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ABSTRACT 

 
 
 
 

Over the last three decades or so, magnetic frustration, as a result of competition 

between interactions that cannot be satisfied simultaneously, is a central theme in 

contemporary condensed matter physics as it yields exotic quantum ground states such 

as spin-glass, spin-liquid, spin-ice, order-by-disorder, cooperative paramagnetism, and 

the intriguing monopole phenomenon. Compounds containing lanthanide ions have 

been attracting lots of interests because the fact that they often exhibit anomalous 

magnetic properties that can be traced to magnetic frustration. Among them, much 

attention has been paid to the magnetic materials with strong geometrical frustration, 

such as stacked triangular lattices, two- and three-dimensional (3D) Kagomé lattices, 

and 3D networks of corner-sharing (pyrochlores and spinels) or edge-sharing 

tetrahedra. Many of these systems are still not well understood at present, and these 

frustrated systems provide an excellent testing ground for approximations and theories. 

Recently, a new family of geometrically frustrated magnetic materials SrRE2O4 (RE = 

rare earth) adopts an orthorhombic (Pnam) structure in which the magnetic lanthanide 

sublattice consists completely of triangle-chains of edge-shared lanthanide triangles in 

a honeycomb-like arrangement. The particular geometry combines exchange 

interactions with crystal field anisotropy dependent on rare-earth ions to produce some 

novel magnetic properties with both classical and quantum spin-liquid phases. In 

addition, the highly degenerated ground state could be lifted by small perturbation. 

 

 

In this dissertation, the single crystals of SrRE2O4 (RE = rare earth) have been 

synthesized successfully by the laser diode floating zone (LDFZ) method. The 

structure has been studied by X-ray powder diffraction (XRPD), the stoichiometry has 

been confirmed with EDS, and the unit cell parameters and atomic positions have been 

determined by neutron powder diffraction (NPD). We also utilized inelastic neutron 

scattering (INS) technique to investigate the magnetic excitations of SrTb2O4. 

Magnetic measurements under ambient pressure as well as micro-pressure have been 

performed on the series of the Tb, Dy, and Ho members in terms of susceptibility 
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versus temperature. Furthermore, we also carried out the electric polarization 

measurements on the single crystals of SrRE2O4 (RE = Tb, Dy, and Ho), and some 

intriguing phenomena have been discovered. 



CHAPTER 1

INTRODUCTION

Recently, a family of geometrically frustrated magnetic materials SrRE2O4 (RE =

rare earth) has attracted considerable attention, which adopts an orthorhombic spinel

(Pnam) structure, and all the atoms sit on the 4c Wyckoff positions, and there are

two crystallographically inequivalent sites for the rare-earth ions. The two inequiva-

lent ions are surrounded by two distorted oxygen octahedra (RE1O6 and RE2O6) (as

shown in Figure 1.1(a)). However, the lattice parameters of a and b have quite similar

lengths, so the difference between the two distorted octahedra is weak. The two differ-

ent magnetic ions form a 1D zigzag chain along the c-axis, the nearest-neighbor inter-

actions are along the legs of the ladder, and the slightly larger bonds of the next-nearest

neighbors build the rungs of the ladder. The ladders between the two different rare-

earth ions are connected by further-neighbor interactions (as shown in Figure 1.1(b)).

When the dominant exchange in the zigzag structure is antiferromagnetic (AFM), and

the nearest- and next-nearest neighbor interactions are magnetically equivalent to spin

chains, frustration can be risen. In the a-b plane, the chains of RE3+ ions intercon-

nect by forming a distorted honeycomb structure and the bipartite lattice consisting of

edge-sharing hexagons (as shown in Figure 1.1(c)). But in fact, the honeycomb lattice

is not frustrated unless the further neighbor exchange is considered.

The extraordinary structural characteristics of SrRE2O4, in combination with the

AFM exchange interactions, provide a distinguished opportunity to explore the in-

terplay between the geometrical frustration of the exchange interactions, the dipolar

coupling, and the single-ion magnetic properties of different RE elements [1]. The

pure phase powder of the family of SrRE2O4 (RE = Gd, Ho, Yb, and Y) compounds

was first synthesized in 1967 [2]. The systematic magnetic properties measurements

of polycrystalline powder samples of SrRE2O4 (RE = Dy, Ho, Tm, and Yb) were

first carried out by Karunadasa et al. [1]. The results of magnetic susceptibility and
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Figure 1.1: Crystal structure of SrRE2O4 (RE = rare earth). (a) Crystal structure of
SrRE2O4 as determined from Rietveld refinements of the X-ray powder diffraction at
room temperature with the space group of Pnam (No. 62). The Sr, RE1, RE2 and O
ions are labeled. (b) The zigzag chains of RE3+ ions are seen along the c-axis. (c) The
honeycomb arrangement of the RE3+ in the a-b plane as viewed along the c-axis.

NPD measurements have revealed a distinct difference in CW constants and the lack

of long-range order down to 1.8 K [1]. Subsequently, the floating zone technique has

successfully grown large, high-quality single crystals of SrRE2O4 (RE = Dy, Ho, Er,

Lu, and Y) [3]. Muon spin relaxation (µSR) measurements and neutron scattering

studies performed on SrDy2O4 exhibited a coexistence of short-range magnetic corre-

lations and fluctuations persist down to 20 mK at zero magnetic fields, which indicated

a spin-liquid ground state [1, 4, 5]. However, the broad diffuse scattering features can

gradually be replaced by much sharper peaks in an applied magnetic field, forming a

long-range order in SrDy2O4 [6, 7, 8, 9]. For the case of SrHo2O4, recent experiments

have reported the coexistence of a 3D long-range order and 1D short-range order in the

low-temperature limit, with moments that lie along either the b- or c-axis [10, 11], the

magnetically disordered state because it is the thermodynamic equilibrium state when

ergodicity is lost upon cooling, not because it is energetically favorable [12]. The spin

physics in SrDy2O4 and SrHo2O4 are governed by emergent 1D correlations and can

be described by the J1-J2 Ising chain model [13]. The unusual magnetic behavior of

