic Fermi surface topology
as observed from the density functional theory calculations, we find anisotropic magnetore-
sistance at low temperatures. A significant anomalous Hall effect has been noticed at high
temperatures in addition to a switching of the dominant charge carrier from electron to hole
at around 220K.
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Chapter 1

Introduction

Symmetry, a natural phenomenon governing the fundamental principles of physics explained
by the phenomenological Ginzburg-Landau theory []I}, 2]. Until the 1980s, this theory suc-
cessfully elucidated various phases transitions in condensed matter by studying the local or-
dering parameters. Phase transitions were defined through the minimization of Landau free
energy under external changes like temperature, pressure, and magnetic field. However, the
discovery of integer quantum Hall effect (IQHE) in 1980 [3] and fractional quantum Hall
effect (FQHE) in 1982 [4] first illuminated the experimental realizations of the quantum
phases without breaking any local symmetry. In Quantum Hall Effect (QHE) experiment, a
2D electron gas system exhibit quantized plateaus in Hall conductance and protected con-
ducting edge states called as topological phases. These topological phases are based on
the breaking time-reversal symmetry (TRS), long-range order, or global symmetry of mat-
ter [2]. The global symmetry of matter is constructed through the introduction of quantum
superposition or long-range entanglement of interacting particles []I}, 2]. The evolution of
various topological phases, such as 2D topological insulator (2005) [5], 3D topological in-
sulator (2007) [6, 7], Dirac semimetal (2014) [8,9], and Weyl semimetal (2015) [[10, [11],
showcased the versatility of this research interests. These phases could originate either ex-
trinsically through the disorder-mediated scattering or intrinsically via the spin-dependent

band structure of matter.

Distinct topological invariants manifest different topological phases. Quantum Hall or
Chern insulator phases defined by the Thouless-Kohmoto-Nightingale-Njis (TKNN) num-
ber or Chern number [12,13]. In contrast, topological insulator and semimetal phases are
represented by the topological invariant Z, index, calculated from the Berry curvature in

the momentum space [[12,[13].

Topological quantum computation, in which the data encoding has to be error-free, re-
quires an appropriate topological material. So far, many systems have been proposed theo-
retically and experimentally for the topological quantum computation [[14]. To understand
the effectiveness and applicability of these systems for quantum computation, we need to un-
derstand their topological properties of these compounds microscopically. Among several

proposed topological systems, we think, kagome lattice systems are promising considera-
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tions due to their unique electronic and magnetic structure [[15]. Therefore, this thesis aims
is to grow single crystals of various kagome systems and study their structural, electronic,

magnetic, and transport properties.

The first chapter of this thesis discusses the concept of topological invariance from ab-
stract mathematical perspective and its connection to condensed matter systems via Berry
phase. Then, we discuss the role of spin-orbit coupling in the topological phases. Next, I
move towards a brief discussion about different types of Hall effect and their connection to
the topological properties, such as quantum Hall effect, quantum spin Hall effect, anomalous
Hall effect, and topological Hall effect. Next, I discuss the role of symmetries in topolog-
ical systems and the properties of topological semimetals. Finally, I end this chapter by

discussing the properties of Kagome lattice systems.

In the second chapter, I delve into the experimental techniques. I begin by discussing the
different methods employed for single crystal growth. Subsequently, I focus on crystal char-
acterization methods, including X-ray diffraction (XRD) and energy dispersive X-ray anal-
ysis (EDXS). The magnetic properties of the single crystals were analyzed using a vibrating
sample magnetometer (VSM). Additionally, electrical and magneto-transport studies were
conducted using the physical property measurement system (PPMS) from Quantum Design,

specifically the [DynaCool model] with magnetic field strength of upto 9 Tesla.

From chapters three to six, I present the results on different Kagome samples that I have
grown during my Ph.D. tenures. In the chapter three, I present the work done on Mn3Sn. 1
observe a significant in-plane pure topological Hall effect which was diminished by doping
with Fe atoms. In chapter the four, I worked on the effect of Fe atoms doping in Mn3 yFexSn
at the Mn site, as this system shows strong correlation between the electronic and magnetic
structures, allowing us to tune the magnetism and its topological properties. Chapter five
talks about the growth of Fe3Sn single crystal as there are a few reports on the single crystals
of this system. Fe3Sn shows a giant anomalous Nernst effect due a the non-trivial Berry
phase in the k-space. Here, we have studied its magnetic and Hall properties in detail. In
the chapter six, I present the single crystal growth of HoMngGeg. Although HoMngSng and
HoMngGeg shares similar structure, not many studies available in HoMngGeg discussing
its topological properties. Here, we studied its structural, magnetic, magneto-transport, and

electronic band structure. Finally, chapter seven leads to the conclusions of this thesis.

2
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Figure 1.1: Concept of topological invariance: A coffee mug can be transformed to a
doughnut and a sphere can be transformed to a cube. But a doughnut can not be trans-

formed to a sphere. Therefore from topology both doughnut & coffee mug and cube &
sphere are the same.

1.1 Topological Invariance

The term ‘Topology’ is derived from the realm of abstract mathematics. By introducing
topology, a mathematical geometry can be unaltered continuously from one shape to another
without breaking it [[16]. This concept can be easily visualized by the following example.
If we consider a coffee cup made of stretchable material, by applying external force, we
can shape it into a doughnut, as shown in Fig.. In short to a topologist, a coffee mug
and a doughnut are indistinguishable. In mathematical term, this equivalence or one-to-one
correspondence in topological space is called homeomorphism. In simple mathematical
definition, if A and B are two topological spaces and they are homeomorphic then there
isacontinnousmap f : A ¥ Bandg: B ¥ Asuchthat f g: A ¥ Aandg

f : B ¥ B. The maps f and g are homeomorphisms, and we can write f ! g and
g ! f. Topological invariant properties are always preserved under homeomorphism. In
the example shown in Fig., the hole in the coffee mug and the doughnut is topologically

invariant.

1.2 Berry Curvature

In 1983, ‘Berry’ realized that if a quantum mechanical system is transported in a closed path
(C) in a parameter space [[17], it would acquire a phase which depends on the geometry of

the path called ‘Berry phase’. We can understand the concept of Berry phase using a simple
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Figure 1.2: visualization of Berry curvature. (a) parallel transport in a 2D sheet where the
geometrical phase for the closed loop is O while in (b) a sphere the geometrical phase is %
for the closed loop ‘C’. (c) Visualization of Berry phase in momentum space. The images
are reproduced from []

geometrical parallel transport mechanism []. For example, consider a tangent vector of
a surface in real space is to be transported in a closed path ‘C’ such that the tangent vector
does not rotate around the normal to the surface at any point. As seen in Fig.(a), the
tangent vector is to be transported in a 2D Euclidean surface along the path ‘C’. We can
see that there is no change in the angle between the initial and final tangent vector. On the
other hand, if we take a spherical surface and transport a tangent vector, as shown in the
Fig.(b), there will be 5 phase difference between initial and final tangent vector when
transported in the closed path ‘C’.

Consider a Hamiltonian H(R) acting on a quantum system where R(R1, Ry, Rs...., Rn)
is a collection of vectors in a parameter space. For each R, there are n eigenstates jn(R)1
and corresponding eigenvalues E,(R) as discussed in [@, ]

H(R)jyn(R)i = En(R)jyn(R)i (1.2.1)

We introduce an adiabatic closed pathC ~ fR(t)jt =0 ¥ Tg in the parameter space.
According to adiabatic theorem, the initial eigenstate is not changed over time if the rate of

the variation of external parameter is very slow. We can write the state at time ‘t’ as

. R
iY(i=e b oCEBR)jE ()i (12.2)

where JF, (1)1 (at t = 0) is an auxiliary wavefunction whose dynamical phase is zero.

We can write



hY (O E(D] Y ()i = hY(t)jih%jY(t)i

- R R
= th(t)jellw' otdtOEn(R(tO))(ih%)e E otdtUEn(R(tO))an(t)i (12.3)

=En+i Fn(t) I.:n(t)

As Ej, is an eigenstate of Y (t)i the equation takes the form

i Fn(t) Fo(t) =0 (1.2.4)

If we represent jF, (1)1 in-terms of fixed eigenstate jn(R(t))i we can write

iFn(0)i = e® jn(R(t)i (1.2.5)

By putting this relation in equation , we get

an(t) = ihn(R(D)jN(R(L)i (1.2.6)

For the closed loop C the Berry phase is defined as follows

|
an(C) =i Mn(R®)]Trin(R®)i.dR
|
=i AR)dR

(1.2.7)

Here A(R) is called the Berry connection. Following Stokes theorem, we can rewrite

the Eqn. as

Z Z
an(C)=i (re AR)IS=i W(R)S (1.2.8)

Here, W(R) = rr  A(R) is called the Berry phase.

In condensed matter, there are mainly two parameter spaces, which physicists use (i)
Berry phase in the crystal momentum space (K) and (ii) Berry phase in the real space (r). If
we compare this Berry concept with classical electromagnetism, Berry curvature represents
a pseudo magnetic field, and the Berry phase is the magnetic flux. Berry phase in momentum
space is mainly generated by nontrivial band topology in the electronic band structure, while
in real space, it is mainly generated by nontrivial magnetic structure. Interestingly, the total
Berry phase acquired in a closed loop in the Brillouin Zone (BZ) is a multiple of 2p

z

W(K)d’k = 2pC (1.2.9)
BZ

5
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Figure 1.3: (Left) The atomic spin-orbit coupling effect on the orbital electron. (Right)
Band inversion phenomenon induced by SOC in solid systems.

Here, the C is topological invariant known as Chern number. The Chern number is

critical to determine whether a material is topological or not.

1.3 Spin-Orbit Coupling

In an atom, electron orbit around the nucleus with very high velocity, producing orbital
angular momentum [22]. As the electron has its intrinsic spin, it interacts with the relativistic
magnetic field, leading spin-orbit coupling or LS coupling. Solid state systems have an array
of atoms and charge carriers, experiencing the spin-orbit interaction. Thus the Hamiltonian
including the SOC is given by [23]

rv rv
H = S= —=sS. 1.3.1
S0¢ 2mac? 4m3c? P (13D
Where mg is the mass of a electron, C is speed of light in vacuum, L and S are the orbital
and spin angular momenta, and V is the coulomb potential. In condensed matter systems,

we can replace S by Pauli’s spin matrices S and L by momentum vector p.

SOC plays a vital role in topological systems by introducing band splitting and band
inversion [24]. For example, in topological insulators, the presence of strong SOC can swap
the highest occupied valence band with with the lowest unoccupied conduction band , which
eventually causes band inversion, as shown in Fig.. In case of nodal line semi-metal,
presence of SOC opens up a gap which eventually gives rise to very high Berry curvature
[25].



1.4 Hall Effect

The Hall effect is a phenomenon observed when a current-carrying conductor or semicon-
ductor is subjected to a perpendicular magnetic field. Discovered by Edwin Hall in 1879, the
Hall effect resulted in the generation of a transverse voltage known as the Hall voltage [26].
This voltage is perpendicular to both current and the applied magnetic field directions. This

transverse Hall voltage can be described as

IB

VH = RHT (1.4.1)
Where Ry is Hall coefficient is inversely proportional to charge carrier concentration n
such that Ry = nle | and B are the applied current and external magnetic field strength. t

is the thickness of the sample. In general, current density (j) can be expressed in terms of
resistivity tensor (r) and electric field (E = ExX + EyY) as,
! ! !

E r r i
E=rj= ~ = 9 b (1.4.2)
Ey Fyx Fyy y

In terms of the conductivity tensor (S) we can rewrite j as

| | L|
i J Sxx S E
j=sE > J_X = T X (1.4.3)
ly Syx Sy By
which implies S = r 1 and using the relations yx = Fyy and Fxy =  Fyx we can
express the conductivity in terms of the resistivity as
Mxx
Sxx — —5———5— (1.4.4)
Fix + My
and
Sxy = 55— (1.4.5)
Fex + iy

Later, the Hall effect branched into different types such as quantum Hall effect (QHE),
quantum spin Hall effect (QSHE), anomalous Hall effect (AHE) and topological Hall effect
(THE).

1.4.1 Quantum Hall Effect

In normal Hall effect, we considered the electrons as classical particles but their motion is
confined in a 2D-plane. On the other hand, in the quantum picuture, the electrons motion
in a 2D-plane is treated quantum mechanically using the Schrédinge equation. Thus we can

choose the vector potential A(r) for yhe magnetic field applied along Z direction A(r) =

7



XBY i.e. ‘Landau gauge’ such that ¥y  A(r) = BZ. Now the Hamiltonian can be written
as [20, 21]]
LA 2#
eBx

1 e 2 1 2
H=o— p+ A =5 P+ py+—— (1.4.6)

Following the Born-von Karman boundary condition along y direction, we can write the

solutions of this Hamiltonian as

y(x,y) = F;'feikyyfky(X), ky = 22" n:integer

Now the Schrédinger’s equation becomes

" #
1 exB *
o Px+ Py + == i () = e Fi () (14.7)

From a close observation of the above equation, we can find that it mimics a harmonic

oscillator in the x-direction. Thus, We can rewrite the Hamiltonian as

:%piﬂnTWé x + kI3 ? (1.4.8)

Here, wg = eB/m is cyclotron freﬂilglcy of electron orbiting on the plane perpendicu-

lar to magnetic field BZ the and lg = ?—é is the magnetic length. The energy eigenvalues
are given by

en= n +% hwg (1.4.9)

The number of available states in a Landau system is calculated to be N = E}—’;“, where

A is the area of the sample perpendicular to the magnetic field B and Ty is the magnetic flux

quantum Fy = % In case of Hall effect we must include the electric field E = EpX and

thus the modified Hamiltonian can be rewritten for the potential energy [V (x) = exEg]
2#
1 eBx
H=_—- pi+ py+—  +exE 1.4.1

and the corresponding energy eigenvalues are given by

1 , eE mE?
enky, = n+E hwg eE kyIB+mWé +2|32 (1.4.11)

Now the energy levels depends linearly on ky which means there is a finite drift velocity

. . . fe L . .
along y direction with vy = %ﬂLk:y = %. Which is the cause of quantized Hall effect in
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Figure 1.4: Schematic presentation of (a) normal Hall effect (b) Spin Hall effect (SHE).
Quantum version of normal Hall effect or (c) integer quantum Hall effect (IQHE) and quan-

tum version of SHE or (d) quantum spin Hall effect (QSHE). (e) Experimental observation
of QHE taken from Ref [3]

y direction.

Though the system behaves as a band insulator, in presence of external magnetic field
due to quantization of Hall effect, one can see conducting edge states as demonstrated in
Fig.(c). Further, the potential energy term V (X) can be expanded as V(x) = V(X) +
(x X)% (ignoring the higher order terms). Here we will also get drift velocity along y
direction vy = equT_\; Interestingly, the edge modes are chiral and opposite i.e. Vy < 0 for

X > 0 and vy > 0 for X < 0 which explains the opposite current flow at the edges [27].

