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Abstract

Correlations between magneto-transport properties and crystal structure in

transition metal pnictides and chalcogenides

by

Chih-Wei Chen

The interactions between electrons and crystal structure can result in

one or more lattice, charge, spin, and orbital orders. These orders, and

the competition between different states they generate, result in many

interesting phenomena, such as magnetism, metal-to-insulator transition,

giant magnetoresistance, superconductivity, heavy fermion behavior, etc.

Here I report the research on three systems: Co2As1−xPx, FexTaS2, and

Sr2Mn3As2O2, and the corresponding phenomena. In Co2As1−xPx, the

magnetic properties are strongly correlated with the crystal structure.

The P doping induces two structural phase transitions. The itinerant

ferromagnetism in Co2As is enhanced by the first structural phase

transition (x ∼ 0.04) and quenched by the second structural phase

transition (x between 0.85 and 0.90). In FexTaS2, I studied the

correlation between magneto-transport properties and the Fe

concentration x. When x deviates from the two commensurate values

1/4 and 1/3 where Fe ions form superstructures, both the spin

misalignment and the magnetoresistance increase. The largest

magnetoresistance that has been observed so far is 140% in Fe0.297TaS2,

where the Fe concentration is close to the average of two commensurate
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values. In Sr2Mn3As2O2, I grew the first Sr2Mn3As2O2 single crystals

and performed single crystal neutron scattering, which reveals that the

magnetic structure at one of its layers has a quasi two-dimensional

antiferromagnetic order. The energy dispersion of this magnetic order

has linear dependence with wave momentum at the low energy transfer

region, which is consistent with the spin wave of antiferromagnetic order.

Additionally, band structure calculations indicate that Sr2Mn3As2O2 is a

Mott insulator and the Mott transition is both layer- and

orbital-selective, where the dx2−y2 orbital in this layer dominates the

Mott transition.
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Chapter 1

Outline

The interactions between electrons and crystal structure can result in one or

more lattice, charge, spin, and orbital orders. These orders, and the competition

between different states they generate, result in many interesting phenomena,

such as magnetism, metal-to-insulator transition, giant magnetoresistance,

superconductivity, heavy fermion behavior, etc. In many of these phenomena, such as

high temperature superconductivity, the underlying mechanism and the correlation

with the interactions mentioned above remain unclear. Therefore, to explore the

connection between these phenomena and the interactions, more research on different

materials is required. In this dissertation, the study of three materials and the

corresponding phenomena are reported. An outline of each chapter is listed below:

Chapter 2 provides a brief introduction of magnetic materials, magnetoresistance,

and Mott insulators. In the magnetic materials section, I briefly discuss the local

moment scenario and itinerant scenario of the magnetic moments and magnetic order.

In the magnetoresistance section, I briefly discuss the regular magnetoresistance in

metals, giant magnetoresistance in magnetic materials and heterostructures, and

colossal magnetoresistance in transition metal oxides. In the Mott insulators section,

I briefly discuss the strong electron-electron interaction, metal-to-insulator transition,



2

and two categories of Mott insulators.

Chapter 3 provides a brief description of the experimental techniques I used

in my research. These include two aspects: materials synthesis and materials

characterization. For materials synthesis, I briefly describe solids state reactions,

flux growth, and vapor transport methods. For materials characterization, I briefly

describe X-ray diffraction, magnetization measurements, resistivity measurements,

specific heat measurements, inductively coupled plasma, X-ray photoelectron

spectroscopy, and triple-axis neutron scattering.

Chapter 4 provides my research results from studying the enhanced

ferromagnetism induced by structural phase transitions in Co2As1−xPx. In this

compound, the P doping induces two structural phase transitions: a room

temperature α-to-β structural distortion around x = 0.04, similar to what increased

temperature (T = 725 K) does in the parent compound (x = 0); and a hexagonal-to-

orthorhombic phase transition between x = 0.85 and 0.90. Meanwhile, the itinerant

ferromagnetism in Co2As is enhanced by the first structural phase transition and

quenched by the second structural phase transition. The ferromagnetism in the

intermediate P doping range (β-Co2As phase) in Co2As1−xPx has a higher Curie

temperature and larger saturated moment than the ones in the other two phases.

Chapter 5 and Chapter 6 provides my research results from studying the magneto-

transport properties of Fe-intercalated 2H-TaS2 (FexTaS2), for which the magneto-

transport properties are correlated with the Fe concentration x. When x deviates from

two commensurate values 1/4 and 1/3 where Fe ions form superstructures, both spin

misalignments and the magnetoresistance increase. The largest magnetoresistance

that has been observed so far is 140% in Fe0.297TaS2, where the Fe concentration is

close to the average of the two commensurate values.

Chapter 7 provides my research results from studying the magnetic structure in
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Sr2Mn3As2O2. This material has two types of layered structures: a MnO2 plane,

which resembles the CuO2 plane in cuprates, and a MnAs plane, which resembles

FeAs in iron pnictides. The magnetic properties of this compound are dominated by

the Mn ions in the MnO2 plane (Mn(1) site). Here I grew the first Sr2Mn3As2O2

single crystals and performed single crystal neutron scattering, which reveals the

magnetic order at the Mn(1) site to be quasi two-dimensional. The correlation length

of the magnetic order is at least two orders of magnitude longer within the plane than

perpendicular to the plane. Meanwhile, the energy dispersion of the magnetic order at

the Mn1 site was also studied by performing inelastic neutron scattering. The results

reveal that the energy transfer has linear dependence with wave momentum at the low

energy transfer region, which is consistent with the spin wave of antiferromagnetic

order. Additionally, band structure calculations indicate that Sr2Mn3As2O2 is an

Mott insulator and the Mott transition is both layer- and orbital-selective, where the

dx2−y2 orbital at the Mn(1) site dominates the Mott transition.



Chapter 2

Introduction

2.1 Magnetic materials

Magnetism in condensed matters originates from magnetic moments [1].

Magnetization M , which is defined as magnetic moments per volume, is used to count

the amount of aligned magnetic moment in a piece of material. When a material is in

a magnetic field, net magnetic moments can be induced and respond to the applied

magnetic field. The relation between magnetic field H and magnetization M can be

written as [2]:

χ =
∂M

∂H
(2.1)

where χ is called magnetic susceptibility. The magnetic susceptibility is an intrinsic

property of a material. Meanwhile, magnetic moments inside a material can

interact with each other, resulting in magnetic order, such as ferromagnetic or

antiferromagnetic orders. Therefore, to understand the magnetism in materials, it is

important to figure out both the source of magnetic moments and their interactions.



5

2.1.1 Magnetism in free ions

The source of magnetic moment µ was first considered as current loops in

classical electromagnetism. However, Bohr-van Leeuwen theory demonstrates this

classical model itself is not enough to explain observed magnetic properties in

materials. The Bohr-van Leeuwen theory demonstrates that the classical statistical

mechanics and classical electromagnetism cannot be applied consistently to explain

the magnetization in a material [3]. From statistical mechanics, the magnetization

can be written as [3]:

M = − 1

V

∂F

∂H
(2.2)

where F is Gibbs free energy and can be written as:

F = −kBT lnZ, (2.3)

where Z is the partition function. Using classical electromagnetism, the partition

function Z can be written as:

∫ ∞
∞

∫ ∞
∞
· · ·
∫ ∞
∞

exp[−βE(r1, r2, · · ·, rn; p1,p2, · · ·,pn)]dr1 · · · rndp1 · · · pn, (2.4)

where p is replaced by p − qA when an electron is in a magnetic field. However,

the integral limits can be shifted by a constant without changing the results. This

means that the partition function (Eq. 2.4) and Gibbs free energy (Eq. 2.3) are not

a function of magnetic field and results in zero magnetization (Eq. 2.2). Therefore,

classical electrodynamics and statistical mechanics cannot be applied consistently to

explain the magnetism in condensed matter. Later, magnetism was demonstrated as

a quantum effect, and quantum mechanics is needed to explain the magnetism.
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Quantum mechanics demonstrates that magnetic moments in materials originate

from angular momentum of charged particles, such as electrons and protons [1].

Magnetic moments are proportional to angular moments, and the coefficient is

inversely proportional to a particle’s mass. It follows that electrons, instead of

protons, are the main source of magnetic moments in materials. The angular

momentum of an electron is constituted by two parts: orbital angular momentum

L and spin S [2, 3, 4]. The magnetic moment of orbital angular momentum µL can

be written as:

µL = −gLµBL, (2.5)

where gL = 1 and |L| =
√
L(L+ 1). L is the angular momentum quantum number.

The magnetic moment of spin µS can be written as:

µL = −gSµBS, (2.6)

where gS ' 2 and |S| =
√
S(S + 1). S is the spin quantum number. Because gS is

twice larger than gL, spin contributes two times the total magnetic momentum than

orbital angular momentum.

When orbital angular momentum and spin are coupled, L and S are not good

quantum numbers but the total angular momentum is [1]. The total angular

momentum can be written as:

J = L + S. (2.7)

And the magnetic moment from total angular momentum can be written as:

µJ = −gJµBJ, (2.8)
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where gJ is Landé g-factor:

gJ =
3

2
+
S(S + 1)− L(L+ 1)

2J(J + 1)
, (2.9)

and |J| =
√
J(J + 1). J is the total spin quantum number.

The energy of a magnetic moment in a magnetic field H can be written as [3]:

EJ,mJ = −µJ ·H = gJµBmJH (2.10)

where mJ is the quantum number of the total angular moment along a fixed axis

and takes integral value between −J and J . The equation 2.10 indicates that

the free energy will be a function of magnetic field H and results in a non-zero

value for magnetization. The quantum mechanics and statistical mechanics can be

applied consistently in this case. It is further demonstrates that the magnetization of

materials is from the angular momentum of charged particles, including both orbital

angular momentum and spin.

2.1.2 Paramagnetism

Based on its magnitude and sign, the magnetism in condensed matter can be

categorized as paramagnetism, diamagnetism, ferromagnetism, antiferromagnetism,

or ferrimagnetism. The magnetic moments inside the paramagnetic or diamagnetic

materials do not form long range order and interact with magnetic field individually.

In contrast, the magnetic moments inside ferromagnetic or antiferrimagnetic materials

are strongly correlated and form long range magnetic order. The details of these three

types of magnetic materials will be discussed in a later subsection.

The magnetic susceptibilities of paramagnetic or diamagnetic materials are

weak. Meanwhile, paramagnetic and diamagnetic materials have positive and
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negative magnetic susceptibility respectively. To explain paramagnetism, Curie

paramagnetism and Pauli paramagnetism are the most common mechanisms and

represent local and itinerant moment scenarios respectively [1, 3].

2.1.2.1 Curie’s Law

For Curie paramagnetism, the magnetic susceptibility varies inversely with

temperature, and this relation is known as Curie’s law [4]. Curie’s law is derived

in the case of non-interacting local magnetic moments. Magnetic moments in a

material are randomly oriented due to thermal motion; after applying a magnetic

field, the magnetic moments tend to align along the field direction. This process

gives a positive, temperature dependent magnetic susceptibility.

To derive the Curie law, Eq. 2.2 and Eq. 2.3 are used [3, 4]. The energy of a

magnetic moment in a magnetic field is shown in Eq. 2.10, and the partition function

for N magnetic moments is:

Z =

(
J∑

mJ=−J

exp

(
−EJ,mJ
kBT

))N

=

(
J∑

mJ=−J

exp

(
−gJµBmJH

kBT

))N

. (2.11)

From Eq. 2.3 and Eq. 2.2, the magnetization can be written as:

M =
NkBT

V

∂

∂H

{
ln

(
J∑

mJ=−J

exp

(
−gJµBmJH

kBT

))}
, (2.12)

which gives:

M = M0

[
2J + 1

2J
coth

(
2J + 1

2J
x

)
− 1

2J
coth

( x
2J

)]
= M0BJ(x), (2.13)
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where x = gJJµBH
kBT

, M0 = N
V
gJµBJ , and:

BJ(x) =
2J + 1

2J
coth

(
2J + 1

2J
x

)
− 1

2J
coth

( x
2J

)
, (2.14)

is the Brillouin function. For x� 1, which means magnetic field is much larger than

temperature, the Brillouin function is approximately equal to 1 and magnetization is

given by:

M ≈M0 =
N

V
gJµBJ. (2.15)

The saturation moment per ion, which is the maximum magnetization of an ion, is

given by:

µsat = gJJµB (2.16)

For x � 1, which corresponds to temperatures much larger than magnetic field,

the Brillouin function can be expanded as:

BJ(x) ≈ (J + 1)x

3J
+O(x3). (2.17)

Thus, the magnetization is linear with field H, and the magnetic susceptibility is

approximated by:

χ =
∂M

∂H
≈ M

H
=
Ng2

Jµ
2
BJ(J + 1)

3V kBT
(2.18)

Defining the effective number:

p
eff

= gJ
√
J(J + 1) (2.19)

and effective moment

µ
eff

= p
eff
µB (2.20)
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the susceptibility can be re-written as:

χ =
Nµ2

Bp
2
eff

3V kBT
=

Nµ2
eff

3V kBT
=
C

T
(2.21)

where C is the Curie constant. The molar magnetic susceptibility is defined by:

χ
mol

= χVm (2.22)

where Vm is the molar volume. Therefore, the molar magnetic susceptibility is given

by:

χ
mol

=
NAµ

2
Bp

2
eff

3kBT
=
NAµ

2
eff

3kBT
=
C

T
(2.23)

where NA is the Avogadro constant, and C =
p2eff

8
when the χ

mol
is in the

unit of emu/mol. The denominator is from the following constants:
NAµ

2
B

3kB
=

6.022×1023mol−1×(9.274×10−21emu2)
3×1.38×10−16emu/K−Oe

= 1
8

emu-K/mol. By measuring the temperature

dependent magnetic susceptibility, the effective moment can be deduced. Together

with other temperature independent contributions, the magnetic susceptibility of a

material can be generalized as:

χ = χ0 +
C

T
(2.24)

where χ0 is the temperature independent contributions to magnetic susceptibility,

such as Pauli paramagnetism, and Landau diamagnetism [2, 3, 4].

2.1.2.2 Pauli paramagnetism

The itinerant magnetic moments are from conducting electrons [3, 4]. Electrons

occupy spin-up or spin-down states of individual sites in momentum space. When the

magnetic field is applied, the energy of spin-up and spin-down states are changed, and
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E

EF

g(E)

E

EF

g(E)

2μBB

(a) (b)

  H << EF/μB

H = 0 H > 0

Figure 2.1: An illustration of Pauli paramagnetism. (a) When a magnetic field is
absent. (b) Net magnetization is induced by applying a magnetic field.

the electrons are redistributed as shown in Fig. 2.1. Therefore, the net magnetization

is given by [3]:

M = (n↑ − n↓)µB (2.25)

where n↑ and n↓ are the numbers of electrons occupying spin-up or spin-down states.

Because electrons are fermions, the electron occupation number for spin-up and spin-

down states are [3]:

n↑ =
1

2

∫ ∞
0

g(E + µBH)f(E)dE

n↓ =
1

2

∫ ∞
0

g(E − µBH)f(E)dE,

(2.26)

where g(E) is the density of the states, and f(E) is the Fermi-Dirac distribution:

f(E) =
1

e(E−µ)/(kBT ) + 1
, (2.27)
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where µ is the chemical potential. For small magnetic field H � EF/µB, the density

of the states can be expanded as:

g(E ± µBB) = g(E)± dg(E)

dE
µBH. (2.28)

Therefore, the net magnetization is given by:

M =(n↑ − n↓)µB

≈µ2
BH

∫ ∞
0

dg(E)

dE
f(E)dE

=µ2
BH([g(E)f(E)]∞0 −

∫ ∞
0

df

dE
g(E)dE).

(2.29)

Because g(0) = 0 and f(∞) = 0, the first term can be ignored. Therefore

M = µ2
BH

∫ ∞
0

(
− df

dE

)
g(E)dE (2.30)

When T = 0, f(E) is a step function and its differential is a Dirac-delta function at

EF :

− df

dE
= δ(E − EF ) (2.31)

The magnetization is:

M = µ2
BHg(EF ) (2.32)

and the magnetic susceptibility is given by:

χ
Pauli

=
∂M

∂H
= µ2

Bg(EF ) (2.33)

For T 6= 0, the correction term of (df/dE) are of order (T/TF )2, Eq. 2.33 is valid

except for temperatures close to the Fermi temerature (T ≈ 104 K). Therefore, the

non-interacting conduction electrons give a positive and temperature independent
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magnetic susceptibility. This is known as Pauli paramagnetism.

2.1.3 Interactions between magnetic moments

Interactions between electrons and magnetic moments are the core of magnetism and

result in a variety of magnetic order and magnetic structure. Originally, the dipolar

interaction was expected to play an important role in magnetic order. However, a

quick estimation from classical electromagnetism shows that the dipolar interaction

has energy equivalent to 1 K in temperature [3]. This is much smaller than the

magnetic transition temperature of many materials. Therefore, the dipolar interaction

is too weak to explain the magnetic order in materials. To explain the magnetic

order in materials, one needs to consider electron-electron interactions and quantum

mechanics.

2.1.3.1 Exchange interaction

Electostatic interactions and quantum mechanics result in an exchange interaction,

which plays the most important role in explaining magnetic orders in materials.

Consider two electrons at position r1 and r2. Because the electron is a fermion, the

overall wave function must be asymmetrical when electrons exchange their positions.

Therefore, the wave function of the spin part could be a symmetrical triplet state

(ψT , S = 1) while the spatial part is asymmetrical. The wave function could be

an asymmetrical singlet state (ψS, S = 0) while spatial part is symmetrical. The

respective wave function can be written as [3, 4]:

ΨS =
1√
2

[ϕa(r1)ϕb(r2) + ϕa(r2)ϕb(r1)]χS

ΨT =
1√
2

[ϕa(r1)ϕb(r2)− ϕa(r2)ϕb(r1)]χT .

(2.34)
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The energy of the corresponding states are:

ES =

∫
Ψ∗SĤΨSdr1dr2

ET =

∫
Ψ∗T ĤΨTdr1dr2.

(2.35)

The energy difference between these two states is:

ES − ET = 2

∫
ϕ∗a(r1)ϕ∗b(r2)Ĥϕa(r2)ϕb(r1)dr1dr2. (2.36)

The coupling energy between these two spins (S1 · S2) can be derived from:

S2 = (S1 + S2)2 = S2
1 + S2

1 + 2S1 · S2 =
3

4
+ 2S1 · S2 (2.37)

Because S = 0 for singlet and S = 1 for triplet state, S1 ·S2 is equal to −3
4

and 1
4

for

singlet and triplet state respectively. The Hamiltonian can be written as

Ĥspin =
1

4
(ES + 3ET )− (ES − ET )S1 · S2. (2.38)

Which can be further reduced to:

Ĥspin = −2JS1 · S2, (2.39)

where:

J =
ES − ET

2
, (2.40)
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and ES − ET is equal to the right hand side of Eq. 2.36. This Hamiltonian can be

generalized to many electron system as:

Ĥspin = −
∑
i,j

JijS1 · S2. (2.41)

Here it can be seen that the singlet state, which means neighboring spins are

antiparallel, is preferred when J < 0 and the triplet state, which means neighboring

spins are parallel, is preferred when J > 0. An electron is coupled to its neighboring

electron through this exchange interaction, and the alignment of spin depends on the

sign of exchange constant J . This is also known as direct exchange.

However, when electrons are far apart and their wave functions rarely overlap, the

direct exchange is likely not to happen. For these cases, the exchange interactions

are remedied by other mediators, such as non-magnetic ion and conduction electrons.

These involve superexchange, double exchange, and RKKY interactions.

2.1.3.2 Superexchange

In some materials, such as transition metal oxide MnO, the wave functions of

electrons for magnetic ions Mn+2 does not directly overlap to each other, which

makes the direct exchange rarely happen. To explain the magnetic order in

these materials, indirect exchange is needed [3, 4]. One of the indirect exchange

interactions is superexchange [3, 4], where the exchange interaction of the electrons

on the magnetic ions are mediated through a non-magnetic ion (Fig. 2.2.(a)). The

superexchange interaction involves two process. Given a ground state as shown in

Fig. 2.2.(b) an electron occupies a state in each magnetic ion with a non-magnetic

ion occupies by two electrons. Electron can save their kinetic energy by hopping

to other site. One of the electrons in the non-magnetic ion can hop to one of

the magnetic ions while the electron in another magnetic ion can hop to the non-
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Figure 2.2: Superexchange interaction: (a) M-O-M bond, (b) ground state and (c),(d)
excited state.

magnetic ion as shown in Fig. 2.2.(c) and Fig. 2.2(d). Because the superexchange

interaction involves the electrons hopping through M-O-M (M is transition metal)

bond, the superexchange significantly depends on the overlapping of electron orbitals

and bonding angles. Meanwhile, the Pauli exclusion principle indicates that two

electrons cannot occupy the same state. The electrons in magnetic ions prefer

to have antiparallel alignment because otherwise the hopping is forbidden by the

Pauli exclusion principle. Therefore, superexchange interaction generally results

in antiferromagnetic order in materials. However, there is an exception when one

magnetic ion site is empty. In this case, a hopping electron can occupy one of two

magnetic ion sites and a material can be ferromagnetic.
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2.1.3.3 Double exchange

In some transition metal oxides, a transition metal can have more than one oxidation

state, and it is known as mixed valency. Mixed valency, together with crystal field

effect, results in the double exchange interaction (Fig. 2.3) [3]. Due to the crystal

field effect, five degenerated d-orbitals can be split into two eg and three t2g states. If

Hund’s coupling in a magnetic ion is stronger than the crystal field effect, the spins

in each magnetic ion tend to maximize its total spin, which results in high spin state.

In the opposite case where the crystal field effect is stronger than Hund’s coupling,

electrons tend to occupy lower energy states before they start occupying high energy

states, which results in low spin state. In high spin state, when an electron hops from

one site to another site, the spin of this electron aligns in the same direction as other

electrons due to Hund’s coupling in the magnetic ion. This results in a ferromagnetic

alignment. In contrast, if the electrons are aligned differently for these two sites,

an electron will not hop due to Hund’s coupling in the magnetic ion. Because a

material’s transport properties depend on the hopping of charge carriers, the double

exchange interaction suggests that a material is conducting when it is ferromagnetic

and insulating when it is antiferromagnetic [3].

2.1.3.4 RKKY interaction

Indirect exchange interaction can be mediated by conduction electrons. A localized

magnetic moment can interact with a conduction electron, and this conduction

electron interacts with other magnetic moments. This results in an effective

interaction between two local magnetic moments. This is known as Ruderman-Kittel-

Kasuya-Yosida (RKKY) interaction. This coupling constant JRKKY is proportional

to the distance between two local magnetic moment r through the following equation
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Figure 2.3: Double exchange interaction. An electron prefers to hop when (a) the
neighboring ion is ferromagnetically aligned and would not like to hop when (b) the
neighboring ion is antiferromagnetically aligned.
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[3]:

JRKKY ∝
cos(2kF r)

r3
. (2.42)

Relying on the distance, JRKKY can be positive or negative, which means that the

magnetic moments can be ferromagnetically or antiferromagnetically coupled.

2.1.4 Long range magnetic order

With previously discussed interactions, magnetic moments can interact with each

other and have magnetic orders, such as ferromagnetic, antiferromagnetic, and

ferrimagnetic states. Once the temperature is increased above the transition

temperature of each order, thermal vibrations dominate and materials change to

paramagnetic state, where magnetic moments are randomly oriented. Here the most

common three magnetic orders, ferromagnetic, antiferromagnetic, and ferrimagnetic

orders will be discussed.

2.1.4.1 Ferromagnetism

For the ferromagnetic materials, the magnetic moments spontaneously align toward a

direction (Fig. 2.4 (a)), which creates net magnetization. However, when all magnetic

moments are aligned toward a specific direction, this system is not energetically

favorable due to the increased electromagnetic energy (∼ B2) [3]. Therefore, magnetic

domains form in ferromagnetic materials to reduce the electromagnetic energy.

Magnetic moments within the domain are aligned toward a fixed direction, but the net

magnetization of each domain is aligned toward a different direction. Although the

formation of domains increases the energy of the system by creating domain walls, the

formation of domains reduce electromagnetic energy simultaneously. Therefore, the

formation of domains may reduce the overall energy of the system and be energetically
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favorable.

When a ferromagnetic material is in a magnetic field, the magnetic field forces

the magnetic moments toward the same direction as the magnetic field. When the

magnetic field is strong enough, the magnetic domains will be eliminated and the

material has only a single domain. Once the field is decreased or reversed, the system

will create domains once again to reduce the overall energy. Both the creation and

elimination of domains are irreversible processes. This creates a hysteresis loop for

one complete cycle of applying magnetic field. The area of the hysteresis loop is equal

to the energy consumption of one cycle.

The ferromagnetic to paramagnetic state transition temperature is called the Curie

temperature TC . When temperature is lower than TC , the magnetic moments start

forming net magnetization within each domain. In the ferromagnetic state, because

of the net magnetization and the movement of domain walls, ferromagnetic materials

have much larger magnetic susceptibilities than paramagnetic materials at low fields.

To estimate the ferromagnetic coupling between magnetic moments, a

Hamiltonian of exchange interaction (Eq. 2.41) is used [2, 3, 4]:

Ĥ = −
∑
i,j

JijJi · Jj (2.43)

where the Jij is the exchange constant for nearest neighbors. If Jij is positive, the

magnetic moments prefer to be parallel; if Jij is negative, the magnetic moments

prefer to be anti-parallel. Because of the interaction between magnetic moments,

the magnetic moment’s response is due to the applied magnetic field and the

other magnetic moments. By considering only the interactions between the nearest
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(a)

(b)

(c)

Figure 2.4: The alignments of magnetic moments in (a) ferromagnetic materials, (b)
antiferromagnetic materials, and (c) ferrimagnetic materials.
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magnetic moments, the Hamiltonian can be written as:

Ĥ = −
∑
i,j

JijJi · Jj + g
J
µB
∑
i

Ji ·H (2.44)

This Hamiltonian can be re-written as:

Ĥ = gJµB
∑
i

Ji ·

(
− 1

gJµB

∑
j

JijJj + H

)
(2.45)

Be defining the molecular field created by other magnetic moments as:

Hmf = − 1

gJµB

∑
j

JijJj (2.46)

The Hamiltonian of the i−th magnetic moment can be written as:

Ĥ = gJµB
∑
i

Ji · (H + Hmf ) (2.47)

The molecular field can be written as:

Hmf = λM (2.48)

where λ is a constant that gives the strength of the molecular field. Based on

similar calculations in the previous section, the following equations need to be solved

simultaneously:

M

M0

= BJ(x) (2.49)

and:

x =
gJµBJ(H + λM)

kBT
(2.50)
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These equations can be solved graphically. In Fig. 2.5, we consider the H = 0 case.