SrEr2O4 is the presence of a 3D commensurate AFM state below 0.75 K and a short-

range order magnetic phase that is accompanied by the commensurate phase [14, 15].
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NPD measurements indicated that only one of the two crystallographically inequiva-

lent Er ions had involved the transition to Néel order [14]. In contrast, the heat capacity

and magnetization measurements of the single crystal of SrYb2O4 showed a long-range

magnetic order transition at TN = 0.9 K [16]. The magnetic structure displays a non-

collinear AFM structure, and the two inequivalent sites of the Yb3+ ions have distinct

values for the ordered moment [16]. Furthermore, magnetization measurements and

neutron scattering measurements have proved the absence of long-range magnetic or-

der in the ground state of the SrTm2O4 single crystal [1, 17, 18]. The ground state of

Gd3+ has zero orbital angular momentum, so the spin-orbital interaction in SrGd2O4

compound can be neglected. The specific heat, magnetization, and susceptibility mea-

surements of SrGd2O4 exhibit a magnetic order at 2.73 K, and a further transition

occurred at 0.48 K [19]. The latest neutron scattering measurements show that the

magnetic structure is stabilized between 0.48 and 2.73 K, and the ferromagnetic (FM)

chains along the c-axis are coupled with the neighboring AFM chains [20]. Upon

cooling below 0.48 K, the two different Gd sites are aligned along either of the per-

pendicular axes, and a fan-like magnetic structure is formed [20]. An unusual example

in this family is SrTb2O4 with a record TN = 4.28(2) K, which is the highest transition

temperature reported so far [21]. The results of polarized and unpolarized neutron scat-

tering showed two distinct octahedral distortions for the non-Kramers Tb3+ ions [21].

In addition, polycrystalline powder studies on SrNd2O4 revealed the existence of a

long-range AFM double Néel order below TN = (2.28 ± 0.04) K, which is associated

with only one of the Nd3+ sites [22]. The single crystal of SrNd2O4 remained relatively

unexplored due to its chemical instability at high temperatures, and the synthesis pro-

cess is complicated. Other members in this family, such as SrEu2O4, SrLu2O4, etc.,

exhibit excellent optical properties [23, 24, 25].

This thesis deals with: the development of instruments; the synthesis of polycrys-

talline powder; the super-necking technique of the single crystals growth of SrRE2O4

(RE = rare earth); the determination of crystal structure from XRPD and NPD; the

measurement of magnetic properties and ferroelectric (FE) properties; the application
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of INS and pair distribution function (PDF) in the investigation of novel phenomena

occurring in some members of this family.

In this thesis, Chapter 2 mainly introduces magnetic frustration and ferroelectric-

ity. Firstly, a brief discussion of some of the basic features of magnetism, including

the magnetic moments, atomic ground states, spin models, and magnetic monopoles.

Next, a short introduction of the crystal field gives rise to large single ions anisotropies

in the rare-earth elements. Then, some features of geometrically frustrated lattices,

geometric magnetic frustration, and manifestations of geometric frustration, such as

ground state with long-range order, spin-liquid, spin-ice, and spin-glass have been

generally reviewed. The final part introduces the novel ferroelectricity first discovered

in this family, including the classification of FEs, spontaneous polarization (Ps), the

theory of FE phase transition, and magnetoelectric (ME) coupling.

Chapter 3 refers to the experimental techniques. Apart from the basic theories for

the powerful X-ray and neutron scattering techniques, chapter 3 also focuses on the

elementary information of instruments and main investigating methods utilized within

this dissertation: powder diffraction, physical property measurements of bulks, Laue

diffraction, neutron scattering, and PDF.

Chapters 4 and 5 present the synthesis of polycrystals and the single crystal growths

of SrRE2O4 compounds. Polycrystalline synthesis is a prerequisite for single crystal

growth. Chapter 4 describes the chemistry of solid-state reaction that is the most used

method for synthesis and discusses the optimization process from the treatment of

raw materials to the selection of reaction temperature, taking SrTb2O4 as an example,

trying to obtain a universal recipe for other member syntheses in this family. Then we

describe the manufacturing process of seed and feed rods for single crystal growth in

detail. We also compared the traditional halogen floating zone furnace with the laser

diode floating zone furnace, which is more suitable for the growth of volatile elements

and high melting point compounds. In this family, the single crystal growth method is

the super-necking technique, which is also illustrated in detail in Chapter 5.

Chapter 6 shows the magnetic properties of SrRE2O4 (RE = Tb, Dy, and Ho), dis-
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cussed from magnetic susceptibility, magnetization under pressure, and heat capacity

measurements. These magnets exhibit very different behaviors, where SrTb2O4 is a

highly anisotropic system that exists in a complex magnetic ground state. The DC sus-

ceptibility measurement down to 1.8 K did not show any significant long-range order

transition. The result of AC susceptibility measurement indicates a spin-glass-like state

at lower temperatures. However, the specific heat data shows an abnormal sharp peak at

low-temperature. The compound of SrDy2O4 does not appear to show any transitions

to long-range order down to the lowest experimental temperatures. And the magnetic

susceptibility curves of SrHo2O4 show a broad peak at low temperature, which re-

veals a short-range order in this compound. Nevertheless, these magnets exhibit some

unexpected behaviors under hydrostatic pressure. We can observe a significant AFM

transition around 4.5 K in the curve of magnetization versus temperature, which is

related to a canted antiferromagnet induced by micro-pressure. With increasing pres-

sure, the position of the transition of SrTb2O4 moves toward lower temperatures, the

transition of SrDy2O4 gradually disappears, and the broad short-range order peak of

SrHo2O4 gradually becomes sharp and moves to lower temperatures.

Chapter 7 presents the FE properties of SrRE2O4 (RE = Tb, Dy, and Ho), which

was first discovered in this family. We carried out the dielectric measurement on these

magnets, the electric field along the a-, b-, and c-axes at various frequencies. For

SrTb2O4, there are no well-defined temperatures, and sharp permittivity peaks accom-

pany phase transition. It exhibits a broad maximum and significant frequency disper-

sion of the dielectric constant and loss in the frequency range of 0.1–1 kHz, which

shifts towards high-temperature rather than low-temperature with an increase of fre-

quency. The temperature-dependent dielectric constant is characterized by a step-like

frequency-dependent anomaly at T ≈ 250 K, which was associated with a relaxor fer-

roelectric (RFE) phase transition. For SrDy2O4 and SrHo2O4, dielectric peaks do not

change with frequency. We also measured the P–E hysteresis loop of SrTb2O4 in

the temperature range from 1.8 to 400 K. With increasing temperature, the paramag-

netic (PM) state gradually transforms into a FE state and exhibits strong anisotropy. In

5



addition, our results also indicate the presence of a weak ME coupling in SrTb2O4.