1.4.2 Quantum Spin Hall Effect

In spin Hall effect measurements, the strong spin-orbit coupling (SOC) pushes the spin-
up and spin-down electrons to opposite edges of a 2D material without even applying the
external magnetic field. Though the net charge current is zero in this case, there is a finite
transverse spin current. Quantum spin Hall effect (QSHE) is the quantized version of the
spin Hall effect. In QHE the time reversal symmetry (TRS) is broken due to the presence
of magnetic field but in QSHE the TRS is preserved. This QSHE is first observed in the

semiconducting HgTe quantum well, sandwiched between two CdTe layers [28,29].
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Figure 1.5: Anomalous Hall resistivity plotted as a function of applied field in a ferromagnet
Ni, taken from Ref [31]

1.4.3 Anomalous Hall effect

Soon after the discovery of Hall effect in a semiconductor in 1881, Edwin Hall observed an
anomalous Hall signal while replacing the semiconductor by ferromagnetic iron [30]. Thus,
named as the anomalous Hall effect (AHE). In a ferromagnet, initially the Hall resistivity in-
creases steeply, reassembly the magnetization M(H), saturating the Hall resistivity increases
linearly with applied field due to normal Hall contribution. So, the total Hall resistivity can

be written as,
ry = mgRoH + mgRsM (1.4.12)

where the first term represents normal Hall effect and the second term represents the anoma-
lous Hall effect. Rg is the normal Hall coefficient, Rg is the anomalous Hall coefficient, and
M is the magnetization. The AHE data from ferromagnet Ni, taken from Smit [31], is shown
in Fig. Recently, AHE has been observed in antiferromagnetic systrms as well [32,33].
While in antiferromagnet systems the AHE originates intrinsically, in ferromagnetic sys-
tems, there are also extrinsic origins [34]. So far, there exists three widely known micro-

scopic theories explaining the AHE in condensed matter systems [34]

(i) Intrinsic anomalous Hall effect: In 1954, Karplus and Luttinger introduced this con-

cept when they considered the inclusion of spin-orbit coupling which gives a finite contri-
bution from the inter-band scattering which only depends on the electronic structure of the
material [35]. Until 2002 this concept was not seriously considered by the scientific com-
munity, the AHE in topological systems compelled to vote on this theory. As per the KL
theory, for the given states of jn, ki (for n-th band with momentum k) and eigenvalues ey, (k)

int

of a Bloch Hamiltonian H, one can calculate the intrinsic Hall conductivity S; i using the
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Kubo formula [34],

z

T S
Sint — o2 dk (F(en(k)) f(ew())] Im hn, kjvi(k)jn", ki hn’, kjv;(k)jn, ki

[en(k) e (K)]?
(1.4.13)

Here, the velocity operator can be expressed as Vij(k) = % rH(k). The Berry connection

! nénd (Zp)d

can be written as A (k) = ihn, kj ¥ jn’, ki which gives the Berry curvature
Wh(k) = r Ank) (1.4.14)

By solving the Boltzman’s semi-classical transport equation, one can get the equation of

motion as

dhei _ 19E e
G S Rm BB W) (1.4.15)

The first term is the drift velocity of the electron in presence of external electric field and
second term suggests electron motion transverse to the applied electric field to produce the
anomalous Hall conductivity. As the intrinsic Hall conductivity (IHC) is calculated by inte-

grating over the entire Brillouin Zone (BZ), IHC would be temperature independent if there

is no change in the electronic band structure. Further, the anomalous Hall resistivity (r:}‘t)
nt oz,

quadratically dependence with on the longitudinal resistivity (rj;) such that r} i

(i1)Extrinsic Anomalous Hall effect

(a) Skew-scattering mechanism: In 1955, Smit first proposed that the main reason for

the anomalous Hall effect is from the asymmetric (skew) scattering of electrons with the
impurities in the presence of strong spin-orbit interaction [36,37]. The Fermi’s golden rule
describe the probability of transition from a initial state n to final state n’ as Whep =
gﬁlj hnjDHjn" j2d(E, E.) where DH is the perturbation inducing the transition. In the
presence of SOC and magnetization the scattering probability of n ¥ n®and n’ ¥ n

transitions is not same. The transition probability takes the form
Who= t 'k Kk.Ms (1.4.16)

If the transport life time (t) is high, the skew scattering contribution dominates the total
Hall effect and the anomalous Hall resistivity is linearly proportional to the longitudinal re-

sistivity risjkeW rii [34].

(111) Side-jump mechanism: In 1964, Berger introduced the side-jump mechanism to

explain the anomalous Hall effect [38]. In semiclassical approach when a gaussian wave
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packet scatters from a spherical impurity, the wave packet with incident wave vector k dis-

place transverse to its initial direction. This phenomenon is called side-jump. In this case
side 2

ij Fii-

Interestingly, unlike in the skew-scattering mechanism, in the side jump case the Hall con-

anomalous Hall resistivity is quadratically proportional to longitudinal resistivity

ductivity is independent of the longitudinal conductivity [38]. Thus, the extrinsic side Hall
conductivity is SisjiOIe = eh—z(efz%) where esoc is the spin-orbit coupling energy and Ef is
Fermi energy.

1.4.4 Topological Hall effect

However, recently a different component of the Hall effect, which is distinguishable from
the AHE, has been discovered in many non-coplanar magnetic systems. This special type
of Hall effect now widely popular as the topological Hall effect (THE) is mainly found in
the system with non-coplanar chiral spin structure. While the AHE in non-collinear systems
is originating from finite k-space Berry curvature, the THE comes due to finite real space
Berry curvature in the system. This topological Hall effect is mainly found in the skyrmion
crystals [39, 40], canted antiferromagnets [41, 42], and spin glass systems [43]. The total

Hall resistivity can be expressed as,

er(H) = r)?ly(H) + r)'?\y(H) + rIy(H)

(1.4.17)
= moRoH + moRsM + ry, (H)

Now, as this THE is coming from non-coplanar chiral spin structure, the value of topological
Hall resistivity (rIy) can be negligible in the presence of strong magnetic field, as all spins

try to align in the direction of applied field. So, in high magnetic fields region rIy ¥ Oand

we can rewrite the Eqn. as,

T

My M
= Rp+ Re— 1.4.18
moH 0 SH ( )

By fitting the Hall resistivity data with Eqn. in the high field region, we estimate
the normal and anomalous Hall coefficient (Rg and Rg). By inserting Rg and Rg values in
the main Eqn. , we can extract topological Hall resistivity contribution from the total
Hall resistivity.

In special cases the non-coplanar magnetic structures can become topologically non-
trivial spin textures in presence of certain magnetic interactions inside the system. Such
examples are skyrmion, anti-skrymion, and biskyrmion [40, #5-49]. The quantity which

distinguishes among this non-trivial spin structures is called the topological charge or wind-
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Figure 1.6: (a)Different types of Hall contributions to the to the total Hall resistivity. Here,
I'xy: total Hall resistivity; r!}‘y: normal Hall resistivity; rXAy: anomalous Hall resistivity; I’Iy:
topological Hall resistivity. (b) Néel and (c) Bloch type skyrmions, images are taken from
Ref [44]

ing number Q [49].

Skyrmion: Skyrmions are a speciﬁl kind of non-coplanar arrangement of spin-strucutres,

where the winding number Q = % m.(fxm  fym)dxdy would be either +1or 1. A
skrymion would form in a magnetic system if there exists atleast two competitive interactions
in the system. In general, Hamiltonian of a magnetic system can be expressed (including

several magnetic interactions) as

H= N Jijsi-sj h; _ sz +Hpm + I'lsingle ion T I'ldipole +Hprkky  (1.4.19)
<I,J= ]

The first term corresponds to Heisenberg interaction, second term is due to Zeeman splitting,
third term is for Dzyaloshinskii—-Moriya interaction, fourth term corresponds to single-ion
anisotropy, fifth term refers to dipole-dipole interaction, and sixth term is due to Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction. In a non-centrosymmetric system the Dzyaloshinskii—
Moriyaterm Hpm = Dj i-(Si  Sj) would play acritical role. In a non-centrosymmetric
system the inversion symmetry is broken resulting finite Djj term. Several non centrosym-
metric systems fall into this category such as MnSi and FeGe [50,51]]. In rare-earth based
triangular magnets, the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction (in which the
localized spins are coupled though the conduction electrons) along with magnetic frustra-
tion, can stabilize skyrmions as seen in GdyPdSi3 [48] and Gd3zRusAljo [52]. In case of
centrosymmetric magnets, like FezSny [53], the competition between single ion anisotropy

and the dipole-dipole interaction is the main source of the skrmion formation. As the charge
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carriers move through a skyrmion, they experience real space Berry curvature which is noth-
ing but a pseudo magnetic field. The strength of topological Hall resistivity depends on this

pseudo magnetic field expressed by
My = PRoBefs (1.4.20)

where P is the polarization factor, P = mspon/Msat, Ro is the normal Hall coefficient, and
Bqf is the effective pseudo magnetic field [54-56]. This effective pseudo magnetic field

depends on the skymion density as
Berf = Fonsk (1.4.21)

Here, Ty is flux quanta and ngy is skyrmion density [54-56]. Thus, the skyrmion density in

a system can be indirectly estimated using the topological Hall resistivity data.

1.5 Symmetries

As discussed earlier, a system will be topologically invariant if it is protected by atleast one
of the two symmetries. They are (i) time reversal symmetry (TRS) and (ii) Point group

symmetry.

1.5.1 Point group symmetry

After imposing the Point-group symmetry if lattice is unchanged, we say that the system is
invariant under point-group operation [57]. Point-group symmetries are unitary operators.
There are several point-group symmetries such as inversion, reflection, rotation, and rotore-
flection. Among them the inversion symmetry plays an important role in developing topo-
logical state in a condensed matter system. Under inversion symmetry, a left-handed system
would become right-handed. It is an unitary operation such thatk ¥ Kk and P2=1.1fP

is inversion operator acting on the position X, then the expectation value would become
hFjiP %Pjfi = hFjkjFi (1.5.1)

So, X is odd under inversion. In inversion invariant system the energy eigenvalues can be

written as
Ens( k) = Ens(k) (1.5.2)

and for Berry curvature,
W( k) =W(k) (1.5.3)
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1.5.2 Time reversal symmetry

Time reversal symmetry is an antiunitary operator. If it acts on position X is would be
unchanged. If it acts on the momentum P and spin §, their signs will be reversed in such
way that

TR: X ¥ x,p¥ pSsY¥ § (1.54)

In a spin-1/2 system, TRS acts as,
T sT= s (i=xy,2) (1.5.5)

Where s; are Pauli’s spin matrices. If a system in invariant under the time reversal symmetry,

the Hamiltonian of the system would be unchanged. Then,
En s( k) = Ens(k) (1.5.6)
and for the Berry curvature, there would be a sign change

W( k)= W(K) (1.5.7)

1.6 Topological Semimetals

In 1928, Dirac introduced his famous relativistic equation for the fermions by incorporating
both the single particle quantum mechanics and the special theory of relativity [58,59]. The
wave equation of spin 1/2 electron in the relativistic limit (Dirac equation) can be written in

the covariant form as

(ihg™m mc)y =0 (1.6.1)

Here m = 0,1, 2, 3.... is the dimensionality of the space, C is the speed of light in vacuum,
and m is the rest mass of the fermion. Dirac proposed this equation for free fermions, in the
vacuum, in the high energy limit where the energy of the particles is linearly dependent with
its momentum according to Einstein’s equation E? = (pc)? + (mgc?)?. In condensed mat-
ter systems, there are several other interactions are present. Thus, the electrons inside the
systems are not independent but collectively they are quasiparticle excitations which follow
Dirac wave equation, called as Dirac fermions (massive, m & 0) in the condensed matter

systems. The systems hosting the Dirac fermions are called Dirac semimetals.

Soon after Dirac proposed his revolutionary wave equation, in 1929, Hermann Weyl
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PSOVNFSJDBMMZ SFWFBMTJUTUPQPMPHJIDBM QSPQFSUJF"-
X1JDI BSFTFBSDIFS XPSLPO SFBMTZTUFENTCZTZOUIFTJ[JOF
UPQPMPHIJDBMQSPQFSUJFT S5IJTUIFTJTIJTCBTFEPOFYQFS
EJTDVTTFEBCPVUUIFFYQFSINFOUBM NFUIPET VTFE BOE UII

4JOHMF $SZTUBM (SPXUI

"TIOHMF DSZTUBMJT B TVCTUBODF XIFSFUIFBUPNT BSF BS
QBUUFSO UISPVHIPVU UIF NBUFSJBM 6O0OMJLF QPMZDSZTUBI
BSIJFTPSTUSVDUVSBMJOUFSSVQUIJPOT XJUIJOUIFTVCTUB!
UIFNBUFSJBMTUSVF OBUVSFBOEUPEFUFSNJOFJUT QPUF(

SIFSFBSFWBSJFUZPGUFDIOJRVFTUPHSPXTJOHMFDSZT
Uulr J MJRVJEUPTPMIE JJ WBQPVSUPTPMJE BOE JJJ TP
QMF #SJEHNBO $[PDISBMTLJ BOEQVY NFUIPETBSFCBTFE |
8IFSFBT DIFNJDBM WBQPVS USBOTQPSU $75 DIFNJDBM WE
UIFTVCTUBODFGSPNBWBQPVSQIBTFUPBTPMJEQIBTF 5IF
TIJUJPOIBQFOTEVSJOHUIFTPMJE TUBUF SFBDUJPO JO XIJD
HSPXDSZTUBMTBSFJO TPMJEGPSNBOEUIFDSZTUBMT XPVM
IBWF NBJOMZVTFE QVY HSPXUINFUIPEBOE TPMJE TUBUF TJC
5P HSPX 0x40 BOE y)REOTJOHMF DSZTUBMT * IBWF VTFE QVY H
UP HSPKOHJOHMF DSZTUBM * IBWF VTFE 444( NFUIPE 5IF EF
EJTDVTTFEJOUIFCFMPX TFDUJPOT

‘MVY HSPXUI NFUIPE

#FGPSFHPJOHJOUPUIFEFUBIMTPGQVY HSPXUINFUIPE PO
MJLFCJOBSZQIBTFEJBHSBN TVQFSTBUVSBUJPODPOEJUJP
UJPO QSPDFTT



'JHVSF#JOBSZ QIBTFEJBHSBN PG DPNQPOFOU"BOEBE# *NBHF J

#JOBSZ QIBTFIHBBHEBRHSBNTSFQSFTFOUUIFSFMBUJPOTIJ(
XJUIJOBQSFTTVSF UFNQFSBUVSF DPNQPTJUJPO Q5Y TQBD
DIOMFT 1IBTF EJBHSBN DBO CF DMBTTJPFE CBTFE PO UIF O\
UIFTZTUENT TVDIBT TJOHMF CJOBSZ BOEUISFFDPNQPOFOL
CJOBSZ QIBTFEJBHSBN QSFTTVSF XPVME CF PYFE XIJMF UIF E.
UFNQFSBUVSF 5 BOEDPNQPTJUJPO EFQQBUOFB'€SG-EBANQMH F
BHSBNPGUXPDPNQPOFOUT"BOE# "#JTBDPNQPVOEUIBUJT (
# S5IFSFBSFNBOZ[POFTBOE[POFCPVOEBSJFT " T "# T [POF
CPUI"BOE "# BSFQSFTFOUCVUJOTPMJE GPSNBOE UIF [POF "
TFQBSBUFE CZUIF[POF CPVOEBSZ "# MJOF B8IFSFBT "# T - [PC
BOEB MJRVJE QIBTF

$SZTUBM OVDMFBUJITFROBEOMBRYSHFFXU3I $CE XFIHPOTJEFS UIF WF S
EBTIFE MJOF JO UIF QIBTF EJHSBN XFDBO TIFRUBEHBISFF UFNC
XJUIEJOFSFOUDIBSBDUFSJTUJDB TU FOTWFUNXQIVEN C ¥ I B 3/JHRM
EJTTPMWFEJOUIFQVY NPMUFO 'VSUJFSIEFMNEPNDUB® XIRNV M ENCE
JOUIFTVQFSTBUVSBUFE MJRVJE TUBUF "TMJHIUEFDSFBTF J(
DMFBUJPO QSPDFTT XJUI NJDSPO TJ[FEDSZTUBMT UIFTF DSZ
UIFUFNQFSBUVSF HSBIEVBIMMEEEDSEZBEUBMUOMSPX CIHHFS JO 1




'JHVSF'MPX DIBSUPG QVY HSPXUINFUIPE

T3 TIPVMECFUIFUFNQFSBUVSFBU XIJDIUIF QM YPIOF\OMFEE F J
UPTFQBSBUFUIFDSZTUBMT GSPNUIFQVY CZDFOUSJGVHJO

*OUIJTNFUIPE UIFQVYDPNFTGSPNPOFPGUIFFMFEFNFOUT
BT"PS#JODBTFPG"# 0OUIFPUIFSIBOE JGUIFQVY NFMUJC
DBO DIPPTFB MPX UFNQFSBUVSF NFMUJOH UIJSE QBSUZ QV
HFUEJTTPMWFE JOUIFUIJSE QBSUZQVY UP GPSN "#