When H = 0, the magnetization can be written as:

M =
kBTx

gJµBJλ
(2.51)

which defines a line and the slope is equal to kBT
gJµBJλ

. By tuning T , the slope is

changed. When T > TC , the only solution of M is zero, which means there is

no spontaneous magnetization. However, when T < TC , there are three solutions:

one is the trivial solution at zero and two non-zero values for magnetization. This

means that when the the material is cooled down below TC , it will have a non-zero

magnetization without applying magnetic field and this magnetization increases with

decreasing temperature. The Curie temperature TC can be found when the slope

(∂M
∂x

) of Eq. 2.49 and Eq. 2.50 are equal at the origin. Therefore, when x is small and

H = 0, Eq. 2.49 can be written as:

M =
(J + 1)xM0

3J
(2.52)

and Eq. 2.50 can be written as:

M =
kBTx

gJµBJλ
(2.53)

Because the slope ∂M/∂x of the above equations should be equal when T = TC ,

then:

TC =
gJµB(J + 1)λM0

3kB
=
nλµ2

eff

3kB
(2.54)

Above TC with a small applied field H, when x � 1, the Brillouin function can be

approximated as:

M

M0

≈ gJµB(J + 1)

3kB

(
H + λM

T

)
(2.55)
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Figure 2.5: Determination of the spontaneous magnetization for a ferromagnetic
ordering system.

therefore:

M

M0

≈ TC
λM0

(
H + λM

T

)
(2.56)

Rearranging the above equation gives:

M =
TCH

(T − TC)λ
(2.57)

The magnetic susceptibility is:

χ =
∂M

∂H
=

TCH

T − TC
=

1

T − TC
NAµ

2
eff

3kB
=

C

T − TC
(2.58)

where the constant C =
NAµ

2
eff

3kB
=

p2eff
8

is the same as the Curie constant that was

derived in the previous section (Eq. 2.24). By taking into account the temperature
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independent contribution χ0, the Curie-Weiss law is derived:

χ = χ0 +
C

T − TC
. (2.59)

To determine the TC precisely, Arrott provided a simple method based on Landau’s

phase transition theory [5]. By expressing free energy as a function of magnetization

M , the free energy can be written as:

F (M) = F0 + a(T )M2 + bM4 +O(M6) (2.60)

Only even powers of M are kept because the free energy is independent of the

magnetization direction when there is no magnetic field. To show there is a phase

transition, the coefficient of M2 needs to be a function of temperature. Another

requirement for a is that it has to change sign when it is above versus below the

transition temperature. Therefore, a is written as:

a(T ) = a0(T − TC) (2.61)

where a0 is a positive constant. When the system is in equilibrium, the free energy

should be at a minimum; therefore:

∂F (M)

∂M
= 0 =⇒ 2M [a0(T − TC) + 2bM2] = 0 (2.62)

and

M = 0,±
[
a0(TC − T )

2b

] 1
2

(2.63)

Here, M = 0 is a trivial solution and is not a stable state from the calculations of

∂2F (M)/∂M2. However, when T < TC , M has non-zero values that corresponding to

the spontaneous magnetizations. This argument can be generalized to the non-zero
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field case by adding a field dependent term to the free energy:

F (M) = F0 + a(T )M2 + bM4 −MH (2.64)

By the same calculation as above, we have:

(2a0(T − TC) + 4bM2)M −H = 0 =⇒ H

M
= 2a0(T − TC) + 4bM2 (2.65)

Therefore, if H/M vs M2 for various temperatures is plotted, evenly spaced lines are

expected, and the isothermal line that passes through the origin indicates the TC .

This method was first suggested by A. Arrott and the H/M vs M2 plot is called an

Arrott plot. However, the straight lines for an Arrott plot are hard to get for materials

that do not obey mean field theory. Therefore, Arrott and Noakes [6] generalized the

concept by using the critical exponents:

lim
H→0

(
H

M

)
=

(
T − TC
T1

)γ
, T > TC (2.66)

H

M
=

∣∣∣∣MM1

∣∣∣∣δ−1

, T = TC (2.67)

lim
H→0

M =

(
TC − T
T2

)β
, T < TC (2.68)

and

δ − 1 =
γ

β
(2.69)

By using linear combinations of Eq. 2.66 and Eq. 2.68, Arrott and Noakes suggested
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a semi-emperical equation:

(
H

M

) 1
γ

= at+ cM
1
β (2.70)

where t = T−TC
TC

is the reduced temperature, and a as well as c are constants, to

describe the magnetization near TC . According to this equation, when M
1
β vs.

(H/M)
1
γ with various temperatures are plotted, straight lines are expected and the

line that passes the origin gives TC , which is shown in Fig. 2.6(a). In the same

reference [6], Arrott and Noakes also introduce another scaling law equation of state

to analyze the critical region:

h = M1m(|m|
1
β ± 1)γ (2.71)

where h = H
tβδ

is the scaled field, m = M
M1
|t|−β is the scaled magnetization, and M1

is a constant. The plus is for T > TC and minus is for T < TC . According to

Eq. 2.71, when the scaled magnetization is plotted versus scaled field, the isothermal

magnetization data in the critical region will collapse into two curves: one is for

T > TC and the other one is for T < TC , which is shown in Fig. 2.6(b). Because

the critical exponents only depend on the material’s properties, the critical exponents

and TC derived from Eq. 2.70 and the h vs m plot should be the same. This method

provides a way to precisely determine the TC and is called Arrott-Noakes analysis.

2.1.4.2 Antiferromagnetism

The antiferromagnetic ordered state has zero net magnetization. In contrast to the

paramagnetic state where magnetic moments are randomly oriented, the magnetic

moments in antiferromagnetic state are ordered but cancel each other out, which

results in zero net magnetization. An antiferromagnetic material can be considered
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Figure 2.6: (a)Arrott-Noakes plot. The line passes origin indicates TC . (b)Scaling
collapse plot. The two curves are for T > TC and T < TC .

as a combination of two sublattices [3, 4]: within each sublattice, magnetic moments

are toward the same direction and have ferromagnetic coupling. But within an

antiferromagnetic material, the magnetic moments of superlattices are opposite to

each other in direction. This results in a zero net magnetization.

When temperature is lower than its transition temperature (Néel temperature,

TN), the magnetic susceptibility has different temperature dependence, which is

correlated to the direction of the angle between magnetic moments and magnetic field

direction [3]. As shown in Fig. 2.7, when a magnetic field is parallel to the magnetic

moments, the field can flip magnetic moments when temperature approaches TN ,

which results in the increase of magnetic susceptibility. When the magnetic field is

applied perpendicular to the magnetic moments, the magnetic moments start tilting

with increasing temperature. This tilting only depends on the magnetic field and

results in temperature-independent magnetic susceptibility. As shown in Fig. 2.7,

when the magnetic field is parallel to magnetic moments, the magnetic susceptibility

increases with increasing temperature until the temperature reaches TN . When

magnetic field is perpendicular to magnetic moments, the magnetic susceptibility is

temperature-independent until the temperature reaches TN . Real antiferromagnetic



29

materials are the mixture of both cases. Together with the recovery of Curie-Weiss

behavior above TN , a cusp around TN is one feature of antiferromagnetic transition.

To determine TN of an antiferromagnet, both magnetic susceptibility and specific

heat need to be considered. The susceptibility of a material in the antiferromagnetic

state increases with increasing temperature until the material reaches TN . Above TN ,

Curie-Weiss law is recovered and the susceptibility is decreased with further increasing

temperature. Therefore, the susceptibility reaches a maximum when T = TN . Also,

it was observed that specific heat has an anomaly around TN , which indicates that

the transition between an antiferromagnetic to a paramagnetic state is a second-order

phase transition. The relation between magnetic contribution to the heat capacity

and temperature-dependent susceptibility is suggested by [7]:

CM ∝
∂(χT )

∂T
(2.72)

where A is a relatively slow varying function of temperature. Therefore, the precise

TN can be determined by combining the magnetic susceptibility and heat capacity

data. When T = TN , there is a singularity point at d(χT )
dT

and a peak at temperature-

dependent heat capacity data. TN is precisely determined when the TN derived

from those two measurements are matched. For a metallic antiferromagnet, one

can include resistivity data to determine TN more precisely. Due to the short-

range spin fluctuations [8], dρ/dT has a similar anomaly to that in specific heat

measurements at TN . Therefore, to determine TN for a metallic antiferromagnet, all

three measurements are required to precisely determine TN :

CM ∝
∂(χT )

∂T
∝ dρ

dT
. (2.73)

Above TN , Curie-Weiss behavior is generally observed in antiferromagnetic
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Figure 2.7: (a) Magnetic field is parallel to magnetic moments, (b) Magnetic
field is perpendicular to magnetic moments, (c) Temperature dependent magnetic
susceptibility of antiferromagnetic materials. These figures are reproduced from Ref.
[3].
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materials. Following similar analysis with ferromagnetic materials, the Curie-

Weiss law can be generalized to determine when magnetic moments are

antiferromagnetically coupled. For the antiferromagnetic coupling, the magnetic

configuration of this system consists of two interpenetrating ferromagnetic sublattices

with antiparallel magnetic moments. The molecular field can be written in a way

similar to ferromagnetic state:

Hmf+ =− |λ|M−

Hmf− =− |λ|M+

(2.74)

and when H = 0:

M± = M0BJ

(
gJµBJ |λ|M∓

kBT

)
(2.75)

Because there are two sublattices, when materials have an antiferromagnetic ordering,

the net magnetization is given by:

M = M+ −M− (2.76)

Following a similar calculation, the Néel temperature TN is derived as:

TN =
n|λ|µ2

eff

3kB
(2.77)

By similar calculations as in the ferromagnetic case, the magnetic susceptibility above

TN is proportional to:

χ =
C

T + TN
(2.78)

and the Curie-Weiss law is recovered. Together with the case that was discussed in

non-interacting case and ferromagnetic case, Eq. 2.24, Eq. 2.59, and Eq. 2.78 can be
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generalized to:

χ = χ0 +
C

T − θW
, (2.79)

where θW is the Weiss temperature, which indicates the coupling strength and the type

between magnetic moments. From the Curie-Weiss law, the effective moment can be

derived from the temperature-dependent magnetic susceptibility above the transition

temperature TC or TN . When θW > 0, the magnetic moments are ferromagnetically

coupled. When θW < 0, the magnetic moments are antiferromagnetically coupled.

When θW = 0, the magnetic moments are not interacting. The relationship between

inverse magnetic susceptibility and temperature for paramagnetic, ferromagnetic and

antiferromagneic state is shown in Fig. 2.8. According to previous derivation and

discussion, θW is considered to have the same magnitude as TC or TN . However, in

some cases, |θW | is not equal to TC or TN because of geometrical frustration, spin

fluctuations and other reasons.

2.1.4.3 Ferrimagnetism

Ferrimagnetic materials are like antiferromagnetic materials but have different

magnitude of magnetization in each sublattice (Fig. 2.4.(c)). Because the

magnetization at each sublattice cannot exactly cancel each other as the case

in antiferromagnetic materials, ferrimagnetic materials have a net magnetization.

Therefore, although the magnetic structure of the ferrimagnetic materials is like

antiferromagnetic materials, ferrimagnetic materials have properties similar with

ferromagnetic materials, such as having large magnetic susceptibility and hysteresis

loops.

To analyze the temperature-dependence of magnetic susceptibility above the

transition temperature of ferrimagnetic materials, a similar analysis as shown

previously can be used. Given the Curie constant of two sites is CA and CB, the
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Figure 2.8: Temperature dependence of 1/χ for paramagnetic state (green),
ferromagnetic state (red), and antiferromagnetic state (blue).
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the magnetic transition at both sites happens at the same temperature Tc, and the

interaction between two sites are [2]:

HA = −λMB

HB = −λMA.

(2.80)

The magnetic susceptibility above Tc can be written as:

χ =
MA +MB

H
=

(CA + CB)T − 2λCACB
T 2 − T 2

c

. (2.81)

In contrast to the linear temperature-dependence of inverse magnetic susceptibility in

ferromagnetic or antiferromagnetic materials, this equation indicates inverse magnetic

susceptibility of a ferrimagnetic material does not linearly depend on temperature.

Therefore, the curvature of inverse magnetic susceptibility as a fit of T can be

indicative of ferrimagnetic materials [2].

2.1.4.4 Itinerant moment magnetism

In the previous subsection, the magnetic orders are due to the exchange interaction of

localized moments, which are from magnetic ions. This is the local moment scenario of

magnetism. In contrast, the magnetic order can also result from conduction electrons

[1]. Because an electron carries spin, the non-equal distribution of spin-up and spin-

down of conduction electrons results in a net magnetization and magnetic orders.

Spontaneous magnetization is not energetically favorable with non-interacting

electrons because it increases the kinetic energy of the electrons. To get spontaneous

magnetization, the interaction between electrons need to be included. Considering

a similar model to Pauli paramagnetism, if the electrons within energy EF − δE of

the spin-down states are moved to spin-up states, the kinetic energy of the system is
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increased by [1, 3]:

∆EK.E. =
1

2
g(EF )(δE)2 (2.82)

The electron density of spin-up and spin-down are:

n↑ =
1

2
(n+ g(EF )δE)

n↓ =
1

2
(n− g(EF )δE)

(2.83)

and magnetization is:

M = µB(n↑ − n↓) (2.84)

To make the calculation simple, magnetic moment per electron is chosen to be 1 µB.

The molecular field energy is:

∆EP.E. = −
∫ M

0

(λM
′
)dM

′
= −1

2
λM2 =

1

2
µ2
Bλ(n↑ − n↓)2 (2.85)

using U = µ2
Bλ, which is due to the exchange energy, the above equation can be

re-written as:

∆EP.E. = −1

2
Ug(EF )(δE)2 (2.86)

The total energy could be written as:

∆E = ∆EK.E. + ∆EP.E. =
1

2
Ug(EF )(δE)2(1− Ug(EF )) (2.87)

From this equation, the spontaneous moments are energetically favorable when:

Ug(EF ) ≥ 1 (2.88)
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which is known as the Stoner criterion.

When the Stoner criterion is not satisfied, the magnetic susceptibility can also be

enhanced due to the interaction between electrons. The energy of the system in a

magnetic field is given by [3, 9]:

∆E =
1

2
g(EF )(δE)2(1− Ug(EF ))−MH (2.89)

with M given by

M = µB(n↑ − n↓) = µBg(EF )δE (2.90)

Therefore, we have:

∆E =
M2

2µ2
Bg(EF )

(1− Ug(EF ))−MH (2.91)

When the system is at equilibrium, it has the minimum energy and gives:

∂(∆E)

∂M
= 0→ M

µ2
Bg(EF )

(1− Ug(EF ))−H = 0 (2.92)

M =
µ2
Bg(EF )H

1− Ug(EF )
(2.93)

The magnetic susceptibility for this system is given by:

χ =
∂M

∂H
=

µ2
Bg(EF )

1− Ug(EF )
=

χ
Pauli

1− Ug(EF )
= Sχ

Pauli
(2.94)

where the Pauli susceptibility is enhanced by a factor S = (1 − Ug(EF ))−1. This

factor S is known as the Stoner enhancement factor.

There are two models to explain ferromagnetism: local moment model and

itinerant moment model. The local moment model starts with local moments in
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real space and the Curie-Weiss law is derived. The itinerant model considers the

conduction electrons and the Stoner criterion is derived. Because of the existence of

the Curie-Weiss law or Curie-Weiss-like behavior in most of the paramagnetic state

when temperature is above TC [10], the local moment model looks to be the correct

way to describe the ferromagnetism of most materials. The local moment model

describes ferromagnetism properly for magnetic insulators because the electrons that

contribute to the magnetism are localized in the atoms. However, this model has

problems in explaining some experimental observations for some materials, like Fe,

Co, Ni. For those elements, the saturation moments were discovered as 2.2, 1.7,

and 0.6 µB respectively. These values are not integral or half-integral multiplied by

Bohr magneton and are not explainable from the local moment model [9, 10, 11].

The discovery of weak ferromagnetism in ZrZn2 [12] and Sc3In [13], which have 0.12

per Zr atom and 0.04 µB per Sc atom, gives more proof that the local moment

model is inadequate in explaining ferromagnetism for all materials, especially for

metallic ferromagnets. The itinerant moment model can give a suitable explanations

for those small saturation moments. However, the itinerant moment model is not able

to give a satisfactory description for the Curie-Weiss-like behavior, which appears in

most materials that have ferromagnetic ground state including the materials discussed

above. The itinerant scenario predicts that TC is close to Fermi temperature, which is

much higher than the measured TC of most materials. Therefore, the two models, local

moment model and itinerant moment model, can each explain part of the experimental

results but not all of them. To improve the itinerant moment model, especially to

recover the Curie-Weiss-like behavior above TC , Moriya [10] suggested a theory by

including spin fluctuations effects.

Moriya [10] pointed out deficiencies of the Stoner model that this model neglects

the interactions between excited electrons and holes in calculating the equilibrium
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states. The electron and hole excitations can be described as modes with a different

wave vector q, and the mode-mode interactions can change the thermal equilibrium

state and can be considered as the spin fluctuations in q space. Therefore, to

calculate the magnetic properties at finite temperature, Moriya [10] suggested that

the spin fluctuations and the thermal equilibrium state that is affected by the spin

fluctuations need to be calculated self-consistently. This theory is called self-consistent

renormalization (SCR) theory. According to SCR theory, the magnetic susceptibility

above TC can be described as:

χ0

χ
' 1− Uχ0 + λ, λ ∼ S2

L (2.95)

where χ0 is the static susceptibility for non-interacting electrons system and is

temperature independent, U is the exchange energy and S2
L is the mean square local

amplitude of the spin fluctuations, which counts the interaction between the excited

electrons and holes. The S2
L and λ increase linearly with temperature. Therefore,

this term reproduces the temperature dependence of the inverse susceptibility as:

χ−1(T ) ∼ T (2.96)

when T is above TC , and the Curie-Weiss-like behavior is deduced. The Curie-Weiss-

like behavior is derived based on itinerant moment model and is different from Curie-

Weiss law that is derived based on the local moment model.

An indicator is needed to show if a ferromagnetic material has local moments

or itinerant moments. Rhodes and Wohlfarth [14] suggested a way to categorize a

material with ferromagnetic ground state into those two categories by plotting qc
qs

vs.

TC . The qs is derived from saturation moment by using Eq. 2.16 and is equal to

J in the same equation by assuming g
J

= 2. The qc is derived by using Eq. 2.19
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and Eq. 2.79 to fit the temperature dependent magnetic susceptibility above TC and

is equal to J in Eq. 2.19 by assuming g
J

= 2. According to the localized moment

model, qc and qs should be the same and the ratio of qc
qs

should be 1. However, Rhodes

and Wolfarth[14] showed that there is another branch of ferromagnetic states where

qc
qs

is not equal to 1 and varies with their TC . This is called the itinerant moment

region. In itinerant scenario, larger saturation moment is due to stronger interaction

between electrons, which results in a higher TC . Meanwhile, the effective moment is

still independent from TC , resulting a TC dependence of qc
qs

.

In Fig. 2.9, the data that were used by Rhodes and Wohlfarth are re-plotted. This

figure shows the materials that have ferromagnetic ground states are distributed into

two regions: itinerant and localized moment regions. To explain the itinerant moment

region, Rhodes and Wolfarth showed that the ratio qc(qc + 2)/3qs can be written as:

qc(qc + 2)

3qs
=

1

dF
(
T
TC

)
d
(
T
TC

) (2.97)

where F is the reduced inverse molar magnetic susceptibility as a function of the

reduced temperature T/TC . The function F can be written as:

F

(
T

TC

)
=

ς0
TC

(G(T )−G(TC)) (2.98)

where ς0 is the saturation moment number per magnetic ion at 0 K, and G(T ) is given

by:

G(T ) = − 1

kB

∫∞
0
g(E)f(E)dE∫∞

0
g(E) ∂f

∂E
dE

(2.99)

Although the ratio calculated here is qc(qc + 2)/3qs instead of qc/qs, Rhodes and

Wolfarth[14] concluded the difference (qc + 2)/3 is close to 1 for the materials that

have ferromagnetic ground state. Therefore, they argued that qc(qc+2)/3qs and qc/qs
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Figure 2.9: Rhodes-Wolfarth plot. Each point in this figure indicates the qc/qs ratio
and TC of a material with ferromagnetic ground state. This figure is reproduced from
Ref. [14].

are qualitatively consistent with each other. Based on the above equation, they used

different shapes for the density of states: g(E) = constant, g(E) ∼ E
1
2 , and g(E) with

a sharp peak at Fermi energy, to calculate the relationship between the qc(qc + 2)/3qs

and TC . All shapes give consistent results with experimental data and qualitatively

explain the relation between qc(qc+2)/3qs and TC for the itinerant region of this plot.

Because the calculation from three different shapes gives consistent results, Rhodes

and Wolfarth generalized this calculation to any shape of the density of state [14].

According to the consistent results between theoretical calculation and experimental

results, Rhodes and Wolfarth provided a way to identify the itinerant moment and

localized moment of a material that has ferromagnetic ground state by calculating

qc
qs

and plotting it with TC . This plot and corresponding analysis has been used as
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evidence for the identification of itinerant moment in a material with ferromagnetic

ground state [14, 15, 16].

2.1.5 Magnetic excitations

The ground state and magnetic structure of magnetic orders are discussed in previous

subsections. When a material absorbs energy, the magnetic structure may be changed

and the material is in an excited state. Using a ferromagnetic material as an example,

flipping one spin to the opposite direction would be suggested to be the first excited

state (Fig. 2.10(a)). With this configuration, the energy cost (∆E) of this excited

state is [2, 3]:

∆E = 8JS2, (2.100)

where J is the exchange constant, and S is the magnitude of the spin. Real materials

are required to absorb high energy to be excited to this magnetic configuration,

and this flip cannot explain the low energy excitation of materials. To address the

low energy magnetic excitation, instead of flipping a particular spin, forming a spin

wave has lower energy and is able to explain the low energy magnetic excitations

in materials. A spin wave is when the magnetic moments are tilted from a specific

axis and form a periodic modulation (Fig. 2.10(b),(c)). The quantized spin waves are

known as magnons and can have different wave vectors.

2.1.5.1 Spin waves in ferromagnetic materials

To derive the energy dispersion of spin waves in ferromagnetic systems, the Heisenberg

Hamiltonian is used [2, 3]:

Ĥ = −JijSi · Sj (2.101)



42

(a)

(b)

(c)

Figure 2.10: (a) A spin flips from its original direction. (b) Spins have precession
along a specific direction (z-axis), and (c) top view of this precession (xy plane).

where Jij is the exchange constant, and S is the magnitude of the spin. For n-th spin

Sn:

µn = −gµBSn. (2.102)

For this spin, the interaction with its nearest neighbor is:

−2JSn · (Sn−1 + Sn+1), (2.103)

where the spin experiences an effective magnetic field:

Hn =
−2J

gµB
(Sn−1 + Sn+1). (2.104)
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Considering a classical precession of a magnetic moment in a magnetic field, the

change of the spin can be written as:

h̄
dSn
dt

= −gµBSn ×Hn = 2J(Sn × Sn−1 + Sn × Sn+1). (2.105)

Assuming the excitation is small, which results in Szn = S and the product of Sxn and

Syn being negligible, the above equation can be written as:

dSxn
dt

=
2JS

h̄
(2Syn − S

y
n−1 − S

y
n+1)

dSyn
dt

=
2JS

h̄
(2Sxn − Sxn−1 − Sxn+1)

dSzn
dt

= 0.

(2.106)

Using plane wave assumption of Sxn and Syn:

Sxn = ue[i(nka−ωt)]

Syn = ve[i(nka−ωt)],

(2.107)

where u, v are constant; n is an integer; a is the lattice constant. Substituting these

plane waves into precession equation, one has:

− iωu =
2JS

h̄
(2− e−ika − eikav) =

4JS

h̄
(1− cos(ka))v

− iωv =
2JS

h̄
(2− e−ika − eikau) =

4JS

h̄
(1− cos(ka))u.

(2.108)

To ensure these equations have a solution, one has:

h̄ω = 4JS(1− cos(ka)). (2.109)
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Meanwhile, Sxn and Syn are:

Sxn = ucos(nka− ωt)

Syn = usin(nka− ωt).
(2.110)

These equations indicate that the magnetic moment has a circular precession along

z axis, and the material has spin wave excited state as shown in Fig. 2.10(b),(c).

At long wavelength approximation, Eq. 2.109 can be reduced to:

h̄ω ' (2JSa2)k2. (2.111)

This indicates the energy dispersion is proportional to k2 for ferromagnetic materials.

Using La0.85Sr0.15MnO3 as an example, spin wave in this ferromagnetic compound

is shown in Fig. 2.11. It can be seen that the energy dispersion is proportional to

k2 around k = 0. The coefficient of k2 can be measured through inelastic neutron

scattering.

2.1.5.2 Spin waves in antiferromagnetic materials

Spin waves also exist in antiferromagnetic materials. Antiferromagnetic order has two

sublattices, and these two sublattices need to be considered separately. Using index

2n for one sublattice and 2n+ 1 for the other, equations that are similar to Eq. 2.106

can be written on one sublattice [2]:

dSx2n
dt

=
2JS

h̄
(−2Sy2n − S

y
2n−1 − S

y
2n+1)

dSy2n
dt

= −2JS

h̄
(2Sx2n − Sx2n−1 − Sx2n+1),

(2.112)
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Figure 2.11: Spin wave in ferromagnet La0.85Sr0.15MnO3. This figure is reproduced
from Ref. [17]

and the other sublattice:

dSx2n+1

dt
=

2JS

h̄
(−2Sy2n+1 − S

y
2n − S

y
2n+2)

dSy2n+1

dt
= −2JS

h̄
(2Sx2n+1 − Sx2n − Sx2n+2).