Chapter 8 elaborates on the neutron scattering study of SrTb2O4. Experimental

information about the microscopic structure and the changes in this structure at macro-

scopic phase transitions for the FE materials provide direct tests of theoretical descrip-

tions of FE. We utilized NPD and PDF to investigate the origin of FE. With increasing

temperature, the refinement of time-of-flight NPD data does not show any new struc-

tural peaks, and the space group keeps Pnam, which is contrary to the FE theory.

However, the Bragg peaks in this pattern provided the average structure information.

The local FE displacements can deviate from the average periodic structure and may

not be well characterized by crystallographic methods. The use of the real-space PDF,

which can now be acquired with unprecedented precision from scattering data, gives a

fantastic opportunity for investigating the local structure. We compared the fit results

of two different space groups (Pnam and P1) and confirmed a net displacement of the

cations with respect to the oxygen octahedra, which leads to the observed Ps. Based

on the previous work, we also performed the INS study on SrTb2O4. Unfortunately,

no traces of magnetic excitation were observed, whereas crystal-field excitation of Tb

ions was evident.

Chapter 9 summarizes the main results of this dissertation and puts forward some

problems to be solved, which also points to several directions for future research in

these systems.
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CHAPTER 2

MAGNETIC FRUSTRATION AND FERROELECTRICITY

The compound of SrRE2O4 (RE = rare earth) is a typical geometrically frustrated mag-

net and exhibits extremely exciting ground states in different compounds, providing an

excellent studying ground for approximations and theories. Although the crystal struc-

ture and the magnetic properties have been elaborately studied, a full exploration of

the relevant novel physical properties has not yet been achieved. This chapter briefly

introduces the theories and concepts related to the research on the SrRE2O4 (RE = rare

earth) family. The first section is devoted to expounding the manifestation of mag-

netism in condensed matter, which requires explaining the behaviors of the SrRE2O4

compounds from the perspective of magnetic moment, atomic ground state, spin, and

magnetic monopoles. This is followed by a detailed presentation on the crystal field

effect of rare-earth ions as much as possible. Then there is a general overview of geo-

metric magnetic frustration, and the final section is reserved for an exposition of some

of the basic physical concepts of ferroelectricity.

2.1 Magnetism

2.1.1 Magnetic moments and atomic ground states

The magnetic moment is a fundamental object in magnetism, which couples with the

diversity of magnetic interactions that can lead to an unexpectedly wide variety of

magnetic properties. However, magnetism is a collective quantum phenomenon, which

can be equated with a current loop in classical electromagnetism. The orbital motion of

an electron can be approximated as a current around an infinitely small loop exhibiting

an area of ds (see Figure 2.1(a)), and the magnetic moment dµ can be defined by [26]

dµ = Ids, (2.1)
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Figure 2.1: (a) An elementary magnetic moment dµ = Ids, due to an elementary cur-
rent loop. (b) A magnetic moment dµ = I

∫
ds is associated with a current loop of

current I and can be considered by adding the magnetic moments of many infinitesi-
mal current loops [26].

The units of the magnetic moment is Am2. he right-hand rule determines the direction

of the vector area, and the length of the vector |d|s is equal to the area of the loop.

Summing up the magnetic moments of lots of equal “small” current loops distributed

throughout the area of the loop (see Figure 2.1(b)) and calculate the magnetic moment

µ for a loop of finite size [26]

µ =

∫
dµ = I

∫
ds, (2.2)

Only one current is left to circulate around the perimeter of the loop’s limited size

after all the currents from neighboring loops cancel one another. In general, the motion

of one or more electrical charges can induce a current loop. However, all charges are

associated with particles that have mass, which indicates that the magnetic moment

always connects with angular momentum L. The direction of the magnetic moment µ

in atoms related to an orbiting electron is consistent with the angular momentum L of

the electron, which can be expressed by [26]

µ =
e

2m
L = γL, (2.3)

where γ is the gyromagnetic ratio. The relation between the magnetic moment and

the angular momentum was first discovered in 1915, which is demonstrated by the
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Einstein–de Haas effect [27]. The simplest case is a single electron in a hydrogen atom

circling the nucleus with velocity v, which consists of a single proton, the current I

around the atom is I = −e/τ , where τ = 2πr/v is the orbital period, v = |v| is the

speed, and r is the radius of the circular orbit. In the ground state, the magnitude of the

electron’s angular momentum,mevr, must be equal to h̄. This means that the magnetic

moment of the electron can be written as [26]

µ = πr2I = − eh̄

2me

≡− µB, (2.4)

where the magnetic moment is negative because it is antiparallel to its orbital angular

momentum and the fact that the electron has a negative charge. Furthermore, µB is

a rather useful quantity in the magnetic research known as the Bohr magneton, and

µ = eh̄
2me

=9.274×10−24 Am2.

In a real atom, the electronic angular momentum depends on the electronic state oc-

cupied by the electron, which is defined in terms of quantum numbers l and ml (where

l = 0, 1, 2,...; and ml = l, -l+1,...,l-1, l). The component of orbital angular momen-

tum along a fixed direction is mlh̄, and the value of the orbital angular momentum is
√
l(l + 1)h̄, which would have a magnetic moment associated with it due to the charge

of an electron. Therefore the component of the magnetic moment along this direction

is −mlµB, and the magnitude of the total magnetic dipole moment is
√
l(l + 1)µB.

In fact, the intrinsic magnetic moment of electrons is related to their intrinsic an-

gular momentum. The intrinsic angular momentum of an electron is called spin [28],

which can be compared to the rotation of the earth. Electrons also rotate around their

own axis, but because electrons are point particles, this makes the concept of spin even

more confusing. The spin of an electron can be characterized by another angular mo-

mentum quantum number s, which forms a single electron taking the value of 1
2
. This

means only two possible values ms = ±1
2
. The value of the spin angular momentum

for the electron is
√
s(s+ 1)h̄ =

√
3

2
h̄. The component of angular momentum along a

particular axis is h̄/2 or -h̄/2, corresponding to spin “up” and “down”, respectively [29].

And the magnetic moment has a component along a particular axis equal to −gµBms,
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and the magnitude is
√
s(s+ 1)gµB =

√
3gµB
2

. The component of the intrinsic mag-

netic moment along the z-axis is -gµBµBms ≈ ±µB, g is a constant known as the

g-factor, and the value for electrons is approximately 2 [30].