'‘JHVSEFTDSJCFTUIFQVYHSPXUINFUIPETFRVFOUJBMMZ
FMFNFOUTBSF XFIJHIFEGPSBQQSPQSJBUFRVBOUJUZ BOE N.
BWPJEBOZPYJEJ[BUJPOBOE NPJTUVSF GPSNBUJPO 5IFO Ul
DSVDIJCMFBOEDPWFSFE XJUIRVBSU[XPPM 51JTDSVDJCMFJ
UlBU UIFRVBSU[BNQPVMFJT TFBMFE VOEFS QBSUJBM BSHF
JT TVCKFDUFE UP VOEFSHP IFBUUSFBUNFOU JOTJEF B IJHI
JT TFUUPBPYFEUFNQFSBUVSFBU XIJDIBMMUIF FMFEFNFOUT
UFNQFSBUVSFJTDPPMFE EPXO TMPXMZ UPGWH>SFEI B BN QIFFSBR
RVBSU[BNQPVMFJT UBLFO PVUPG UIF GVSOBDF BOE QMBDF
UIFQVY GSPNUIFDSZTUBMT 5IF GPSNFEDSZTUBMT XJMM C
X1JDIBDUBTBPMUFS UP SFNPWF UIF FYDIITTX@Y YWBTF DIPAV T
UIFQVY HSPXUIUFDIOJRVFUP HSPXUIFTIJOHMFDSZTUBMT



'JHVSF B #JOBSZ QIBTF EJBHSBNPG'F 40 ¥ZTAU KD ILFBNBWIGSP T
QSFTFOUBUJPO PAOHIFXBI4POGB'GPNT EJOVTF Y#ORBZIBAMLIT C
USBOTGPSNFEUP TIJIOHMFDSZTUBMTBGUFSIFBUUSFBUNFOU

APMJE 4UBUF 4JOHMF $SZTUBM (SPXUI 444(

*OUIFQVY HSPXUINFUIPE UIF QSFDVSTPST IBWF UP CF NFMUF
QSFDVSTPST BSFJO TUPJDIJPNFUSJD SBUJP BOE IBWF POJUF
BEEJOH PUIFS FMFNFOUPS CZUBLJOH NPSFBNPVOUPGPOF P(
UIF NFUJOH UFNQFSBUVSF PG UIFTZTUFN CVU JO TPNF TZTUF
QPVOE DPVME NFMU OFJUIFS DPOHSVFOUMZ OPS JODPOHSVFC
UP VTF PUIFS BQQSPBDI BOE POF TVDI BQQSPBDIJT TPMJE TU
UFDIOJRVF XIJDIJTBTPMJEUP TPMJE QIBTFUSBOTJUJPO

'‘PSFYBNQMFDPOTJEFS UIFQIBTFEJHSBNPG'F 480 CJOBSZT
"TPOFDBOTFFUIFSFBSF NBOZAP NKDPEDOE THMD IBBOE FF 40
IPX JGPOFDIPPTHOPBSGRNADSZTUBM JUIBT OPDPOHSVFOU
DBOOPUCFVTFEBPBMIMWYEPISNT BSPVOEBUUIFTBNFUFNQFSBL
JODPOHSVFOU NFMYOOH O4HHMMFHSFZFUBM DBO CF GPSNFE VTJOI
UIJT NFUIPE 1JHIQVSJUZ QPXEFS PG'FBOE 40 FMFNFOUT DBO
UP NBLFBIPNPHFOFPVT TPMJE TPMVUJPO 8JUIU}EBQQMJIDBL
QIBTFJTTUBCMF JO UIF QIBTF EJBHSBN UIF 40 BUPNT DBO EJ
TNBMMOMHSBIOT JOUIFNJYUVSFBT TIPXO TDGRNEBW QBRMEZQABF
QFSJPEPGIFBUUSFBUNFOU BOFBMJOH UIFTFNJDSPNFUFST
TNBMMNIJMINFUFS TIJ[FTJIOHMFDSZTUBMT 5IJTNFUIPEJTCBT



JUIJTBTMPX QSPDFTT

4USVDUVSBMDIBSBDUFSJ[BUJPO 9 SE

5P LOPX UIF TUSVDUVSBM JOGPSNBUJPO PG UIFBT HSPXO T.
GPSN9 SBZEJOSBDUJPO NFBTVSFNFOUT PO UIFHSPXO TBNC
EJTUBODFTJOBTPMJE JIIPWHB ZVONB®&MF SBOHFFMFDUSPNBH
VTFE GPS UIF EJOSBDUJPO Bift JUTXBWBEFODEBZ JT VTFE UP
UIFDSZTUBM TUSVDUVSFVTJOH UIF EJOSBDUJPO QIFOPNFO
UIFJOUFS BUPNJD EJTUBODFT *OUIF 9 SBZEJOSBDUJPO U
XBWFMFOHIMWDJEFOUPOUIFTVSGBDF PG UB- DSl EBUBHWBETCIH P
UXFFOUIF9 SBZBOEUIFDSZTUBM TV S&BDBHRJIT PBMIAHEFDIEF R
GSPNEJOFSFOUMBUUJDFQMBOFT XIJDIJOUSPEVDFT QIBTF
TUSVDUJWF JOUFSGF3SF XPPBOSIHFNF 'UH QRUSingJPGBFQDF JT
QIBTF EJOF%%WF'B"B DPOTUSVDUJIJWFJOUFSGFSFODFT UIF (
FWFO NV MUDBOWIF PG
2|—p2dsinq: 2np =) 2dsinq= nl

BIFSFJTBOJOUFHFS SIFBRMOMFE #SBHHT MBX PG EJOSBDUJI
EJOSBDUFE 9 SBZT(BPBEGVDBDOPLCAGPWF JOUFOWBWMNVGHBILID B L
EJDBUJOHDPOTUSVDUIJWF JOUFSGFSFODF 5ISPVHIUIF DBM
VTIJOHUIF#SBHHTSFMBUJPO XFDBOFTUJNBUFUIFMBUUJD

"93% TFUVQJT TDIFNBUJDBMMZE FRQAFDQUIEDIFOr TIBVWHBEFOT X.
HFOFSBUJPO PG 9 SBZT CZJOJUJBUJOH BO FMFDUSPO CFBN
$PPMJEHF UVCF UISPVHI UIFSNJPOJD FNJTTJPO GSPN B IF
FMFDUSPO CFBNJT EJSFDUFE UPXBSET B DPQQFS $V BOPE
4VCTFRVFOUMZ UIF HFOFSBUFE DIBSBDUFSJTUJD 9 SBZ QB~
DVTFE 9 SBZCFBN UIBUJNQJOHFT PO UIFTBNQMF TVSGBDF
HVJEFE UISPVHI BEEJUJPOBM TMJUT TVDI BT UIF 1BSBMMFM
TMJUUP FOIBODFCFBNGPDVTBOEUIFQFBLJOUFOTJUZPGU
NFOUT XFSFDPOEVDUFE VTJOH B 3JHBLV 4NBSU-B@G9 SBZ EJ
SBEJBWIRP®I06... <TFF'JHBSF *OUIJTTFUVQ FMFDUSPOT FNJ
DBUIPEFBSFBDDFMFSBUFECZB WPMUBHFEJOFSFODF PG
XIIMFUIF FMFDUSPO DVSSFOU JT NBJOUBJOFE XJUIJO
BO FMFDUSPO CFBN PG VQ UP L8 XIJDI TUSJRFY SBZ¥V BOP



‘JHVSF B 9 SBZEJOSBDUJPO GSPNQBSBMMFM #SBHH QMBOFT
SBZEJOSBDUPNFUFS D L8 3JHBLV 4NBSUMBC 93% JOTUSVNF



S5IF EJOSBDUFE CFBNJT SFDPSEFE VTJOH B IZCSJE QIPUPO I
QPSUBOU UP OPUF UIBUUIFNFOU3PQHPBIJEGSBDB8BNFUN® VX
UIFTBNQMF TUBHF SFNBJOT TUBUJPOBSZ XIJMF UIF 9 SBZ U\
93% QBUUFSO 5IFBOHVMBS QPTJUJPOTPGUIF 9 SBABVCF B!
g SFTQFDUIJWFMZ "MUFSOBUJWFMZ PUIFS 93% TFUVQT TVD
g 2 HPOJPNFUFS XIFSFUIF9 SBZUVCFJTPYFEBU QPTJUJP
2gUP SFDPSE UIF EBUB

3JFUWFME SFPOFNFOUJT BO BEWBODFE BOBMZUJDBM UPF
UJPO 93% EBUB UP QSFDJTFMZ BOBMZ[F UIFDSZTUBM TUSYV
TRVBSFT PQUJNJ[BUJPO BQQSPBDI UP JUFSBUJWFMZ SFPOF
NPEFM-<S5IJT NFUIPE DBMDVMBUFT UIF EJOFSFODF CFUXFFC(
EJOSBDUJPO QBUUFSO TRVBSFTUIFTFEJOFSFODFT BOE Ul
JNJ[FUIFJSTVN %VSJOH3JFUWFME SFPOFNFOU WBSJPVTQ
DPPSEJOBUFT UIFSNBM EJTQMBDFNFOU QBSBNFUFST # GB
QBSBNFUFST *UBMTPUBLFTJOUPBDDPVOUJOTUSVNFOUBM
WPMVUJOHUIF DBMDVMBUFE EJOSBDUJPO QBUUFSO XJUI B ¢
UIFTIBQFBOECSPBEFOJOHPGEJOSBDUJPO QFBLT DPOTJEI
PMVUJPO BOE TBNQMF NJDSPTUSVDUVSF 5IFDBMDVMBUFE
FYQSFTTFEVTIJOHUIF GPMMPXJOH FRVBUJPO

lpgi = F R(ag C(q V R

8IFSF

tR JTUIFTUSVDUVSRIGBEDOSBIWWPIROWIQFBL SFQSFTFOUJOF
FBDIBUPNJOUIFDSZTUBM UP UIFEJOSBDUJPO JOUFOTJ

tR(q) JTUIFQSPPMFGVODUJPOEFTDSJCJOHUIFJOTUSVNEF
BDUFSJTUJDTBWUIFHIWFO BOHMF

tC(g) JTUIFHFPNFUSJDDPSSFDUJPO GBDUPS BDDPVOUJOI
XJUI TDBUUESJOH BOHMF

tVITUIFUIFVOJUDFMM WPMVNFPGUIFDSZTUBM

tRJT B TDBMJOH GBDUPS UIBU BDDPVOUT GPS UIF TBNQMI
NFOUBM FRDJFODZ

SIFTUSVDUNEFFQBOBPPHO UIF BUPNJID QPTJUJPOT BUPNJI
PUIFS QBSBNFUFSTEFTDSJCJOH UIF DS Z(y) BM BUB/DRIS/ISF T



UIF TIBQF BOE CSPBEFOJOH PG UIF EJOSBDUJPO QFBL EVF UP
QSPQFSUJFT 5IFHFPNFIC&Y B BPRSBFEDGCPBQGBWBEIBUIPO JO 9
XJUI TDBUUFSJOH BOHMF

$PNQPTJUJPO DIBSBDUFSJ[BUJPO &OF
SBZ4QFDUSPTDPQZ &%94

&OFSHZ JTQFSTIJWF 9 SBZ 4QFDUSPTDPQZ &%94 BMTP LOPX
QMPZFE UP EFUFSNJOF UIF FMFNFOUBM DPNQPTJUJPO PG UIF
FOFSHZFMFDUSPOTBSFCPNCBSEFEUPUIFTBNQMF

8IFOUIFTBNQMFJTTVCKFDUFEUP CPNCBSENFOUCZBIJHI F
USPOT CPVOE XJUIJO UIF JOOFS TIFMMT PG UIF BUPNT BSF FYL
DSFBUFE JO UIFTFJOOFS TIFMMT &MFDUSPOT GSPN UIF PVUF
FNJUUJOH 9 SBZT JO UIF QSPDFTT 5IF FOFSHZ PG UIFTF FNJUU
FSHZEJOFSFODF CFUXFFO UIF UXP FOFSHZ MFWFMT XIJDIBSF
OVN@FSIF RVBOUVNIGVINCF S@BSF SFTQFDUJWFMZ SFQSFTFOL

BOE/TIFMMT " TDIFNBUJD EJBHSBN JMMVTUSBUJOH UIF QSF
BDUFSJTUJD 9 SBZT JBTIPX®IU®TUBODF XIFOBO FMFDUSPO US
UPUIF, TIFMM UIF FNJUUFE 9 SBINJMBBSMMH XBRF BIBFTUSBOTJU.
GSPNUIF.UPUIF, TIFMM UIF SFT\MUBMPH BEZNT MBESBRMRE BF
UIF.BOE/TIFMMT UP ULFB-O'g BVBMBZTFSIET-QFDUJWFMZ 4JODF FE
JOUIF QFSJPEJD UBCMF QPTTFTTFT B EJTUJODU BUPNJD TUS)\
9 SBZT FNJUUFE GSPN B TBNQMF FOBCMFT UIF JEFOUJPDBUJP
*O'JH D BUZQJDBM &OFSHZ %JTQFSTJWF 9 SBZ 4QFDUSPTDF
JMMVTUSBUJOHDIBSBDUFS$J}F U (BDEBE RFBILFAVDIBGR UP EJOF
FMFNFOUT XJUIJO UIF TBNQMF JO UIJTJOTUBODF 'FBOE 40
QFBLJTJOQVFODFECZUIFMJLFMJIPPEPGB QBSUJDVMBS FMF|
GSPNUIF-UP,TIFMMFYIJCJUIJHIFS QSPCBCJMJUJFT UIBO UIF
RVFOWREBLT UFOE UP IBWF IJHIFS JQ QFBTITUSFET OPWIQB 8OE UR
'PSRVBOUJUBUJWF BOBMZTJT UIFCBDLHSPVOE JOUFOTJUZ <
&%9 TQFDUSB>JT JOJUJBMMZ TVCUSBDUFE GSPN UIF BDRVJSF
JOUFOTJUZ PG UIF QFBLT PSJHJOBUJOH GSPN WBSJPVT FMFENI|
5/1F BUPNJD QFSDFOUBHF JT UIFOEFUFSNJOFE CZEJWJEJOH U
FBDIFMFNFOU



‘'JHVSF B %JOFSFOU FOFSHZ MFWFMT PG FMFDUSPOT BOE |
HFOFSBUFE, -MJOFT C 4DIFNBUJD EJBHSBN PG TDBOOJOH
&%94 TQFDUSVNDPOUBJOJOHDIBSBDUFSJTUJD 9 SBZT FNJU