(2.113)

With S† = Sx + iSy, we have:

dS†2n
dt

=
2iJS

h̄
(2S†2n − S

†
2n−1 − S

†
2n+1)

dS†2n+1

dt
= −2iJS

h̄
(2S†2n+1 − S

†
2n − S

†
2n+2).

(2.114)
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Using plane wave assumption of S†2n and S†2n+1:

S†2n = ue[i(2nka−ωt)]

S†2n+1 = ve[i((2n+1)ka−ωt))],

(2.115)

we have:

ωu =
2|J |S
h̄

(2u+ ve−ika + veika)

−ωv =
2|J |S
h̄

(2v + ue−ika + ueika).

(2.116)

To ensure the above equations have a solution, one has:

h̄ω = 4JS|sinka|, (2.117)

where J takes its absolute value. This is the energy dispersion for the spin wave in

antiferromagnetic materials. At long wavelength approximation, this equation can be

reduced to:

h̄ω ' ka. (2.118)

This indicates the energy dispersion is proportional to k for antiferromagnetic

materials, which is different from k2 dependence in ferromagnetic materials. Using

La2CuO4 as an example, a spin wave in this antiferromagnetic compound is shown in

Fig. 2.12. A linear dependence of energy dispersion can be seen around wave vector

(1/2 1/2). In neutron scattering experiments, spin waves have been observed up to

transition temperature. In some cases, the spin waves can be observed in temperatures

higher than transition temperature [2].
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three higher-order spin couplings (J 0, J 00, and Jc� have
similar effects on the dispersion relation and intensity
dependence; therefore they cannot be determined inde-
pendently from the data without additional constraints.
We first assume that only J and J 0 are significant as in
[18], i.e., J 00 � Jc � 0. The solid lines in Fig. 2 are fits
to a one-magnon cross section, and Fig. 3 shows fits to
the extracted dispersion relation and spin-wave intensity.
As can be seen in the figures, the model provides an
excellent description of both the spin-wave energies and
intensities. The extracted nearest-neighbor exchange
J � 111.8 6 4 meV is antiferromagnetic, while the
next-nearest-neighbor exchange J 0 � 211.4 6 3 meV
across the diagonal is ferromagnetic. A wave-vector-
independent quantum renormalization factor [12] Zc �
1.18 was used in converting spin-wave energies into ex-
change couplings. The zone-boundary dispersion becomes
more pronounced upon cooling as shown in Fig. 3A, and
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FIG. 3. (A) Dispersion relation along high symmetry direc-
tions in the 2D Brillouin zone, see inset (C), at T � 10 K (open
symbols) and 295 K (solid symbols). Squares were obtained
for Ei � 250 meV, circles for Ei � 600 meV, and triangles
for Ei � 750 meV. Points extracted from constant-E(-Q) cuts
have a vertical (horizontal) bar to indicate the E(Q) integration
band. Solid (dashed) line is a fit to the spin-wave dispersion re-
lation at T � 10 K (295 K) as discussed in the text. (B) Wave-
vector dependence of the spin-wave intensity at T � 295 K
compared with predictions of linear spin-wave theory shown by
the solid line. The absolute intensities [11] yield a wave-vector-
independent intensity-lowering renormalization factor of 0.51 6
0.13 in agreement with the theoretical prediction of 0.61 [12]
that includes the effects of quantum fluctuations.

the dispersion at T � 10 K can be described by the
couplings J � 104.1 6 4 meV and J 0 � 218 6 3 meV.

A ferromagnetic J 0 contradicts theoretical predictions
[19], which give an antiferromagnetic superexchange J 0.
Wave-vector-dependent quantum corrections [20] to the
spin-wave energies can also lead to a dispersion along the
zone boundary even if J 0 � 0, but with sign opposite to our
result. Another problem with a ferromagnetic J 0 comes
from measurements on Sr2Cu3O4Cl2 [21]. This material
contains a similar exchange path between Cu21 ions to
that corresponding to J 0 in La2CuO4 and analysis of the
measured spin-wave dispersion leads to an antiferromag-
netic exchange coupling for this path [21].

While we cannot definitively rule out a ferromagnetic
J 0, we can obtain a natural description of the data in terms
of a one-band Hubbard model [22], an expansion of which
yields the spin Hamiltonian in Eq. (1) where the higher-
order exchange terms arise from the coherent motion of
electrons beyond nearest-neighbor sites [13–15]. The
Hubbard Hamiltonian has been widely used as a starting
point for theories of the cuprates and is given by

H � 2t
X

�i,j�,s�",#

�cy
iscjs 1 H.c.� 1 U

X
i

ni"ni# , (2)

where �i, j� stands for pairs of nearest neighbors counted
once. Equation (2) has two contributions: the first is
the kinetic term characterized by a hopping energy t
between nearest-neighbor Cu sites and the second the
potential energy term with U being the penalty for
double occupancy on a given site. At half filling, the
case for La2CuO4, there is one electron per site and for
t�U ! 0, charge fluctuations are entirely suppressed
in the ground state. The remaining degrees of freedom
are the spins of the electrons localized at each site. For
small but nonzero t�U, the spins interact via a series of
exchange terms, as in Eq. (1), due to coherent electron
motion touching progressively larger numbers of sites.
If the perturbation series is expanded to order t4 (i.e.,
4 hops), one regains the Hamiltonian (1) with the ex-
change constants J � 4t2�U 2 24t4�U3, Jc � 80t4�U3,
and J 0 � J 00 � 4t4�U3 [13–15]. We again fitted the
dispersion and intensities of the spin-wave excitations
using these expressions for the exchange constants and
linear spin-wave theory. The fits are indistinguishable
from those for variables J and J 0. Again assuming
[23] Zc � 1.18, we obtained t � 0.33 6 0.02 eV and
U � 2.9 6 0.4 eV (T � 295 K), in agreement with t
and U determined from photoemission [24] and optical
spectroscopy [25]. The corresponding exchange val-
ues are J � 138.3 6 4 meV, Jc � 38 6 8 meV, and
J 0 � J 00 � Jc�20 � 2 6 0.5 meV (the parameters at
T � 10 K are t � 0.30 6 0.02 eV, U � 2.2 6 0.4 eV,
J � 146.3 6 4 meV, and Jc � 61 6 8 meV). Us-
ing these values, the higher-order interactions amount
to 
11% (T � 295 K) of the total magnetic energy
2�J 2 Jc�4 2 J 0 2 J 00� required to reverse one spin on a
fully aligned Néel phase.

5379

Figure 2.12: Spin wave in antiferromagnet La2CuO4. This figure is reproduced from
Ref. [18]

2.2 Magnetoresistance

Magnetoresistance (MR) is defined as the change of a material’s resistivity when

magnetic field is present and can be defined as:

MR =
ρ(H)− ρ(0)

ρ(0)
, (2.119)

where ρ(0) is the resistivity when the magnetic field is absent. In metals, due to

the Lorentz force, the resistivity increases with applying magnetic field. Meanwhile,

the magnetoresistance of a metal has a different value when a magnetic field is

perpendicular and parallel to the current direction. When a magnetic order exists, the

resistivity depends on the angle between current and magnetization. This is known as
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anisotropic magnetoresistance (AMR). In metals, the anisotropic magnetoresistance

is typically a few percent [19]. In late 1980s, large magnetoresistance (60%) was

discovered in (Fe/Cr/Fe) multilayers [20]. This large magnetoresistance is due

to the misalignment of magnetic moments between magnetic layers and is known

as giant magnetoresistance(GMR). Later on, people found the magnetoresistance

can be as large as a few thousand percent in manganites [21]. The very large

magnetoresistance in manganites involves metal-to-insulator transitions and is known

as colossal magnetoresistance (CMR) [22]. In this section, AMR, GMR, CMR will

be discussed, including the phenomena, possible mechanism, and materials.

2.2.1 Magnetoresistance of metals

The resistivity of a material is mainly from several parts: defects, lattice vibration,

electron-electron scattering, and magnetic disorder scattering, which can be written

as [4, 23]:

ρ(T,H) = ρ0 + ρ
phonon

(T,H) + ρ
el

(T,H) + ρmag(T,H), (2.120)

where ρ0 is attributed to the crystallographic defects, such as grain boundaries

and vacancies. ρphonon is attributed to the lattice vibration and a phonon-electron

scattering. ρel is attributed to the electron-electron scattering. ρmag is attributed

to the magnetic disorder scattering. At a given temperature, when a magnetic field

is present, conduction electrons in a metal will be deviated from their path due to

the Lorentz force and directly affected by the applied magnetic field. This process

increases the scattering rate of the conduction electrons and the resistance, resulting

in a positive magnetoresistance in metals. The resistance is generally larger when the

magnetic field is perpendicular to the current direction than parallel to the current

direction.

In magnetic materials, the conduction electrons interact with both applied
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magnetic field and magnetic moments in the materials. In magnetic materials, the

latter interaction generally gives a larger magnetoresistance than the first one. When

magnetic orders exist, the resistance depends on the angle between current direction

and magnetization, and this direction-dependence of magnetoresistance is known as

anisotropic magnetoresistance (AMR). For polycrystalline magnetic metals, the AMR

can be written as [19]:

ρ(θ) = ρ⊥ + (ρ‖ − ρ⊥)cos2θ, (2.121)

where θ is the angle between current direction and magnetization; ρ⊥(ρ‖) is the

resistance when magnetic field is perpendicular(parallel) to current direction. The

spontaneous resistivity anisotropy (SPA) can be defined as [19]:

SPA =
ρ‖ − ρ⊥

ρ‖/3 + 2ρ⊥/3
. (2.122)

Generally, the spontaneous resistivity anisotropic (SPA) can be as large as few

percentage points at room temperature for magnetic metals. Meanwhile, ρ‖ is

generally larger than ρ⊥ in ferromagnetic metals, which is opposite to non-magnetic

metals.

When a metal has magnetic moments and paramagnetic state, the disorder of

these magnetic moments increases the scattering rate of the conduction electrons

and resistance [23]. This scattering from the disorder of magnetic moments can be

decreased when the magnetic moments form a magnetic order. After a magnetic

material is cooled below its magnetic transition temperature Tc, magnetic moments

in this material form a magnetic order, and magnetic disorder scattering is reduced.

This results in a drop of resistivity once the magnetic material is cooled below Tc.

In addition to the temperature, this magnetic disorder can be reduced by applying
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magnetic field. In paramagnetic state, applying magnetic field aligns magnetic

moments toward the same direction and reduce the magnetic disorder scattering.

In a magnetic ordered state, applying magnetic field can remove domain walls and

reduce the disorder scattering at domain wall. In general, applying magnetic field

reduces the magnetic disorder scattering and results in a negative magnetoresistance.

2.2.2 Giant magnetoresistance

Due to its industrial application, materials with large magnetoresistance are

demanded. In 1988, Baibich et al. [20] found the resistivity of (001)Fe/(001)Cr

superlattice drops as high as 50% by applying magnetic field higher than

coercivity value (Fig. 2.13), and the magnetoresistance can be as large as

60% at base temperature1. This large magnetoresistance is named giant

magnetoresistance(GMR). The (001)Fe/(001)Cr superlattice is composed by

repeating magnetic Fe and non-magnetic Cr thin films; the current and magnetic field

are in the plane, and the in-plane resistivity was measured. Their results showed that

both the repetition of the superlattice and the thickness of non-magnetic Cr thin films

affect the magnitude of magnetoresistance (Fig. 2.13). After their discovery, GMR

was discovered in more magnetic/non-magnetic superlattice systems, such as Co/Cr

and Co/Cu thin films [24, 25, 26].

The magnitude of magnetoresistance depends on both the repetitions of

magnetic/non-magnetic layers superlattice. Magnetoresistance increases from 2% for

three layers ((001)Fe/(001)Cr/(001)Fe) [27] to 60% for 60 repetitions [20]. Meanwhile,

it was found that the magnetic moments between the magnetic layers (Fe layer)

are antiferromagnetically coupled [20]. When the applied magnetic field is strong

enough, the applied magnetic field can overcome the antiferromagnetic coupling and

1The authors in Ref.[20] define MR as
R0

R
H

in their original paper. In comparison, here I used

Eq. 2.119
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FIG. 2. Magnetoresistance of a [(Fe 30 A)/(Cr 9 A)]40 su-
perlattice of 4.2 K. The current is along [110] and the field is
in the layer plane along the current direction (curve a), in the
layer plane perpendicular to the current (curve b), or perpen-
dicular to the layer plane (curve c). The resistivity at zero
field is 54 pA cm. There is a small diA'erence between the
curves in increasing and decreasing field (hysteresis) that we
have not represented in the figure. The superlattice is covered
by a 100-A Ag protection layer. This means that the magne-
toresistance of the superlattice alone should be slightly higher.

of Grunberg et al. and by the spin-polarized low-energy
electron-diffraction experiments of Carbone and Alvara-
do. ' The AF coupling between the Fe layers has been
ascribed to indirect exchange interactions through the Cr
layers, but a theoretical model of these interactions is
still lacking. '

The magnetoresistance of the Fe/Cr superlattices has
been studied by a classical ac technique on small rec-
tangular samples. Examples of magnetoresistance curves
at 4.2 K are shown in Figs. 2 and 3. The resistance de-
creases during the magnetization process and becomes
practically constant when the magnetization is saturated.
The curves a and b in Fig. 2 are obtained for applied
fields in the plane of layers in the longitudinal and trans-
verse directions, respectively. The field Hp is the field
needed to overcome the AF couplings and to saturate the
magnetization (compare with Fig. I). In contrast, fields
applied perpendicularly to the layers (curve c) have to
overcome not only the AF coupling but also the magnetic
anisotropy, so that the magnetoresistance is saturated at
a field higher than Hs.

The most remarkable result exhibited in Figs. 2 and 3
is the huge value of the magnetoresistance. For tc„=9
A and T-4.2 K, see Fig. 2, there is almost a factor of 2
between the resistivities at zero field and in the saturated
state, respectively (in absolute value, the resistivity
change is about 23 p 0 cm). By comparison of the re-
sults for three different samples in Fig. 3, it can be seen
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FIG. 3 Magnetoresistance of three Fe/Cr superlattices at 4.2 K. The current and the applied field are along the same [110]axis
in the plane of the layers.

2473

Figure 2.13: Giant magnetoresistance in (001)Fe/(001)Cr superlattice at T = 4.2 K.
This figure is reproduced from Ref. [20]

aligns all magnetic moments toward the same direction. It is worthy to mention that

when the magnetic moments are antiferromagnetically aligned, the system has highest

resistivity. When the magnetic moments are aligned toward the same direction, the

resistivity can be significantly decreased. It illustrates that the magnetic configuration

is important to achieve GMR, and the magnetic configuration should be able to be

tuned by a magnetic field.

People found that the magnitude of magnetoresistance is correlated with the

magnitude of the saturation fieldHs (Fig. 2.13), andHs oscillates with the thickness of

non-magnetic layer [24]. These results indicate that the coupling between magnetic

layers mediated by non-magnetic layer is important to GMR. In addition to the
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correlation between magnetoresistance and Hs, people also found that the coupling

type also oscillates with the thickness of non-magnetic layer, resulting in ferromagnetic

or antiferromagnetic coupling (Fig. 2.14) [28]. The period of this oscillation was

around 1.5nm for Cr in Fe/Cr/Fe superlattice (Fig. 2.14(b)). Meanwhile, the results

also show that other than this long period oscillation, a short period oscillation with

period around 0.3 nm also exists (Fig. 2.14(b)) [28]. The oscillation behavior resembles

the RKKY interaction and led people to think the RKKY interaction is the mechanism

of the coupling between magnetic layers. As discussed in previous section, RKKY

interaction results an oscillated coupling strength and the type of coupling depends

on the distance between magnetic moments. In this superlattice system, the magnetic

moments in the magnetic layers (Fe layers) are suggested to be coupled through the

mediation of conduction electrons in non-magnetic layer (Cr layer). With this RKKY

interaction, the oscillation of coupling strength and type can be explained. Although

RKKY interaction has deficiencies when explaining some experimental results, such

as complicated magnetic configuration within each magnetic layer [29], the RKKY

interaction still qualitatively explains and gives insight to the oscillation behavior of

the coupling behavior between the magnetic layers.

Since the discovery of giant magnetoresistance, people quickly noticed that the

antiferromagnetic coupling plays an important role in inducing GMR [20]. It is shown

that the system has larger resistivity when the magnetic moments between magnetic

layers are antiferromagnetically coupled and lower when the magnetic moments are

toward the same direction [20]. To explain this observation, a phenomenological

two current model was generally used [30]. The two current model assumes the

current is separately carried by spin-up and spin-down electrons, and the resistivity

has different values when the electron spin is parallel or antiparallel to a material’s

magnetic moments. The two current model also assumes that the resistivity from
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(a) (b)

Figure 2.14: (a) A layout for thickness dependence measurement. (b) Coupling type
between magnetic layers oscillates with non-magnetic layer thickness. These figures
are reproduced from Ref. [28].

each part is in parallel. Referring to Fig. 2.15(a), when the neighboring magnetic

moments are antiferromagnetically coupled, both spin-up and spin-down electrons

are scattered by the circuit. However, when the neighboring magnetic moments

are ferromagnetically coupled (Fig. 2.15(b)), spin-down electrons can pass this

circuit. The results in the resistivity are much higher when magnetic moments

are antiferromagnetically coupled than ferromagnetically coupled. This qualitatively

explains the observation and experimental results in (Fe/Cr/Fe) superlattice. Based

on this model, it is also suggested that as long as the neighboring magnetic moments

can be adjust between parallel and antiparallel configuration, large magnetoresistivity

can probably be induced. With this requirement, thin film and superlattice structure

are not necessary. This suggestion is demonstrated by the observation of GMR in

nonmultilayer magnetic Co-Cu alloy system.

Although the giant magnetoresistance was first discovered in multilayer

superlattice system, it was later discovered that the GMR is not limited to thin films

and multilayer structures [31]. Xiao et al. [31] found that the GMR can exist in bulk
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Magnetic layer Magnetic layer Magnetic layer Magnetic layer

(a) (b)

Figure 2.15: (a) Both spin-up and spin-down electrons are scattered when the adjacent
magnetic layers are antiferromagnetically coupled. (b) One of two types of electrons
can pass these two magnetic layers when they are ferromagnetically coupled.

materials by studying Co-Cu alloy system. They deposited Co-Cu alloy film on glass

substrate. The thickness of Co-Cu film is around 10 µm, which can be considered

as a bulk. In this Co-Cu film, the magnetic Co forms colloids in non-magnetic Cu

matrix. The Co colloids are considered as single domain where magnetic moments in

each domain are aligned toward the same direction while the magnetization of each

domain is disoriented. From magnetoresistance measurements, they found that the

magnetoresistance has highest value when the magnetic field is equal to the coercivity

value, where the magnetic moments have the most disorientation. When all the

magnetic moments are saturated at high magnetic field, the resistivity has lowest

value. In this Co-Cu film, the magnetoresistance can be as high as 16.5 %. Their

results demonstrate that multilayer structure is not a necessary condition for GMR,

and GMR can exist in bulk materials.

The GMR is correlated with the change of magnetic configuration of a material

and was discovered in both multilayer thin film structure and bulk materials
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[20, 31]. The GMR can be achieved through tuning the magnetic configuration from

antiferromagnetic coupling to ferromagnetic coupling, or from magnetic moments

misalignment to alignment. When magnetic moments are misaligned (aligned), the

resistivity has high (low) value. In multilayered structure, the relative direction

between magnetic moments in each magnetic layer is attributed to the RKKY

interaction that is mediated by the conduction electrons in the non-magnetic layer

[24, 25, 26, 28]. In bulk materials, the disorientation of magnetic moments can be

tuned by varying magnetic field. The correlation between magnetic configuration

and magnetoresistance can be qualitatively explained by the two current model.

Considering all these factors, GMR can be achieved through tuning the magnetic

configuration by varying magnetic field in both thin films or bulk materials.

2.2.3 Colossal magnetoresistance

After the discovery of giant magnetoresistance, people started looking for materials

with large intrinsic magnetoresistance. People found that with intermediate doping,

perovoskite manganites can have magnetoresitance values larger than GMR [21, 32].

This large magnetoresistance is known as colossal magnetoresistance(CMR). The

GMR originates from a metal-to-insulator transition driven by magnetic field [32, 33].

Other than magnetic field, this metal-to-insulator transition can also be driven by

temperature, doping, and pressure [22, 33]. This metal-to-insulator transition in

perovoskite manganites is due to complicated competitions between spin, charge,

and orbital orders and involves a change in one of the spin, charge, and orbital

orders [22, 33]. As a consequence of these competitions, perovoskite manganites

have complicated phase diagrams, varying from antiferromagnetic, ferromagnetic, to

paramagnetic and from metal to insulators.

There are some factors that can drive the metal-to-insulator transition in
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perovoskite manganites, and the most common factors are temperature and magnetic

field. Temperature can drive a metal-to-insulator transition together with a magnetic

transition in perovoskite manganites. Using Nd0.5Pb0.5MnO3 as an example, this

compound has a metal-to-insulator transition accompanied by a magnetic transition

(Fig. 2.16(a)). This compound has paramgnetic insulating state when temperature is

above TC and ferromagnetic metallic state when temperature is below TC . Applying

magnetic field increases TC and suppresses this insulating-to-metallic transition in

this compound. Meanwhile, it was observed (in a similar compound Nd0.7Sr0.3MnO3δ,

Ref.[34]) that this temperature-driven CMR has largest value when temperature is

close to TC (Fig. 2.16(b)).

(a) (b)

Figure 2.16: (a) Metal-to-insulator transition induced by temperature and suppressed
by magnetic field in Nd0.5Pb0.5MnO3. (b) Largest MR happens around TC . These
figures are reproduced from Ref. [32, 34].

The metal-to-insulator transition can also be induced by applying magnetic field

at a specific temperature, and this field-induced metal-to-insulator transition involves

a change of material’s orbital and charge orders [33]. Orbital and charge orders mean

orbitals and charge form a periodic arrangement. Due to the asymmetrical nature of

d-electrons, when Mn has different valences, it has different number of d-electrons, and
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these d-electrons occupy different orbitals. The orbital order significantly affects the

overlap of electron wavefunctions, which affects transport properties as a consequence.

Charge order is due to the mixed valence state of Mn ions, which results in different

occupancy of d-electrons in each Mn ion. Using La1−XCaxMnO3 as an example [35,

36], because La and Ca have +3 and +2 oxidation states respectively, the Ca doping

changes the oxidation states of Mn and results in Mn+3 and Mn+4. In this compound,

Mn+3 and Mn+4 are mediated by double exchange and ferromagnetically coupled;

Mn+4 and Mn+4 are mediated by superexchange interaction and antiferromagnetically

coupled; Mn+3 and Mn+3 could be ferromagnetically or antiferromagnetically coupled

depending on the distance between Mn+3 ions. In the manganites, depending on the

doping level, the Mn+3 and Mn+4 ions can be randomly distributed or form a specific

charge order. People observed that the charge orders prefer some specific doping

value, such as x = 1/8, 1/2, 2/3, 5/8, 3/4, and 7/8; and the material tend to form a

mixture of two adjacent commensurate phase when x deviates from a commensurate

value [37]. This suggests that charges are ordered and form a superlattice.

In doped perovoskite manganites, when Mn ions have charge order, double

exchange dominates, and electrons are localized to specific ions. In this situation, the

manganite has insulating behavior [22, 33, 38]. With more Sr doping, there are more

double exchanges happening in the manganite, and the hopping of electrons results

a metallic behavior. Therefore, it can be qualitatively deduced that the manganite

has charge order with insulating state and ferromagnetic order with metallic state.

Therefore the metal-to-insulator transition and the CMR are significantly correlated

with the competition between charge/orbital order insulating state and ferromagnetic

metallic state. More experiments [39] show that the charge order and ferromagnetic

state are not merely competing each other but can coexist and show more complicated

transport behavior, such as percolative transport. For the percolative transport,
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charge order is formed in cluster and embedded in the ferromagnetic metallic matrix.

The charge carriers pass through the metallic channel between insulating clusters.

Because there are many couplings competing with each other in doped manganites,

it results that the energies of these states are close. Therefore, the ground state will be

affected by doping, pressure, magnetic field within an intermediate scale [22, 33, 38].

Together with temperature and magnetic field, the perovoskite manganites have very

complicated phase diagrams of these factors. The transport properties significantly

depend on the charge and orbital orders, and changing the orders by applying a

magnetic field could result a metal-insulator transition. This causes the CMR and

other strongly correlated electron behaviors in perovoskite manganites.

2.3 Mott insulators

Although band theory achieved early success in the early 20th century, it encountered

some difficulties explaining some transition metal oxides, such as MnO and CoO.

Taking CoO as an example, the electron configuration of Co is 3d74s2and O is 2s22p4.

The overall electron number per formula unit is an odd number, and band theory

predicted CoO should show metallic behavior. However, CoO is an insulator with a

large energy gap. Nevill Francis Mott pointed out that the failure of band theory is due

to ignoring the electron-electron interaction, such as Coulomb interaction. Materials

that are suggested as a conductor from ordinary band theory without considering

electron-electron interaction but have insulating behavior are called Mott insulators.

Many transition metal oxides are found to be Mott insulators [23].
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2.3.1 Electron-electron interaction in materials

When ordinary band theory is giving its predictions of materials’ properties, it ignores

the Coulomb interaction between electrons when they occupy the same site. To be a

conductor, electrons have to be able to hop from one site to another. This depends

on the overlap of the wave function of each electron that attached to each site. Larger

overlap means that it is easier for the electron to hop from one site to another site and

results in metallic behavior. Because the overlap depends on the distance between

atoms, this hopping term will also be changed once the distance between atoms is

changed [23]. For example, the distance can be decreased by applying pressure, and

electron hopping increases. However, once a site is already occupied by one electron,

the hopping electron has to overcome the Coulomb energy between itself and the

on-site electron. For Mott insulators, this Coulomb energy is not negligible, and

electrons cannot hop from one site to another even though the wave function of

electrons overlaps. However, the on-site Coulomb energy is relatively independent

from the distance between atoms but the overlap of wave function of electrons is

not. Applying pressure decreases the distance between atoms, which increase the

overlap of wave function and the kinetic energy of electrons, and makes electrons

have more energy to hop from one atom to another [23]. In contrast, on-site Coulomb

energy is independent from the distance between atoms. Therefore, at a specific

distance, where the kinetic energy of electrons is high enough to overcome the on-

site Coulomb energy, and electrons can hop from one atom to another. This results

in a metal-insulator transition at a critical pressure. Other than pressure, doping

and temperature, which can change the distance between atoms, can also cause such

metal-insulator transitions.
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2.3.2 Hubbard model and metal-to-insulator transition

To count this on-site Coulomb interaction, Hubbard suggested the following

Hamiltonian [23]:

Ĥ =
∑
i,j,σ

t
ij
c†
iσ
c
jσ

+ U
∑
i

n
iσ
n
iσ
, (2.123)

where n
iσ

= c†
iσ
c
iσ

is the atom number operator; c†
iσ

and c
iσ

are the creation and

annihilation operator of i-th atom with spin σ; t
ij

is the coefficient of hopping term;

U is the on-site Coulomb energy, which represents the energy gain when two electrons

occupy the same site. In this equation, t
ij

is proportional to the overlap of electron

wave function and band width B. When electron gains enough kinetic energy, it can

overcome the on-site Coulomb barrier and hop to another site while the material has

an insulator-to-metal transition.