A typical atom usually contains multiple electrons. For electrons that are full of

shells, they have no net angular momentum. However, for electrons that do not fill their

shells, they can combine to produce non-zero total spin, S, and total orbital angular

momentum, L, which are coupled by dipole spin-orbital interactions, so that the total

angular momentum, J , of the magnetic atom is the sum of the orbital component and

the optional component [26]

J = L+ S, (2.5)

It follows that although L and S are not conserved individually due to the weak

spin-orbit coupling, the total angular momentum J is conserved. If the relativistic

effects can be considered as a perturbation, the L2 = L(L + 1) and S2 = S(S + 1)

are conserved. The states with L and S are divided into several levels with different

J , which is known as fine structure. J can take the values from |L− S| to L+ S,

the degeneracy of each J level is 2J + 1, and the component of J along the z-axis is

m2h̄. For rare-earth ions, because the electron orbitals of the unfilled 4f are located in

the outer 5s and 5p shells, and therefore closer to the nucleus, the higher the effective

nuclear charge will enhance the spin-orbit interaction and reduce its external charge

interaction. Although the electrostatic interaction of rare-earth ions is much larger

than spin coupling relative to light ions, the ground state can still well be defined by J .

In order to minimize the energy, Hund’s rules can be applied to estimate the value

of the quantum numbers for angular momentum, which are empirical constraints that

minimize Coulomb interactions between electrons while obeying the Pauli exclusion

principle [31]. Firstly, to maximize S, the Pauli exclusion principle is used to prevent

parallel spin electrons from being in the same position and reduce Coulomb repulsion

between electrons; secondly, to maximize L, it is possible to avoid electrons in or-
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Hund’s rule: Predictions of S, L, ad J for 3d and 4f ions 

2.4 Hund’s Rules for the Ground State of Atoms 23

0 2 4 6 8 10
0

2

4

S

J

L

number of electrons in the 3 subshelld

3 ionsd

Fig. 2.4. Values of S, L, and J for 3d ions according to Hund’s rules

0 2 4 6 8 1410

number of electrons in the 4 subshellf

0

2

4

4 ionsf

L
J

S

6

8

12

Fig. 2.5. Values of S, L, and J for 4f ions according to Hund’s rules

µe! = µBgJ
!
J(J + 1) (2.159)

in combination with

gJ =
3

2
+

S(S + 1)! L(L+ 1)

2J(J + 1)
(2.160)

The measurement of the magnetic susceptibility allows the determination of
the e!ective magnetic moment:

! =
nµ0µ

2
e!

3kT
(2.161)

2.4 Hund’s Rules for the Ground State of Atoms 23

0 2 4 6 8 10
0

2

4

S

J

L

number of electrons in the 3 subshelld

3 ionsd

Fig. 2.4. Values of S, L, and J for 3d ions according to Hund’s rules

0 2 4 6 8 1410

number of electrons in the 4 subshellf

0

2

4

4 ionsf

L
J

S

6

8

12

Fig. 2.5. Values of S, L, and J for 4f ions according to Hund’s rules

µe! = µBgJ
!
J(J + 1) (2.159)

in combination with

gJ =
3

2
+

S(S + 1)! L(L+ 1)

2J(J + 1)
(2.160)

The measurement of the magnetic susceptibility allows the determination of
the e!ective magnetic moment:

! =
nµ0µ

2
e!

3kT
(2.161)

Tuesday, August 16, 16

Figure 2.2: S, L, J for 4f ions according to Hund’s rules. The number of electrons in
the subshell is represented by n in these graphs [26].

bits spinning in the same direction more effectively, lessening the Coulomb repulsion;

thirdly, when the number of electrons is less than half of the total number of elec-

trons in the electron shell, the total angular momentum quantum number J = |L− S|,

when the number of electrons reaches or exceeds half of the total number of shells

J = |L+ S| [32]. These three rules are progressive, and the latter rule can only be met

if the previous condition is satisfied, which is especially applicable for rare-earth ions,

as shown in Figure 2.2. The value of S rises steadily with the increase of n and falls

after reaching its maximum value; L and J have maxima around the one-quarter and

three-quarter positions, respectively. Although there is an asymmetry between the two

maxima of J , which also means there are different rules for shells less than or more

than half.
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2.1.2 Magnetic susceptibility

Magnetic materials consist of vast numbers of atoms with magnetic moments in con-

densed matter systems. The magnetization M is defined as the magnetic moment per

unit volume of the sample, which depends on the strength of the applied field H. The

relation between B and H is more complex, and the two vector fields can be quite

different in magnitude and direction, which can be expressed by [26]

B = µ0(H + M), (2.6)

where µ0 = 4π × 10−7 Hm−1 is the permeability of free space. The magnetization M

is linearly related to the magnetic field H for linear materials, and the M and H can be

related by [26]

M = χH, (2.7)

where the dimensionless quantity, χ, is the magnetic susceptibility, which can keep a

linear relationship between B and H, namely [26]

B = µ0(1 + χ)H = µ0µrH, (2.8)

and µr = 1+χ is the relative permeability of the material. For a linear magnetic mate-

rial at high temperature and low magnetic field, the susceptibility can be approximated

by [26]

χ =
M
H
≈ µ0M

B
=
nµ0µ

2
eff

3kBT
, (2.9)

where kB is Boltzamanns constant with the value of 1.3807 × 10−23 JK−1. And µeff

is the effective moment, which is also associated with the total angular momentum
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via [26]

µeff = gJµB

√
J(J + 1), (2.10)

where

gJ =
3

2
+
S(S + 1)− L(L+ 1)

2J(J + 1)
, (2.11)

The constant gJ is called the Landé g-factor. What is more, the form of the CW law

is [26]

χ =
C

T − θCW
, (2.12)

where C is the Curie constant equal to nµ0g2
JJ(J+1)

3kB
, and θCW is the Weiss temperature.

The behavior of some magnetic materials will express like paramagnets at low mag-

netic fields and high temperatures, the effective moment can be calculated via the Curie

constant by using [26]

µeff = (3kB/µ0NAµ
2
B)

1
2

√
χmT , (2.13)

For rare-earth ions, the values of the S, L, J , gJ , and effective moment are shown in

Table3.1, which can be compared with experimental values.