'‘JFME &NJTTIJIPO4DBOOJOH&MFDUSPO .J

*UJT B QPXFSGVM IJNBHJOH UFDIOJRVF VTFE GPS IJHI SFTPM
NPSQIPMPHZ PG NBUFSJBMT BU OBOPNFUFS TDBMFT *UPQFSB
USPO NJDSPTDPQZ 4&. XIFSFBGPDVTFECFBNPG FMFDUSPO
BTBNQMF BOE UIF SFTVMUJOH TIHOBMT BSF VTFE UP HFOFSE
UJPO '&4&. POFSTTFWFSBMBEWBOUBHFTPWFSDPOWFOUJPOI
PFMEFNJTTJPO FMFDUSPO TPVSDF 51JTTPVSDF QSPEVDFT B |
TNBMMFS QSPCF TJ[FBOEIJHIFSDVSSFOUEFOTJUZDPNQBSFE
IBODFEJNBHJOH SFTPMVUJPOBOETFOTJUIJWJUZUPTVSGBDF
JOHSFTPMVUJPO UZQJDBMMZJOUIFSBOHFPGBGFXOBOPNFU
TFOTJUIJWF UP TVSGBDF GFBUVSFT BOE DBO SFWFBM TVSGBDF
XJUIHSFBU QSFDJTJPO 51JT UFDIOJRVFBMTP DBO EFUFDU UI
OFTT QPSPTJUZ BOETVSGBDFEFGFDUT '&4&. TVQQPSUT WBS
POEBSZFMFDUSPO 4& JNBHJOH CBDLTDBUUFSFEFMFDUSPO
9 SBZTQFDUSPTDPQZ &%4 GPSFMFNFOUBMBOBMZTIJT &BDIJ
JOUPTBNQMFDIBSBDUFSJTUJDT B OEMDPINEPD URNPWI DIPHSSTFF O
PGEJOFSFOUDPNQPOFOUTPG'&4&.JOTUSVNFOU 'JSTU UIFF
FMFDUSPOT XIJDIBSFUIFO QSIJNBSJMZ GPDVTFE CZ UIF NBHOF
UIFTFDPOEBSZDPJMTBOEUIFPCKFDUIJWFMFOTFTJUGBMMT P
*OUIJXBZPOFDBOJEFOUJGZUIFTVSGBDF NPSQIPMPHZ

.BHOFUJD .FBTVSFEFNFOUT

SIFNBHOFUJDNFBTVSFNFOUTBSFDBSSJFEPVUVTJOHUIFWJC
SIF74. XPSLT PO UIF NFUIPEPG WBSZJOH NBHOFUJD PFME XIJ
UIFNBHOFUJ[BUJPO SFTQPOTF 'BSBEBZ T MBX TUBUFT UIBU B
FMFDUSPNPUJWF GPSDF &." JOBDMPTFE DJSDVJU 51JTJOEYV
FMFDUSJD DVSSFOU JG UIF DJSDVJUJT DMPTFE *O UIF DPOUF
PFMEJTBQQMJFEUPUIFTBNQMF UIFNBHOFUJD NPNFOUT XJU
UIFNTFMWFT XJUIUIF EJSFDUJPOPGUIFBQQMIJFE PFME 5I1JTE
JOUIFNBHOFUJD QVY QBTTJOHUISPVHIUIFTBNQMF "DDPSEJ(
NBHOFUJD QVYJOEVDFTBO &.'"JOUIFEFUFDUJPODPJIJM QJDL V
UFN *G UIFNBHOFUJD QVY QBTTJOHRg!ISAY B IUJHFHAMRMUISTPENFPQR
GPSDF &.' SFQSHHHHFORSHUBE JO UIF DPJM:DB%CEFFS(FQSFTTFE
e TJIHOJPFT UIF SBUF BU XIJDIUIF NBHOFUJD QVY DIBOHFT XJ

dt
MBX UIF EJSFDUJPO PG UIF JOEVDFE DVSSFOU QPX GSPN UIF



‘JHVSF -FGU 4DIFNBUJD EJBHSBN PG 74. JOTUSVNFOU 3JF
%ZOBDPPM 11ZTIJDBM QSPQFSUJFT NFBTVSFNFOU TZTUFN 1

UIFJOEVDFE DVSSFOU QPXTJO TVDIBEJSFDUJPO UIBU JU Q¢
WBSZJOHBQQMJFE NBHOFUJD PFME QBTTJOH UISPVHIUIF DF

/BSIJIPVT DPNQPOFOUT PGB 74. TFUVQSBSNBMOUINTUGBBNR |
JTPYFEUPBOPO NBHOFUJD TUJDL XIJDIJTDPOOFDUFE UP |
NPEVMF S5I1JT TUJDLJTUIFOJOTFSUFEUP B TVQFSDPOEVD!
VOJGPSN 5IFFYUFSOBM NBHOFUJDPFMETPNFXIBUBMJHOT
UIFTBNQMFPTDIJMMBUFT VQ BOE EPXOBU IJHITQFFE UIF NE
OFUJD NPNFOU PG UIF TBNQMF DIBOHFT XJUI UJNF 5I1JT BMI
TBNQMFJOEVDFTBO FMFDUSJD PFMEJO UIF QJDLVQ DPJIMT |
PGJOEVDUJPO 5IFWPMUBHF HFOFSBUWREREOUCF QY D ISVJQ DRPE
% &YQSFTTFEJOUFSNT PG UIFWFSZUS%B]\.BQFB"IWTJR]BGRSJUUIE
Bﬁ%g—f $POTFRVFOUMZ GPSBTBNQMF PTDJMMBILEIBNQMOVTH
UVEFUIF JOEVDFE WPMUBHF NBR\2fFf SFASBED RO XFESHT
JTUIFDPVQMIOWMMDRFOUTEBBNQBIGET NBHOFUJD NPNFOU JOUF(
51VT GSPNUIFDPIJM WPMUBHF UIF TBNQMF NBHOFUJ[BUJPC
EFUFSNJOFE

OVSNBHOFUJ[BUJPONFBTVSFNFOUTXFSFDPOEVDUFEVTJ
UVN %FTJHO 11ZTJDBM 1SPQFSUZ .FBTVSFNFOU 4ZTUFN 11.
WBSJFEVQUP 5BDSPTTBUFNQFSBUVSF SBOHF GSPN ,UP



UIFTBNQMF VOEFSXFOUPTDJIJMMBUNPAI XOUIWB & 34 RWIFORBZISPNEF
UupPs 51JTWJCSBUJPOHFOFSBUFEB WPMUBHFJO UIFQJDLVQD
FYUSFNFMZ MPX NBHOFUJD NPNRO 0 FNEP XPSFP WIFSP SEF $1P. &
JODMVEFTB74. PWFOPQUJPO FOBCMJOH 74. NFBTVSFNFOUT U
QFSBUVSFT SBOHJOH GSPN , UP ,

&MFDUSJDBM5SBOTQPSU .FBTVSFNFOU

*ONFUBMTPSMPXCBOE HBQTFNJDPOEVDUPST UIFDIBSHF DB
SBOEPNMZJOBCTFODF PG BOZFYUFSOBM GPSDF 6OEFS UIF F
PFME UIF DIBSHF DBSSJFST JOTJEF UIF NBUFSJBMT XJMM TUI
FODPVOUFS XJUITFWFSBM JOUFSBDUJP GMRDD BPIC- ) FODQARBE® ©
> FMFDUSPOBIGEBEIPMFDUSPOHPMMRX FOFSHZ JOUFSBDUJPOT
FMFDUSJDBM SFTJTUJWJUZ 5IFSFGPSF UIF FMFDUSJDBM SFT
PGTUVEZJOHUIPTFJOUFSBDUJPOT 5IFSFBSFNBJOMZ UXP NF
SFTJTUJWJUZ PG B TBNQMF J MJOFBS GPVS QSPCF NFUIPE

USBOTQPSUNFBTVSFNFOUT *NBJOMZVTFEUIFMJOFBS GPVS

-JOFBS GPVS QSPCF NFUIPE

-JOFBS GPVS QSPCF UFDIOJRVFIJT TVQFSJPS DPNQBSFE UP UI
GPSNFS NJOJNJ[FT UIF DPOUBDU SFTJTUBODFT JO B NVDI CFU
BLOPXODVSSFOUJOUP UIF NBUFSJBM XIJMF UIFJOOFS QSPC
PHVSBUJPO FOTVSFT UIBU UIF WPMUBHF ESPQ BDSPTT UIF DPC
UIFSFTIJTUIWIJUZNFBTVSFNFOU 5IF GPVS QSPCFTFUVQ FMJN
XI1JDIDBOEJTUPSUNFBTVSFNFOUTJOUSBEJUJPOBM UXP QSP(
UIF SFTJTUBODF PG UIF XJSFT DPOOFDUJOH UIF QSPCFT UP UI
SFQSFTFOUT UIF GPVS QSPCFNFBTVSFNFOUTFU VQ

5IF GPVS QSPCF NFBTVSFNFOU TFU VQ IBT EJOFSFOU DPNQHF
QFSBUVSFEFQFOEFOU SFTJTUIJWJIJUZ NFBTVSFNFOU FRVJQNFC

JABNQMF QSFQBSBWIPOOFFE UP NBLF UIF GPVS QSPCFDPOC
QMF $V XJS®WN EJBNFUFS BSFHFOFSBMMZVTFE UP NBLF UIF D
5|F $V XJSFTBSFBUUBDIFEVTJOH &QP 5FL) & TIMWFS FQPYZ
FOFS BSF NJYFE XJUI XFIJHIU SBUJP 5IF NJYUVSF BMPOH X,
XBSNJOHUIUIBDITIEF UIF HMPWF CPY UP BWPJE BOZ PYJEJ[BUJP



'JHVSF B -FGU JNBHF TIPXT TDIFNBUJD QSFTFOUBUJPO PG
3JHIUJNBHF TIPXT GPVS QSPCF DPOOFDUJPOT JO SFBM NBU
QFSBUVSF EFQFOEFOU SFTJTUIJWJUZ TFU VQ D 5FNQFSBU
-BC



NPVOUFEPOUIFDSZPTUBUCBS VTJOH "QJF[PO/(SFBTF X1JDIJ
HPPE UIFSNBM DPOEVDUPS UP NBLFUIF TBNQMF UIFSNBMMZ DF
J3SZPTUBU BOE 5FNQF SBWFYSFUPPORSPMIFABNQMF UFNQFSBU
TUBU XBT LFQU VOEFS WBDVVN VTJOH 1GFJOFS UVSCP QVNQ B
XBTVTFEUPMPXFSUIFDSZPTUBUUFNQFSBUVSFUP , 5IFO B(
EFSJWBUJWF 1*% DPOUSPMMFS XBTVTFE UP TXFFQ UIF UFNQ|
JJJPDL JOBNQMIVBBMZ JONFUBMMJID TBNQMFTWIF SFTJTUBC
mW SBOHF 4P JUT WFSZIBSE UPVTFDPOWFOUJPOBM NFUIPE X
NFBTVSF UIF WPMUBHF ESPQ BHBJOTU UIF QSPCFTBOE GSPN U
'PSJOTUBODF JG XFQBTTGFXN"DVSSFOU®IB®OHFWPINMDBHF
JTJOUIF SFTPMVUJPO SBOHF PG VTVBM WPMU NFUFS )FSF X
QMJPFT UIF TJHOBM BOE SFEVDFT BOZ PUIFS OPJTF TIHOBMT
TFOTJUJWF EFUFDUJPO 14% UFDIOJRVF 'JSTU UIF MPDL JO I
PG JOUFSFTUXJUIBSFGFSFODFTJHOBM 5IJTNPEVMBUJPOJT
JOQVU TJHOBM XJUIB TJOVTPJEBM SFGFSFODF TJHOBM BUB T
FODF GSFRVFODZ $POTJEFS UM MWP-MUSHEIP GUBDEBRNQMF JT
SFGFSFODW.J3NGBMHT,) "GUFS NVMUJQMZJIOHUIFTF UXP WPN

VPSD = V5VrS|n(Wst + f s)S|n(Wrt + f r)
1

1
= EVsVrCOE{(Ws we)t+ fs  fi] EVsVrCOSE(Ws"' wp)t+ fo+ fr]

*G XFDMABRE™Wr UIFOUIFBCPWFPVUQVUCFDPNFT
1 1
Vpsp = EVsVrCOEEfs frl éVsVrCO$2wst+ fot fr]

*GUIJIT PVUQVUJTQBTTFTUISPVHIBMPF%D@%\TSVrE’OMISJFS UIFO XF |
fr] XIJDIJTBEDTJHOBM 4P CZVTJOHUIJT NFDIBOJTN XF DBO
UIFOPJTFTIHOBMTJTPMUFSFEPVU #ZDIBOHJOHUIF SFGFSF¢
UIFWPMUBHF TIHOBMT

"TGPSUIFSFTJTUJWJUZEBUBBDRVJTJUJPO PSTUBOBD WP
EBSE SFTRJZUBOWOFUBODF GPMMPXFE CZUIF TBNQMF 5IFDVSS
TBNQMF DBO CF DZB%?XI\FES@&FETBWPMUBHF ESPQBDSPTT UIF TUE
UBODF NFBTVSFE VTJOH ,FJUIMZ EJHJUBM NVMUJNFUFS %
QBTTFT UISPVHI B USBOTGPSNFS CBTFE QSF BNQMJPFS 4UBC
BNQMIPFS XIFSF UIF OPJTF TIHOBMT BSF PMUFSFE PVU BOE L
OJPDBOUMZ UJNFT UIFOFOUFSJOUPUIFMPDL JOBNQMJPF



%41-PDL JO XIFSHYIFTWEBUBSFE 5IVT UIFSFTJTUBODF PC
CReample= 5538 51F SFTITUIWIUZRIT Bewo ymem FELIZP TTFD
UJPOBM BSYFBEUBPEFOHUI CFUXFFO UIF WPMUBHF QSPCFT PG
PG UIF JOTUSVNFOUT BOE UIF EBUB BDRVJTJUJPO JT EPOF V
(FOFSBM 1VSQPTF *OUFSGBDF #VT (1*# DPOOFDUJPOT

.BHOFUP USBOTQPSU .FBTVSFNFOUT

*OUIFQSFWIJPVTTFDUJPO XFIBWFNFOUJPOFEBCPVUIPX UIF
CZWBSZJOHUIF UFNQFSBUVSF BMPOF )FSF VTJOH 2VBOU\
TVSFNFOUTZTUFN 11.4 5 BMPOH XJUIUFNQFSBUVSF XF DE
UIVTDBMMFEBTNBHOFUP USBOTQPSUNFBTVSFNFOUT .BH(
BMMZ QFSGPSNFE UPJEFOUJGZ UIF NBHOFUPSFTJTUBODF

‘'JHVSFB EFQJDUTUIFTDIFNBUJD SFQSFTFOUBUJPO PG EJC
TFU VvVQ 5P BDIJFWF IJHI NBHOFUJD PFMET UIF FMFDUSPNBI
XJSFTJTBHPPEDIPIJDFBTUIFTVQFSDPOEVDUPSCFMPXUIF
UVSFEPFTOPUEJTTIJQBUFBOZIFBU *O 11.4 /JPCJVN 5JUBC
TVQFSDPOEVDUJOH NBHOFU JUT TVQFSDPCEWR IV RS NQ
DPOEVDUJOH NBHOFUJT LFQU JOTJEF UIF DIBNCFS JT DPPM|
J)FMJVN DPNQSFTTPS 5IF TBNQMF JT NPVOUFE PO UIF QVDL
5IF NBHOFUJD PFME TUSFOHUI JT WBSJFE VTJOH B DVSSFOU
DPOOFDUFE UP B $16 "T GPS UIF NFBTVSFNFOU UIF SFTJTUJ
TIHOBMBQQMIJFEUPUIFTBNQMFBTEJTDVTTFEJO UIF QSFW
VTFMIOFBS GPVS QSPCFDPOOFDUJPO XIJMFGPS)BMM NFB"
TVDIUIBUUIFWPMUBHFUFSNJOBMBSFBMXBZT QFSQFOEJDV
XIMM BMXBZTCF QFSQFOEJDVMBS UP CPUIDVSSFOU BOE WP



'JHVSF B 4DIFNBUJD EJBHSBNPGNBHOFUP USBOTQPSUTFU V(
QVDLBOE TBNQMF NPVOUFE PO UIFQVDL D 2VBOUVN %FTJHC
NFOUTZTUFENT 11.4 5 BU4/#/$#4



'JHVSF4DIFNBUJD PG )BMM QSPCF HFPNFUSZ






$IBQUFS

5PQPMPHJDBM )BMM & FDU *OTU
"OUJGFSSPNBHORNBOUP .O EF DJ
*OEVDFE/PODPQMBOBS 4Q.