This metal-to-insulator transition can also be described based on the change of

energy band. When two electrons occupy two lattice sites, the system has the lowest

energy t0 . Given the on-site Coulomb energy to be a constant U , this system has an

excited state, where two electrons occupy the same site with system energy t0 + U

(Fig. 2.17(a)). Band width B can be broadening by applying pressure while Coulomb

energy U relatively remains as a constant. At a critical (B/U)∗ value, the broadened

bands overlap. At this critical point, this material changes from insulating gap state

to a metallic gapless state and has an insulating-to-metal transition. With a similar

argument, a metal can have a metal-to-insulator transition when on-site Coulomb

energy is increased (Fig. 2.17(a)). As previously discussed, high on-site Coulomb

energy impedes the hopping of electrons. In this case, a broad band (red line in

Fig. 2.17(a)) is getting narrower and narrower when U is increased and ends up

with two narrow bands with an energy difference equal to U (blue and black lines

in Fig. 2.17(b)). It is consistent the previous statement that, after considering the
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Coulomb energy, a material that is first considered as a conductor by the ordinary

band theory turns out to be an insulator.

E

B/U

t0 + U

t0 

(B/U)*

B

E

g(E)

t0 t0 + U

(a) (b)

B < U
B ~ U
B > U

Figure 2.17: (a) Metal-to-insulator transition by increasing band width B with U
fixed. (b) Band splitting due to the increased on-site electron-electron interaction,
where red line has the lowest interaction and black line has the highest interaction
between electrons. These figures are reproduced from Ref. [23].

2.3.3 Two types of Mott insulators

Due to the Coulomb interaction, the d band in a Mott insulator is split into upper

Hubbard band and lower Hubbard band with energy difference U . Given the energy

difference between upper Hubbard band and p band to be ∆, the Mott insulators can

be categorized into two types based on the relative values between U and ∆ [23]. For

U < ∆ case, the insulator is called a Mott-Hubbard insulator, and the gap between

upper and lower Hubbard bands is called Mott gap; for ∆ < U case, the insulator

is called charge-transfer insulator, and the gap between upper Hubbard band and p

band is called charge transfer gap. In Mott-Hubbard insulator, charge carriers are

excited from the full lower Hubbard band to upper Hubbard band and are from d
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bands. In charge-transfer insulator, because p band energy level is higher than lower

Hubbard band, charge carriers are excited from p band to upper Hubbard band. This

indicates the p and d orbitals are hybridized [23].

E

g(E)
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Hubbard band
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Hubbard band

p band

U

E

g(E)

Upper 
Hubbard band

Lower 
Hubbard band

p band

Δ

(a) Mott-Hubbard insulator (b) Charge transfer insulator

U
Δ

Figure 2.18: (a) Mott-Hubbard insulator and (b) Charge transfer insulator. These
figures are reproduced from Ref. [23].

In 3d transition metal compounds, such as LaMO3 and YMO3 (where M =

transition metals), it was shown [40] that the Mott gap increases with increasing

d-electron numbers. When M is between Sc and V, the Mott gap is smaller than

charge transfer gap, and the compounds are Mott-Hubbard insulators. Around M =

Cr, Mott gap and charge transfer gap are similar. When M is between Mn and Cu, the

charge transfer gap is smaller than Mott gap, and the compounds are charge-transfer

insulators. Meanwhile charge gap decreases with increasing d-electron numbers. It is
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consistent that covalence between p and d electrons increases across from Sc to Cu in

3d transition metal compounds.

Figure 2.19: Gap against transition metals. Solid indicates the Mott-Hubbard gap
and open indicates the charge transfer gap. This figure is reproduced from Ref. [40].

These two types of Mott-insulators have significant differences in doping. For

electron doping, doped electrons go to the upper Hubbard band in both case and

stay in d orbitals. However, for hole-doping, the holes go to lower Hubbard band in

Mott-Hubbard insulator and stay in d orbitals; in charge-transfer insulator, the doped

holes go to p-band. This induces a complexity of the hybridization of d and p orbitals

and results in some interesting phenomena, such as colossal magnetoresistance in

manganites and high Tc superconductivity in cuprates [23]. It is worthy to mention

that the parent compounds of both manganites and cuprates are charge-transfer

insulators [23]. Doped Mott insulators can have complicated competitions between

many orders and have shown many strongly correlated electron behaviors.



Chapter 3

Experimental Methods

In this chapter, materials synthesis methods, including both polycrystalline materials

and single crystals, are introduced. Furthermore, the characterizations methods, such

as crystal structure, magnetization, magnetic structure, transport, specific heat, and

elemental analysis, are included.

3.1 Sample Synthesis

Many methods can be used to synthesize materials. How to choose the proper method

depends on many factors, such as type of material, economy, quality, and quantity. In

my graduate study, I used the solid state reaction method to synthesize polycrystalline

materials and the flux method or vapor transport method to grow single crystals.

3.1.1 Solid state reactions

Solid state reactions are widely used to synthesize polycrystalline materials. Some

advantages, such as easy access, economy of materials, and suitability for most

inorganic compounds, make this method be suitable to prepare polycrystalline

materials. This method involve two steps: mixing reactants and heat treatments



65

(Fig.3.1).

In first step, mixing and grinding reactants makes reactants homogeneously in

contact. Usually, the mixed reactants are pressed into pellets to maximize contact

area between reactants. In the second step, the mixed reactants are heated up to

high temperatures to increase the reaction rate. Because this step involves high

temperatures, the reactants in general are sealed in a vacuum or with an inner gas

such as argon or helium to avoid being oxidized. To make materials homogeneous,

these two steps may be repeated several times.

Using the solid state reaction method can synthesize many polycrystalline

compounds. However, single crystals are demanded for some measurements and

are rarely obtained by using solid state reactions. Single crystals can be used for

anisotropic measurements and have lower defects than polycrystalline materials. To

grow single crystals, I use flux method and vapor transport method, depending on

the physical properties of materials.

3.1.2 Flux method

Flux method uses different solubility of materials in a solution at different

temperatures to grow single crystals. When a saturated solution is cooled down

to lower temperature, some dissolved solute will be deposited. Given the cooling rate

is slow, the deposited solute can crystallize and form single crystals. Using Pb-Yb

binary phase diagram as an example (Fig. 3.2), when Yb0.1Pb0.9 is heated up to 800

C◦, this alloy is in liquid form. When this alloy liquid is slowly cooled down to

400 C◦ (red line in Fig. 3.2 ), it crosses a liquidus line and has a mixture of YbPb3

(solid phase) and liquid phase. Given the slow cooling rate, the solid YbPb3 starts to

crystallize and grow bigger and bigger in the cooling process. At 400 C◦, one can use

a centrifuge to spin off all the residual liquid phase and get YbPb3 single crystals. In
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(a) (b)

(c) (d)

(e)

Figure 3.1: An illustration of solid state interaction method. (a) Grinding chemical
powders, (b) pressing into a pellet, (c) sealing in vacuum or inert gas atmosphere, (d)
annealing, and (e) annealed pellet.
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Publication Year 1996 [1]
Diagram type binary phase diagram
Concentration range full composition; 0-100 at.% Yb
Temperature 0 to 1400 °C
Nature of investigation
APDIC diagram No
Unique ID No. 981165
Title Pb-Yb (Lead-Ytterbium)
Publication J. Phase Equilib.
Language English
Authors Okamoto H., Ohio, U.S.A.
Original diagram Pb-Yb phase diagram
Original scope T[0-1400 °C] vs. Yb conc.[0-100 at.%]
Original size 75/100
Remarks

ASM Alloy Phase Diagra o.lanoitanretnimsa.1www//:ptthesabataD sm rg/asmenterprise/APD/PrintViewAPD.aspx

1 of 3 12/16/2015 1:50 PM

Figure 3.2: A Pb-Yb binary phase diagram. This phase diagram is adapted from Ref.
[41].

this example, Pb works as a solvent and YbPb3 works as a solute. Solvents that are

used to grow inorganic single crystals are known as flux.

To grow inorganic single crystals, the key point is to find a proper flux for a specific

material. For growing single crystals of metals or metallic alloys, metals or semimetals

with low melting points, such as Sn, Pb, Ge etc. can be good flux candidates. For

example, Bi can be used to grow SrMnBi2 [42]. In addition to pure elements, binary

alloys with lowest melting point may also be good. To grow complex compounds or

oxides, self-flux is also a reasonable to try. For example, MnAs can be used as a flux

to grow Sr2Mn3As2O2 compound. A Sr2Mn3As2O2 crystal is shown in Fig. 3.3(a).

However, this flux method cannot avoid a trace amount of flux in the grown single

crystals.
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3.1.3 Vapor transport method

Vapor transport method is to convert a material into a gas phase by a transport agent,

then deposit and crystallize at another place. This process involves in a temperature

gradient and is usually conducted at high temperature. The vapor transport method

involves three steps (Fig. 3.4): first, a material reacts with transport agent and

transfers into gaseous form. Second, the gases transport from high temperature end

to low temperature end. Third, the gaseous phases decompose into a desired phase,

and the phase deposits and crystallizes at the cold place. Using TaS2 and transport

agent I2 as an example:

TaS2(s) + I2(g) −→ TaI2(g) + I2(g) −→ TaS2(s) + I2(g) (3.1)

At the hot end, TaS2 is in solid form and I2 is in gaseous form. I2 reacts with TaS2

and results in gaseous TaI2 + S2 phases. These two gaseous phases react at cold end

and end up with crystallined TaS2 solid phase and I2 in gaseous phase. Then gaseous

I2 moves back to hot end and forms a cycle. A Fe0.297TaS2 single crystal that was

grown by using vapor transport method is shown in Fig. 3.3(b).

(a) (b)

Figure 3.3: (a) Sr2Mn3As2O2 crystal. (b) Fe0.297TaS2 crystal.

The kinetic effects of the vapor transport method can be empirically described by
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Cold

Materials
Transport agent

Hot

Figure 3.4: An illustration of vapor transport method. Materials are put in the cold
end. Through the assistance of transport agent, the materials are deposited at the
cold end and form single crystals.

the following equation[43]:

ṅ =
n

t′
= C

i

j

∆p(X)

Σp

T̄ 0.75q

s
, (3.2)

where ṅ is the transport rate; t
′

is the duration of the transport process; C is a

constant between 0.6 × 10−4 and 1.8 × 10−4; i, j are the stoichiometric coefficients

in the transport equation; ∆p(X) is the partial pressure difference of the transport

effective species X; Σp is the total pressure; T̄ is the average temperature at the hot

end T1 and the cold end T2; q is the cross section of diffusion path; and s is the length

of diffusion path.

This equation indicates that the growth rate, which is correlated to the materials

diffusion rate, depends on temperature gradient and partial vapor pressure difference

of the species between the hot and the cold end. The growth rate significantly affects

the quality of single crystals. Higher growth rate generally reduces the quality of

single crystals, causing smaller size and introducing more defects. With this in mind,

there are some empirical observations for vapor transport growth [44]: first, small
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temperature gradient will reduce the growth rate and result in higher quality of

crystals. Second, adding inert gas will reduce the vapor pressure difference and growth

rate, and this will also improve single crystals quality. Third, higher temperatures

reduce the growth rate and will improve single crystal quality.

Because the single crystal quality is significantly affected by growth rate, factors

that affect growth rate eventually change the quality and quantity of grown single

crystals. These factors need to be considered carefully when one uses vapor transport

method to grow single crystals. In addition to that, if the grown single crystals are

ternary compounds or constituted by more than three elements, the stoichiometry

of the grown single crystals is sometimes off from the raw materials due to different

diffusion rate of the gaseous phases at the second step.

3.2 Characterization methods

After synthesizing materials, characterization methods were used to measure physical

properties of a material. The characterization methods include x-ray and neutron

diffraction, x-ray and neutron spectroscopy, inductive coupled plasma, commercial

Quantum Design Magnetic Properties Measurement System, and Quantum Design

Physical Properties Measurement System. By using these techniques and

instruments, one can measure a material’s crystal structure, composition, binding

energy, magnetization, resistivity, and specific heat. In this section, all used

techniques will be introduced and discussed.

3.2.1 X-ray diffraction

X-ray diffraction can be used on single crystals or powders. Single crystal x-ray

diffraction generally gives mores diffracted peaks and more information than powder
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x-ray diffraction. Generally, single crystal x-ray diffraction is used to solve crystal

structures. Although powder x-ray diffraction provides less information than single

crystal x-ray diffraction, it provides a relatively easy access to identify phases of

powders by comparing existing diffractions in a database. Together with Rietveld

analysis [45, 46], powder x-ray diffraction can also provide lattice parameters and other

crystallographic information, such as atomic positions, occupancies, and thermal

displacements. It is worthy to mention that although powder x-ray diffraction can

be used to solve crystal structure through Rietveld analysis, single crystal x-ray

diffraction is still recommended because more diffraction information can be collected

in single crystal x-ray diffraction than powder x-ray diffraction.

The rudimentary principle of x-ray diffraction is Bragg’s law:

2dhkl sinθ = nλ. (3.3)

In single crystal x-ray diffraction, when crystallographic planes (hkl) validate

Bragg’s law, a diffraction spot is created for each plane (blue spots in Fig. 3.5(a)). The

intensity (I) of each spot is proportional to |Fhkl|2e−2M , where Fhkl is the structural

form factor and e−2M is the temperature factor [47]. The structural form factor is

given as:

Fhkl =
N∑
n=1

fne
2πi(hx+ky+lz). (3.4)

fn is atomic form factor, which is proportional to atomic number and a function of

Bragg angle θ; h, k, l are from plane (hkl); x, y, z are the atomic positions of an

atom. The structural form factor summarizes contributions of all atoms (1 to N) in

a unit cell. The temperature factor depends on both temperature and Bragg angle

(θ).
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To determine crystal structure by using single crystal x-ray diffraction, many steps

are required. These processes involve three concepts: determining lattice parameters

and space group, determining atomic positions, and refinements. Lattice parameters

and space group can be deduced from diffraction data. After determining lattice

parameters and space group, the atomic positions of heavy atoms are deduced using

the Patterson method [48] or direct method. Then the light atoms can be included

to build up a model for crystal structure. The last one is to refine the built crystal

structure to match experimental results.

In powders, many crystallographic planes are mixed and randomly oriented, one

therefore sees rings (blue circles in Fig. 3.5(a)) instead of spots. Powder x-ray

diffraction generally measures intensity versus 2θ (green line in Fig. 3.5(a)) and has

an intensity profile as shown in Fig. 3.5(b). Because each compound has its own

unique lattice parameters, which means a compound’s diffraction pattern is unique.

Therefore, by comparing a measured pattern to a database of known patterns, one is

able to know the phase or phases of the measured powders.

The Rietveld method is a useful technique to obtain crystallographic information

by refining the powder X-ray diffraction pattern [45, 46]. The Rietveld method

assumes that once a crystal structure gives the minimum difference between the

calculated pattern and experimental pattern, the calculated crystal structure is

assumed to be the actual crystal structure of the measured powders. To calculate a

diffraction pattern for a compound, one needs to consider lattice parameters, atomic

positions, occupancy, thermal vibration, peak profile, and other crystallographic

factors. One can adjust these factors to make the calculated pattern approach

experimental pattern; once one theoretically calculated pattern gives the smallest

difference, the Rietveld method suggests that the factors used in this theoretical

model are the most probable crystallographic factors of the measured compound.
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Figure 3.5: (a) An illustration of single crystal x-ray diffraction. (b) An illustration
of intensity profile for a powder x-ray diffraction
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3.2.2 Magnetization measurements

DC magnetization measurements were done in commercial Quantum Design Magnetic

Properties Measurement System (QD MPMS, Fig. 3.6(a)). This MPMS has a 7 T

magnet and can measure magnetization with a temperature range between 1.8 and

400 K.

MPMS uses second-derivative coils to measure the magnetization, and these coils

are coupled to a Superconducting QUantum Interference Device (SQUID) sensor

through a superconducting RFI insulating transformer [49]. SQUID is sensitive to

the change in magnetic field and can measure the change in magnetic fields as low as

10−10T . The magnetization resolution of this MPMS can be as low as 10−7 emu.

AC magnetization measurements were done in QD Physical Properties

Measurements System (PPMS, Fig. 3.6(b)) with ACMS option [50]. For ACMS

option, other than a superconductor magnet, which is used to provide a DC magnetic

field, there is an insert coil that provides AC magnetic field. This AC field is added

to the DC field, although the latter one is usually set to zero. The AC frequency in

ACMS option can be as high as 10000 Hz.

3.2.3 Resistivity measurements

Resistivity can be measured by a two-wire or four-wire method. In the two-wire

method, both the ammeter and voltmeter use the same pair of wires. In contrast, the

ammeter and voltmeter in the four-wire method use different pairs and measure the

current and voltage separately. When the four-wire method is used, the measured

sample is first cut into a rectangular shape then four wires are attached to the sample

by using silver epoxy (Fig. 3.7). Current is applied and measured through wires

#1 and #4 , while the voltage is measured through wires #2 and #3. Then, using

Ohm’s law, one can calculate the resistance of the sample. The resistivity can be
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(a)

(b)

Figure 3.6: (a) MPMS with 3He option (iHelium3). (b) PPMS sith 3He options.
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#1 #2 #3 #4

(a) (b)

Figure 3.7: (a) An illustration for a four-wires resistivity measurement. Gray shape
is the sample, silver area is silver epoxy, and black lines are wires. (b) A set up for
PPMS resistivity measurement.

further calculated by including the sample’s dimensions. In my research, resistivity

was measured by using the four-wire method and QD PPMS [50].

The four-wire method is better than the two-wire method, which is used in an

ohmmeter. The layout of each method is shown in Fig. 3.8. The two-wire method

measures both sample and wire resistance. These two contributions are convoluted

and cannot be isolated in the two-wire method. The resistance measured by the

two-wires method can be written as:

V =
I

2Rwire + Rsample

, (3.5)

where V is the voltage measured by voltmeter and I is the current measured by

ammeter. In contrast, the measured voltage and current of the four-wire method can

be written as:

V = 2IvoltmeterRwire + IsampleRsample. (3.6)
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Figure 3.8: (a) Two-wires method and (b) four-wires method.

I = Ivoltmeter + Isample. (3.7)

V

I
=

2IvoltmeterRwire + IsampleRsample

Ivoltmeter + Isample

. (3.8)

For an ideal voltmeter, Rvoltmeter →∞ and Ivoltmeter → 0:

V

I
→ Rsample. (3.9)

Therefore, the four-wire method effectively removes the contribution of the wire

resistance from the measurements and gives merely the sample’s resistance.

3.2.4 Specific heat measurements

Specific heat was measured by using QD PPMS. A piece of sample is mounted on

a specific heat puck platform, and N-grease is used to improve the thermal contact

between the sample and the platform. A specific heat measurement involves two
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steps: first, measure specific heat of addenda, which is mainly from N-grease. Second,

mount a sample on this N-grease and measure the specific heat of the sample and the

grease. The sample’s specific heat can be calculated by subtracting the addenda’s

contribution. When one measures specific heat under magnetic field, because the

heat and electron conductions of the wires inside the specific puck may be changed

by the magnetic field, it is suggested to measure addenda under magnetic fields before

measuring sample’s specific heat [50].

In these two steps, two different analysis methods are used [50]. The first is called

simple model based on the assumptions that the sample and the sample platform

are in good thermal contact, and temperature of the sample and the platform is the

same. The specific heat is then calculated by using the following equation [50]:

Ctotal
dT

dt
= −Kw(T − Tb) + P (t), (3.10)

where Ctotal is the total heat capacity of the sample and sample platform; Kw is the

thermal conductance of the supporting wires; Tb is the temperature of the puck frame;

and P (t) is the power supplied by the heater.

The second method is the two-tau method. This method assumes that the thermal

contact between the sample and the platform is poor and the temperature of the

sample and the platform is different. This two-tau method uses following equations

[50]:

Cplatform
dTP
dt

= P (t)−Kw(Tp(t)− Tb) +Kg(Ts(p)− Tp(t)), (3.11)

Csample
dTs
dt

= −Kg(Ts(T )− Tp(t)), (3.12)

where Cplatform is the heat capacity of the sample platform, Csample is the heat capacity
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of the sample, and Kg is the thermal conductance of the grease between sample

and platform. The temperatures of the platform and sample are Tp(t) and Ts(t)

respectively.

In general, when one measures addenda, the system uses the first simple model to

analyze the heat capacity. When one measures a sample’s heat capacity, the system

uses two-tau models. In two-tau method, sample coupling is a factor to indicate

how good the measurements are. For a good measurement, the sample coupling

(Kg/(Kg +Kw)) is above 90% and close to 100%. However, if the sample coupling is

100%, this means one of the following possibilities: sample has perfect contact with

platform; the sample is poorly attached to the platform; or platform’s heat capacity

overwhelms sample’s heat capacity. Because a sample cannot has perfect contact with

the platform, it is suggested to double check the sample attachment when the sample

coupling shows 100%.

3.2.5 Inductively coupled plasma

Inductive coupled plasma-optical emission spectroscopy (ICP-OES) is a spectroscopy-

based elementary analysis method. This method involves two parts: atomizing and

exciting a material, and optical emission from elements for elementary analysis. The

studied material is first dissolved using acid then diluted into a solution. This process

atomizes the studied materials. Then the solution is injected and excited by using

inductive coupled plasma. At the end, the optical emission intensity at specific

wavelengths is measured.

ICP-OES can determine multiple elemental concentrations of a studied material.

This method relies on comparing the photoemission intensity to standard solutions.

The standard solutions are prepared to cover a wide concentration range, and then

photoemission intensities of these standard solutions are measured (blue points in
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Fig. 3.9). The photoemission intensity of standard solutions is fit with a line (blue

line in Fig. 3.9). After measuring the photoemission intensity of the studied materials

(yellow point in Fig. 3.9), one can know the elemental concentrations of the studied

materials by comparing them to the photoemission intensities from the standard

solutions.

In general, the ICP-OES can measure multiple elementary concentrations

simultaneously and is also sensitive to trace amount of elements. The ICP-OES

can detect elemental concentration as low as 1 ug/L and resolution can be as high

as 1%. However, because this method involves dissolving and atomizing materials,

in some cases, even though the material looks like it has completely dissolved, some

elements still form colloids, which significantly affect the experimental results. One

way to distinguish if the colloids are formed is to measure the same solution several

times. If an element forms colloids, the measured concentration varies significantly

and can vary as high as an order of magnitude.

3.2.6 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is used to measure the binding energy of a

specific element in a piece of material [51]. An XPS measurement involves a photon

in and an electron out. Once an electron in a material absorbs enough energy from

the incident photon to break a bond and overcome the work function barrier, the

electron is ejected away from the materials with kinetic energy. This electron is

known as photoelectron. From the conservation of energy, one has:

hν = K.E.+ B.E.+ φ, (3.13)

where hν is the energy of the incident photon; K.E. (B.E.) is the kinetic energy

(binding energy) of the ejected electron; and φ is the work function. The work
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Figure 3.9: An illustration of using inductive coupled plasma-optical emission
spectroscopy (ICP-OES) to determine an elemental concentration in a solution. Blue
points are measured emission intensity of standard solutions; blue line is the linear
fitting of the standard solutions; the yellow point is the photoemission intensity of a
sample. The elemental concentration can be deduced from the fitted line.
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function is a constant and depends on the detector. This equation can be rewritten

as:

B.E. = hν −K.E.− φ. (3.14)

Therefore, given specific φ and hν values, the binding energy can be derived by

measuring the kinetic energy of the photoelectron. An XPS spectrum shows intensity

versus kinetic energy of photoelectrons.

Photoelectrons emitted from different elements have different binding energies.

One can know some information from the XPS measurement, including the identity

of the composition elements, the ratio of the elements, and binding types in the

materials. By comparing the measured spectrum with standard spectra, one is able

to know which element the photoelectron was emitted. Meanwhile, by comparing the

intensity of specific peaks, one is able to know the elemental ratio. Moreover, the

binding energy also shows the type of bonding between two atoms. However, due to

the short penetration length of the X-rays, XPS measures the kinetic energy of the

photoelectrons from surface (about 50 to 100 Å) [51].

3.2.7 Neutron scattering

Due to wave-particle duality, a neutron has wave-like properties, which means that

neutrons in proper conditions can be used for scattering experiments. To apply

neutrons in a scattering experiment, one needs to know the wavelength, velocity, and

energy of neutrons. The conversion between wavelength λn, velocity (vn), and energy

(En) of neutron is [52]:

λn =
h

mnvn
, (3.15)
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En =
h2

2mnλ2
n

, (3.16)

where h is Plank’s constant, and mn is the mass of a neutron. By adjusting the

neutron velocity, one can obtain different wavelength and energy scales that are

suitable for condensed matter research. Hot neutrons have high velocity, resulting

in high energy and short wavelength; cold neutrons have low velocity, resulting in low

energy and long wavelength. Choosing hot or cold neutrons depends on the energy

and wavelength scales that are required by an experiment.

A neutron is a neutral particle with magnetic moment. This implies that a neutron

only interacts with nuclei and magnetic moments in materials. Neutron scattering

therefore provides complimentary information with x-ray scattering. X-ray interacts

with electrons, where the scattering intensity depends on the number of electrons in

an ion or atom. In contrast, the intensity of neutron scattering depends on scattering

length, which is independent from atomic number. As an example, hydrogen atoms

cannot be detected with X-ray, but hydrogen can effectively scatter neutrons, which

makes hydrogen scattering very strong in neutron scattering experiments. Therefore,

neutron scattering and X-ray scattering can provide complimentary information

towards understanding the crystal structure of materials. Meanwhile, because a

neutron also interacts with magnetic moment, neutron scattering is a useful and

common technique to study magnetic structure and excitation of magnetic materials.