According to the magnitude and the symbol of the magnetic susceptibility of the

magnet, materials can be divided into five basic groups: diamagnetic, PM, FM, AFM,

and ferrimagnetic. The local alignment of magnetic moments and magnetization curves

for each of the class is shown in Figure 2.3. In addition, we have also summarized some

of their characteristics:

Diamagnets. Diamagnetism is the weakest form of magnetism that originates from

the change in the magnetic moment of an electron orbital by an external magnetic

field, and this induced magnetic moment is extremely small. However, diamagnetism

is a fundamental property of all materials, and because it is so weak, it can only be
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Table 2.1: The shell configuration and values of S, L, and J for the ground state of 4f
ions based on Hund’s rules are listed, as well as the Landé-factor and the calculated
effective moments [26].

Ion Shell S L J gJ Calculated µeff (µB)
Ce3+ 4f 1 1/2 3 5/2 6/7 2.54
Pr3+ 4f 2 1 5 4 4/5 3.58
Nd3+ 4f 3 3/2 6 9/2 8/11 3.52
Pm3+ 4f 4 2 6 4 3/5 2.68
Sm3+ 4f 5 5/2 5 5/2 2/7 0.85
Eu3+ 4f 6 3 3 0 0 0
Gd3+ 4f 7 7/2 0 7/2 2 7.94
Tb3+ 4f 8 3 3 6 3/2 9.72
Dy3+ 4f 9 5/2 5 15/2 4/3 10.65
Ho3+ 4f 10 2 6 8 5/4 10.61
Er3+ 4f 11 3/2 6 15/2 6/5 9.58
Tm3+ 4f 12 1 5 6 7/6 7.56
Yb3+ 4f 13 1/2 3 7/2 8/7 4.53

Paramagnetic Antiferromagnetic

Ferromagnetic Ferrimagnetic

M (emu/cm3)

M (emu/cm3)

Paramagnetic or
antiferromagnetic

25000

0.5

2000

100

H (Oe)

H (Oe)

Figure 2.3: Ordering of the magnetic dipole moments in the main types of magnetic
materials, and the resultant magnetization versus magnetic field behavior [33].

observed in materials that do not exhibit other forms of magnetism [34, 35]. Therefore,

when placed within a strong electromagnet, diamagnetic materials are repelled from

it. According to Lenz’s law, the resultant magnetic moment is in a direction opposite
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to that of the applied field [36]. When exposed to a field, it produces an extremely tiny

and negative magnetization of an order of -10−5.

Paramagnets. Paramagnetism refers to the fact that some materials are weakly

attracted by an externally applied magnetic field and internally, forming an induced

magnetic field in the direction of the applied magnetic field. The susceptibility of the

PM materials arises from the competition between the aligning effect of the applied

magnetic field and the randomizing effect of thermal vibrations [36]. The magnetic

moments point in a random direction when the material is in a zero magnetic field

so that there is no net magnetization. When a field is applied, a small and positive

magnetization develops because the moments partially align with the external field,

and the moments of the thermal energy that tends to the disorder are larger than the

magnetic energy that tends to align them along the field direction [37].

Antiferromagnets. The magnetic moments of AFM materials on the individual

atoms or ions align in an antiparallel fashion so as, overall, to cancel each other out.

They are also considered to be a class of anomalous paramagnets because they have no

net zero field magnetization and a small positive susceptibility, but the microstructure

difference between the two is significant. In general, the susceptibility of the antifer-

romagnets is of an order of 10−10 to 10−8 m3/kg [37].

Ferromagnets. The magnetic moments of FM materials are aligned parallel to each

other under the action of the random force of thermal motion because the interaction

between neighboring atoms is strong. Due to the fact that the magnetization process

proceeds via domain-wall motion, the susceptibility can be extremely high and fre-

quently hysteretic [37].

Ferrimagnets. The magnetic moments of ferrimagnetic materials are ordered reg-

ularly in an antiparallel sense, but the sum of the moments pointing in one direction

exceeds those pointing in the opposite direction. This is microscopically similar to

antiferromagnets in terms of the arrangement of magnetic moments. However, the

magnitudes of the magnetic moments in the two sublattices are different. In addi-

tion, the ferrimagnets are macroscopically similar to the ferromagnets in that both of
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them exhibit hysteresis, and their magnetization is significantly larger than that of other

magnetic classes.

2.1.3 Magnetic monopoles

In classical physics, if a magnet is broken up into smaller pieces, each part will have

its north and south poles. However, in the subatomic realm, magnetic monopoles are

considered to be hypothetical fundamental particles of the isolated magnetic north and

south poles, that is, carrying only one unit of magnetic charge [38]. Magnetic analogs

of electrical charges have long attracted research interest due to unification theories that

have predicted their existence. The motion of charge in a magnetic monopole field was

first proposed by J. J. Thomson [39], and he noted the remarkable theoretical fact that

the electromagnetic angular momentum in a pole-charge system is independent of their

separation. In 1931, the British physicist Paul Dirac successfully combined quantum

mechanics with special relativity and began to use quantum mechanics to solve such

a problem [40], resulting in the famous quantization condition that eg = n(h̄c/2),

where n is the principal quantum number, e and g are charge and magnetic charge,

respectively. Remarkably, Dirac demonstrated that all electric charges occur only as

discrete integral multiples of e, which is essentially a quantization of charge [40]. The

monopole charge is 70 times greater than the electric charge. This large magnetic

charge results in consequences that a rapidly moving monopole should produce heavy

ionization as it passes through matter, and the monopoles should bind to some forms

of matter [41]. Despite nearly a century of intensive and prolonged searches, scientists

have yet to find single direct evidence for the existence of the magnetic monopole,

which is one of the most important research topics in physics in the 21st century.

From other points of view, if the magnetic monopoles are treated as emergent par-

ticles rather than elementary particles, like quasiparticles with fractional charge e/3

in quantum Hall physics, which can be detected [42]. Recently, researchers have dis-

covered the presence of monopoles in a class of exotic magnets known collectively

as spin-ice (will be mentioned in Section 2.3.3) [43, 44, 45], and also explained the
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Figure 2.4: (a), (b) represent the “two-in-two-out” and “three-in-one-out” arrange-
ments of neighboring tetrahedra, respectively. And the dumbbell models are arranged
in (c), (d). (e) depicts a pair of separated monopoles (large red and blue spheres), and
the white path connecting them is the Dirac string [49].

mysterious phase transitions observed experimentally in a magnetic field, which can

be thought of as liquid-gas transition of the magnetic monopoles [46, 47]. In addition,

in an experiment following the Stanford monopole study, these monopoles also are

detected in other ways, once again proving the possibility that magnetic monopoles

actually exist in spin-ice [48].