*OUSPEVDUJPO

)BMM FOFDU JT POF PG UIF QJPOFFSJOH EJTDPW HBUFOFEO DI
BMPUPGBUUFOUJWFOFTT CPUI GSPN UIF GVOEBNFOUBM B
AQFDJPDBMMZ JO UIF GVOEBNFOUBM TDJFODF UIF)BMM FC
OPNFOB TVDIBTUIF TQJO )BMMFRVBOUAN.)BMM{FEOFDU 2)&
UIFBOPNBMPVT )BMM>FBPEW IR &FDFOUMZ FNFSHJOH UPQPN
IFMIJNBHOFUT 1BSUJDVMBSMZ UIF UPQPMPHJDBM )BMM FOF
#FSSZ QIBTF BDRVJSFE CZ UIF DPOEVDUJPO FMFDUSPOT NP
LOPUT BMTP DBMMFE UIF TLZSNJPOT JO>D ISB@RMIFQHID B WS
TUSVDUVSFT JO IFMIJNBHOFUT BSF ESJWFO CZ UIF HFPNFUS
%[ZBMPTIJOTLJJ .PSJZB JOUFSBDUJPO %.* JO UIF BCTFOD
UBM < { > 5IFSFFYJTUT TFWFSBM HFPNFUSJDBMMZ GSVTL
$R4OL < > 5BOP< > &U$E< >BOEOPO DFOUSPTZNNFUSJD |
BT UIFDVCJD # DIJSBM NBHWOF&T .088 < $V4FP< >
BOE,®I 40 <> TIPXJOH UPQPMPHJDBM )BMM FOFDU *NQPSUB
UPQPMPHJDBM  TZTUFNT TIPX5)& CFTJEFTUIF NBHOFUJ[BUJF
EFSJOHUIF QPUFOUJBM BQQMJDBUJPOT PG 5)&JO5UVAUPQP |
POEJOH NBUFSJBMT NFSFMZ XJUI UPQPMPHJDBM )BMM FOFD
QMJDBUJPOT

*OUIJT MFUUFS XF SFQPSU PO UIRYPRUIROMRYHIDBM )BMM F
BOE TJOHMF DSZTUBMT OVS TUVEJFT TIPX B MBSHF BOE
)BMM FOFDU XJUI UPQPMPHJDBWMD BN % 80 BUTE YW XUZS J U JD B \
PG 5 5PPVSLOPXMFEHF OPPUIFSTZTUFNTIPXTTVDIBQV
UFNQFSBUVSFJO JUT CI\EM X GIS N IFPYWOIF5Q B (EJUI OFHMJHJCMF
OBM CVU POMZ BU WFSZ MP X WF NQF B/BUjVFEGE FBTFT GVSUI



'JHVSF B 1PXEFS 93% EBUB GSPN DSVTIE&ON JODIHOMHM B SYSTATB M
UBM BRGQOBOEKs' 40 *OTFU JO B TIPXT QIPUPHMOBEOED JNBHF
. Os'h240 TIOHMF DSZTUBMT -FGU QBOFM JO C TIPXT QSJNJL
DSZTUBM TUSMDWBOCH WPIE SOHIU QBOFM JO C E¥X¥RAVBIOWFIF DSZ

1 B&GE QMBOF POUIFIFYBHPOBM VOJUDFMM D 3FTJTL
aBYdJ BTBGVODUJPO PG UFNQFSBYA/GBOELBROUFE GPS CPL
SFTJTUIJWJIUZ NFBA BSBE BMBOGVOIPUIJPO PG UFNQFSBUVSF JT
.0340 BOERg' 240 3JHIU TIJEFJOTFU JO E TIPXT TDIFNBUJD S
TQJO SFPSJFOUBUJPOBCPWFBOECFMPXUIRAUGBOEJUJPO UFN
, GP S, Oh240 -FGU TIJEFJOTFUJO E TIPXTUIFSNBMIZTUFSFTJ
CFUXFFOIFBUJOHBOEDPPMJOH DZHOIFF P'GEBUBHERWN B W IFPF
XJUISFTQFDUUP UIKWRNGBRHFBAESAMBR F)BMM SFTIJTUJWJUZ NF
TVSFEBTBGVODUJPO PGUOGXQEISBNEHPEBPINPEME PG 5 BQQM
BOEQFSQFOEIMBWNBSADHRNBUJDT JO G TIPXUIFNFBTVSJOH F
SFDPSEJOHMU/ BEBBUBHP @INIJMBS EBUBPG G GYBMEKBTVSFE GS



UP mMW DN XJUI EFDSFBTJOH UFNQFSBUVSF EPXO UP , CVU
, EVFUP NBHOFUJD SFPSJFOUBUJPO GSPNDPQMBOBS "'. U
8F VODPWFS IJHIMZ BOJTPUSPQJD UPQPMPHJIDBM QSPQFSU
UVSF 5IBUNFBOT BOPNBMPVT )BMM FO KR W MBLO FB X 10 MAFOQUOH
UPQPMPHJDBM )BMM FO K @ MBBIOOH F B SOFPINBF BJIB SPPN UFNC
EFDSFBTFT XJUIJODSFBTJOH'FEPQJOHBOEJUXTBMNPTU T\
"EEJUJPOBMMZ MPX UFNQFSBUVSF UPQPMPHJIDBM QSPQFSI
XFFYQMPSFJOEFUBIMPVSFYQFSINFOUBM POEJOHT

&EYQFSIJNFOUBMEFUBJIJMT

'PS UIF HSPXUI PG 'F EPQFE TJOHME DSZTUBMT XF GPMMPX|
EFTJSFE BNPVOU PG JSP 0OQI0%EFR UGB WOTBSYUVSF *0O Ul
XF PCUBJOFE TFWFSBM TIJOZ IFYBHPOBM SPE TIBQFE TJOHN
2 1 1NN 1PXEFS9 SBZEJOSBDUJPO 93% XBT QFSGPSNFE
L8 $Va.9 SBZTPVSDF 4UPJDIJPNFUSZ PG Ul/m)IEhWYBMT XF S|
BOE 2@y Fa2yy 4Gy VTIOH &OFSHZ %JTQFSTIJWF 9 SBZ4QFDUS
UIF &%94 EBUB XF DBO PCTFSWF UIBU CPUIDPNQPVOET IBW
USBUJPOT 'PSTIJNQMJDJUZ XF EROG BOHiMPPNQRNFDIPOT
USJDBM USBOTQPSU BOE )BMM FOFDU NFBTVSEFNFOUT XESF
OJRVF $PQQFS MFBET XFSF BUUBDIFE UP UIF TBNQMF VTJ
5FNQFSBUVSF EFQFOEFOU SFTJTUJWJUZ EBUB XFSF SFDPS
NFOU TZTUFN 11.4 %ZOBDPPM 2VBOUVN %FTJHO XJUIJO U
, )BMM NFEBTVSFNFOUT XFSF EPOF CZ TXFFQJOH UIF NBHOF
.BHOFUJD QSPQFSUJFT TUVEJFT XFSF EPOF VTJOH UIF WJC!
PQUJPOPG11.4 %ZOBDPPM 2VBOUVN %FTJHO XJUIJO UIF U
NBHOFUJD PFME XBT WBSJFE CFUXFFO 5BOE 5

5IF QPXEFS 93% QBUUFSO PG UIF DSVTIFE TJOHMF DSZTUE
'JHVSB JO UIF NBJO UFY U PROPSANTUBIBIU[FTG JOUP IFYBHPOB
TQBDF HSRWNPG 1 /PJNQVSJUZ QFBLT IBWF CFFO EFUFDU|
UFSO XIJDITVHHFTYZI@VSGHMBDSZTUBMT 'SPN UIF 93% QB
PG 300 XFPCUBJO MBUUJDF QBSBEEUFST XIJDIBSFDPNQBSE
CMF UP UIF SFQPSYUFEWBMVBETPE3WQBUUFSOTIBWF UBLFO F
DSZTUB MIOPB.E. §240 TIPX NVMUJQMF SFQFDUJPOTDPSSFTC

QMBOFT



SFTVMUT BOE %JTDVTTJPOT

&MFDUSJDBM SFTJTUJWAIBY INF BYTWFRSUEFEVEPTOBH WY DUJPO PG U
JO'JH D GPS CROIBOEg' 2,40 'SPN'JHD XFDBOPCTFSWF UIBU |
rewx SFTITUIWIUZPGUIFQBSFOUDPNQPVOETIPXTBNFUBMMID |
UJNF XF POEBIVNQ MJLF TUSVDUVSF BU BSPVOED >, <TIPXO
XIFSFBT JO UIF DBTFR' G BEEPWQIFESFOTJTUIWIUZ EFDSFBTFT XJ
UFNQFSBUVSF XIJDIJT B LJOE PG CBE INRWENMWMID EM FEW ISRV S K
JUZ NFBTVSFE BMPEPHWMIFFUUFE BT B GVODUJPO PG UGN FSBUV
CPUI3AD BOEs'®§2,40 "TDBOCFTFROSEFIBNWIWIUZ EBUB CPUIQB
'FEPQFE TZTUFENT TIPX NFUBMMJD CFIBWJPS BU MPX UFNQFSB
DSFBTFJOUIFJIJNQVSJUZVE BINUBJIJWINN XCBPANF ERQJOH 'VSUIF
XFPCTFKWBWBBSPVOE 340XI0ODIIBT CFFOBTDSJCFE FBSMJFS
TUSVDUVSFSFPSIJFOUBUJPOPG .OBUPNTGSPNBIJHI UFNQFSI
TUSVDUVSFUP B MPX UFNQFSBUVSF OPOBROQMBOIB'ES EQDIBOM T
XFPOEUIBUUIFTQJO SFPSJFOUBUJPO USBOTJUJPO UFNQFSB
kink IBT CFFO PCTFSWFERISFNINE'BZALGBD TIPXO JOEJH
*OTFUJO "EHTIPXT UIFSNBM I ZTUSFSTRITTAINIO0OBBEFO BSPVOE

, CFUXFFOIFBUJOH BOEDPPMJOHDZDMSBEFTITRSINBIN ZZITTUD B¢
TIJTUFOU XJUI UIF QS F\WW OPRNTDFERQUPGEBIBB OUXBT SBWOWEGE BU , <
, < > 4VDIBUIFSNBM IZTUFSFTJTJT BUUSJCVUFE UP UIF PST
GSPNUSJBOHVMBS UPTQJSBMTOGVUDRFS HBA BOHE KEFTHFAFOKU P
TVDIBUIFSNBM IZTWESFITU IWJBEFAFGEOTQIUF IBWIOH UIF NBH.
USBOTJUJPOBUBSPVOE ,

5P QJOQPJOU UIFTQJO SFPSJFOU&KUIPPOQUBBWIBBIPO UFNQF
BGVODUJPOPGUFNQFSBUWSFBPNIPIF®SOUEHFSIWBUIJWF XFLC
Bsr ,GPS3©00 BOE ,GR'%00 *OBEEJUJPO XFBMTPPCTFSWI
JOr,,/dT XJUI JODSFBAITWUI TZTUFNT CFMPX , QPTTJCMZ EVI
QPUFOUJBMT BU MP X BON@CSBWN SFTEVF UP BO FMFDUSPOJD Q
&WFOUWV,BMMZFDPNFT [FSPBU ,BOE CFZPOE UIJTUFNQFSBU\
.O5' 240 5IBU NFROH4O TIPXTB NFUBM JOTVMBUPS .* USBOT

, OO UIFPUIFS IBO®@ WOF.O- USBOTJUJPO TFFNT UP CF IBQQF
FMFWBUFE UF NIQFEBRIYSEFBIIFT [FSP BU BSPRWPORENQIBI J[F
IFSF 340 TIPXT OFBSMZ JTPUSP QIBCEBTVFITU XWINE.@PU XF F O
TIPXTB MBSHF SFTJTUJWJUZBOJTPUSPQZ

'JH G EFQJDUT )BMM §FQMBQR ODEZIDOWABLQ FQMPUUFE



'JHVSF Bxy QMBQF)BMM SFTJTUJWJUZ QMPUUFE BT B GVODU
GSPN4® 5IF NFBTVSJOH HFPNFUSZ JT TIPXO JO UIF UPQ SJt
JOEBUB BUMPX NBHOFUJD PFMET BSF TIPXO JO UIF UPQ MF
B TIPXTUIF)BMM SFTJTUBODF SBX EBUB NFBTVSFE PO UX
.340BU ,zx@QMBLQPABMMSFTJTUJWIJUZQMPUUFEBTB GVOD
GSPN4®@ 5IF NFBTVSJOH HFPNFUSZ JT TIPXO JO UIF UPQ SJI
F BOE G BOE H BOE | BSFTIJNJMBS)BMM SFTJTUJWJUZE
.08 240 ,65'Fs40 BOEs®3s40 SFTQFDUJWEMZ

BT B GVODUJPO PG UFNMOFSBRBVBFFESPINUIB NBHOFUJD PFME
QBSBMMFM BOE QFSBFOEJSYPMBBEHUPFLAOPUJIDF Brg GGBPINFBTF J
, EPXO UP , XIJDIUIFOJOTUBOUBOFPVTMZ CFDPNF OFE
TVEEFO EFDSBRTF JWPJODJEFT XJUIUIFTQJO SFPSJFOUBU
UVSFPGUIFTUVEJFE TBNQMF 5IF PCTR&WBMVPOFA G TEBIBM UL
, JTIJOHPPEBHSFFNFOU XJUI QSFWJPVT TUVEJFT PO B TJI
[IJHIFS USBOTJUJPO UFNQMEBSBRUVSFs# DO UI¥F PUIFS IBOE XF |
TFSWFOPTJHOJPPBGEPDIBOHPIOUP , XIJDIJTOFBSMZ[FSH
/IFYU 'JHH EFQ¢yBWOE )BMM SFTJTUIJWJUZ QMPUUFEBTB GVOIL
. O8'h24ONFBTVSFE XJUINBHOFUJD PFMEPG 5BQQMJFE QBSES
c BYJT 'SPN'HH XF OPUJDF BOJJOOBNBTEFHPXO UP , X1JDI
HSBEVBMMZEFDSFBTFT XJUIUFNQFSBUVSFGSPN , EPXO U
, S IFEFDSFBDIPJODJEFT XJUIUIFTQJO SFPSJFOUBUJPO USB
BTPCTFSWFEGSPNUIFNBHOFUJ[BUJPONFBTVSENF®OWT PO U
UIFPUIFEJBOMPXMZJODSFBTFT GSPN , EPXO UP , BOE FY(
GSPN , EPXOUP , BOEUIFOUFOETUPTBUVSBUF CFMPX
FYUSFNFMAWWBBVB\HIAR Gem XJUI 5 PFMEBU , XIJDIJT:@BHMJHJC



'JHVSF .BHOFUJ[BUJPO BT B GVODUJPO PG URMQF8S8BBWUEF . 5
. Og'h240 C *O PERVISIFTQ30 SFPSJFOUBUJPO sSBIOTTQWOPO UFN
HMBTTUSBOTJUJPQURFNOYSSBBYIFTRIGRQFSBUVSF 5IFEBUBJ
BOFYUFSOBM NBHOFUJD PFME PG OFBQQMIFEGBPWIITIO QBSB!