Furthermore, due to the benefit of longer penetration length of neutrons, it is easier

to perform scattering under hot/cold temperature and high/low pressure than X-ray

scattering.

The neutron scattering is based on the conservation of momentum and energy:

Q ≡ ki − kf = H± q, (3.17)
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and

h̄ω ≡ h2

2mn

(k2
i − k2

f ) = ±h̄ωj(q), (3.18)

where ki and kf are the initial and final wavevector of the neutron; H is a reciprocal

lattice vector; q is the momentum transfer; and ωj(q) is the energy transfer at

wavevector q. These two equations are valid for both inelastic and elastic scattering.

For elastic scattering, both q and ωj(q) are zero, and the elastic scattering happens

when scattering vector Q matches the reciprocal lattice vector H. Meanwhile, elastic

neutron scattering is also called neutron diffraction. For inelastic scattering, h̄ωj(q)

is measured as a function of q, and an energy dispersion can be derived.

When magnetic moments in a material order and form a magnetic structure,

the magnetic structure can be probed by neutron scattering. Analogous to crystal

structure in X-ray diffraction, the magnetic structure has similar magnetic form

factors in neutron scattering with slight differences. The magnetic form factor in

neutron scattering can be written as [52, 53]:

FM(Q) =
∑
j

pjqjexp(iQ · rj)exp(−Wj), (3.19)

where the equation summarizes the contribution from each atom j; pj is the magnetic

scattering length at atom j; qj is the magnetic interaction vector; Q is the scattering

vector; rj is the atomic position; and Wj is the Debye-Waller temperature factor.

The magnetic scattering length pj can be written as:

p = (
µ0

4π
)(
e2

me

)γSf(Q), (3.20)

where γ(= 1.913) is the neutron gyromagnetic ratio. The main difference between
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Figure 3.10: An illustration of triple-axis spectrometer (TAS). The name of triple-axis
is from three rotating axes: two are from monochrometers, and the last one is from
the sample.

magnetic and nuclei neutron scattering is the magnetic interaction vector (qj):

qj = Q̂(Q̂ · µ̂j)− µ̂j, (3.21)

where the Q̂ is the unit scattering vector and the µ̂j is the unit vector of the magnetic

moment at atom j. This factor indicates that a magnetic moment has to have a

component perpendicular to the scattering vector Q to contribute to the magnetic

neutron scattering.

One common technique to perform neutron scattering is triple-axis spectrometer

as shown in Fig. 3.10. The name of triple-axis is from three rotating axes: two are

from monochrometers, and the last one is from the sample. By adjusting these three

axes, one can choose ki and kf to perform elastic scattering (ωj(q) = 0) and inelastic

scattering (ωj(q) 6= 0).



Chapter 4

Enhanced ferromagnetism induced by structural

phase transitions in Co2As1−xP
†
x

P doping in Co2As induces two structural transitions, resulting in an enhanced

ferromagnetic state at intermediate P compositions. In Co2As1−xPx, doping induces

a room temperature α-to-β structural distortion around x = 0.04, similar to what

temperature (T = 725 K) does in the parent compound (x = 0). The resulting

β phase displays an enhanced ferromagnetic ground state. Close to x = 0.85, a

hexagonal-to-orthorhombic phase transition occurs, concomitant with the quenching

of the magnetic order. Band structure calculations for the three different phases

confirm the experimental observations while revealing remarkably high charge carrier

polarization rate for the β phase.

† [54] Chih-Wei Chen, Jiakui K. Wang, and Emilia Morosan,“Enhanced ferromagnetism induced
by structural phase transitions in Co2As1−xPx,” Physica B 481, 236 (2016)

In this study, I prepared Co2As1−xPx compounds and conducted all experiments. Band
structure calculations were performed by Jiakui K. Wang.
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4.1 Introduction

Binary M2Pn or ternary MM ′Pn compounds, where M , M ′ = transition metals

and Pn = pnictogen, have attracted intensive interest due to their strong electron

correlations and diverse ground states, including magnetism and superconductivity

[55, 56, 57, 58, 59, 60, 61, 62, 63, 64]. Doping is often associated with structural

phase transitions, which, in turn, drive changes to the physical ground state [57, 58,

63, 65]. Co2As is an example of a M2Pn hexagonal compound, for which a structural

phase transition takes place at T = 725 K, resulting in an α low temperature phase

(Fig. 4.1(a)) and a β high temperature phase (Fig. 4.1(b)) [56]. Previously reported

magnetization measurements show Curie-Weiss-like behavior for T > 200 K, with

Weiss temperatures θ = - 680 K for the α phase and - 430 K for the β phase [56].

Even though these negative θ values suggested antiferromagnetic (AFM) coupling, the

extrapolated susceptibility was suggested to be divergent around 10 K, which would

indicate ferromagnetic (FM) order in the α phase [56]. However, these conclusions

were reached in the absence of low temperature magnetization data (lower than the

80 K [56]) which is needed to study the ground state.

In this study, my collaborators and I show that, at room temperature, P doping

in Co2As1−xPx induces the α-to-β structural phase transition around x = 0.04,

as well as a hexagonal-to-orthorhombic phase transition for x > 0.85. After

accounting for temperature-independent contributions to the magnetic susceptibility

χ0, magnetization measurements on Co2As1−xPx down to T = 2 K (lower than

the 80 K in the previous study [56]) reveal both positive θ values and divergent

susceptibility, consistent with FM ground state for the hexagonal phase (0 ≤ x ≤

0.85). Remarkably, the α-to-β structural phase transition at x = 0.04 enhances the

ferromagnetism in the β phase compared to the α phase. Moreover, the subsequent

phase transition at x > 0.85 quenches the magnetic ground state in the orthorhombic
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phase. In the orthorhombic phase (0.95 ≤ x ≤ 1), the magnetic susceptibility is

temperature-independent when T > 50 K, consistent with Pauli paramagnetism.

The experimental results suggest strong correlations between the crystal structure

and the magnetic ground state in Co2As1−xPx. Band structure calculations for the

α and β hexagonal phases, as well as for the orthorhombic phase, confirmed the

enhancement of the ferromagnetism in the β-Co2As1−xPx phase.

4.2 Sample preparations, characterizations, and

band structure calculations

Polycrystalline Co2As1−xPx (0 ≤ x ≤ 1) samples were prepared by solid state

reaction, in which ground powders of Co (Alfa Aesar, 99.9 % ), As (Alfa Aesar,

99.99, %) and P (Alfa Aesar, 99.999 %) were mixed in the ratio of Co : As :

P = 1.95 : 1 − x : x and sealed in evacuated quartz tubes. The samples were

heated between 400◦C and 900◦C for six days, with intermediate grindings. Room

temperature powder x-ray diffraction (XRD) measurements were performed on a

Rigaku D/Max diffractometer with Cu Kα radiation and a graphite monochromator.

Rietveld analysis was done using the GSAS suite of programs [66, 67]. Temperature-

and field-dependent magnetization data were collected in a Quantum Design (QD)

Magnetic Property Measurement System (MPMS) for temperatures between 2 K and

300 K and applied magnetic field H up to 7 T. DC resistivity measurements were

performed in a QD Physical Property Measurement System (PPMS) using a standard

four-probe method. Specific heat measurements were also performed in the QD PPMS

using an adiabatic relaxation technique.

Band structure calculations within the density functional framework were

performed using a full potential linear augmented plane wave method (FP-LAPW), as
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implemented in the WIEN2k code [68]. A cutoff parameter RKmax = 7.0 was used,

and the exchange-correlation potential was taken in the commonly used Perdew-

Burke-Ernzerhof (PBE) form [69] of the generalized-gradient approximation. The

linear tetrahedron method was employed for the Brillouin zone (BZ) integration,

with the k-mesh of 10× 10× 10 points in the primitive BZ. Both paramagnetic (PM)

and ferromagnetic (FM) density of states (DOS) are calculated for α-Co2As, β-Co2As

and Co2P.

4.3 Experimental Results

(a) α

a

b As, P

(b) β

As, P

Co

a

b

(c) orthorhombic

a
b

Co

As, P
Co

Figure 4.1: Co2As1−xPx crystal structure for (a) the hexagonal α phase, (b) the
hexagonal β phase, and (c) the orthorhombic phase. The unit cell is indicated by the
black solid line, and the purple dashed parallelograms are used as a comparison with
the hexagonal α phase.

The Co2As crystal structure consists of different Co (As) sites, six (five) in the

hexagonal α phase, two (two) in the hexagonal β phase, and two (one) in the

orthorhombic phase), with the atoms in the z = 0 (0.5) plane represented by the

larger (smaller) spheres in Fig. 4.1. The hexagonal structure with space group

P62̄m [65] persists up to 1313 K, with a structural distortion around 725 K. In

the low temperature α phase (T ≤ 725 K, Fig. 4.1(a)), the Co atoms in different

planes form rings of distorted triangles, centered around As atoms in planes half a

unit cell above and below. At T = 725 K, the Co atoms move to higher symmetry
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Figure 4.2: a Rietveld refinement profile for the room temperature XRD data for
Co2As0.6P0.4. The difference between measured data (black) and Rietveld fit (red)
is shown as a green line. The calculated Bragg peak positions for Co2As0.6P0.4

are indicated by blue vertical markers. (b) Lattice parameters of Co2As1−xPx as
a function of x. Error bars are smaller than the symbol size.
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positions (Fig. 4.1(b)), resulting in the high temperature hexagonal β phase. While

this crystallographic modification preserves the same space group, the a and b unit

cell parameters (outlined in black) are nearly half when compared to those of the α

phase [56].

This high temperature β phase appears to also be stabilized at room temperature

by P doping. P doping changes the room temperature crystal structure of

Co2As1−xPx from the low temperature α phase to the high temperature β phase when

0.06 ≤ x ≤ 0.85, while the α phase is preserved for lower x values. Further P doping

induces a structural phase transition from the hexagonal P62̄m to an orthorhombic

structure with space group Pnam (Fig. 4.1(c)) for 0.95 ≤ x ≤ 1. Co2As1−xPx forms

mixed phases and no single phase was observed for 0.85 < x < 0.95. The Rietveld

refinement of the Co2As1−xPx room temperature powder XRD patterns, with an

example shown in Fig. 4.2(a) for x = 0.40, confirms the structure and purity. The

lattice parameters for Co2As1−xPx as a function of x are shown in Fig. 4.2(b), and are

close to previously reported values [58, 65]. Initially, P doping in Co2As1−xPx leaves

the lattice parameters virtually unchanged in the α phase, for x ≤ 0.04. An α-to-β

structural transition occurs between x = 0.04 and 0.06, with both the a (squares, left

axis) and c (triangles, right axis) lattice parameters changing abruptly (Fig. 4.2(b)).

Upon further increasing the amount of P in place of the larger As atoms, a monotonic

decrease of the lattice parameters is observed for 0.06 ≤ x ≤ 0.85 (Fig. 4.1(b)),

consistent with the Vegard’s law [70]. The hexagonal-to-orthorhombic transition close

to x = 0.85 also results in an abrupt change in all lattice parameters: as x increases

from x = 0.85 to 0.95, a decreases, with b (circles, right axis) slightly larger than a,

and c increases.

It appears that both structural transitions have drastic effects on the magnetism

in Co2As1−xPx, resulting in enhanced magnetic moments and ferromagnetic ordering
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Figure 4.3: Temperature-dependent susceptibility for (a) 0 ≤ x ≤ 0.04 (α), (b)
0.06 ≤ x ≤ 0.4 (β), (c) 0.4 ≤ x ≤ 0.85 (β), and (d) 0.95 ≤ x ≤ 1 (orthorhombic).
The inset in (a) shows the low-temperature susceptibility range for clarity. The inset
in (b) shows the ZFC/FC split of the susceptibility of the x = 0.4 compound, which
has the maximum split in these samples.

temperatures in the β phase. The magnetization in the α phase (x ≤ 0.04) increases

rapidly on cooling when the temperature drops below ∼ 10 K (Fig. 4.3(a)), reaching

about 0.25 emu/molCo at T = 2 K. However, for x = 0.06, a nearly four times increase

in the T = 2 K magnetization occurs following the ferromagnetic ordering below ∼ 70

K, concomitant with the α-to-β structural phase transition (Fig. 4.3b). The ordering

temperature increases with P doping and it reaches a maximum around 120 K at

x = 0.4. Further P doping in the β phase decreases this temperature such that it

drops again close to 70 K at x = 0.85 (Fig. 4.3(c)). Following the composition range

of mixed phases for 0.85 < x < 0.95 (gray area in Fig. 4.2(b)), consistent with the

previous report [58], the ferromagnetic order is completely suppressed. The magnetic

susceptibility of the orthorhombic Co2As1−xPx (x ≥ 0.95 in Fig. 4.3(d)) is nearly

temperature-independent, consistent with the Pauli susceptibility about two orders

of magnitude smaller than the paramagnetic susceptibility of the β phase.

In the ferromagnetic region (0 ≤ x ≤ 0.85), the magnetic susceptibility displays

Curie-Weiss-like behavior (Fig. 4.4). After a temperature-independent contribution

χ0 is subtracted, H/(M − M0) is linear in T above the temperature where the

divergence of M(T ) takes place (Fig. 4.3(a)-(c)). The linear fits of the inverse
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susceptibility in the paramagnetic state yield effective moment values µeff about

0.8 µB/Co in the α phase, and between 1.59 (x = 0.06) and 1.98 (x = 0.4) µB/Co

in the β phase. Within the ionic picture, the corresponding theoretical effective

moment values of the Co oxidation states are µtheff(Co2+) = 3.87 µB, and µtheff(Co3+)=

4.90 µB (L = 0), and even larger for the unquenched orbital moment case (L > 0)

[4]. The experimental µexpeff for x = 0.04 is 0.8 µB/Co, several times smaller than

the theoretical values of either Co2+ and Co3+. For the β phase, even though the

µexpeff values are more than double (1.59 to 1.98 (x = 0.4) µB/Co), they remain much

smaller than the theoretical values. The smaller-than-calculated values for µeff may

be due to either itinerant moment magnetism or crystal field effects, or both, and

this is to be addressed with the field-dependent magnetization data, as well as H

= 0 resistivity and specific heat measurements presented below, together with band

structure calculations.

Field-dependent magnetization isotherms M(H) reveal ferromagnetic behavior of

both α and β phases (Fig. 4.5(a)-(c)), with the magnetic order suppressed in the

orthorhombic phase. The magnetization rapidly increases at low fields (H ≤ 0.5 T)

for the α phase (Fig. 4.5(a)), and remains nearly field-independent at higher fields, up

to 7 T. In the β phase (Fig. 4.5(b)-(c)), the overall magnetization values are nearly

four times larger than those in the α phase. Given the small slope in the M(H) data

close to the maximum applied field H = 7 T, it is reasonable to assume that, for x ≤

0.85, the saturated moment µsat is only slightly higher than M(7 T). One can therefore

approximate µsat in the hexagonal phase with the highest measured magnetization

µsat ≈ M(7 T). This yields µsat values between 0.06 and 0.08 µB/Co for the α phase.

In the β phase, the saturated moment first increases with x from ∼ 0.33 µB/Co for

x = 0.06 to ∼ 0.43 µB/Co for x = 0.4. Further P doping decreases the saturated

moment towards ∼ 0.29 µB/Co at x = 0.85. These saturated moment values in the
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β phase (0.06 ≤ x ≤ 0.85) are consistent with those reported previously [58]. In the

orthorhombic phase (0.95 ≤ x ≤ 1), the field dependence of the magnetization reveals

paramagnetic behavior (Fig. 4.5(d)). The overall magnetization values become nearly

two orders of magnitude smaller than those for the hexagonal phase, and vary linearly

with H up to the maximum applied field H = 7 T.
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Figure 4.5: M(H) for (a) 0 ≤ x ≤ 0.04 (α phase), (b) 0.06 ≤ x ≤ 0.4 (β phase),
(c) 0.4 ≤ x ≤ 0.85 (β phase), and (d) 0.95 ≤ x ≤ 1 (orthorhombic structure).
M(H) in the ferromagnetic region (0 ≤ x ≤ 0.85) increases more rapidly than in the
paramagnetic region (0.95 ≤ x ≤ 1) and saturates at H = 7 T.

The correlation between the magnetic and electrical transport properties of

Co2As1−xPx was studied by DC resistivity measurements. The weak temperature

dependence of the resistivity in the paramagnetic state and the large ρ values (between

200 and 1200 µΩcm) indicate poor metallic behavior for all compositions (Fig. 4.6).

For 0 ≤ x ≤ 0.85, the magnetic order is signaled by a drop in resistivity consistent

with the loss of spin disorder scattering. The resistivity derivatives dρ/dT are used

to determine the ferromagnetic ordering temperature TC , with two examples shown

in the insets in Fig. 4.6(a)-(b). Large symbols in Fig. 4.6(a)-(b) mark the respective

TC values for each composition in the ferromagnetic state. For the orthorhombic

phase, no features were observed in the resistivity between 2 and 300 K (Fig. 4.6(c)),

consistent with the suppression of the magnetic order, as suggested earlier by magnetic

susceptibility measurements (Fig. 4.3(d)). In Fig. 4.6(a), the x = 0.04 curve is shown

as measured, while the other curves are shifted vertically by 0.05 for clarity. In (b)
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and (c), the x = 0.85 and x = 1 curves are shown as measured, while the other

curves are shifted vertically from each other by 0.05 for clarity.
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Figure 4.6: Co2As1−xPx H = 0 DC resistivity scaled by the T = 300 K values, for
(a) 0 ≤ x ≤ 0.04 (α phase), (b) 0.06 ≤ x ≤ 0.85 (β phase), and (c) 0.95 ≤ x ≤ 1
(orthorhombic structure). The (a) x = 0.04, (b) x = 0.85 and (c) x = 1 curves are
shown as measured, while the other curves are shifted vertically by 0.05 for clarity.
The insets in (a) and (c) indicate how TC (large symbols) was determined in the α
and β phase, respectively. The data are scaled by the resistivity at T = 300 K.

Additional evidence for the magnetic ordering is observed in the specific heat

data shown in Fig. 4.7. In the α phase (0 ≤ x ≤ 0.04), although the magnetic

transition was observed in magnetization and resistivity, only a weak feature around

TC was evident from the specific heat measurements (Fig. 4.7(a)). However, in the

β phase (0.06 ≤ x ≤ 0.85), the transition becomes more pronounced in specific heat,

as indicated by a peak around TC . An example is shown in the inset of Fig. 4.7(b).

Consistent with the magnetization and resistivity data, no transition was observed in

the specific heat for the orthorhombic phase (Fig. 4.7(c)).

Fig. 4.8 illustrates how the electronic and phonon specific heat coefficients γ and β

were determined from the linear fits of Cp/T (T 2) at low temperatures. The γ values

change discontinuously at both structural phase transitions, with the highest values

corresponding to the β phase (squares, left axis, Fig. 4.11(a)). Within the β phase,

a minimum in γ occurs around x = 0.4, close to the composition with the highest

ordering temperature TC and Weiss temperatures θW (open and full symbols, Fig.
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region (0.06 ≤ x ≤ 0.85).

4.11(b)).

4.4 Band Structure Calculations

To reveal the connection between the magnetic and the structural phase transitions,

band structure calculations were performed for all three phases for both PM and FM

states. The PM density of states (DOS) plots for α-Co2As, β-Co2As and Co2P are

shown in Fig. 4.9(a),(b) and (c), respectively. There are several notable features in the

DOS plot. Firstly, for all three phases, the main contributions to the total DOS (black

lines) close to the Fermi level are from Co ions (red lines). A similar behavior was also

observed in the parent compounds for the Fe-pnictide superconductors, e.g. LaFeAsO

[71], for which the electronic state close to the Fermi level can be approximately

described as 2D metallic sheets of Fe2+ ions embedded in a background of anions.

The band structure calculations for our compounds support the itinerant magnetism
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scenario, as was the case for Fe pnictides. The FM state calculations (Fig. 4.10) show

that the Co atoms in all three phases have the tendency towards fully spin-polarized

states, since almost all DOS contributions come from states below the Fermi level.

Secondly, the PM d bands for α-Co2As, β-Co2As and Co2P are very narrow, as shown

by the blue lines in Fig. 4.9(a),(b) and (c). For the α, β and orthorhombic phases,

the d bandwidths are ∼ 3.39 eV, 3.25 eV and 3.89 eV, respectively, narrower than

other transition metal pnictide compounds, e.g. LaFeAsO [71]. (with d bandwidth ∼

4.2 eV). Considering that narrower bands usually imply stronger tendency towards

magnetism [10, 72], this trait is consistent with the experimental observation of

enhanced ferromagnetism in the β phase, for which the d band is the narrowest

of the three phases. Thirdly, the DOS at the Fermi level N(EF) for the α, β and

orthorhombic phases is 3.2, 5.6 and 4.7 states eV−1F.U.−1, respectively. According

to Stoner theory [73, 74], higher N(EF) is associated with stronger tendency towards

magnetism, which also makes β-Co2As most favorable towards spin polarization.
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Table 4.1: Magnetic moments for different crystallographic sites for α-Co2As (upper)
and β-Co2As (lower). Negative sign indicates spin direction opposite to the direction
of overall magnetization in the unit cell.

Atom x y z Moment (µB)
Co1 0.4621 0.6308 0 0.79
Co2 0.8725 0.8725 0 0.30
Co3 0.3749 0.3749 0 0.60
Co4 0.5406 0.8239 1/2 0.23
Co5 0.6939 0.6939 1/2 -0.48
Co6 0.203 0.203 1/2 1.21
Co1 0.747 0.747 0 0.22
Co2 0.408 0.408 1/2 0.96

A further verification of the tendency towards magnetic order is provided by the

calculations of the energies for the FM state. For α-Co2As, β-Co2As and Co2P, the

FM energies (relative to the PM state) ∆E(FM) = E(FM) − E(PM) are about -41

meV/F.U., -78 meV/F.U. and -4.4 meV/F.U., respectively. The energy comparison

clearly shows that the magnetic polarization is strongest for β-Co2As, consistent with

the experimental observation. It should be pointed out that, although in Co2P the

energy for the FM state is lower than PM state, the -4.4 meV/F.U. energy difference

is within the 10 meV error bar for the FP-LAPW method. Therefore, the band

structure calculations indicate that the magnetism in Co2P, if present, would be

very weak. Although the magnetic energy ∆E(FM) for α-Co2As is roughly half

of that for β-Co2As, the Curie temperature for the former is much lower than that

of the latter phase, possibly due to the presence of strong spin fluctuations in α-

Co2As, which is supported by the deviation from Curie-Weiss law of the magnetic

susceptibility (Fig. 4.4). A remarkable observation is that different Co sites tend to

accommodate magnetic moments with different magnitudes, as summarized in Table

4.1. For example in β-Co2As, the magnetic moments for the Co1 and Co2 sites are

0.22 µB and 0.96 µB.
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The FM spin-polarized DOS plots for α-Co2As, β-Co2As and Co2P are shown

in Fig. 4.10. For α-Co2As, the d bands for spin up and spin down channels are

slightly shifted in energy, with an almost fully-filled spin-up component of the d

band (with almost no spin-up d-state above Fermi energy). The small exchange

splitting is consistent with the weak FM (WFM) observed experimentally. For β-

Co2As, the splitting between the spin-up and spin-down components of the d band

is more pronounced, with the splitting energy close to 0.3 eV. Remarkably, the spin-

up component of the d band is almost fully filled, with EF at an almost zero local

minimum. The asymmetry between the spin-up and spin-down DOS(EF) implies that

the charge carriers are strongly polarized, i.e. that most of the charge carriers (∼

94%) would be spin-down. In the case of Co2P, although there is also a slight splitting

between the spin-up and spin-down components of the d band, the FM state is only

slightly lower in energy compared to the PM state discussed above. Summing up

the spin-up and spin-down components of the DOS(EF) leads to total spin-polarized

DOS(EF) of 3.5, 4.6 and 3.54 states eV−1F.U.−1 for α-Co2As, β-Co2As and Co2P,

respectively. Such trend is consistent with the experimental observations that the

electronic specific heat coefficient is biggest for β-Co2As, as seen in Fig. 4.11(a) (full

symbols, left axis).

4.5 Discussion

The magnetic properties of Co2As1−xPx compounds are significantly affected by the

crystal structure. The TC and saturated moment values at 2 K are enhanced by

the occurrence of a structural phase transition between x = 0.04 and 0.06 (Fig. 4.3

and Fig. 4.5). With Curie-Weiss-like behavior of the magnetic susceptibility in the

hexagonal phase, the corresponding Weiss temperatures θW are similarly enhanced in

the β phase, with a maximum around x = 0.4. Another structural phase transition
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that occurs between x = 0.85 and x = 0.95 results in the suppression of the

ferromagnetic order, to a Pauli paramagnetic state (Fig. 4.3 and Fig. 4.5). The

saturated moments µsat = qs in the α phase are between 0.06 and 0.08 µB/Co

(Fig. 4.5), about an order of the magnitude smaller than those of Co2+ and Co3+

low spin states. Because these values are much smaller than the theoretical values,

it suggests that the magnetic moments are likely itinerant instead of local in the α

phase. However, in the β phase, the saturated magnetic moments are considerably

higher, between 0.29 and 0.43 µB/Co (Fig. 4.5). These values lie between the low

spin moments for Co2+ and Co3+, suggesting two plausible scenarios for the origin

of magnetism. One scenario consists of a mixed valence system with Co2+ and

Co3+ local moments while the other draws on the itinerant moment picture. To

distinguish between the local moment and itinerant moment scenarios in Co2As1−xPx,

the Rhodes-Wohlfarth ratio was calculated [75].

For estimating the Rhodes-Wohlfarth ratio qc/qs, qc is estimated from the

paramagnetic susceptibility as peff =
√
qc(qc + 2), and qs is the saturated moment qs

= µsat, where peff is the effective moment and µsat is the saturated moment [14, 75].

For local moment magnets, the Rhodes-Wohlfarth ratio is close to 1, but it diverges

in the itinerant moment limit. The Rhodes-Wohlfarth ratio for Co2As1−xPx with a

FM ground state (0.06 ≤ x ≤ 0.85) (open symbols, right axis, Fig. 4.11(a)) is ≥ 3.