In the spin-ice of Dy2Ti2O7 and Ho2Ti2O7 accommodating geometric frustration,

the excited states can be regarded as a spontaneous magnetic monopole, which is also

the most studied object of a monopole [50, 51, 52, 53, 54, 55]. As shown in Figure 2.4,

the spin can be regarded as a dumbbell model composed of one positive and one neg-

ative magnetic charge. When the spin arrangement of two neighboring tetrahedrons is

two in and two out, the center of the tetrahedron is equivalent to having two positive

magnetic charges and two negative magnetic charges, and the net magnetic charges are

zero. When the spin in the middle is reversed so that the spins of the two tetrahedrons

are arranged as three in and one out or three out, and one in, the center of the tetra-

hedron will have two positive and negative net magnetic charges, respectively. These

two net magnetic charges are known as magnetic monopoles generated by magnetic

excitation, and the path connecting the two monopoles is called the Dirac string [49].
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In our case, the compounds of SrDy2O4 and SrHo2O4 share many similarities with

the spin-ice Dy2Ti2O7 and Ho2Ti2O7. The short-range correlations in these families are

dictated by the ice rules that lead to a macroscopical degeneracy. At low temperatures,

the ground state of spin-liquid has slow fluctuations that are dominated by defects

which can be described as magnetic monopoles [5, 49].

2.2 Crystal fields

The crystal field is an electric field generated by neighboring atoms in the crystal [56].

The shape of atomic orbitals dramatically influences the local environment at the

atomic level. Of s, p, and d orbitals, only s orbitals are spherically symmetric, while

the others have apparent angular dependence. It is crucial that different orbits appear in

different ways due to the non-spherically symmetric local environment. In crystal field

theory, the neighboring orbitals are modeled as negative point charges; ligand field

theory is an improvement on this approximation, essentially an extension of molecu-

lar orbital theory, which focuses on the role of d orbitals on the central ion and their

overlap with surrounding ions orbitals [57, 58].

There are two significant perturbations in the 4f shell, which are caused by the

surrounding atoms. One is the crystal electric field experienced by each rare-earth ion

in a lattice, which is jointly established by the neighboring ions and the conducting

electrons, reflecting the symmetry of the surrounding of the rare-earth ion under con-

sideration. The effect of the crystal field is to split the (2J+1)-fold degeneracy of the

ground state [59, 60, 61]. Another perturbation of interest is due to the magnetic inter-

action of an ion with neighboring rare-earth ions, which are mediated by conduction

electrons. The interactions in the systems of 4f ions are usually quite strong, and the

theoretical description of their magnetic properties is complicated [62]. The situation

of rare-earth ions can be divided into two types: One is that the crystal electric field

is stronger than the magnetic field; the other is that the magnetic field dominates the

splitting energy of the crystal electric field.

The symmetry of the local environment depends on the size and nature of crystal-
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field effects [56]. A usual case to consider is the octahedron environment. In the family

of the SrRE2O4 compounds, the central RE3+ ions are surrounded by two different

octahedrons of O2− ions. The electrostatic forces exist between the f orbital of RE3+

and the p orbital of O2− ions. In octahedral structure, the orbitals will be in a higher

energy configuration than others due to f orbitals in rare-earth compounds having a

highly anisotropic angular dependence. Thus the energy levels are split by the crystal

field, with the amount of splitting governed by factors such as the geometry of the

octahedra [57]. Because the 4f orbital is located below the 5s and 5p states, the crystal

field has less influence on the rare-earth compounds, but the interaction of the orbital

distribution with the crystal electric field leads to a sizeable single-ion anisotropy in the

lanthanides. This implies that the spins prefer to follow a particular crystallographic

orientation as a result of the crystal field, which is visible as magnetic anisotropy in

some rare-earth materials. In addition, the principal experimental method has thereby

been the INS technique. The form of HCEF is conventionally written as [26]

HCEF =
∑

l,m

Bm
l O

m
l , (2.14)

or, alternatively,

HCEF =
∑

l,m

Aml 〈rl〉θlOm
l , (2.15)

where Bm
l (or Aml ) are the crystal field parameters that are either measured experimen-

tally or calculated by means of a simple model such as the point-charge model. For

many systems, the number of crystal field parameters is usually greatly restricted by

symmetry. And Om
l are Stevens operators, θl are αJ , βJ , γJ for l = 2, 4, 6.
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2.3 Magnetic frustration

2.3.1 Geometric magnetic frustration

In magnetic materials, frustration is generally divided into two types: One is the ran-

dom frustration of the magnetic fluctuation of the system due to the coexistence and

competition of multiple, incompatible interactions in the system, which mainly occurs

in the system with disordered interaction; the other is the frustration due to the symme-

try of the crystal structure, each unit in the system cannot satisfy a certain interaction

at the same time, which is called geometrical frustration. In the 1950s, Anderson et al.

first identified geometrically frustrated AFM materials while studying antiferromag-

netism in ferrites [63]. As shown in Figure 2.5, geometric frustration can be briefly

illustrated by three spins on a triangular lattice, in which any two spins are arranged

anti-parallel to satisfy their AFM interaction and achieve energy minimization, and the

third spin cannot be simultaneously anti-aligned to both of its nearest neighbors and

reach the lowest energy state either up or down (as shown in Figure 2.5) [64]. In other

words, AFM interactions are incompatible with triangular lattice symmetry.

A simple set of model Hamiltonians that only consider the AFM interactions be-

tween nearest neighbors can be used to better understand the characteristics of frus-

trated magnetism:

H = J

j∑

i

Si · Sj. (2.16)

Here, positive exchange energy J favors the antiparallel (AFM) correlation, labeled by

their site indices i and j, and the J is equal for all nearest neighbor pairs. In the case

of simple triangular antiferromagnets, a non-collinear solution can be found where the

moment on each triangle is directed 120◦ relative to the other. However, some systems

never show any long-range order at finite temperatures due to characteristic ground-

state solutions for some frustrated magnetic materials are not always possible, even for

Heisenberg spins [65, 66]. These systems can exhibit novel low-energy or ground state

behavior, such as spin-liquid, spin-glass, spin-ice, and some novel phase behaviors in
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Figure 2.5: A geometrically frustrated system is one in which the geometry of the lat-
tice precludes the simultaneous minimization of all interactions. (a) In the unfrustrated
antiferromagnet on the square lattice, each spin can be antialigned with all its neigh-
bors. (b) On a triangular lattice, such a configuration is impossible: Three neighboring
spins cannot be pairwise antialigned, and the system is frustrated [71].

an applied field.