.BHOFUJ[BUJPO BT B GVODUJPO PG UFNQFSBUVSF. 5 QMPU
BOEPFMEDPPMJOH '$ NPEFT XJUIBOFYUFSOBMNBHOFUJD PF
QFSQFOEJBYMBSIUIPPXOBOGPE MBOE JO 'CHG PSS .40
8IFOUIFPFMEJTBQQMIEBYHPQCF QABLBOOMB $MHF ESPQ JO NBH
OFUJ[BUJPOJT OPUJDFE BU , GPS CPUI '$ BOE ;"$ NPEFT XI1J
TUIJMM QSFTFOU GPS UIFcPB¥YHEKBQ QVUSEFEYBYSBWMWEK UNPBMM DP |
H?c 5IFF NBHOFUJ[BUJPO HSPQDBW CF GGEFSTUPPE BT B SFTVN
SFPSIJFOUBUJPOGSPNJOWFSTF USIJBQAHVMBS Y PVYQUOFTQJISB!I
SFEVDUJPOJOUFNQFSBUVSFMFBETUPTQJO HMBTTUSBOTJU.
JOUIFNBHOFUJ[BUJPODVSWFCFUXFFO ;'$ BOESB®EFTBIIWEF;
DPNQBSJTPQ@AWNPBHQBUI[BUIJPOEBUB XJUIUIFFYJTUJOHMJUF
BT UIFNBHOFUJD QSPQFSUJFTPGUIJTTZTUFNBSFIJHIMZTFO
UIFDIFNJDBM DPNRPPXFIWPFEOST Y IFTQJO SFPSIJFOUBUJPOBOET
BSFJIJOMJOF XJUIUIF QSFWJPVT SFQPSUT <

'PSBCFUUFSVOEFSTUBOEJOHPGUIFNBHOFUJTNPGUIFTFT
NBHOFUJ[BUJPO . ) NFBTVSFNFOUTBT TBPBOHO PEHR(BID U
. ) JTPUIFSNT SADPGROBORP ¢ SFTQFDUJWFMZ BSPANF'TRF
TIHOJPDBOUNBHOFY4D ZRRWBRSFEKITIPVO TBUVSBUJPO FWFO B



'JHVSF .BHOFUJ[BUJPO JTPUIR8NTGRS PPBMEBQQMJIFE QBSB!
QFSQFOEJDVNMBYJO UPBUMSFE BUWBSJPVT UFNQFSBUVSFT
JTPUIFSNE'FHG4@QGPS PFMEBQQMIJFE QBSBMMFMcBYBIOE QFS
NFBTVSFE BUWBSJPVT UFNQFSBUVSFT F BOE G TIPX NB}
BTBGVODUJPOPGUJIJNF NFBTVSFEBU ,XJUIBOFYUFSOBM
QFSQFOEJDMBEIUFSBF B ' 240 SFTQFDUIJWFMZ

PEFME PG 5 #VUBU IJHIFSUFNQFSBUVSFT UIF NBHOFUJD IZ
NBHOFUJD IZTUFSFTJT BU ,JT QPTTJCMZ EVF UP TIPSU SB
QVDUVBUJPOT JO UIF TQJO HMBTTCTUBBESBMT FFIPPEQITO UIRAS N
. ) BSFGPVOE UP CRRTXUNJIMBE OPPDBOU NBHOFUJD IZTUESFT
UP HMBTTZ TQJO OBUVSF *O DPOUSBTU XFPOE B XFBL GFS
DPFSDJWJUZBOE SFNBOFODFBU , .PSFPWFS UIF TMPQFE
5 EFDSFBTFT XJUIJODSFBTJOHUFNQFSBUVSF 13@0JOHBU
BUIJHIFSUENQFSBUVSFT 5IFSFGPSF XFDPODMVEFUIBU U
UFNQFSBUV STIBIPR)CO YAP JTEVFUPUIFTIPSU SBOHFNBHOT
CFMPX, 5IFBOJTPUSPQJD NBHOFUB OERAIMO;@ 6 U X RFOOH)P P E
BHSFFNFOU XJUI QSFWJPVTMNBHOFUJD TUVEJFT PO .0

'‘JHVSFD BOEE EFQJDU . ) JTPUIFSNLENGBRAO/BEBVBG IOV T
UFNQFSBUVSKIBXPB)ICBBTRFDUIJWFMZ D'SBBRSIH DBO TFF
UlBUUIF'FEPQJOHJOEVDFT B MPOH SBOHF GFSSPNBHOFUJ
JT GPVOE XJUIJODSFBTFEDPFSDJIJWJUZBU , #VUUIF NBHOF
BUVSFT PG BOE , XIIMFTUJMM IBWJOHB TIJHNPJE MJLF
BUUIFUFNQFSBUVSFT PG BOE , XFPCTFSWF UIBU UIF



JOUP BOUJGFSSPNBHOFUBT XFPOEMJOFBE&E. GB&EKEFIFSNT /F°
PCTFSWF . ) JTPUIFSN XJUI BDPFSDJWJUZ PG OFBU , *OUI
PFME JOEVDFEBTZNNFUSJD. ) DVSWHK® WBF,GMB U IFSARU WS W
SFEVDFE DPFSDJIJWJUZ PG OF BU , XIJDIJT OFBSMZ DPOTL
PFME JOEVDFE BTZNNFUSZ JO UIF. ) MPPQ /PB4 F UIBU U
JTBMNPTUB GBDUPS PG MFTT DPNQ@BBRE UP BIFBBFOQURZTL
DPFSDIWIJIRERG JOT OFBSMZ UJNFTIJHJ#CS BBNQ®ISEE UP .O

5/F HMBTTZ TQJO OBUVSF PG UIF TZTUFNT JT GVSUIFS FYBN
UJPO SFMBYBUJPO NFBTMSFBIGBIG,8PBTHUPX® JOFIJHT

BOE G SFTQFDUJWFMZ NFBTVSFE XJUI BO BQQMJFE NBHOF!
NPEFBU , .BHOFUJ[BUJPO SFMBYBUJPO GPS B TQJO HMBTT T
4USFUDIFEMY)GDUXHO(!)?] < > )FARITBO FYQPOFOUNBM GBDU
UIF UUNF B DIBSBDUFSJTUJD SFMBYBUTESFWINE ®H 6Y QB O B OB
JTUFNQFSBUVSF EFQFOEFOUBAQE DROXUBISPNIFIWBMSFUDIFE
GVODUJPO P;UOXOHF B PIFD> XF RRCUBJO BOE 5

T GP® )4IJNIJMBSMZ BQE 5 T BSF PCUBPOFEIGPS)

a WBMVFT DMPTF UP BOE IJHIFS SFMBYS40 P® G FNFFBSOZUBD
JTPUSPQJD TQJO HMBTT TZTUFN 00O UIF PUIFS IBOE UIF CFT!
BUJPO DVSWRTRGEPNT®CUBJOFE VTJOH UIF NPBIBEE 4USFUDIF

Mo+ Aexp (1)3] < > )FSF UIF BEEMYJPTOBIVM NBSKRFUJ[BUJP(
EVFUP MPOH SBOHF GFSSPNBH®F$PINRSE PN BE FFF 'JH
XF PCUBRIJOFE FNVtH T BAE GPIB)4INIJMBSMZ
XEPCUBIJOFE FNVt H T BOE GP%c) )FSF

EJOFSWBWMYFIGPS EJOFSFOUDSZTUBM PSRBFOAUBVYRHAOTWGEBR S E
BOJTPUSPQJD GFSSPNBHOFUJTNJOEVDFE XJUI'FEPQJOH XIJI
NBHOFUJ[BUJPOJTPUIFSNT . D BQEEO JO 'JHT

'JH TIPXT)BMM SR{HTEBHIBAE(H) G ¢ PG3Q' K40
NFBTVSFEBU TBNQMF UFNQFSBUVSFT BG XFBROETFSWFBENUM I
)BMM SF Tl LRIGV,ZJT BT IJHMBDN BU , ESJWFO CZ B DSJUJDE
PG 5 XIJDIJT TMJHIUMWZDSNBVDFE USPH PG 380 TIPXO
JO'JHC XFPCTFSWFBOPNBMPVT)BMM SFAWTDN®JUUZ ")3 BT
,UIBU JO HPPE BHSFFNFOU XJUI QSFWJPVIFYUVIREBINPO UIJT T
PG 29 R240 BT TIPXO JOD'JIKF PCTFSWF )BMM SFTAW DNVJUZ BT I,
BU ,BUB DSJUJDBM PFME PG 5 MVIDNWBIBO SFENPINFT UP
QBSFEJA®.XF OPUJDF TJHOJPDBO Uy D 86 BTHKFIP G)SBPIND .0
'JH E > QBSUJDVMBSMZBUSPPNUFNQFSBUVSF *EFBMMZ BC



JOUIFJO QMBOF YRIHISFEGINEIW J BT ¢FWNTXE POE OPO OFHM.
BOPNBMPVT)BMM My(HDBRIUBSPNRBEEO <TFF 'JH > QPTTJCMZB
DPNQPORQOHW) REFF 'JHG > QSPKFDUFE EVF UP EJRDVMUJFT JO
DPOOFDUJPOT PO UIF TVC NJMMJINFUFS TJ[FE D§ZTUBMT )
EBUB BG' RQs40 <TFF JOTFUFJ® XAHDBO DMFBSMZ JEFOUJGZ B D\
NBSLFE CZCMVF DJSDMFT BUBDSJUJDBMTARMEPBG 5 4J°
. O65'F03540 JO X1JDI BHBJO XF POE OPO OFHMJHJCMF BOPNBM
rx(H) <TFF'JH > .PTUJNQPSUBOUMZ XFEP OPY PEBBBZ WJT
PG p@'F3s40 5I1VT BT XF HP4G SFPNeOB 3540 XF DBO DMFBSMZ Of
UXP UIJOHT J 5IF JOUROMIRIGEPGIBWBYUODBM PFME BU X1JD
QFBSTEFDSFBTFXJUIJODSFBTJOH'FEP QUQH)BEFDIFBOPT B\
XJUI JODSFBTJOH 'F EPQJB)HB G BEH) PIGVNBBMZO BSF OFBSMZ
TVQQSFTTFEBU SPPNUFNQFSBUVSF

/EYU DPNJOH UP UIFJNQPSUBOU SFBEVMUTIPX UIRQPANMRNIEZ
)BMM SFTITUIMWBYZPGYR'K40 Y BOE FYUSBDUF
UIFUPUBM )BMM(BFTITRX@WJOZBIT D F BOEH SFTQFD
UJWFMZ /PUF IFSF UIBU UIF UPUBM )BNBM 5 P DIUSJIGAVIUIZ DITP
OPSNBM )BMMS FIIIDU WBBUFT MJOF B M RygHU | BIGFPNFBMEP V' T
)BMM SFTIET XIWDIUEZFQFOET PO UIFRN8 B OMUIBABERPOQPMPHJID
)BMM SFTJTUIMMUZFTFDPOUSJCVUJPOTMFBEUPBUPUBM)B
rp=rN+rf+r] = RomH+ Sar?M+r], )FSFBTBOPSNBM)BMMDPFRDJ
4 JTBOBOPNBMPVT)BMMDPFRDJFOU 5P POEUIFUPQPMPH.
USBDU UIF OPSNBM BOE BOPNBMPVT )BMMDPOUSJCVUJPOT (
BNFUIPEUIBUIBT CFFOFYQMBJOFE UIPSPVHMYP)XFWHRSBFSB
TJODF UIF BOPNBMPVT )BM M PE URTFOFZHM FMIGMEZF® U S B D
TINQMZ TVCUSBDUJOH UIF OPSNBM3YBMMXPPOUBICVUJIPO JO
B OXE XF FYUSBOUFECUSBDUJOHUIFBOPNBMPVT)BMMDPN
fzx ) OWFSBMMIVHHFTUT UIBU SRENJURMQ BB NAU®X ID|
UIFOEFDSFBTFT XJUIJODSFBTFJOEPQJOH BOP GPRNEMFUFM
JOH .PSFPWFS UIFDSJUJDBMPFMEBU XIJDIUIF5)& UBLFT C
JOEPQJOH

'‘JH B BOEC TIRXH) BOE(H) PG ;@ k240 SFTQFDUJWFMZ NFE
BUMPXUFNQFSBUVYVGBFSFTUJOHMZOVOMRBFS8GO MPX UFN
QFSBUVSFEBUB TJHOJPDBOU )BNMW®WSIOIBTUIJMIIRITDNBT GP V (
BU ,BUBOBQQMIJFEPFMEPG 5 8F GYSUKAECOFBIWSE HFETBUF:
BOE , XIJDIJTDPOTJTUFOU X(Ul) EBY RBHAPBFWH BUIP DV H



'"JHVSFxy QMBOF UPQPMPHJDQMQIHNILSFFETBTLBJ@\M]CDJIZUJPO PG UII
.3340 B 280240 C 27040 D BoEREE40 E

HFTUT UIBU UIF BOPNBMPVT )BMM'&EFOTUIMRTUZMZH § $MIFEB LT
UIF'F EPQJOH JOEVDFE GF S'YBNBH®D PMYNOILE $O© NOJIH

XF DBO THEPOI@FA,40 FWFOBU , XIJDIJODSFBTFT XJUIUFNQF!
 2x MV DN BU ., BFBMTP OPUJDF PEME JOEVBFEBTZNNFUS,
BU BOE , OCTFSWBUJPO PG BTMANNFUBPD TZTUF®RTITUIOUIF P
JOEVDFE BTMMYBUBUDFSN NFBTVSFE BWE > <TUFD'JHFQJDUT
riy(H) FYUSBDUFEsGsSR® OZ GPMMPXJOH UIF BCPWF EJTDVTTFE |
.0340 TIPXT OP UPQPMP HJD B Mxy BMNVBSFFTG F WPV J' W2 UG U | F
TIPXT UPQPMPHJDBM )BMM SWTDNWBIUN JUXIBD I HEIBEEVBMMZ EFD !
XJUI JODSFBTJOH UFNQFSBUVSF #VU BUJ, TXXFDOPT GSP NIBU
OFHBUJWF UP QPTJUJWF GPS UIF QPTJUJWF NBHOFUJD PFMET
OFHBUJWF NBHOFUJD PFMED BTJHIEXDIPETIHTF OPSNBM )BMM D
PDJRQUBOE UIFBOPNBMPVTSBMMWBBEREBFOBRGVODUJPO PG UF
GSPN XIJDI XF OPUJDF OFHBUJWF OPSNBM )BMM DPFRDJFOU B
EPNJOBOU FMFDUSPO DBSSJFRTCHFO®P R B T .- TWRAN QFSBWR S F E P
IPMF DBSSJFST 5IF OPSNBM )BMM DPFRDJFOU TJHO TXJUDIJC
PCTFSWFE JO UIF UPQPMPHJDBM DBMMVSRIIFISU UWE BD R NBAM'B W
DPFRDJFOU HSBEVBMMZ EFDSFBTFT XJUI JORDISFBUBOH UFNQF!
71BU ,BOECFZPRBETUFNQFSBUVSFJOEFQFOEFOU

OWFSBMM UIFSPPN UFNQFSBUVSFQVSFBOEMB&BF UPQPMF



'JHVSF-PX UFNQFSBUVSBMM SFTJTUJWJAUTZ @BPOUFE BT B GV
UJPO PG PFME QWMMBNOB IR BWMEOF C D UPQPMPHJDBM )BMM
QMPUUFE BT B GVODUJPO PG UIF PFME B @&E BCMNBBMBWIM) B M K
FRDJFOBSHF QMPUUFEBTB GVODUJPO PG UFNQFSBUVSF TFF

JTBOJIJNQPSUBOUEJTDPWFSZPG UIJTTU%EBZI’BIIII-HJIWE’BUFOPP
DNBU , GPSTVDIBMPXDSJUJDBMPFMEPG 340 SFEFQPEWFE F
UPQPMPHJDBM }%MMOSGITFJSB(D\HEMDN CFTJEFT MBSHF BOPN
)BMM TIHOBM x "MTP B GFX TZTUFNIMPTUIFS PP .DFNQFSBL
5)& CVU BHBJO XJUI DPFYJTUJOH ")& 'PSJOTUBQDOF OPODP
TIPXT UPQPMPHJDBM )BRWWDS\- TV BEWJUZPRGGUP B DPNQBSBC
)BMM SFTJT UMW DUNZBRUG , ¥ 'SVTUSBUFE ,BHPNE4XxFSSPNBH
TIPXTUPQPMPHJIDBM /MMM SCHTTUIJBRWBIMB 8BF BOPNBMPVT )B
nwW DN BU , ¥ 4IJNIJMBSMZ UIFSF FYJTUT NBOZ DIJSBM B
TVDIBTL&S5F /J.O(B< .Q1U40 % BOEg4®O@< >TIPXJOH SPPN
UFNQFSBUVSFUPQPMPHJDBM )BMM SFTIJTUIJWJUEZHITUI B TIH
UIFPOMZTZTUFN TIPXJOH B MBSHF UP@\P MR HXDBIMO)BHVWI B BT
")& TIJHOBM CVU BU WFSZ MP,X <U¥% NTQRSBIATILFIR,E M B MO P
TIPXQVSF SPPN UFNQI—T%BUVrﬁ/‘F BNBUIBIDSJUIJDBM PFME PG
UIFOJODSFBTRWVWMNWXRUIEFDSFBTIJIOHUFNQFSBUVSFEPXOU
PG 5 /PUFIFSFUIBUUIF MPX UEFRQFGBUUBFBJEUPERAJIUI ")
5PQPMPHJDBM )BMM SFTJTUJWJUZ IBT CFFO PCTPSWFE JC
BOEOPO DPQMBOBS TQJO TUSVDUVSIFEFAZAYURNTWBSJIPVT Q!
UPVOEFSTUBOEUIFTUBCJMJ[BUJPOPGUIFTLZSNJPO MBUU.