These values suggest an itinerant moment scenario for the hexagonal states (α and

β). It should be noted that the slightly enhanced qc/qs ratio in the α phase is likely

an artifact of taking the ratio of two small numbers rather than an intrinsic increase

for x < 0.04.

The structural phase transitions also cause the reconstruction of the Fermi surface,

suggested by the composition dependence of the electronic specific heat coefficient γ

(full symbols, left axis, Fig. 4.11(a)). In Co2As1−xPx, the hexagonal-to-orthorhombic
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structural transition that happens between x = 0.85 and 0.95 causes a larger change of

the γ value than the structure transition between x = 0.04 and 0.06. This is consistent

with the larger change of the crystal structure and the Fermi surface reconstruction

between x = 0.85 and 0.95. Co2As1−xPx in the ferromagnetic region (0 ≤ x ≤ 0.85)

has a drop in the γ values, such that γ in the ferromagnetic (hexagonal β) state (0.06 ≤

x ≤ 0.85) is nearly three times larger than in the non-magnetic (orthorhombic) state

(0.95 ≤ x ≤ 1) or in the α phase (x ≤ 0.04). In the α and orthorhombic phases, the

γ values were nearly composition independent. By contrast, in the β phase, γ varies

inversely with µsat, TC and θW (Fig. 4.5 and Fig. 4.11(b)) and has a minimum at x

= 0.4. The composition dependence of γ in this region shows that the largest µsat

(for x = 0.4) is associated with the smallest density of states at the Fermi surface.

This is exactly opposite to the itinerant moment scenario, for which µsat should be

maximized by the maximum density of state at Fermi surface. However, µsat also

depends on the splitting energy of the spin-up and spin-down bands [10]. Therefore,

a large splitting energy in Co2As1−xPx for x = 0.4 could explain the maximum µsat

for this composition.

Band structure calculations agree with the experimental observation: the magnetic

energy is largest for β-Co2As, with strong spin fluctuations in this phase suggested

by the fact that, from experiment, it is found that its TC is nearly one order of

magnitude higher then that of the α phase (Fig. 4.11(b), open symbols), while the

calculations indicate that the magnetic energy is only twice as large as that of the

α phase. Moreover, N(EF) is highest for β-Co2As, which is also consistent with

the enhanced electronic specific heat coefficient value for the β phase, as shown in

Fig. 4.11(a). The dominance of Co DOS in the three compounds close to the Fermi

level is reminiscent of the parent compounds of Fe pnictide superconductors, which

favors an itinerant nature of the magnetism. Further chemical or pressure tuning



106

might be able to shift the balance between the itinerant magnetic ground state and

competing states, possibly favoring superconductivity for some appropriate tuning

parameters.

In summary, my collaborators and I report that the magnetic properties of

Co2As1−xPx are strongly correlated with the crystal structure. For 0 ≤ x ≤ 0.04,

the compounds form in the α phase and show a ferromagnetic ground state. The

α-to-β structural phase transition that occurs between x = 0.04 and 0.06 results in

the enhancement of ferromagnetism. The TC in the β phase (0.06 ≤ x ≤ 0.85) is an

order of magnitude higher than in the α phase. Another structural phase transition

takes place between x = 0.85 and 0.95, resulting in the quenching of the magnetic

order. After this transition, Pauli paramagnetism is observed in the orthorhombic

phase (0.95 ≤ x ≤ 1). The Co2As1−xPx magnetism is itinerant, as suggested by

the large Rhodes-Wohlfarth ratios (Fig. 4.11(a), open symbols, right axis), observed

metallic behavior (Fig. 4.6), and band structure calculations (Figs. 4.9 and 4.10). The

enhancement of the itinerant ferromagnetic order driven solely by structural phase

transitions provides a potential route for tuning the magnetism in other binary or

more complex compounds.



Chapter 5

Very large magnetoresistance in Fe0.28TaS2 single

crystals†

Magnetic moments intercalated into layered transition metal dichalcogenides are

an excellent system for investigating the rich physics associated with magnetic

ordering in a strongly anisotropic, strong spin-orbit coupling environment. My

collaborators and I examine electronic transport and magnetization in Fe0.28TaS2,

a highly anisotropic ferromagnet with a Curie temperature TC ∼ 68.8 K. My

collaborators and I find anomalous Hall data confirming a dominance of spin-orbit

coupling in the magnetotransport properties of this material, and a remarkably

large field-perpendicular-to-plane MR exceeding 60% at 2 K, much larger than the

typical MR for bulk metals, and comparable to state-of-the-art GMR in thin film

heterostructures, and smaller only than CMR in Mn perovskites or high mobility

† [76] Will J. Hardy, Chih-Wei Chen, A. Marcinkova, Heng Ji, Jairo Sinova, Douglas Natelson,
and E. Morosan,“Very large magnetoresistance in Fe0.28TaS2 single crystals,” Physical Review B 91,
054426 (2015)

In this study, I conducted all experiments of bulk Fe0.28TaS2 single crystals with the assistance
from A. Marcinkova. Experiments on exfoliated Fe0.28TaS2 single crystals were done by Will J.
Hardy and Heng Ji in Douglas Natelson’s group.
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semiconductors. Even within the FexTaS2 series, for the current x = 0.28 single

crystals the MR is nearly 100× higher than that found previously in the commensurate

compound Fe0.25TaS2. After considering alternatives, my collaborators and I argue

that the large MR arises from spin disorder scattering in the strong spin-orbit coupling

environment, and suggest that this can be a design principle for materials with large

MR.

5.1 Introduction

Spintronics, which concerns the effects on transport due to the coupled spin and

charge degrees of freedom of the electron, has raised intense interest due to its broad

industrial applications and theoretical challenges [77, 78, 79, 80, 81]. These magnetic

transport properties underlie giant, tunneling, and colossal magnetoresistance (GMR,

TMR, and CMR [20, 21, 27, 82, 83], tunneling anisotropic magnetoresistance (TAMR)

[84, 85], and the anomalous Hall effect (AHE) [86]. Both GMR and TMR are widely

observed in thin films[20, 27, 82, 83] where the magnetic coupling between layers

can be artificially tuned. Observation in bulk materials [32, 87] revealed that CMR

can be a bulk material property. Many mechanisms were suggested for the large

magnetoresistance (MR) observed in bulk materials: nanoscale phase separation of

the metallic ferromagnetic and insulating antiferromagnetic clusters in manganites

[39, 88]; metamagnetic transitions in rare earth intermetallics [89, 90]; and metal-

insulator transitions and double exchange interactions for transition metal oxides

[91, 92, 93, 94].

While structures that exhibit GMR and TMR are already widely used in

electronic devices, there remains strong technological and fundamental interest in

homogeneous materials that exhibit large magnetoresistive effects. Moreover, since

ordinary MR effects in bulk metals are typically only a few percent, understanding
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any occurrences of enhanced MR effects in bulk is of fundamental interest. In

the ongoing search for new magnetic materials, transition metal dichalcogenides

(TMDs) may be ideal candidates, due to their layered crystal structure and ease

of intercalation with magnetic elements [95, 96, 97, 98]. For nearly forty years,

the family of layered compounds FexTaS2 has been the subject of sustained inquiry

focused on a surprising variety of anisotropic ferromagnetic properties [99, 100]. Prior

studies have demonstrated that tuning the Fe concentration allows control of these

magnetic properties, and measurements of magnetization, MR, and the anomalous

Hall effect have been effective probes of the resulting modifications in behavior

[99, 100, 101, 102, 103, 104]. Here, my collaborators and I report experimental

characterization of such a compound, with x ≈ 0.28, which exhibits MR in

the ordered state exceeding 60%, nearly two orders of magnitude larger than was

previously measured. By comparing our complementary results from bulk and thin

exfoliated samples, my collaborators and I conclude that the large observed change

in resistance is intrinsic and does not result from size-dependent phenomena, such as

domain wall scattering. My collaborators and I argue that spin disorder scattering

in the presence of strong spin-orbit coupling is the mechanism behind this MR, and

that this is a potential paradigm for creating homogeneous materials with large MR.

These observations suggest that the TMDs are rich targets for further theoretical

study and potential industrial applications [105].

5.2 Crystal growth and characterizations

Single crystals of Fe0.28TaS2 were prepared using iodine vapor transport in a sealed

quartz tube, as described elsewhere [100]. The typical size of the resulting bulk

Fe0.28TaS2 single crystals was 2×2×0.1 mm3. Powder x-ray diffraction revealed the

expected Fe0.28TaS2 phase, with the lattice parameters consistent with a composition
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x between 0.20 and 0.34 [101]. Energy-dispersive spectroscopy (EDS) and inductively

coupled plasma (ICP) on bulk samples as well were used to more precisely determine

the Fe concentration to be x = 0.28±3%. EDS data were collected using a scanning

electron microscope (SEM) equipped with an energy-dispersive spectroscopy (EDS)

detector. ICP data were collected using a Perkin Elmer Optima 8300 ICP-OES

system. The iron concentration of the sample was derived by comparison with

commercial iron pure single-element standards (Perkin Elmer). Selected area electron

diffraction (SAED) was also performed at room temperature on a bulk single crystal,

ground in ethanol and placed on a holey carbon TEM grid.

The exfoliated samples were prepared using the tape exfoliation method [106].

Bulk Fe0.28TaS2 single crystals were mechanically cleaved using blue Nitto SPV 224

tape, and the resulting exfoliated crystals were deposited onto an oxidized silicon

wafer (300 nm or 2 µm oxide thickness). Metallic contacts were defined using standard

electron beam lithography and development. Contact metals were then deposited by

electron beam evaporation of a Ti, Cr, or Fe adhesion layer (∼ 3 nm) and Au (50

nm); an extra 20 nm of Au was added by sputtering.

For the exfoliated samples, the thickness was determined using atomic force

microscopy (AFM). The measured thickness, with average values between 80 and 180

nm, varied by up to 21% within each sample. Scanning electron microscopy (SEM)

images showed that the exfoliated flakes had lateral dimensions on the order of 10 µm,

with variation from sample to sample. Thinner samples could only be produced with

lateral dimensions much smaller than 10 µm due to relatively strong bonding between

the layers compared to, e.g., graphite. Two exfoliated samples were prepared with

electrodes configured to enable Hall measurements as well as conventional MR, while

a third exfoliated sample was prepared for MR alone. Voltage probes were separated

by less than 5 µm in these devices.
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Temperature- and field-dependent magnetization data for bulk FexTaS2 were

collected in a Quantum Design (QD) Magnetic Property Measurement System

(MPMS). Temperature- and magnetic field-dependent AC resistivity measurements

for both bulk and exfoliated Fe0.28TaS2 were performed in a QD Physical Property
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Measurement System (PPMS) using standard four-probe methods. Additional Hall

resistivity data were collected using a five probe configuration for both the bulk and

the exfoliated samples. Angle-dependent transport measurements were performed on

an exfoliated sample mounted on a QD horizontal rotator insert, which allowed the

sample to be rotated relative to the magnetic field direction.

5.3 Results and discussion

FexTaS2 is a unique intercalated transition metal dichalcogenide (TMD), with its

strong and non-monotonic dependence of the magnetic properties (the ground
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Figure 5.2: H ‖ c (full symbols) field-dependent magnetization M(H) data at
various temperatures, together with the T = 1.8 K, H ‖ ab (open symbols) isotherm.
For clarity, the two close isotherms (H ‖ c for T = 200 K and H ‖ ab for T = 1.8 K)
are only shown for H < 0 and H > 0, respectively.
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state - ferromagnetic or antiferromagnetic, the ordering temperature) on the Fe

concentration x [101, 102, 103]. It has been shown that a 3% difference in the Fe

concentration (from 0.25 to 0.28) causes a modification of TC as large as 90 K (from

160 K to 70 K) [100, 102], while increasing x from x < 0.40 to x ≥ 0.40 [102, 103]

results in a change of the magnetic interactions from ferro- (FM) to antiferromagnetic

(AFM). In the current Fe0.28TaS2 single crystals, the H ‖ c temperature-dependent

magnetic susceptibility measurements (Fig. 5.1(a)) are consistent with the onset of

FM order below ∼ 70 K upon cooling. The H = 0 temperature dependent resitivity

data ρ(T ) on bulk (open symbols) and exfoliated (solid line) samples are virtually

identical, as can be seen in Fig. 5.1(b). The weakly linear decrease in ρ(T ) at high T

is indicative of the poor metal behavior in both bulk and exfoliated samples, while a

drop below 70 K is consistent with loss of spin disorder scattering in the FM state.

The derivatives of the ZFC magnetization data dM/dT (symbols, inset) and the bulk

resistivity data dρ/dT (line, inset) suggest that the Curie temperature TC is close to

68.8 K, if TC is determined from the minimum in dM/dT and the inflection point

in dρ/dT (vertical dashed line). The TC value is consistent with the reported TC

for Fe0.28TaS2 [102]. My collaborators and I do find the onset of irreversibility in
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the zero-field-cooled (ZFC, solid symbols) and field-cooled (FC, open symbols) M(T )

data occurs around 150 K, well above TC for x = 0.28 and very close to that for x =

0.25 [100]. This may be due to a small amount of Fe ions forming a commensurate

superstructure as in Fe0.25TaS2, which, however, has very little effect on the transport

properties where the transition is not even visible.

Remarkable behavior is observed in field-dependent magnetization and resistivity

measurements with the magnetic field H along the reported easy axis H‖ c [100]. The

magnetization isotherms M(H) of the bulk single crystals (Fig. 5.2) reveal a sharp

switching, similar to that for both Fe0.28TaS2 [101] and Fe0.25TaS2 compounds [100].

The switching field HS is defined as the field where the magnetization crosses zero

and where, as will be shown, the MR ∆ρ/ρ0 and Hall resistivivity ρxy display rapid

changes as a function of H ‖ c. In this study, both HS and the sharpness of the

transition decrease with increasing temperature. HS at 1.8 K has the highest value of

6.23 T, while at T = 4 K, HS = 5.5 T, very close to value reported for Fe0.28TaS2 [99].

A second step-like feature in M(H) appears for 7.5 ≤ T ≤ 80 K and disappears

when T > 200 K. While this could simply be attributed to the small amount of

FexTaS2 phase with 0.25 ≤ x ≤ 0.28, this scenario is inconsistent with the absence of

the additional M(H) step at the lowest temperatures. Another possible explanation

for the second step-like feature could be heat release during the dynamic switching

process in the bulk crystals, which could alter the shape of M(H). My collaborators

and I do note that the magnetic and transport measurements are reproducible after

the samples remain at low temperatures for long periods of time, and after performing

multiple field sweeps at different sweep rates. Moreover, the H ‖ c resistivity data

ρ(H) in Fig. 5.3 and anomalous Hall resistivity in Fig. 5.4 feature a sharp jump at

HS.

MR is a crucial measurement for inferring information about the interactions
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between itinerant charge carriers and the magnetic degrees of freedom in a variety of

magnetic materials [19, 107]. The MR is defined as:

∆ρ

ρ0

=
ρxx(H)− ρxx(0)

ρxx(0)
(5.1)

where ρxx(H) is the value of the resistivity in a magnetic field H. The ∆ρ/ρ0

measurements, with magnetic field H applied along the c axis, were performed

at selected temperatures for both bulk and exfoliated Fe0.28TaS2 single crystals

(Fig. 5.3(a) and (b) respectively). Below TC ≈ 68.8 K, as the magnetic field H

increases from 0 to 9 T, ∆ρ/ρ0 smoothly increases to its maximum value at HS and

sharply drops in a very narrow H interval ∆H, followed by a nearly linear decrease

up to the maximum measured field H = 9 T. When the magnetic field direction was

reversed, the same change in ∆ρ/ρ0 was observed, resulting in a bow-tie shape of

∆ρ/ρ0 after one full cycle of field sweeping.

Qualitatively, this MR field-dependence resembles that for Fe0.25TaS2 [100].

However, the absolute ∆ρ/ρ0 values are remarkably high in Fe0.28TaS2 (full symbols,

Fig. 5.3(a)), nearly two orders of magnitude larger than that observed for x = 0.25

(open symbols, Fig. 5.3(a)). In both bulk and exfoliated Fe0.28TaS2 crystals, the
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largest ∆ρ/ρ0 close to 60% was observed at T = 4 K (blue, Fig. 5.3). Furthermore,

both ∆ρ/ρ0 and HS decreased with increasing temperature, and the bow-tie shape

of the ∆ρ/ρ0 curves disappears above TC when ∆ρ/ρ0 becomes nearly linear for the

whole measured field range. It should be noted that ∆H is much smaller in bulk (∼

0.04 T) than in the exfoliated sample (∼ 0.8 T) at lower temperatures, and becomes

comparable (∼ 0.3 T) in both as the temperature exceeds 10 K. The broadening of

the transition with increasing T in the bulk seems natural, while the opposite effect

(sharpening) in the exfoliated sample emphasizes the role of the long range interplanar

coupling in Fe0.28TaS2. This may imply that long range coupling exists between the

Fe ions in different layers, which is weakened in the exfoliated sample, even when 100

nm thick.

The observed magnitude of the MR in Fe0.28TaS2, comparable to that seen in GMR

and TMR systems, is remarkably large for a homogeneous bulk material not going

through a phase transition (as in CMR systems). A useful point of comparison is

(Ga,Mn)As, which has a similar ρ vs T response [107]. This latter material exhibits

ordinary AMR, a spin-orbit coupling effect [19], which is typically at most a few

percent in bulk materials based on 3d transition metals. To gain insight into the

very large MR in Fe0.28TaS2 it is necessary to correlate with other field-dependent

measurements, like anomalous Hall effect (AHE). As previously observed in Fe0.25TaS2

and Fe0.28TaS2 [104, 102], the Hall resistance ρxy for both bulk and exfoliated samples

displays hysteresis below TC , with jumps at ± HS (Fig. 5.4). As was the case for

∆ρ/ρ0 (Fig. 5.3), ρxy has a sharper jump at ± HS in the bulk sample than in the

exfoliated one below 4 K, but then became comparable at higher temperatures. When

H exceeds ± HS, the Hall resistivity ρxy becomes almost linear in field, a result of

the ordinary Hall effect contribution. For temperatures above TC , only the ordinary

Hall effect is observed, as ρxy(H) is again nearly linear in H. Note that the Hall
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coefficient RH in Fe0.28TaS2 does not change sign throughout the ordered state, in

contrast to the situation in Fe0.25TaS2 [104]. Converting into the Hall conductivity,

the change in σxy when passing through HS at 4 K is close to 200 S/cm, essentially

the same as that seen in the x = 0.25 compound [104], and exceeding the values

typically seen in (Ga,Mn)As by a factor of five [108]. These results imply that the

spin-orbit coupling is very strong in this material and is very similar in the x = 0.28

and x = 0.25 compositions.

My collaborators and I must consider candidate mechanisms to explain the

magnetotransport properties of the Fe0.28TaS2 single crystals, in particular the

remarkably large H ‖ c MR. One natural possibility is AMR [19], parametrized in

terms of the resistivities measured with the current density J parallel or perpendicular

to the magnetization M, ρ|| and ρ⊥, respectively. Generally the difference between

the two ρ∆ ≡ ρ|| − ρ⊥ is positive. The prior work [104] on the x = 0.25 compound

ascribed the small (a maximum ∆ρ/ρ0 ≈ 1.5% at 1.5 K) MR for H ‖ c to a ρ∆ of

+260 µΩ-cm and a splaying of the spins as H → HS by about 0.1◦. The large value

of ρ∆ is consistent in that case with in-plane MR measurements out to very high

fields, showing ∆ρ/ρ0 ≈ 40% for H ⊥ c and H = 31 T, corresponding to a tilting of

M away from the c axis by around 15◦ [104]. Note that in these x = 0.25 in-plane

measurements at 10 K, an in-plane field of several Tesla is able to cant M suffficiently

to produce a measured AMR of several percent.

In our x = 0.28 compound, it is not unreasonable to assume a similar magnitude

of ρ∆, given the similarity of the spin-orbit coupling (inferred from the anomalous Hall

conductivities) and the switching fields. Our observed magnitude of ∆ρ/ρ0 for H ‖ c

would then imply a canting or splaying of the spins by tens of degrees immediately

prior to magnetization reversal (|H| ≤ |HS|). Indeed, a significant rounding of

M(H) (Fig. 5.2) and σxy(H) (Fig. 5.3) near HS for H ‖ c below, e.g., 10 K would at
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first glance seem to be compatible with this idea. However, angular dependent MR

measurements on Fe0.28TaS2 strongly disfavor this possibility. Fig. 5.5 displays MR

∆ρ/ρ0 (left) and ρxy(H) (right) data for (a) different field orientations relative to the

c-axis and constant temperature T = 30 K, and (b) two extreme field orientations:

H ‖ c and H ‖ ab for T = 10 K (navy) and 30 K (orange). Within the AMR

scenario of canting or splaying of the spins, one would expect significant canting of

the magnetization when H ‖ ab if such reorientation of M could happen with H

antialigned to M along c. Instead, there is almost no detectable magnetoresistive or

anomalous Hall response for H ‖ ab, and the magnetization response along that field

direction (open symbols, Fig. 5.2) is correspondingly weak. This is in contrast to

the x = 0.25 case described above. These observations suggest that the easy axis of

magnetization is strongly aligned with the c-axis, given that an in-plane field of 8 T is

insufficient to produce any detectable MR or Hall signal. Thus ordinary AMR seems

incompatible with the full ensemble of data, and AMR in the x = 0.28 case appears

to be quite different than at x = 0.25.

Giant magnetoresistance (GMR) [20, 27] is another mechanism capable of

producing magnetoresistive effects of tens of percent. GMR results from the interplay

between spin-split band structure and the density of states available for each spin

species for scattering at the Fermi level. A magnetically inhomogeneous material can

exhibit GMR due to current flow between differently aligned magnetic domains [31].

To be a plausible explanation of our data would require that the magnetic domain

structure of the material evolve as H → HS so that charge transport is forced to take

place across an increasingly large number of boundaries between antialigned domains.

This can be tested through magneto-optic studies of the domain structure (beyond

the scope of the present work). However, the micro-scale exfoliated samples have

transport properties that look very similar to those of the bulk crystals, including a
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Figure 5.6: SAED pattern of Fe0.28TaS2 crystal showing two concentric hexagonal
sets of spots: the main structure (bright, large circles) and superlattice reflections
(faint, small circles). The superstructure unit cell (small hexagonal cell) appears
rotated by 90◦ from the main structure unit cell (large hexagonal cell).
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lack of any step-like features in the MR or anomalous Hall data as a function of field.

This suggests that the flipping of discrete domains near HS and resultant GMR are

unlikely to be responsible for the observed large MR. Note further that the domains

observed via magneto-optic methods in the x = 0.25 composition [109] are typically

tens of µm in extent. In the current x = 0.28 exfoliated samples the few-µm spacing

of the voltage probes combined with the lack of any discrete magnetoresistive or

AHE signatures in these devices implies that any domains would have to be much

smaller than the µm scale - very different than the x = 0.25 case, and difficult

to image. Conversely, the similarity in the M(H) data between this study and

previous measurements on Fe0.25TaS2 suggests that the domain structures are likely

very similar. Therefore, domain wall scattering is unlikely the cause of the large

observed MR.

My collaborators and I suggest that the mechanism for the extremely large H ‖

c MR and the near-absence of MR when H ‖ ab is spin disorder scattering [110,

111]. The prominant drop in ρ(T ) when T falls below TC is readily apparent in

Fig. 5.1, showing that spin disorder scattering accounts for approximately 50% of the

total scattering relevant to the resistivity above TC . In the case of large spin-orbit

coupling (SOC, as indicated by the size of the anomalous Hall conductivity in this

material), it is not surprising that spin disorder can be so important. Rather than

carrier-magnon scattering or Kondo physics, with the strong anisotropy and SOC the

proposed mechanism for the large MR in the current x = 0.28 system is scattering

from a (quasistatic) disordered arrangement of antialigned moments. In the presence

of strong SOC, such spin disorder can be very effective at scattering carriers relative

to ordinary potential disorder, since it mixes spin channels and therefore permits

greater phase space for scattering.

When electron diffraction measurements are performed on the Fe0.28TaS2 single
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crystals (Fig. 5.6), two concentric sets of spots are observed in the ab plane, each

with sixfold symmetry. The bright spots (large circles) are due to the main TaS2

phase, while the faint spots (small circles) are assumed to result from an ordered

Fe superstructure. When compared to the diffraction patterns presented in a recent

study by Horibe et al. [112], the present SAED pattern appears more similar to that

of Fe1/3TaS2 than that of Fe1/4TaS2, with the interior hexagon rotated by 90n relation

to the outer one and the resulting superstructure close to
√

3×
√

3. The appearance

of the superstructure spots in the electron diffraction (Fig. 5.6) indicates that it may

be useful to think about the x = 0.28 system as a compound with a commensurate

x = 0.25 Fe structure with additional Fe local moments (x = 0.25 + δ), or

x = 0.33 Fe structure with missing Fe local moments (x = 0.33 − δ) with very

small δ (δ ≤ 0.05). In either case, the moments in a disordered environment, while

coupled ferromagnetically to the bulk, would be expected to have weaker exchange

interactions [113] than those on the superstructure sites, and hence easier to antialign

with the field as (H ‖ c) → HS. The maximum MR for this field orientation is seen

at HS as the spins reverse their orientation, leading to an increase in scattering

comparable to the spin-disorder contribution to ρ. In other words, during the MR

measurement, the antialignment of a significant fraction of the local moments as the

field strength is increased (antiparallel to the bulk magnetization) results in enhanced

scattering and increased resistance. Once the remaining spins flip to become aligned

with the external field, spin disorder scattering is greatly reduced, causing a sharp

drop in resistance. Canting of the moments is disfavored by the large magnetic

anisotropy, while enhanced scattering (relative to potential scattering) is favored due

to strong SOC and channel mixing.