To quantitatively describe the magnitude of the frustration effect, Ramirez et al.

proposed a widely accepted empirical method [67]. The frustration index is defined by

f = θCW/TN, where θCW is the CW temperature, and TN is the critical temperature for

entering the long-range order state [68, 69]. Generally, the existence of the frustration

effect will inhibit the formation of spin order in the system. Therefore, the system with

the frustration index f>5 − 10 is generally called the robust choke system, and the

system is defined to be in the spin-liquid state when the temperature range is TN <T

<θCW [70].

2.3.2 Geometrically frustrated lattices

Geometric frustration usually occurs in materials with triangles as the basic unit of

interacting spin. Figures 2.6(a), (b), and (c) show several different structural types

of magnetic lattices with corner- and edge-sharing triangular and tetrahedral lattices.

Moreover, the Kagomé lattice is realized in magnetite materials. Figure 2.6(a) is the

result of mapping a Kagomé lattice of spins onto a triangular lattice with a lattice

constant equal to the spin value. The zero modes of this construction correspond to

different folding modes, similar to the origami rules for folding paper, which were
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originally proposed by Ritchey et al. [72]. The magnetization measurement of the

SrCr9xGa12−9xO19 single crystal demonstrated its non-coplanarity in the spin space. In

this structure, once a defective spin is introduced, or a spin with a different value from

the other spins, the length of one bond in the triangular lattice will be different from

the other bonds and leads to buckling of the lattice [73]. Moreover, the garnet structure

A3B5O12 is similar to the Kagomé lattice, consisting of corner-sharing triangles. In

the Kagomé lattice, the triangles lie in a plane, but in the garnet lattice, however, they

are arrayed in three dimensions, and this structure is called Hyperkagomé [74].

The “pyrochlore” magnetic lattice is the A or B site of the pyrochlore mineral

structure A2B2O7 (as shown in Figure 2.6(b)). Figure 2.6(c) is the crystal of ice, which

may be the first realization of geometrical frustration. The structure of water ice is

similar to the pyrochlore lattice. The oxygen atoms occupy a wurtzite-type structure

with four hydrogen ions placed in approximate tetrahedral coordination around each

O ion. However, the tetrahedron is irregular due to the ice rules, which state that two

hydrogens on each tetrahedron are closer to the oxygen than the other two [75]. Since

its spin is at the midpoint of a bond between a pair of adjacent oxygens, the axes for

the Ising spins are precisely those bond directions. Each spin points in the direction

of the oxygen atom closest to the proton along with that bond [71], the ground state

entropy of pyrochlore spin-ice is approximately the same as it is in water ice. For

example, the resulting entropy of Dy2Ti2O7 agreed with the theoretical Pauling value

for ice to within a few percent [45]. Recently, the family of SrRE2O4 (RE = rare earth)

compounds has also been identified as lattices that can generate frustrated magnetism.

2.3.3 Manifestations of geometric frustration

Ground state with long-range order

According to the current view on phase transitions and critical phenomena, in any

magnetic system, the possibility that a long-range order state can be realized without

frustration is determined by the dimensionality of both the lattice, d, and the spin,
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Figure 2.6: Frustrated lattices. (a) The Kagomé lattice consists of vertex-sharing
triangles. (b) The pyrochlore lattice is a network of vertex-sharing tetrahedra. (c)
Hexagonal ice consists of protons (small spheres) that reside on the bonds between
two oxygen atoms (large spheres) [71].

D [76]. D is equal to the number of spin components, which must be considered in the

form of H = −2J(Sxi S
x
j + Syi S

y
j + Szi S

z
j ) [77].

In the case of D = 1, d = 1 is known as the Ising model that is placed on a 1D lattice,

and there is no phase transition. When D = 1, d = 2, the Ising spins are placed on a 2D

lattice, the material can undergo a phase transition to a magnetically ordered state at a

non-zero critical temperature. For the X-Y model, D = 2 and D = 3 are the isotropic

Heisenberg model [78]. Only systems with d = 3 will experience actual long-range

order. However, the presence of a frustrated lattice complicates this situation.

Spin liquid

In 1950, Wannier indicated that an AFM configuration consisting of a 2D triangular

lattice of Ising spins has very large ground state degradation, which is considered to be

a key or even defining characteristic of frustration [79]. The ground state of the spin-

liquid will occur under certain conditions, also known as coupled PM state. At low

temperatures, all the spins continue to fluctuate thermally and are highly connected,

making it impossible for the system to form a long-range order state [64]. The frus-

tration factor f =∞ if the spins remain liquid down to a temperature, T , of absolute

zero. The fluctuations of spin in a spin-liquid can be either classical or quantum. In

quantum mechanics, the magnitude of a spin is quantized in half-finger units of the

angular momentum quantum h̄. Classical fluctuations dominate in large spins, driven
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Figure 2.7: (a) Regular patterns of entangled spin pairs (valence bonds) in a frustrated
antiferromagnet, realizing a valence bond solid on a triangular lattice. The valence
bond structure (spin singlet) represented by an ellipse is shown below the panel. (b)
RVB states with short-range correlations. (c) RVB states with short-range and long-
range interactions [64].

by thermal energy.

Spins can be viewed as randomly reorienting over time and cycling through differ-

ent microscopic states. The classical fluctuations cease, and the spins freeze or order

if the energy κBT is too small. For small spins, when S is equal to 1/2, the uncertainty

principle of quantum mechanics produces a zero-point motion of the size of the spin

itself, which continues until 0 K. Quantum fluctuations are similar to thermal fluc-

tuations in some ways, and if they are strong enough, they can produce a quantum

spin-liquid state (QSLs).

In 1973, Anderson proposed the resonant valence bond (RVB) theory[80]. The

QSLs can be regarded as a superposition state, in which the spins can have multiple

orientations simultaneously, and these spins are highly entangled, forming a delicate

equilibrium state [64]. The valence bond state is the essence of the non-magnetic.

The adjacent spins on the triangular lattice form a single state with zero spins through

AFM interactions, as shown in Figure 2.7(a). Therefore, if all spins in the system form
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a valence bond, the entire ground state is non-magnetic. However, the distribution of

valence bond configurations in quantum spin-liquid is not uniform, which breaks the

symmetry of the lattice and cannot form long-range entangled states. In order to realize

the QSLs, quantum fluctuations are necessary, as shown in Figure 2.7(b). Each chemi-

cal bond is no longer consistent in spatial orientation, and the symmetry is not broken.