OPODFOUSPTZNNFUSID 2ZTUFNOIBYJBM NBHOFUPDSZTUBMM
UIFDFOUSPTZNNFUSJD TZ3UBFQHE <JJJ JOUIFTZTUENT XJUIDIJ
XBMMTE <> #BTFE PO PVS FYQFSIJNFOUBM POEJOHT XF QSPQI
UFNQFSB QWIBFOF 5)& TIHOBM,GGPAMD&R® .0 JT PSIJHJOBUFE
FIUIFS GSPN UIF SFBM TQBDF #FSSZ QIBTF EVF UP TLZSNJPO
JOEVDFE EPNBJO XBMMT %8 SGSPNUIFOPO DPQMBOBS TQJO "

> )PXFWFS UIF MPX UFNQFSBUVMS R MBESBIGE J& CRVPE JC
'FEPQFETXTUFBOE SFOQPSUFE TPQBBBMEMARBEIHIJOBUFE !
UIFNBHOFUPDSZTUBMMJOFBOJTPUSPQ2JOEVDFE CZ'FEPQJC

4VNNBSZ

*OTVNNBSZ GPSUIFPSTUUJNF XFTIPXBSPPN UFNQFSBUVSH
FOFDU3JOKAO XIJDI EFDSFBTFT Kk BPQOOHMBIOBOHTVQQSFTTFI
EPQJOHDPODFOUSBREIPRXPABU UIFSPPN UFNQFSBUVSFUPQP
BSFIJHIMZBOJTPUSPQJDJOUIFTFTZTUENT 8FBMTPEJTDPWEF.
JO @ODBVTFTESBNBUJDDIBOHFTIJOUIFMPXUFNQFSBUVSF UF
FYQFSIJNFOUBM TUVEJFT VTJOH -PSFOU[ USBOTNJTTJPO FMFL
IFMQGVM UP NBQ UIF TLZSNJPOJD MBUUJDF JO UIFTF TZTUFNT
TVIJUBCMF UIFPSFUJDBM NPEFMT GPS VOEFSTUBOEJOH UIF IJF
JOUIF ,BHPNF MBUUJDF TZTUFNT



$IBQUFS

5VOJOH PG 5PQPMPHJDBM 1SPQFS
$PSSFMBUFE "OUJGHMIBSWNB HO
%PQJOH

*OUSPEVDUJPO

.BHOFUJD UPQPMPHJIJDBM NBUFSJBMT BSF UIFJMMVTUSBUJF
FMFDUSPOJD TUBUFT PG NBUUFS QSPWJEJOHBOJNQPSUBO
OPNFOBTVDIBTUIFBOPNBMPVT )BMM B IO-FFDRIQ PNMPKHJIDBM )B N
5)& < > UIFTLZSNJPOJD MBUBIDHFFUD OO UIF PUIFS IB!
LBHPNF MBUUJDF JO XIJDIBUPNTBSFBSSBOHFEJO TUBS MJ
GSVTUSBUJPO MFBEJOH UP OPODPMMJOFBS BOUWIGIHPSSPNB
GBS TFWFSBM LBHPNF JOUFSNFUBMMJDT IBWF CFFO FYQMP
UJBM NBHOFUJD UPQPMPHJIJDBM@SPDBINBHIOFURD BGBIMBEGNB
TIPXJOH HIJBOU ")& JO BEEJUJPO UP.sMO0SEM BEOP NBWZ SFWF ¢
TZNNFUSZ CSPLFO 8FZM TENJNFUBMT EFTQJUF CFJOH BOU.
EVDFECZUIKORBIFSPFSSZ DVSWBUYVHROXIIDIJT BLBHPNF
GFSSPNBHOFUHFOFSBUFTTLZSNJPOJDCVCCME®I®O BEEJUJ
JT BSBSFFBSUICBTFELBHPNFTZTUFNTIPXJOH TFWFSBM DF
5)&< > BOEIMEM QPTTFT MPX UFNQFSBUVSFTLZSNJPO MBUU
OFUJD GSVPBPUSBUJPO <

4LZSNJIJPOT UIF WPSUFY MJLF TQJO UFYUVSF GPSNBUJPO
QSPUFDUFE BOE DIBSBDUFSJ[FE CZ UIFJS UPQPMPHJDBM DI
SIF TLZNJPOT QVSTVJU GVUVSJTUJD UFDIOPMPHJDBM BQQN
BHF EFWJDFY POF DVSSFOU DPOUSPBIOVE ECEFR\SINDB-UJP O QSF
EFWIDFIT <S5IFSF FYJTU TEWEFSBM TZTUENT TIPXJOH TLZSNJF
GSPNEJOFSFOUNFDIBOJTNT 'PSFYBNQMF JOOPODFOUSPI
.04J <> 'F(F< BOE 'F$PAVUEF TLZSNJPO MBUUJDF GPSNBUJP

*3FTVMUT QSFTFOUFE JOUIJTDIBQUFSBSFQVCMJTIFEJO 11ZT 3FW #



CZUIF %[ZBMPTIJOTLJJ .PSJZB JOUFSBDUJPO %.* VOEFS UIF
> *O UIF DFOUSPTZNNFUSJD NBHQRBRBIDOGFETUBNBIOEVDI BT -
'B4®< > UIF DPNQFUJUJPO CFUXFFO NBHOFUJD EJQPMF JOUF.
UPDSZTUBMMJOF BOJTPUSPQZ TUBCIMHFTAUBEELIBZIROP 6 AMDBE-W
TUVEJFT TIPX UIF FYJTUFODF PG TLZSNJPOTJIXESBOE FBSUI C|
(B3Y"MEVFUPUIFNBHOFUJDS®SSVTUSBUJPO <

.0340 JT B LBHPNF JUJOFSBOU BOUJGFSSPNBHOFU XJUI B /©
IFYBHPOBM DSZTUBM TUSVDUY SINBJUI B NEBBFHISPO@BBENT
GPSN LBHPNF O Fdb)XQRVEEQIPFAGE R IF DSZTUBMJ OWKSDHWSIBBM VM
TQJO TUSVDUVSF TUBCJMJ[FE CZ>UIBs%F UPUFSBIDHUIP EXTUPS L
LBHPNF MBUUJDF BOE BT XFMM PO TUPJDIJPNFUSZ PG UIF TZT
JTQSFTFOUJO UIJP TSNS MPX UFNQFSBUVSF NBHOFUJD
POUIFFMFNFOUBM SBUJPPG.OBOE 40 BOOFBMJOH UFNQFSB!
51VT TPNF TUVEJFT SFQPSU IFN4D BM WM@XOUFWSIWBBUIS FD <O
XIJMFUIFPUIFSTUVEJFTSFBMJ[FE TQ 30O "HUNSEPTPINTWBNF FCSFBVUP/AS
.0340 TIPXT OPODPMMJOFBS BOUJGF$ ISPNEAESTFUIDJ B DEHF/IMBDIH
TUSVDUVSF< > MFBEJOH UP MBSHF BOPNBMPVI4BN™ FOFDU
PG HSFBU SFTFBSDI JOUFSFTU BT UIF USJBOHVMBS DPQMBOB:
OPODPQMBOBS NBHOFUJD PSEFSJOH XJULEBROT BR GFUSN BHDE
TQJO SFPSJFOUBUJPO USBOTJIJUXPO UFNQFISBUYBEPPU GPVOE
JO gOF < > "TBSFTVMU UIF MBSHF ")&aT0LQQENVTUTERPCB®PX |
O3(F <>

5IFPSFUJRBOIMZ O.PU FYQFDUFE UP TIPX UPQPMPHJDBM )BMN
JDIJPNFWY8QODERFT OPU QPTTFTT DIJSBM TQJO UFYUVSF )PXFV
DMBJNJOH UIF PCTFSWBUJPO PG B TNBMM UPQPMPHJDBM )BM
DIJSBM TQJO UFYUVSF 34D GPMEZD SIPTXUBRMMIFOSB.WOVSF BOE EVF |
XBMM GPSNBUJPO JO UIRZ0@GHNSP P 8 UTFNBMNBWROSHR PUIFS
IBOE34P TIBSJOH TIJNJMBS D SZ2DUB N GFS\BPNBSOFEG JO NFUBM X
BYJTPG NBHOF Wi [BWBOGP UOBWIBBO EBYIWGUIFE BPQIOH <
.PUJWBUFE GSPN UIF QPMZNPSQIJMOBHIFQBEDITINMQBEZ PIF N B
MBUJOH UIF FBAQ BYFIMBWF FVCTUJUVUFE 'F BA®NP BOILBODBEFT F
UIF UPQPMPHJDBM;@SBRIFEUMITRIGUGUIPO JOUSPEVDFT GFS¢
TZTUFN

*OUIJT XPSL TIOHMR'KEDXUBMT B® EO XFSFTZTUFNBUJD
TUVEJFE GPS UIFJS FMFDUSJDBM SFTJTUJWJUZ NBBOFUJD B(
JT GPVOE UP CF NFUBMMJD JO OBUVSF VQ UP SPPN UFNQFSBU'
LJOL BU , XJUI''FEPQJOHUIFTZTUFN TIPXT NBHOFUJTN JOE



USBOTJUJPOXBU BOE&PS ,\GPS *OBEEJUJPO UPx.* USBOTJU.
TZTUEN TIPXT EJTPSEFS JOEVDFE SFTITWMWIWIUZFRUVEO XJ
NBHOFUJD QSPALFIUVILFIVOEB UP TIPX B TVEEFO ESPQ JO NBH(
SFPSJFOUBUJPO USBOTJUJPO UFNQFSBUVSF PG , BOE TC
OO UIFPUIFSIBOE XJUI'FEPQJOH GFSSPNBHOFUJD USBOTJ
XJUI FOIBODFE NBHOFUJD BOJTPUSPQZ "MTP BOJTPUSPQJI
JOEVDFE BU MPX UFNQFSBUVSFT XJUI'FEPQJOH 1BSUJDVM
rrx. JODSFBTFT XJUIEFDSFBTJOH UFNQFSBUVSF GPS BMM Ul
UIFJSSFTQFDUIJWFNBHOFUJDUSBOTJUJPOUFNQFSBUVSFT .
OPUJDFE 5IPVHIOPUNVDIDIBOHFJOPVU PG QMBOF )BMM S
BU , UIFJO QMBOF j}§ MM $SHRHBIQWUWNIBRMMZ FONBDONDFE GSP N
MmN DN JO HPJOH GBPN "MPOH XJUI UIF BOPNBMPVT )BMM SF
UPQPMPHJDBM )BMM SFTJTUIJWJUZBMTPJT PCTFSWFE GPS C

&YQFSIJNFOUBMEFUBJIMT

4JOHMF DSZJTUBM@®&PG .0 BOE XFSFQSFQBSFECZTFMGQ
> 'JSTU .0 "MGB5% THS "MGB 9%FIB%S BOE 40 "MGB "FTB:
99.998% QPXEFST XFSF UBLFO XJUW!| B SBIVJPEPLBPSPVHIMZ CFGH
TFSUJOH JOUP B QSFIFBUFE RVBSU[UVCF BOE TFBMFE VOEF
XBT UIFO IFBUFESV QMIPXMZ DPPMPE EBROXOUWIFO XBT BJS RVFOD
SPPNUFNQFSBUVSF CZUBLJOHPVUUIFBNQPVMF GSPN GVS.
IFYBHPOBM BOE SPE TIBQFE TJOHMF DSZTUBWT X0WI B UZQJI
9 SBZEJOSBDUJPO 93% NFBTVSFNFOUTXFSFEPOFPOEJOF
VTJOH 3JHBLV 4NBSU-BC FRV,J®GBE XBUS DR $WMFNFOUBM DP
PG UIFDSZTUBMT XFSF,5B @D VOB &L OPBRFELR 3640 VT
JOH FOFSHZ EJTQFSTJWF 9 SBZ TQFDUSPTDPQZ &%94 UFDI
UIF DPNQPTJINIEO T QG B2640 BOEw @340 RZ X BOE
X SFTQFDUJWFMZ XIFSFWFSBQQMJDBCMF
&MFDUSJDBM SFTJTUJWJUZ NFBTVSFNFOUT XFSF DBSSJF
BOE )BMM NFBTVSFNFOUT XFSF EPOF JO UIF NFBTVSJOH HFF
'JH F .BHOFUP USBOTQPSUBOE NBHOFUJ[BUJPO NFBTVS|
JDBM 1SPQFSUJFT .FBTVSFNFOU 4ZTUFN 511.4 %ZOB$PPM
BOE 74. PQUJPOT SFTQFDUJWFMZ )BMM SFTJTUJWJUZ XBT N
BT TIPXO JO RHy TUBOET GPS DV XSFIGF BWPROHBEOE PFME BMF
EJSFDUJPO XIFSF)BMM WP MUBHEJSFDNE B DV, § B BWEIMIARS F
DVSSFOAERMFDHIPO PFMESBSMRIROIBOE )BMM WPMUBHF XB



'JHVSF B BOE C TIPXUZQJDBM 33% DBUWNMBE OB PTU.BOM UBLF(
UXP EJOFSFOU PSJFOUBUJPOT BT TIPXO JO UIF JOTFU JNBHFT
P®nsSn JO WBRQMBOF XIFSF .0 BUPNT GPSN LBHPNF HFPNFUSZ B
UIF DFOUFS PG IFXBHBQEB®FE DP S S RTI( H@IH| U B (0RO
PSJFOUBUJPOT SFTQFDUJWFMZ .BHOFUPUSBOTQPSU NFBTV
fxy JTNFBTVSFE XJUI DY SR WBBREFOHUSOBM NBHOFUJD PFME B
Zz BYJTUPPOE)BMM WRBRWUBBROEWFE8HRWIFE XJUIDY BYBROU BMPO
BOE PFME BQQMJBE BMPROMOEFBMM WPBNIEHF BMPOH UIF



'JHVSF 5FNQFSBUVSF EFQF ©f& FOIUNFBTTMIREBVILUZI DVSSFOU
z BYJT GPSK®O XIFS¥ B X BOE F C E G TIPXUFN

QFSBUVSF EFQFOEFOXY NBHOFB®BUJRFGESDUJWFMZ NFBT
UIFPFME DPPMFE '$ NPEF

UIEEJSFDUJPO 5P FMJNJOBUF MPOHJUVEJOBM WPMUBHF D
BMJHONFOU PG UIF QSPCFT UIF )BMNSEMITEFWQES BBV DB
EFQFOEFOU )BMM SFTJTUJWJUZ NFBTVSFNFOUT XFSF EPOF
) BQQMJFEPFMETBOE UIFO DBMBYMBHFE VTIOH UIF GPSN!