Additional experiments can be used to test this hypothesis. This explanation

assumes a population of weakly-coupled, easier-to-reorient spins due to deviations
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from the x = 0.25 stoichiometry. One would therefore expect a monotonic increase

in the the H ‖ c MR as x is increased from x = 0.25 to x = 0.28. The dynamics

of the spin reorientation should also be manifested in the MR response in this case,

though no field sweep rate dependence has been observed so far. Optical perturbation

of the local moment orientation would also be expected to lead to large resistive effects.
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In conclusion, my collaborators and I show that Fe0.28TaS2 single crystals display

remarkably large MR, up to 60%, when the applied magnetic field H ‖ c. Both the

magnetization and transport properties appear nearly insensitive to sample thickness

down to ∼ 100 nm, as measurements on bulk and exfoliated single crystals are nearly

indistinguishable. As is illustrated in Fig. 5.7 for T = 10 K, the switching field HS

values observed from magnetization and magneto-transport measurements on both

bulk and exfoliated samples are very close at all temperatures up to TC . The resulting

temperature dependence of HS (squares) and ∆ρ/ρ0 at HS (circles) shown in Fig. 5.8

is indeed identical for both the bulk (full symbols) and exfoliated (open symbols)

samples. Moreover, the non-monotonic change with x of the ordering temperature

TC and switching field values HS between the Fe0.28TaS2 system and the previously

reported Fe0.25TaS2 superstructure [100], and, more significantly, the nearly two order

of magnitude enhancement of MR in the former compound, appear to be consistent

with a scenario of disordered Fe moments mixed with a Fe superstructure. This

scenario is even more plausible, given the experimental evidence my collaborators

and I present to rule out other likely possibilities, such as AMR or an analog

of GMR due to domain structure. The spin disorder scattering scenario reveals

a design principle for intrinsically magnetoresistive materials without the need for

multilayers or metal-insulator transitions coupled to magnetism. Conditions favoring

maximal MR would include: single crystal materials, so that grain boundary, potential

disorder, and surface scattering do not limit the mean free path; ferromagnetism with

very strong uniaxial anisotropy, to favor moment flipping rather than canting as H

is increased; and very strong spin-orbit coupling, magnifying the scattering cross-

section of “misaligned” spins. Transition metal dichalcogenides intercalated with

various amounts of magnetic metals are promising materials where these optimal

intercalation conditions may be achieved to maximize the observed MR, and such
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studies are currently underway.
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Chapter 6

Correlations of crystallographic defects and

anisotropy with the magneto-transport properties

in FexTaS2 single crystals (0.23 < x < 0.35)†

Very large magnetoresistance discovered in single crystals of the ferromagnetic

Fe-intercalated transition metal dichalcogenide, Fe0.28TaS2 was attributed to the

deviation of the Fe concentration from commensurate values (x = 1/4 or 1/3), which

caused magnetic moment misalignments. Here my collaborators and I report a study

of FexTaS2 crystals with 0.23 ≤ x ≤ 0.35, demonstrating that crystallographic

defects lead to spin disorder, which correlates with magneto-transport properties

such as switching magnetic field HS, magnetoresistance MR, and even zero-field

resistivity ρ0 and temperature coefficient A in ρ(T ) = ρ0 + AT 2: The ordering

† Chih-Wei Chen, Shalinee Chikara, Vivien S. Zapf, and E. Morosan,“Correlations of
crystallographic defects and anisotropy with the magneto-transport properties in FexTaS2 single
crystals (0.23 < x < 0.35),” Physical Review B (accepted).

In this study, I grow FexTaS2 single crystals and conducted most of experiments. Shalinee
Chikara in Vivien S. Zapf’s group measured the T = 2 K field-dependent magnetization of
Fe0.231TaS2 single crystal.
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temperature TC and Weiss temperature θW are maximized at the superstructure

composition x = 1/4, while Hs, MR, ρ0, and A are minimum. Conversely, at a

composition intermediate between the superstructure compositions x = 1/4 and 1/3,

the corresponding magneto-transport properties reach local maxima.

6.1 Introduction

Magnetoresistance (MR) is the change in resistivity with applied magnetic field. The

ordinary magnetoresistance in bulk metals is generally a few percent [19]. In contrast

to bulk metals, Baibich et al [20]. discovered giant magnetoresistance (GMR) in

two dimensional Fe/Cr magnetic superlattices, where MR can be as large as 60%.

Since then, intense interest has arisen due to industrial applications, and GMR was

observed in more magnetic/non-magnetic/magnetic heterostructures [24, 26, 114, 115,

116, 117, 118, 119, 120]. The GMR [20] in these heterostructures was qualitatively

explained by a two-current model [121, 122], where spin-up and spin-down electrons

had different resistivities due to their opposite alignment with the magnetization of a

magnetic layer. This resulted in a spin-up current and spin-down current, which, in

turn, generated either a high or a low resistivity state, due to the relative alignment

of the magnetization in the different magnetic layers.

The antiparallel magnetization between magnetic layers in magnetic/non-

magnetic/magnetic heterostructures was attributed to the RKKY interactions [28].

These antiparallel alignments mediated by the RKKY interaction were supported by

the thickness dependence of the inter-plane coupling strength [28]. The concept of

antiparallel alignment was later generalized to the misalignments of spins [123, 124].

Although GMR was predominantly observed in two dimensional systems due to the

increased interfacial scattering where the misalignment occurred, the same physics

could take place in some 3D systems where ferromagnetic clusters were immersed in
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a non-magnetic matrix [31, 124]. The GMR in both 2D and 3D systems indicates that

the misalignment of magnetic moments is crucial to produce a large magnetoresistance

[31, 123, 124].

Meanwhile, homogeneous materials that have large MR are still rare and

in demand. To search for new materials that have large MR, beyond 2D

heterostructures, ferromagnetic materials that can easily have misalignments of the

magnetic moments are preferred. In the ongoing research, intercalated transition

metal dichalcogenides may be ideal candidates because of the potential for tuning their

magnetic properties through different types or amounts of intercalants [97, 98, 103],

and their inherent potential for large magnetic anisotropy. Fe-intercalated TaS2 has

a ferromagnetic ground state for x = 0.23 to 0.4 in FexTaS2 with the magnetic easy

axis along c axis, which is perpendicular to the TaS2 planes [97, 98]. When x is equal

to 1/4 or 1/3, the intercalated Fe ions form commensurate 2a × 2a or
√

3a ×
√

3a

superlattices respectively [97, 98].

Recently, large MR was discovered in Fe0.28TaS2 [76], when a minute (∆x = 0.03)

Fe concentration departure from the Fe1/4TaS2 superstructure resulted in an increase

of MR close to two orders of magnitude [100]. It was suggested that the large

MR in the Fe0.28TaS2 single crystals was due to the magnetic disorder scattering.

Here my collaborators and I report magnetization and MR of ferromagnetic FexTaS2

single crystals with various Fe concentrations. Our results suggest that the MR in

FexTaS2 indeed results from the magnetic disorder scattering, which is due to the

misalignment of the magnetic moments. In turn, the misalignment is attributed to

crystallographic defects such as vacancies due to the deviation from the commensurate

Fe concentrations (1/4 or 1/3), or the antiphase boundaries [112, 125], or both.

Surprisingly, even larger magnetoresistance is now unveiled in x = 0.297 single

crystals: even though the T = 2 K magneto-transport properties fall in line with
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the trend as a function of Fe content x, just a small temperature increase to T = 2.3

K results in a remarkable increase in MR to 140%. This observation is consistent with

the disorder-enhanced MR scenario, and underlines the complexity of the magneto-

transport properties in FexTaS2, and their correlations with the crystallography. This

identifies a plausible pathway to enhanced controllable MR, in magnetic systems

just off from crystallographic order, or with otherwise enhanced disordered magnetic

scattering.

6.2 Crystal growth and characterizations

FexTaS2 single crystals were prepared using iodine vapor transport in a sealed quartz

tube, as described elsewhere [100]. The typical size of the resulting single crystals

was 2×2×0.1 mm3. The Fe concentration was determined from Inductively Coupled

Plasma Optical Emission Spectroscopy (ICP-OES) measurements conducted by

Galbraith Laboratories, Inc.. The determined Fe concentration has an error less

than 2% of the reported x values. Temperature- and field-dependent magnetization

data were collected in a Quantum Design (QD) Magnetic Property Measurement

System (MPMS) and a Vibrating Sample Magnetometer in a 14 T Physical Properties

Measurement System (PPMS). Temperature and magnetic field-dependent DC

resistivity measurements were also performed in a QD PPMS using standard four-

probe methods with the current i ‖ab.

6.3 Results

The magnetic susceptibility M/H for FexTaS2 single crystals with x between 0.23 and

0.35 has been measured anisotropically, with an applied field H = 0.01 T. Within

this concentration region, FexTaS2 had been reported to order ferromagnetically.
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This is indeed confirmed by the temperature-dependent magnetic susceptibility, as

exemplified by the zero field-cooled (ZFC) (full symbols) and field-cooled (FC) (open

symbols) data shown in Fig. 6.1 for x = 0.348. At high temperatures, Curie-Weiss

behavior is signaled by the linear inverse susceptibility H/(M - M0) (Fig. 6.2), after a

temperature independent magnetization contribution χ0 = M0/H has been accounted

for. The effective moment µeff values, which are derived from the linear fits of the

inverse susceptibility at high temperatures, are between 3.95 and 5.88 µB/Fe. The

magnetic susceptibility significantly increases upon cooling through the ferromagnetic

order at TC (Fig. 6.1). The TC values are determined from both the magnetization

derivative dM/dT (open symbols, left axis, inset of Fig. 6.3a), and from the resistivity

data shown below. All TC , µeff , and χ0 for all FexTaS2 compounds in this study are

listed in Table. 6.4.

The H = 0 temperature-dependent resistivity data ρ(T )/ρ(300K) are shown in

Fig. 6.3(a), with the inset illustrating how TC is determined, from the minimum or

maximum in the derivatives of the magnetic susceptibility (left axis) and resistivity

data (right axis). The weakly linear decrease in ρ(T )/ρ(300K) above TC is indicative

of poor metal behavior, while a drop below TC is consistent with the loss of spin

disorder scattering at the FM ordering [100]. Furthermore, power law behavior ρ(T ) =

ρ0 +AT 2 is evident for x > 0.231 at low temperatures. Fig. 6.3(b)-(d) exemplifies the

linear ρ vs. T 2 behavior for compositions around the commensurate x = 0.25 value,

while pointing to a minimum in the quadratic temperature coefficient A exactly at

x = 0.25. Not surprisingly, the residual resistivity value ρ0 is also minimized for the

ordered superstructure, and the ρ0 and A values across the series are listed in Table

1.

The temperature-dependent data paint a picture of non-monotonous dependence

on x of the magneto-transport properties in FexTaS2, with a singularity at
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the superstructure composition x = 0.25: maximum Weiss θW and Curie TC

temperatures, minimum ρ0 and A in ρ(T ) = ρ0+AT 2. Even more remarkable behavior

is unveiled by the field-dependent magnetization and resistivity measurements with

field applied along the magnetic easy axis (H ‖ c). When x > 0.231, the magnetization

isotherms M(H) (Fig. 6.4) reveal sharp magnetization switching, similar to that

reported for the Fe0.25TaS2 [100] and Fe0.28TaS2 [76]. For x = 0.231 (Fig. 6.4(a)),

no sharp switching behavior was observed down to 2 K, and M(H) shows a typical

hysteresis loop with a coercive field Hc ≤ 5.5T for T ≥ 2 K. The Hs or Hc values

are listed in Table I. Even though the M(H) isotherms do become more square

for compositions 0.231 < x < 0.25 (Fig. 6.4(b),(c)), their magnetization reaches

only M ' 3µB/Fe at the maximum field for our measurements, smaller than the

saturated moment M [9T ] ' 4 µB/Fe for all other compositions. The less than µsat

magnetization for the x < 0.25 is likely a result of larger field scale for saturation

in this composition, consistent with the finite M(H) slope at teh maximum applied

field.

A more complete picture of the magnetic properties of FexTaS2 can be drawn in

conjunction with magnetoresistance MR measurements, with MR given by Eq. 2.119.

The MR measurements, with magnetic field H applied along the c axis, were

performed at selected temperatures for all compounds (Fig. 6.5 and Fig. 6.6). Below

TC , as the magnetic field H increases from 0 to 9 T, MR of all single crystals with

x > 0.231 increases to a maximum value at HS, and then drops in a very narrow

field interval ∆H, followed by a nearly linear decrease up to the maximum measured

field H = 9 T. When the magnetic field direction is reversed, the same change in MR

is observed, resulting in a bow-tie shape of MR. For x = 0.231, the bow-tie MR is

more rounded than in the larger compositions. This is qualitatively consistent with

rounded M(H) loops. The MR of x = 0.264 crystal at 2 K appears to have a smaller
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x = 0.25 and x = 0.280 are reproduced from Ref. [100] and Ref. [76], respectively.

value than the one at 4 K. This is due to Hs of this crystal being close or higher than

the maximum applied field H = 9 T, and therefore no switching is observed at T = 2K

within our field range. An even more remarkable and non-monotonous change of MR

with temperature occurs for the two compositions (x = 0.297 and 0.308) closest to

the x = 0.33 superstructure composition (Fig. 6.6). A minute change in temperature

from T = 2 K to 2.3 K results in tripling the MR for x = 0.297 (Fig. 6.6(a)), for a

maximum of nearly 140% at T = 2.3 K, with a similar increase, albeit smaller, for x

= 0.308 (Fig. 6.6(b)).

The Hs values determined from the MR data are consistent with those from M(H)

measurements, while the absolute MR values vary greatly with x, even when M(H)

data show little composition dependence. For 0.246 ≤ x ≤ 0.348, the M(H) shows

nearly flat plateaus between -Hs and Hs, with small departures from µsat ' 4µB/Fe

only close to the switching field (Fig. 6.4(b)-(f)). However, the MR varies over nearly
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two orders of magnitude within this composition range, with a minimum MR[2K] '

1% for x = 0.25 (Ref. [100]) and a maximum MR[2.3K] ' 140% for x = 0.297

(Fig. 6.6). While the minimum at the x = 0.25 superstructure composition can be

readily understood within the picture of an ordered Fe sublattice, the maximum at

x = 0.297 is less readily apparent, but a likely explanation is offered in the following

Discussion section.

Qualitatively, when T < TC , crystals that have sharp switching behavior

share similar field-dependence in MR measurements, with bow-tie shape and non-

monotonous change in MR values with x. When T > TC , the bow-tie shape

disappears, and MR of all samples decreases monotonically with increasing magnetic

field (Fig.6.5).
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6.4 Discussions

A summary of the magneto-transport properties of FexTaS2 is shown in Fig. 6.7. The

striking non-monotonous change in the Curie temperature TC (hexagons) and the

Weiss temperature θW (circles) (top panel) results in a maximum at the superstructure

composition x = 0.25. All other properties of FexTaS2, such as the residual resistivity

ρ0 (left triangles) and the resistivity coefficient A (right triangles) in the H = 0

ρ(T ) = ρ0 + AT 2 (Fig. 6.7(a)), the switching field Hs (pentagons), and MR at low

temperatures (diamonds) (Fig. 6.7(b)), all display minima at the same superstructure

composition, while their respective values are maximized at intermediate compositions

between the two known superstructures at x = 1/4 and 1/3. In particular, very large

MR (∼ 140%) is observed in Fe0.297TaS2 (Fig. 6.6(a)). Very large MR in Fe0.28TaS2

was previously attributed to magnetic disorder scattering [76, 100], described below,

but a scenario that accounts for why this large MR occurs at these particular

compositions can only be offered based on the current comprehensive composition

study.

Because FexTaS2 has the magnetic easy axis along the c axis, together with

significant anisotropic magnetization and sharp switching behavior [76, 100], an

Ising model can be used to describe its magnetic properties. When all magnetic

moments are parallel to the c axis and the external magnetic field, there is little or

no magnetic disorder scattering. Once an opposite magnetic field is applied, some

magnetic moments are flipped and form antiparallel pairs with neighboring magnetic

moments. The pairs function as carrier scatterers and produce increased resistivity.

When the magnetic field is larger than a critical value Hs, all magnetic moments are

flipped and aligned with the external field, and consequently the MR decreases with

the lack of scattering off of antiparallel spin pairs.

Because the resistivity depends on the fraction of these antiparallel pairs, the



139

0

50

100

150

0.23 0.25 0.27 0.29 0.31 0.33 0.35
0

2

4

6

8

10

T C
(K

)
θ W

(K
)

0.0

0.2

0.4

0.6

0.8

M
R

[2K](%
)H

s
[2

K]
(T

)

x in FexTaS2

0.0

0.2

0.4

0.6

ρ
0 (m

Ω
cm

)

0

20

40

60

80

A
(µΩ

cm
-K

-2)

0

2

4

6
∆M

/M
s

(a)

(b)

Figure 6.7: (a) TC (hexagons, left axis), θW (circles, left axis), ρ0 (left triangle,
right axis), and A (right triangle, right axis) in ρ(T ) = ρ0 + AT 2 as a function of
x in FexTaS2. (b) Hs (pentagon, left axis), ∆M/Ms (squares, right axis), and MR
(diamond, right axis). An example of a FexTaS2 single crystal is shown in the inset
in (a). Open symbols indicate the absence of sharp switching behavior in the x =
0.231 compound.



140

formation of additional pairs before reaching Hs results in a relatively larger

resistivity. The amount of antiparallel pairs can be estimated from the magnetization

measurements, because the formation of antiparallel pairs reduces the magnetic

moment from its saturation value µsat. Therefore, the relative decrease of the

magnetic moment:

∆M

Ms

=
M [9T ]−M [−Hs + 0]

M [9T ]

before the sharp switching (illustrated in Fig. 6.4(e)) can be used as a measure of the

number of antiparallel spin pairs. The ∆M/Ms dependence on x is captured in Fig.

6.7(b) (squares). The Hs and MR values correlate with ∆M/Ms, all being minimum

at x = 0.25. More remarkable is that the maximum in all these values appears at

some intermediate composition between the two superstructures at x = 1/4 and 1/3.

The ∆M/Ms correlation with MR was also observed in 2D and 3D ferromagnetic

systems, such as Ni81Fe19 layers separated by non-magnetic Cu layer [123], and

ferromagnetically inhomogeneous Cu-Co alloys [31, 124], and was attributed to the

misalignment of the spins [31, 123, 124]. There are also substantive differences

between FexTaS2 and other magnetic systems mentioned previously [31, 123, 124],

most significantly that the magnetic moments in FexTaS2 flip along the c axis at Hs

instead of tilting off the c axis [76, 100].

The large MR at intermediate ferromagnetic compositions in FexTaS2 and the non-

monotonous change in MR with x prompt the need for understanding the magneto-

transport mechanism in these systems. By contrasting the small (< 1%) MR in the

commensurate (ordered) x = 0.25 compound [100] with the very large MR (140%)

in x = 0.297 single crystals, the disorder in the magnetic Fe sublattice is readily

apparent.

For x = 1/4 and x = 1/3, Fe ions form a 2a × 2a and
√

3a ×
√

3a
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superstructure respectively, and all magnetic moments have the same coupling

strength with their neighbors. However, when the Fe concentration deviates from

these specific superstructure values, some vacancies are created and the magnetic

moments near these vacancies have smaller coupling strength with their neighbors.

As a consequence, the magnetic moments near the vacancies will be more easily flipped

when the opposite magnetic field is applied, and antiparallel pairs are created. This

argument is supported by the observation that ∆M/Ms has a minimum value when

x is close to the commensurate concentration x = 0.25 and increases when x deviates

from this superstructure composition (Fig. 6.7(a)). It also explains the maximum

MR of x = 0.297 crystals, a composition very close to the average of 0.25 and 0.33,

where this disorder is likely maximized.

The domain wall is a place where antiparallel spin pairs can occur. This

contribution to the MR was estimated to be negligible due to the observation of

large MR in a relatively small number of domain walls in exfoliated Fe0.28TaS2

crystals [76]. Meanwhile, a magneto-optic study [109] on Fe0.25TaS2 showed that

the magnetic domains in this crystal were of micrometer size, which was considered

to be too large to significantly contribute to MR. Although the domain wall had a

negligible contribution to MR in FexTaS2 crystals, it is still worth pointing out that

further magneto-optic studies on these FexTaS2 crystals can reveal more details on

the correlations between iron concentration and domain wall evolution.

Another source of the antiparallel spin pairs is the existence of phase boundaries

between two commensurate superlattices (2a × 2a or
√

3a×
√

3a), and the antiphase

boundaries, where the atomic configuration is different from a perfect arrangement

within each commensurate superlattice. Both types of boundaries can coexist for the

same average Fe concentration within one crystal [112, 125]. It was also suggested that

the boundaries could cause pinning effects that affected the magnetic properties in
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FexTaS2 compounds, such as Hs or Hc [112, 125]. When a FexTaS2 crystal has more

boundaries, which means smaller domain size, the pinning effect is stronger. This

yields a larger Hs value even though the Fe concentration is fixed. This explains the

different Hs values reported for the same Fe concentrations [101, 125]. The fact that,

in the current study, Hs and other magneto-transport properties (ρ0, A, ∆M/Ms, and

MR) are correlated, suggests that the single crystals have homogeneous compositions,

and therefore little or no phase boundaries.

Of note is the qualitative change in the shape of the MR curves at T > 2 K for

the x = 0.297 and 0.308 samples: while at T = 2 K, the MR drop at Hs is abrupt for

all compositions x > 0.231, this remains sharp for compositions away from x = 1/3

(Fig. 6.5), and becomes broader with just a small temperature increase (T = 2.3 K)

for x = 0.297 and 0.308 (Fig. 6.6). Several scenarios can account for this change and

the largest MR up to 140% in the studied compositions.

The first possibility is that the MR for the exact superstructure compositions

x = and 1/3 is minimized with the lack of disorder. Departures from the ordered

superstructures at intermediate compositions between x = 1/4 and 1/3 result in

an increase in the magneto-transport properties, including MR, ∆M/Ms and Hs.

This scenario does not account for the peak in the Curie temperature TC at x =

1/4, but a monotonous decrease of TC with x even through x = 1/3. However,

this latter superstructure composition has remained elusive throughout this study.

It is also possible that the exact x = 1/3 composition may have been inaccurately

attributed to systems with x very close to this superstructure composition, given that

the electron difraction images (based on which the superstructure was determined)

could not detect deffects or small departures from the exact x = 1/3 composition.

A second scenario could come from a change of anisotropy for x ≥ 0.3. If the

Ising model no longer holds, and the moments could cant away from the c axis,
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this too could lead to enhanced disorder scattering and large MR, while the MR

drop at Hs would become broader. This would then allow for a weakening of the

ferromagnetic coupling, with a possible antiferromagnetic component within the ab

plane. While a more remote possibility, this may explain the continuous decrease

in TC with increasing x. Angular-dependent magnetization and magnetoresistance

measurements may help validate one of these scenarios, and in turn, provide a

potential path to controllably large MR values.

Although most of our compounds show sharp switching behavior in both M(H)

(Fig. 6.4) and ρ(H) (Fig. 6.5), this behavior is absent in the x = 0.231 crystals while

the magnetization and field-dependent resistivity are the same as those reported in the

ferromagnetically inhomogeneous alloy Co16Cu84 [31]. This implies that the magnetic

moment in Fe0.231TaS2 may be more Heisenberg-like instead of a simple Ising.

6.5 Conclusions

In this study, my collaborators and I report the magneto-transport properties

of ferromagnetic FexTaS2 compounds with x = 0.23 to 0.35 (Fig. 6.7). Our

results suggest that strong axial anisotropy, combined with crystallographic defects

(including vacancies and possible antiphase boundaries), induces the misalignment

of magnetic moments. In turn, this misalignment is the cause of large MR in

FexTaS2 single crystals up to 140% at compositions intermediate between the two

superstructures at x = 1/4 and 1/3. My collaborators and I provide an explanation

for the large MR in FexTaS2, which may be further applied to other highly anisotropic

ferromagnets in the search for new materials with large MR.
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Table 6.1: Summary of magnetic and electrical transport properties of FexTaS2

crystals.
x 0.231 0.246 0.249 0.250a 0.264
TC (K) 42.7 80.4 137.6 160 89.9
θW (K) 56.8 101.3 149.1 162 105.1
χ0 (emu/molFe) 0.0025 0.0005 0.0005 -0.0005 -0.0002
µeff (µB) 5.88 4.24 3.95 5.03 4.74
µsat = M [2K, 9T] (µB) 2.59 3.1 3.15 4 3.82
Hs[2K] (T) 5.1c 7.25 5.92 3.9 9
∆M/Ms[2K] – 0.146 0.099 0.003 0.3056
ρ[300K] (mΩcm) 1.17 1.08 6.14 0.05 2.50
ρ0 (mΩcm) 0.915 0.816 2.940 0.0175 1.242
A (µΩcm-K2)e – 0.0452 0.171 0.0028 0.288
MR[2K] (%) 15 8 3 0.5 35d

x 0.280b 0.297 0.308 0.348
TC (K) 68.8 38 38 38
θW (K) 64.6 66.9 60.3 62.0
χ0 (emu/molFe) 0.008 0 0 0.002
µeff (µB) 4.67 4.85 4.88 4.46
µsat = M [2K, 9T] (µB) 4 4.12 4.21 3.76
Hs[2K] (T) 6.2 3.35 2.59 2.38
∆M/Ms[2K] 0.388 0.345 0.144 0.005
ρ[300K] (mΩcm) 0.76 0.54 0.54 0.92
ρ0 (mΩcm) 0.200 0.115 0.065 0.0804
A (µΩcm-K2)e 0.18 0.084 0.061 0.0848
MR[2K] (%) 60 140f 35f 4

a: From Ref. [100]. b: From Ref. [76]. c: Coercive field Hc. d: MR at T = 4 K.
e: A in ρ(T ) = ρ0 + AT 2. f: MR at T = 2.3 K.



Chapter 7

Orbital selective Mott transition in layered

Sr2Mn3As2O2 single crystals†

A Mott insulator can be a platform of many strongly correlated electron

phenomena, such as high temperature superconductivity, metal-to-insulator

transition, and colossal magnetoresistance. These phenomena are generally

accompanied with the competition between charge, spin, and orbital orders, which

can be magnified by layered crystal structure. More layered Mott insulators are

demanded in the search for these strongly correlated electron phenomena and studying

the underlying mechanism. Here my collaborators and I report a layer- and orbital-

selective Mott insulator Sr2Mn3As2O2, which has two layered structures, MnO2

and MnAs layers. Our band structure calculations show that both magnetic and

† Chih-Wei Chen, Weiyi Wang, Vaideesh Loganathan, Scott V. Carr, Leland W. Harriger, C.
Georgen, Andriy H. Nevidomskyy, Pengcheng Dai, and E. Morosan,“Orbital selective Mott transition
in layered Sr2Mn3As2O2 single crystals,” (in preparation).