SFTVMUT BOE %JTDVTTJPOT

93% QBUUFSOT TIPX® BODBEBTSFQSFTFOU JOUFQWIYZ SFQFLC
BQEL0) IFYBHPOBM QMBOFT SFTQFDMTWFHMF DBLZA®& B P NJ HO
D BOE F EFQJDU [FSP PFMErRV N BT \QIWEOCFFIKIFITQ J B/Q B 2
GSPN; 4@ 05 2540 BOEes'®3540 TIOHMF DSZTUBMT SFTQFDL



'JHVSF ;FSP PFMEDPPMFE BOE PFME DPPMFENBE&GFUJ[BUJPO
0.25 BO K =D0.35

B NFUBMMJD OBUVSF PG SFTJEYOWBVYIZRQUP CIMBRS B/ EECASIBN .COF
UJDHERBUKK XIFSFBTQJO SFPSJFOUBUJPO 43 USBOTJUJPO G
"".PSEFSUPBOPVU PG QMBOF TQJO TQJSEBWMFSMEDIP/Cs P @ D I(
JOUIFFMFDUSJDBWASFITI DPDWJIUBPGU.®@IJUI FBSMIP® SFQPSU”
UIF PUIFS IBOE XFPCTFSWF B NFUBM J&TRHA4BUBRPE .*, USBOTJ
XI1IJDI GVSUIFS SFEVDEE'BE40 BIOT.I®XO JODJBOEF XJUI
JODSFBTJOH'FDPODFOUSBUJPO &BSMJFS UIFBVUIPST GPVO
PG 20240 <> *O BEEJUJPO UP UIF .36 $%B@ DJ XFPIE FX®DU.X3&5 Z
MPX UFNQFSBUVSFSFTIJTUIWHUZ VQRUNVNSBOTXJTWIIBVN Z MEBUBAS &
UFNQFSBUVSF DPVME CF EVF UR J>XREBL WPEPMIBBDURKO <

PS JJJ FMBTUJD FeM EDTUSEPWOU FB FOHSPRPSEFS UP FMVDJEBUF U
BOJTN PG SFTJTUIJWJUZ VQUVSO XF PU UIF EBUB XJUI SFMFW
NFOUJPOFEUISFFNFDIBOJTNT 8RHeUDHBCFS UGHXIIDH GPISFU
GPB(N) = rg aTz+ bT2 BT 'F EPQJOH JOEVDFT EJTPSEFS JO BEEJU
DBSSJFS QPQVMBUJPO 4FFUIF SFGFSFObDGEPSNPSF EFUBJIJMT

5P XJUOFTT UIF FOFDU PG 'FEPQJOH PO UIFNBHOFUJD QSPQ
UVSF EFQFOEFOU NBHOFUJ[BUJPO . B kXJ BIOFEF MESBFOM JPE QB
H? z UPYIBFYJT 'SPNUIF. 5;EBWBE AGP.00 JOCJKF POE B TVE
EFOESPQJOUIFJO QMBOFsNBHOEVB RANMIOWBBG6TGPSNBUJ
JOWFSTFUSJBOHVMBS UP IFMJDBM RIS NOMBBMD XEG PHOESBIR @ C
PVU PG QMBOF NBHOFUJ® N P,NCARQUOPTUXB-MWIBESLHF BT UIFJO QMB
JOHUIFTBNQMF UFNQFSBUVSFUP CFMPX , XFPCTFSWF JODS
NBHOFUJD NPNFOUTEVFUPTQJO HMBTUIMIEPQS$SBHBTIOURP BB
PG JTPUSPQJD JODSFBTFJO NBHOFUJEBYGP® EPPCTFSWFE
BOE? zPFME PSJFOUBUJPOT XJUIB GFSSPNBHGBRWIM WS LF USB



'JHVSF B D BOE F TIPX. ) JLBRUKB®ONFBGVCGFE BU , GP
X X B®E SFTQFDUJWFMZ C E BOE G TIPX. ) JTP
, GXS x B®E SFTQFDUJWFMZ ;PPNFE JOJNBHFT PG S
BSFTIPXJOUIFJOTFUT *OTFUPG E QPJOUTUPUIFBTZNNF
EFUBJMT

UIFS MPXFSJOH TBNQMF UFNQFSBUVSF UIFJO QMBOF NBHOI
PVU PG QMBOF NBHOFUJ[BUJPO TIPXBEEJUZPOBM®FSSPNB
IBODJOHUIFBOJTPUSPQZPGUIFNBHOFUJD TUSVDUVSFBUNV
EPQJOH IXF OGSPNFBGFSSPNBHOFUJD MJGAFIIGBOMBYJIPO I
UBUJPOTUIPVHIUIFPVU PG MBORBNRMDFUUBBPWIHPFS DPNQE
JO QMBOF NBHOR/MULU[BBUPOQO %FDSEBITUOBHBDSFBTIJOH 'F DPOL
UJPOJTDPOTJTUFOU XJU#»B*@SI-R\AIRWO BB IS UGSPN UIF NBH
TIPXOJO'JBT E BOE G BOEUIFFMFDUSJDBMSFDJTBAR JU
F XFPOEUIBUUIFNFUBM JOTVMBUPS USBOTJUJPO PDDVSCC
NBHOFUJD USB&TRHMIP®B DBesOp3540 TVHHFTUJOH UIBU GFSSP
DPVMECFBQMBVTIJCMFPSJHJOPG .*USBOTJUJPOJOUIFTF



'JHVSF $PFSDJWJUZ QMPUUFE BT B GV O DkZIBP@EP)G BPIPQFSB UV S
QBOFM TIPXT UIF H#BUBNGSPNF@BOFM TIPXI4IREsE6 UBGES PN . O
UIF CPUUPN QBOFM TIP%EUJEEBUB GSPN .0

'JH EFQJDUTNBHOFUJ[BUJPOJTPUIFSNT. ) NFBTVSFEBUW
GPS ERKUIBOE? zPSJFOUBUJP®T 'IHTBOEF TIPXJTPUIFSNTPG
X X BOE TBNQMFT SFTQFDUJWFMZ NFBTVSFE BU , BOI
BOE G TIPXJTPWIFSENT PBOE SFTQFDUJWFMZ NFBTVSFE BU
UIFJOTFU PB8 'Xif PCTFSWF TIHOJPDBOMBUTUFSHKFINTNMGRS UP B
QSFWIPVTSFQPSU XIABFB BFBISPO BHMBFORI TN IJTPCTFSWFE XJU
NBHOFUJ[®BW3OFRGC > 0SIJHJO PG UIJT XFBL GFSSPNBHOFUJT
GSPNUIFLBHPNFMBUUJDFEJTUPSUJPOPS PO FUPOQODIFPNFUS?Z
PUIFSIBOE UIFPVU PG (HWKEOP IBBOHHEAWIIBEBBRB® Z XJUI BQQMJI
BUZQJDBM"'. TZTUFN

/IFYU FYBNJOJOH UIF JTPUIFSNT NFBTVSHKEE BBODE, GTFF 'GSPN
.0340 UIF. ) DVSWFT MPPL BMINIRPZ BAWEPOZFBYSDGERI WRBU B TNBMI
IZTUFSFTIJT EVFUP TQJO HMBTT USBOTJUJPOXJT PBODESWFE 0
X TZTUFNT XFPCTFSWF TIJHOJPDBOUDIBOHFT JO UIF PVU P(
'F EPQJOH BT UIF DPFSDIJWJUZ BOE TQPOUBOFPVT NBHOFUJ[BE
DIBOHFT JO UIFJO QMBOF NBHOFUJD TUSVDUVSF BSF NJOJNB
MPPQ NPEJPFT GSPN MJOFBS UPXTJHRPJE MBEF JOHPRIOH GSPI
PVU PG QMBOF NBRY) FWJIJBBOBEIPGFSDJIJWJUZ 5 BSF FYUSFNFM



QBSFEUPUIFJO QMBOE RBHBOGE DIBRIPDWJIU Z OF EFNPO°
FOIBODFE NBHOFUJD BOJTPUSPQZ XJUI 'F EPQJOH 'SPN BI
DVSWFPGXFPOEPFMEJOEVDFEBTZNNFUSJD . E MPPNTFT FF
PCTFSWFE QSFWJPVTMZ PO UIF N UGN BH@&FU JDB BDETINQR®B M |
HMBTTAE3SEITWQFSMBUWIHOIHICMZ EVF UP NFUBTUBCMF NBHC
PVUCZ'FEPQJOH

SP RVBOUJGZUIFNBHOFUJDBOJTPUSPQZJOEVDFECZUIF'
NFBTVSFEBUWBSJPVT TBNQHKZzZBFENQ E PBEUVFOEPBGPBCTPLUD 'JH
"TDBOCFTFFO GSPNUIFURRPQBOIFEFPGT'OHPU EJOFSFODF CF
JO QMBOFBOEPVU PG QMBOFDPFSDJIJWJUJFTBOEBMNPTUTL

FWFSCFMPX , UIPVHIJTPUSPQJD JUJODSFBTFTESBTUJDI
X BHBJO XFPOEBMNPTUDPOTUBOUBOEOFBSMZ[FSP JO
GSPN , EPXOUP , #FMPX , CPUIJO QMBOFBOEPVU PG

XJUIEFDSFBTJOHUFNQFSBUVSF )PXFWks UTRBRNP PG UQ SIBF
UJNFTIJHIFS UIBO UIF JG QMBAF D PASNDMBBMZXxJO UIF DBTF
UIFJO QMBOF DPFSDJWJUZ BMXBZT GPVOE UP CF [FSP GPS |
UIFPVU PG QMBOFDPFSDJWJUZ TUBSUT JODSFBTJOH GSPN
FTUIJNBUF UIFNBHOFUPDSZTUBM MJ OFTRO HT R IUFARIJPOFG F&EFH K
NPEFM < >CZDPOTIJEEFBYOHBITRJUIF FBTZ BYJT VOJBYJBM P
$PODFOUSBUJOHPOMZBUUIFMPXUFNQFSBUVSF , XIFSF L
NBHOFUPDSZTUBMMJOF B O J;T RO FBM D VA SIBEINERE GPSU Z
X BOE 10°Jm® GRS 5IFTFWBMVFTBSFTJHOJPDBOUMZ I,
QSFWJPVTMZ SFQPSUFEJO QMBOF NBHOFUPDBYITWBMMJIOF |
GSPN4O < >

5/F FOFDUPG'FEPQJOHPO UIF UPQIOMAHID/EM DEEDBOE S GP
)BMM NFBTVSFNFOUT BU MPX UFNQFSBRNBEBTVSFEIPX® BG 'Q
£x(T)> BOE JOrQBOB MM SFTJTUJWJIJUJFT BT B GVODUJPO PG
NBHOFUJD PMFE PG B 'SPNDBI® ORLMIFDF BIBUODSFBTFT OFH
UJWFMZ XJUIEFDSFBTJOH UFNQFRRBUVSBEGESECRMPYXEPXO UF
EFOMZ CFDPNFT [FSP 00 UIF PUCF X FEXBOD GSPGIEaD JT
BMNPTUDPOTUBOU GSPN ,EBPXOQLPIET 'JHO XI1JDI XF DBO
OPUJDFBOJODSFBTF OFHBUJWFMZ JO)BMM SFTJTUJWJUZ |
UPs , BOE CFMPX UIJTriFINQFHS BMY SIFO D BWEDTNB W P,

'JH E EFQJIPWT JO XIJDIXFDBO OPUJDF TMJHIUJODSFBT
SFTJTUJWJUZ XJUIEFDSFBTJOH V¥ DQFSB U,V SETEFQUEEDFBB I F T



'JHVSFOVU PGQMBOF )BNMIFTUTBEBIBALVODUIJPOPGUFNQFS
VOEFS UIF PFME PXxG 5mSPN BOE F C E BOE G TIPXJO
QMBOF )BMMrgF DMRUWEBE BT B GVODUJPO PG UFNQFSBUVSF NF
5 GSP Nx BOE SFTQFDUJWFMZ *OTFUT PG E BOE G TIP.
PGUIFJS )BMM SFTJTUIJWJUZ XJUI SFTQFDUUP UFNQFSBUVSF



'JHVSF 'JFME EFQFOEFOU PVU PGr£QQMBBFV)SWVEVIBIFEJDB $WO L
QFSBUVSFTBSPN D RBOE F $VSWFECMVFBSSPXTJO D J
TXFFQJOHEJSFDUJPO 4JNJMBSMZ PFMEENRE-TOESFHEUBIODEQHI
GFSFOUUFNQKSBUOYSFT GSHBNDE G

SFQSHTLF@OUIBWIOH B NJOJNBBU , DPOTJTUFOU XJUIUIF G
UFNQFSBYVSF RGFF 'JHE > 'JHF EFQJDQMPUUWFE GPG
X1JDI XF DBO OPUJDF JODSFBTF OFHBUJWFMZ JO)BMM SFT.
QFSBUVSFEPXOUP , FYRFQU UTPCBFENF B EFQJPGT

X JO X1JDI XF OPUJDF JODSFBTF QPTJUJWFMZ JO)BMM S
BUVSF BOE HFUT M D\WSBW FE U®TFU GO EFHY JDAITT IPXJOH
NJOJNBBU UIF GFSSPNBHOFUJD:USBGTFFIBBGA BNQFSBUVSF

'SPNUIF)BMMNFBTVSFNFOBTIUPRONGBBHUIBU UIF MBSHF
rrx PCTFSWFEG6G BN IOHI UFNQFSBUVSFT JT NB XOMYBBDFIWF O
#FSSZ QIBT¥ QPXFWFS BU MPXUFNQRSBW¥SBZ QIBTFEJTBQ!
EVFUP TQJO SFPSIFQUBIUOFABMBEBEAMY¥T 8IFSFBT UIF #FSSZ
BCTFOWYQMBROFRG,,QIT JO HFOFSBM ® FHOMUHJCIMUWE Z XF OP
SR , GKXS XIIMFOPTQJO SFPSJFOUBUJRO USBPISUUJPO J
UPNFOUJPOIFSFUIBUUIFBVUIPSTIBWF GPVOETQJO SFPSIJI
PG @240 <> 5IVT MJOFBS JOD S KBXIIRJ ICEHFHDBSFBAB OFOUFN Q F
EPXO UP Xx GPSBOE EPXO UR , GPISEVF UPIOPQBESFP#FSSZ
QIBTF <TFF 'DHBOEF > "TUPOJTIJOHMZ UIF JOr,Q MBDF )BMM






	Dedication
	Acknowledgments
	Abstract
	Introduction
	Topological Invariance
	Berry Curvature
	Spin-Orbit Coupling
	Hall Effect
	Quantum Hall Effect
	Quantum Spin Hall Effect
	Anomalous Hall effect
	Topological Hall effect

	Symmetries
	Point group symmetry
	Time reversal symmetry

	Topological Semimetals
	Kagome lattice systems
	Frustration
	Electronic properties


	Experimental Details
	Single Crystal Growth
	Flux growth method
	Solid State Single Crystal Growth (SSSG)

	Structural characterization: X-ray diffraction
	Composition characterization: Energy Dispersive X-ray Spectroscopy (EDXS)
	Field Emission Scanning Electron Microscopy (FESEM)
	Magnetic Measurements
	Electrical Transport Measurements
	Linear four probe method
	Magneto-transport Measurements


	Topological Hall Effect Instigated in Kagome Antiferromagnet Mn3-xSn due to Mn-deficient Induced Noncoplanar Spin Structure
	Introduction
	Experimental details
	Results and Discussions
	Summary

	Tuning of Topological Properties in the Strongly Correlated Antiferromagnet Mn3Sn via Fe Doping
	Introduction
	Experimental details
	Results and Discussions
	Summary

	Effect of Electron-Phonon Scattering on the Anomalous Hall Conductivity of Fe3Sn : a Kagome Ferromagnetic Metal 
	Introduction
	Experimental details
	Results and Discussions
	Summary

	Anisotropic Nonsaturating Magnetoresistance Observed in HoMn6Ge6 : A Kagome Dirac Semimetal
	Introduction
	Experimental and First-principles Calculation Details
	Results and Discussions
	Summary

	Conclusions
	List of Publications
	Biblography