In this study, I performed all the neutron scattering experiments with the assistance from Weiyi
Wang and Scott V. Carr who are in Pengcheng Dai’s group, and Leland W. Harriger from NCNR
at NIST. C. Georgen helped me grow Sr2Mn3As2O2 single crystals. The band calculations were
performed by Vaideesh Loganathan in Andriy H. Nevidomskyy’s group.
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transport properties in Sr2Mn3As2O2 are dominated by the dx2−y2 orbital in the MnO2

layer. Single crystal neutron scattering results show a gapless quasi-two-dimensional

antiferromagnetic order in the MnO2 layer and three-dimensional antiferromagnetic

order in another layer. In addition, the magnetic moments in each layer are

non-collinear. These results demonstrate that Sr2Mn3As2O2 is a potential parent

compound to search for the phenomena resulting from the competition between spin

and orbital orders, which can be achieved by doping or pressure.

7.1 Introduction

The parent compounds of copper oxide superconductors [126, 127, 128] and

iron pnictide superconductors [129, 130] are long-range ordered antiferromagnets.

Although high temperature (high-Tc) superconductivity occurs upon hole or electron

doping to suppress antiferromagnetic (AF) order, the parent compounds of copper

oxide superconductors are Mott insulators with two-dimensional (2D) layered CuO2

while iron pnictides are poor metals with FeAs octahedra [131, 132, 133, 134]. Since

high-Tc superconductivity in copper and iron-based superconductors occurs within

the CuO2 and FeAs layers, respectively, it would be interesting to search for new AF

ordered metals and/or Mott insulators with copper oxide and/or pnictide structural

motifs. Here my collaborators and I use transport and neutron scattering to show

that Sr2Mn3As2O2, which has a MnO2 layer nearly identical to CuO2 in copper

oxides and a MnAs layer akin to FeAs in iron pnictides (Fig. 1(a)) [135, 136], is

a layer- and orbital-selective Mott insulator with quasi-2D AF order in the MnO2

layer below T1 ≈ 80 K and three-dimensional (3D) AF order in the MnAs layer

below T2 ≈ 360 K. By comparing these results with density function theory (DFT)

calculations, my collaborators and I conclude that magnetic and transport properties

in Sr2Mn3As2O2 are dominated by the dx2−y2 orbital in the MnO2 layer, reminiscent
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of the Mott insulating behavior of copper oxides [131]. Therefore, Sr2Mn3As2O2 is an

experimental realization of the theoretically studied orbital-selective Mott insulator

[137, 138, 139, 140, 141], and offers new opportunities to induce unconventional

superconductivity, metal-to-insulator transitions or colossal magneto-resistance.

7.2 Methods

Sr2Mn3As2O2 single crystals were prepared by using a mixture of SrO, excess Mn

and As powders, and MnAs as the flux. The Sr2Mn3As2O2 single crystals were thick

rectangular plates, with typical dimensions 3mm x 3mm x 1mm. Both elastic and

inelastic neutron scattering were performed on SPINS at NIST. For elastic single

crystal neutron scattering, a Sr2Mn3As2O2 single crystal with mass of about 50 mg

was used. For inelastic neutron scattering, 30 pieces (1 gram in total) of Sr2Mn3As2O2

single crystals were co-aligned with mosaic within 5 degrees. The measurements were

performed in (H0L) and (HHL) planes. The temperature was measured between 15

and 390 K and controlled by a Closed Cycle Refrigerator (CCR) system. A BeO filter

was placed after the sample to remove higher order scattering. The final energy (Ef )

was selected as 5 meV. Electronic band structure calculations were performed using

the DFT and DFT+U methods with the linearized augmented plane-waves (LAPW)

as a basis, as implemented in the WIEN2K code [68]. The generalized gradient

approximation (GGA) was used to account for the exchange and correlations [69]. A

regular 7×8×8 k-point grid was used to sample the wavefunctions in the tetragonal

body-centered Brillouin zone (note that this non-rectangular irreducible Brillouin

zone is distinct from the conventional tetragonal zone). The polyhedron integration

method was used to calculate the electronic DOS, with the partial-wave projections

calculated for different d-orbitals.
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7.3 Results and discussion

The unique Sr2Mn3As2O2 crystal structure (Fig. 7.1(a)) consists of a heterogeneous

stacking of “CuO2”-type Mn(1)O2 layers (red-yellow) and “FeAs”-type Mn(2)As

layers (blue-green) [135, 136]. Our powder neutron diffraction data confirm the

already known Mn(2) magnetic structure [136, 142], where Mn moments form long

range AF order (antiparallel spin alignment in all three crystallographic directions)

with the moments aligned along the c axis. In contrast to the 3D magnetic order at

the Mn(2) site, the Mn(1) site has a quasi-2D short range AF order (Fig. 7.1(b)), with

the moment along the a axis, reminiscent of the spin configuration of YBa2Cu3O6+x

[128, 143]. The remarkable consequence of this magnetic structure is the independent

magnetic order taking place at the two Mn sites, with their AF Bragg peak positions

shown in reciprocal space in Fig. 7.1(c)-(d). While transport measurements point

to insulating behavior (Fig. 7.1(e)), band structure calculations suggest that the

insulating behavior is likely due to Mott physics associated with the Mn(1) dx2−y2

orbital (Fig. 7.1(f)-(i)).

In previous powder neutron scattering work [136, 142], it was suggested that the

Mn(2) site has an AF order with the magnetic moment along the c axis (Fig. 7.1(a)),

and the Mn(1) site had the same type of magnetic order. Our neutron diffraction

experiments determined the magnetic structure of both Mn sites. A closer look at

the crystal structure (Fig. 7.1(b)) indicates staggered stacking of the square Mn(1)-

O layers (solid, open red circles in z = 0, 1/2 planes respectively), with the square

Mn(2)-As layers (open blue circles) parallel stacked. The corresponding diffraction

spots of the Mn(1) and Mn(2) sites in the reciprocal lattice and the Brillouin zones of

both sites are shown in Fig. 7.1(c),(d) (red for Mn(1) and blue for Mn(2)), indicating

that the magnetic moments are aligned anti-parallel with their nearest neighbors

within each layer.
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Figure 7.1: (a) Sr2Mn3As2O2 crystal structure with black arrows indicating the
direction of magnetic moments. (b) The ab-plane magnetic structure, with solid and
open circles indicating Mn ions in different layers. The reciprocal lattice of the (c)
Mn(1) and (d) Mn(2) magnetic structure. (e) The temperature-dependent resistivity
of Sr2Mn3As2O2, with a semilog plot as a function of 1/T shown in the inset, together
with low T linear fits (solid lines). Density of states near Fermi energy (f) without
considering Coulomb interaction and (g) with Coulomb interaction of 3 eV. (h-i)
Partial density of states at Mn(1) sites for individual orbitals, dz2 , dx2−y2 , and t2g,
without considering Coulomb interaction and with Coulomb interaction of 3 eV.
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The transport properties appear to be dictated by the Mn(1) sublattice. The

resistivity increases on cooling, with no visible signature of the transition at T2 ∼

360 K (marked by the vertical dotted line) [136] in our single crystal data (Fig. 7.1(e)).

Upon further cooling, a second transition had been reported around T1 ∼ 79 K [136],

and our elastic neutron scattering data (Fig. 7.2) show that this is associated with the

ordering of the Mn(1) moments. However, at temperatures substantively above T1

(vertical dotted line in Fig. 7.1(e)), the resistivity diverges on cooling, with an energy

gap around 100 meV determined from the linear fit of lnρ vs. 1/T (solid lines in

Fig. 7.1(e), inset). This value is close to that reported for the polycrystalline samples

[136]. While the gap appears nearly isotropic, the c axis resistivity is about two

orders of magnitude larger than the one within the ab plane, which suggests higher

probability for electrons hopping within the plane than between planes.

Further insight into the behavior of Sr2Mn3As2O2 is offered by electronic band

structure calculations using the density functional theory based DFT+U method

(described in the Methods section). The comparison of the ground state energies

of the paramagnetic (PM), AF and hypothetical ferromagnetic (FM) configurations

show that the AF ground state is energetically more favorable both in DFT and

DFT+U . Moreover, DFT predicts that the AF ground state is metallic, as illustrated

in Fig. 7.1(f), contrary to the experimental findings. This indicates that the electron

interactions play an important role in Sr2Mn3As2O2. To account for electron-electron

interactions, my collaborators have performed a series of DFT+U calculations and

have found that a spectral gap opens up at the Fermi level for values of the Hubbard

interaction starting at Uc ≈ 3 eV. The electronic density of states (DOS) for U = 3

eV is shown in Fig. 7.1(g), exhibiting a spectral gap of ∼ 0.1 eV, in agreement with

the charge gap estimated from the transport measurements (Fig. 7.1(e)). From the

projected DOS analysis in Fig. 7.1(f)-(g), it can be concluded that the Mn(2) layer
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is insulating due to the formation of the AF long-range order below T2, whereas the

Mn(1) layer only develops a spectral gap below its ordering temperature T1, provided

the Hubbard interaction U is sufficiently high (above Uc ≈ 3 eV). My collaborators

and I thus conclude that Sr2Mn3As2O2 harbors a layer-selective Mott transition, with

the cuprate-type MnO2 layer playing a key role in the electronic properties. Further

analysis reveals that the dominant states near the Fermi level come from the Mn(1)

dx2−y2 orbital (Fig. 7.1(h),(i)), akin to the high Tc copper oxides. The result is that

the AF ordering of the Mn(2) moments with a magnetic moment close to 4 µB, in

agreement with the current and previous neutron scattering data [136, 142]. In the

Mn(1) case, the lowest energy state corresponds to an AF in-plane spin configuration,

with wave vector Q = (1/2,1/2,0) and a corresponding
√

2×
√

2 doubling of the unit

cell in the ab plane. Because of the ABAB stacking of the Mn(1) planes, the out-of-

plane ordering of Mn(1) spins is ambiguous. Both Mn(1) and Mn(2) ions are found

to be in the +2 (d5) oxidation state, with zero orbital moment and the effective spin

close to S = 5/2.

As mentioned in the previous paragraph, the two Mn layers have different origins

of insulating behavior. The ab initio calculations indicate that the Mn(2)As layer is

a Slater insulator below its ordering temperature T2, with the AFM order gapping

out the states at the Fermi level (Fig. 7.1(g) ). To mimic the transition at T2, my

collaborators performed the DFT and DFT+U calculations allowing for the ordering

of Mn(2) ions, while keeping the Mn(1) layer paramagnetic. The resulting DOS at

the Fermi level is dominated by Mn(1) ions, whereas the Mn(2) contribution is very

small, as shown in Table 7.1, and vanishes upon increasing the value of Hubbard

U . This layer-selective transition occurs in the temperature interval T1 < T < T2.

Upon further cooling, the Mn(1)O2 layer orders magnetically below T1, at which

point the DOS at the Fermi level vanishes, as verified by the DFT+U calculations
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with U ≈ 3 eV, see Table 7.1.

Furthermore, my collaborators and I find that the Mn(1) (MnO2) layer exhibits an

orbital-selective Mott transition, with the Mn 3dx2−y2 orbital dominating the states

near the Fermi level (red lines in Fig. 7.1(h),(i)). The origin of the orbital selectivity

is as follows: Mn(1) ion has a square-planar coordination in the MnO2 layer, with the

crystal field effect resulting in the t2g orbitals being lowest in energy (i.e. farthest away

from the Fermi level, Fig. 7.1(h),(i)) and therefore inert, except for their contribution

to the local moment on the Mn(1) site. By contrast, the eg orbitals lie at a higher

energy and are closer to the Fermi level. Thanks to the tetragonal distortion and

electron repulsion, the d2
z orbital is pushed ∼ 0.5 eV below the Fermi level (light red

lines in Fig. 7.1(i)), with the remaining dx2−y2 orbital dominating the DOS at the

Fermi level at T > T1 (red lines in Fig. 7.1(h)). It is this half-filled dx2−y2 orbital,

isoelectronic to the cuprates, that undergoes an orbital-selective Mott transition as

the value of the Hubbard U is increased (see Fig. 7.1(i)), resulting in the observed

insulating behavior at T < T1.

DOS (states\eV\f.u.)
Region Coulomb strength Mn(1) Mn(2) Total Mn(1)% Mn(2)%
T > T2 U = 0 8.20 15.71 28.64 29 55

T1 < T < T2 U = 0 9.00 1.89 14.60 62 13
U = 3 eV 9.70 0.97 15.02 65 6
U = 0 1.01 4.0 7.68 13 53

T < T1 U = 1 eV 0.92 1.78 4.50 21 40
U = 2 eV 0.74 0.82 3.04 25 27
U = 3 eV 0 0 0 - -

Table 7.1: Density of states (DOS) at the Fermi level for different temperature
regions. The absolute and percentage contributions from Mn(1) and Mn(2) sites are
listed

Solving the magnetic structure at the Mn(1) site reveals the role of the magnetism

in the cuprate-like layer in the layer-selective transport properties of Sr2Mn3As2O2.

Our elastic neutron scattering measurements find a peak at (1/2 1/2 0) and equivalent
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positions, suggesting that the Mn(1) site has an AF order within the ab plane, with the

magnetic moment along the a axis. Additional elastic scans on the (1/2 1/2 0) peak

along the [HH0] (Fig. 7.2(a)) and [00L] (Fig. 7.2(c)) directions were performed. In

Fig. 7.2(a)(b), (1/2 1/2 0) and equivalent positions show a peak at T = 15 K, which

disappears at T = 100 K, suggesting that this peak is associated with the Mn(1)

magnetic order below 100 K. The correlation lengths along the [HH0] and [00L]

directions, estimated by the full width at half maximum (FWHM) of the magnetic

peak, are around 430 Å and 13 Å, respectively. The larger in-plane vs. out-of-plane

correlation length suggests that the magnetic order of the Mn(1) site is quasi-2D. The

transition temperature T1 where Mn(1) moments order is precisely determined by an

order parameter scan on the (1/2 1/2 0) peak (Fig. 7.2(d)). The magnetic scattering

intensity decrease with increasing temperature is best fit (solid line, Fig. 7.2(d)) with

an expression:

I = I0(1− T

TN
)β, (7.1)

which yields the transition temperature T1 ∼ 79 K and critical exponent β ∼

0.55 close to the mean field prediction of 0.5 [3]. By comparison, to determine the

transition temperature at the Mn(2) site, both elastic order parameter and quasi-

elastic scattering were performed (Fig. 7.3). From the elastic order parameter scan

(Fig. 7.3, open circles), the intensity of the (101) peak decreases with increasing

temperature and becomes flat above T2 = 360 K. This indicates there is a magnetic

transition at this temperature, and lattice scattering dominates above T2. Meanwhile,

quasi-elastic scattering (Fig. 7.3, solid circles) also shows a peak around T2 = 360 K,

which further supports the scenario of a magnetic transition at T2. Furthermore,

fitting the order parameter scan (black curve, Fig. 7.3) by using Eq. 7.1 gives a β

value around 0.32, which is close to the value predicted by 1D (0.326) Ising model in
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a 3D system [3].
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Once the magnetic structure in the Mn-O layer has been determined, inelastic

scattering measurements have been performed to study the magnetic excitations in

Sr2Mn3As2O2. To probe for the presence of a gap accompanying the magnetic order

of Mn(1) site and complete the spin wave dispersion survey on Mn(1) site, energy

scans between 0 and 9 meV at (1/2 1/2 0) were performed (Fig. 7.4) at T = 15 K.

As indicated in Fig. 7.4, the magnetic structure at the site is gapless.

Several constant energy scans were performed at T = 15 K (Fig. 7.5(a)-(c) and

Fig. 7.6) to search for the spin wave at the Mn(1) site. For higher energy transfer
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(∆E > 3 meV), scans around (1/2 1/2 2) peak splits into two counter propagating

spin waves. By contrast, a energy scan of (101) peak on the Mn(2) site at T = 100 K

(Fig. 7.5(d)) suggests the presence of a magnetic gap of ∼ 4 meV. Several constant

energy scans with energy transfer larger than the gap (∆E > 4meV) were performed

at T = 100 K (Fig. 7.5(e),(f)). No splitting was observed up to the highest measured

energy transfer (8 meV), an indication that the stiffness of the spin wave at Mn(2)

site is higher than that for Mn(1).

The spin wave dispersion of both Mn(1) and Mn(2) sites are displayed in Fig. 7.7.

The dispersion of the Mn(2) site was measured at 100 K, a temperature higher than

T1, to avoid the signal from the Mn(1) site. When the wave vector is close to the

elastic peak position (1/2 1/2 2), the energy dispersion of an AF spin wave is expected

to be linear. The coupling strength between the magnetic moments can be derived

from the slope of the linear fit of the dispersion curves (solid lines, Fig. 7.7). This

gives the coupling constant JS ≈ 3.7 meV. The zero intercept further supports the

scenario of gapless Mn(1) magnetic order. At the Mn(2) site, although the peak width

increases with increasing energy transfer, no splitting was observed up to the highest

energy transfer (8 meV).

The orbital-selective Mott insulator behavior results from a specific orbital

having a Mott transition while others remain metallic. This idea was proposed

to explain the ground state and transport properties of Ca1−xSrxRuO4 [137]. In

Sr2Mn3As2O2, only the Mn(1) dx2−y2 orbital remains metallic before considering the

on-site Coulomb repulsion U while the other orbitals are insulating. In both cases the

transport properties are significantly affected by the Mott phase in specific orbitals.

Furthermore, through the electronic structure and orbital occupancies for these

specific orbitals, some physical properties such as superconductivity and magnetic

properties are also affected by the orbital-selective Mott phase [137, 138, 139]. For
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example, the orbital-selective Mott phase in iron-based superconductors is believed

to play a key role in its unconventional superconductivity [140, 141]. For the

magnetic ground state of a compound, the splitting due to a Mott transition and

the half occupancy of the dx2−y2 orbital causes the AF ground state in La2CuO4

[144]. Therefore, an orbital-selective Mott transition can affect not only the transport

properties but also the magnetic ground state.

This is also consistent with what my collaborators and I observed in Sr2Mn3As2O2:

the magnetic susceptibility of Sr2Mn3As2O2 is dominated by the Mn(1) site. The

magnetic susceptibility measurements of Sr2Mn3As2O2 are shown in Fig. 7.8. Only

one transition close to T1 can be seen from the magnetic susceptibility, with no

measurable feature around T2. The limited contribution of magnetic order at Mn(2)

site is explained in likely due to a magnetic gap at Mn(2) site.
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Figure 7.8: The magnetic susceptibility measurements of Sr2Mn3As2O2, with solid
(open) symbols corresponding to zero-field cooled (field cooled) data.

In Sr2Mn3As2O2, the Mn(1)-O layer is insulating due to its Mott transition, while
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the Mn(2)-As layer is a Slater-type insulator due to a gap induced by magnetic order.

The Slater-type gap at the Mn(2) site is further supported by the observed magnetic

gap (∼ 4 meV) from inelastic neutron scattering (Fig. 7.5(d)). Due to this magnetic

gap, a finite energy transfer is required to excite spin waves. In small or no energy

transfer experiments, such as magnetic susceptibility measurements, the magnetic

moments at the Mn(2) site have limited contribution. By comparison, due to layer-

and orbital-selective Mott physics and finite density of states close to Fermi surface,

the Mn(1)-O layer dominates both transport and magnetic properties.

7.4 Summary

In summary, our neutron scattering experiments have conclusively determined the

magnetic structures of Sr2Mn3As2O2. My collaborators and I find that the Mn(1)

site has gapless spin waves compared to a 4 meV spin gap when Mn(2) orders at T2.

My collaborators and I find that the Mott transition in Sr2Mn3As2O2 is both layer-

and orbital-selective, where the Mn dx2−y2 orbital at the Mn(1)-O layer dominates the

Mott transition. While the MnAs layer is a trivial Slater-type insulator with a gap at

the Fermi level due to the onset of the AF order, the MnO2 layer isostructural to the

cuprates only develops a spectral gap when the Hubbard interaction U is sufficiently

high (above Uc ∼ 3 eV). It turns out that the analogy with the Mott insulating

parent compounds of the cuprates goes beyond simply the structural similarity: akin

to the observations in the cuprates [145], the band calculations on Sr2Mn3As2O2

confirm that the key player is the Mn(1) dx2−y2 orbital, which lies close to the Fermi

level and undergoes a Mott transition. The remaining d-orbitals (dz2 and t2g) lie at

least 0.5 eV below the Fermi level and do not participate in the electronic transport.

The orbital selectivity observed in Sr2Mn3As2O2 and the cuprates was also proposed

in another class of high-temperature superconductors, the iron selenides [140, 146].
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However, despite extensive theoretical study of the orbital-selective Mott transition,

and the underlying correlation with unconventional superconductivity [141], only a

very limited number of orbital-selective Mott insulators have been identified, including

AxFe2−ySe2 [140, 146] and Ca1.8Sr0.2RuO4 [137, 147, 148, 149]. With this new orbital

selective Mott insulator Sr2Mn3As2O2, one can use electron and hole doping to

induce unconventional superconductivity, metal-to-insulator transition, and colossal

magnetoresistance.



Chapter 8

Conclusions

As reported in previous chapters, the correlation between strongly correlated electron

phenomena and crystal structure are significant in Co2As1−xPx, FexTaS2, and

Sr2Mn3As2O2. In these materials, the strongly correlated electron phenomena are

enhanced by either structural phase transitions or crystallographic factors. In this

chapter, the results of each study will be summarized and the future remarks of each

project will be proposed.

In Co2As1−xPx compounds, P doping induced two structural phase transitions;

one occurs around x = 0.04 and the other occurs between x = 0.85 and 0.90. These

structural phase transitions result in three phases in Co2As1−xPx compounds: α-

Co2As phase, β-Co2As phase, and orthorhombic phase. Within the intermediate

doping range (0.04 ≤ x ≤ 0.85), the Co2As1−xPx compounds have higher Curie

temperatures and saturated moments than the other two phases. The magnetic

moments in Co2As1−xPx compounds are likely itinerant because the Rhodes-

Wohlfarth ratios of these compounds are larger than one. Meanwhile, band

calculations also reveal a high charge carrier polarization rate in the β-phase Co2As

phase, which implies the magnetoresistance in β-Co−2As might have a relatively high

value. Growing β-phase Co−2As single crystals and studying their magnetoresistance
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could be following works.

In FexTaS2 crystals, the largest magnetoresistance was found in x = 0.306. Based

on these studies, the large magnetoresistance in FexTaS2 crystals are attributed to

the spin disorder scattering, which causes the spin misalignment. The source of

this spin misalignment could be attributed to vacancies, anti-phase boundaries, or

less likely magnetic domains. The Fe concentration dependence of magnetic and

magneto-transport properties were also studied. Based on our experimental results,

when Fe concentration deviates from two commensurate values (1/4 and 1/3), both

magnetoresistance and spin misalignment have larger values. Other magnetic and

magneto-transport properties, such as Hs and ρ0, have local minima at x = 1/4; TC

and θW have local maxima at x = 1/4. There are still some aspects worth exploring,

such as growing FexTaS2 crystals with x exactly equal to 1/3 and Fe concentrations

around this commensurate value, the evolution of magnetic domains, and the micro-

magnetic structure of FexTaS2 crystals. Therefore, more growth, magneto-optical

experiments, and scanning tunneling microscopy studies will be helpful to reveal

more details of these FexTaS2 crystals.

The Sr2Mn3As2O2 single crystal was first grown, and its magnetic structure was

studied by single crystal neutron scattering. The manganese ions in these compounds

occupy two sites: Mn1(1) and Mn(2) sites. According to neutron scattering,

the magnetic moments at the Mn(1) site form a quasi-two-dimensional order and

the ones at the Mn(2) site form a three-dimensional order. They have different

transition temperatures: 79 K and 360 K for Mn(1) and Mn(2) sites respectively.

Meanwhile, inelastic neutron scattering also reveals an antiferromagnetic spin wave

dispersion of Mn(1) at low energy transfer region (∆E < 10 meV). Based on band

calculations, Sr2Mn3As2O2 is a layer-selective and orbital-selective Mott insulator,

and the dominant orbital is dx2−y2 . Its magnetic and transport properties are
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dominated by the Mn(1) site, which is consistent with the published results. To

completely understand the energy dispersion of each site and study the anisotropic

behavior, inelastic single crystal neutron scattering with high energy transfer is

required. Furthermore, pressure studies of Sr2Mn3As2O2 might be a good follow-up

project to see if there is a metal-to-insulator transition. All the results are summarized

and some future works are proposed. Although these studies have revealed lots of

interesting results from the studied materials, there are still more physics that remain

to be explored. Any further work will be helpful for us to understand more about the

underlying physics of these interesting strongly correlated electron phenomena.
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[78] I. Žutić, J. Fabian, and S. Das Sarma, “Spintronics: Fundamentals and
applications,” Rev. Mod. Phys., vol. 76, pp. 323–410, Apr 2004. [Online].
Available: http://link.aps.org/doi/10.1103/RevModPhys.76.323 5.1

[79] D. D. Awschalom and M. E. Flatte, “Challenges for semiconductor
spintronics,” Nat. Phys., vol. 3, pp. 153–159, mARCH 2007. [Online].
Available: http://dx.doi.org/10.1038/nphys551 5.1

[80] C. Chappert, A. Fert, and F. N. Van Dau, “The emergence of spin electronics
in data storage,” Nat. Mater., vol. 6, pp. 813–823, Apr 2007. [Online].
Available: http://dx.doi.org/10.1038/nmat2024 5.1

[81] S. Bader and S. Parkin, “Spintronics,” Annual Review of Condensed Matter
Physics, vol. 1, no. 1, pp. 71–88, 2010. [Online]. Available: http://www.
annualreviews.org/doi/abs/10.1146/annurev-conmatphys-070909-104123 5.1

[82] T. Miyazaki and N. Tezuka, “Giant magnetic tunneling effect in Fe/Al2O3/Fe
junction,” Journal of Magnetism and Magnetic Materials, vol. 139, no. 3, pp.
L231–L234, 1995. 5.1

[83] J. S. Moodera, L. R. Kinder, T. M. Wong, and R. Meservey, “Large
magnetoresistance at room temperature in ferromagnetic thin film tunnel
junctions,” Physical Review Letters, vol. 74, no. 16, p. 3273, 1995. 5.1
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