Meanwhile, the ground state wave function is determined by all possible chemical

bond configurations, allowing the existence of quantum fluctuations. Figure 2.7(c)

shows the addition of long-range spin correlation based on the previous condition, that

is, spins can be entangled with spins at longer distances.

In 1987, Anderson believed that the ground state of the high-temperature super-

conducting parent of cuprate is related to the RVB state, and the exploration of QSL

theory attracted a lot of attention. The geometrical frustration materials considered to

be possible to realize QSLs include organic materials κ-(BEDT-TTF)2Cu2(CN)3 [81],

YbMgGaO4 [82], YbZnGaO4 [83], and 1T-TaS2 [84] with a triangular lattice struc-

ture, ZnCu3(OH)6Cl2 [85], Cu3Zn(OH)6FBr [86] gapped with a Kagomé structure,

Na4Ir3O8 [87], PbCuTe2O6 [88] with a Hyperkagomé structure, and more, are popu-

lar candidate materials for QSLs in recent years. In this dissertation, the compound of

SrDy2O4 is also considered to be a spin-liquid ground state at zero fields [1, 4, 5].

Spin ice

As mentioned in the previous section, Anderson proposed an AFM model similar to

the Pauling model based on the pyrochlore (or spinel) lattice of Ising spins of AFM

interactions in 1956 [63]. By the 1990s, the “frustrated” AFM theory had developed

tremendously, and Anderson’s AFM model was increasingly regarded as its paradigm.

But extensive investigations of pyrochlore oxide did not reveal any implementation of

Anderson’s model. Until M. J. Harris et al. measured the susceptibility of Ho2Ti2O7,

and found there was no sign of phase transition above 1 K [89]. Surprisingly, its CW

temperature θCW ≈ 1.9 K, which indicates that its nearest neighbor exchange interac-

tion is FM [89, 90]. Therefore, it is because they were seeking in the incorrect place
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Figure 2.8: (a) A unit cell of ice model. Large white circles represent oxygen ions,
whereas little black circles represent hydrogen ions. The ground state configurations
are assured by the “two-close-two-far” spacing of surrounding hydrion from every
oxygen, which obeys the so-called ice rule. (b) A unit cell of pyrochlore spin ice
model. Its ground states require spins in every tetrahedron are “two-in-two-out”. (c)
Structure of crystalline spin ice in the Tb2Ti2O7 and Ho2Ti2O7 compounds with two
spins pointing inward and two spins are pointing outward [92].

that no one has found a magnetic analog of ice. The magnetic analog of ice is a frus-

trated ferromagnet, not a frustrated antiferromagnet [91].

The crystal field of rare-earth ions in the family of R2Ti2O7 has the symmetry of

the D3 group, and the spin is along the local 〈111〉 direction [93, 94]. As illustrated in

Figure 2.8(b), the four spins satisfy the “two-in-two-out” configuration, and the mag-

netic moment in each tetrahedron is zero in the ground state of this system. This con-

figuration is exceptionally similar to Pauling’s famous ice rule, which was proposed

in 1935 to explain the residual entropy of ice [95]. As shown in Figure 2.8(a), the

four hydrogen atoms around each oxygen ion satisfy the rule of “two-close-two-far”.

Therefore, this magnetic material is called “spin-ice”. In the configuration of mag-

netic oxide A3+
2 B4+

2 O7, the trivalent rare-earth ions and the non-magnetic tetravalent

occupy two independent and mutually nested pyrochlore lattices, which was illustrated

in Figure 2.8(c).

Spin glass

As the name suggests, the term “spin-glass” is derived from real glass, in a sense a mag-

netic analog of molecular or structural glass, and was first coined by B. R. Coles [96,
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97]. Indeed, spin-glass is the type of random magnet in which FM and AFM inter-

actions coexist and compete, resulting in the effect of frustration and randomness. In

conventional spin-glass, spins are randomly arranged in space without any periodicity

and frozen in random directions below a critical temperature, as shown in Figure 2.9(a).

They are in stark contrast to standard ferromagnets or antiferromagnets, where spins

are parallel or anti-parallel to neighboring spins [98]. Perhaps, in terms of magnetic

behavior, spin-glass looks more like paramagnet. The difference from the paramag-

net is that the spatially random spin pattern is frozen in time, breaking the ergodicity

in the spin-glass, while the spatially random spin pattern randomly fluctuates in time,

preserving the ergodicity in the paramagnet. Furthermore, an essential feature of the

spin-glass state is that it is accompanied by a thermodynamic second-order phase tran-

sition from the high-temperature PM state.

Theoretical studies also proved that when a geometrically frustrated system is

driven by disorder, then it often exhibits spin-glass and sometimes cluster-spin-glass

properties (as shown in Figure 2.9(b)). In a conventional spin-glass, the individual

spins are frozen in place. In a cluster-spin-glass, however, a group of spins is frequently

bound together to form a pair, triplet, or even domains [99]. Recently, the cluster-glass

system has attracted a lot of attention. It shows spin-glass-like dynamic behavior, but

fundamental blocks responsible for such behavior are larger spin entities rather than

atomic spin, which is responsible for spin-glass. The cluster-glass-like features of a

compound may originate from its magnetocrystalline anisotropy. In cluster-glass, the

larger the cluster, the slower the relaxation rate. The clusters can be short-range FE

in nature. But these entities need not be exactly FE entities. A lot of work has been

done to prove that the ground states of cluster-spin-glass are correlated with relaxation

FEs [100, 101].
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Conventional spin-glass Cluster spin-glass

Figure 2.9: Conventional spin-glass and cluster-spin-glass are depicted. The colors
represent the various domains generated by groups of spins that are aligned in a par-
ticular direction with different magnetic strength [99].

2.4 Ferroelectricity

2.4.1 Spontaneous polarization

Due to the symmetry of some crystals within a certain temperature range, the positive

and negative charge centers in the unit cell do not coincide, and a dipole moment will

be formed, showing polarity. This polarization phenomenon that exists in the absence

of an external electric field is called spontaneous polarization (Ps). The direction of Ps

is consistent with the direction of the applied external electric field. When the external

electric field is reversed and exceeds the coercive electric field of the material, and the

direction of Ps changes accordingly [102]. When the electric field is removed, part of

the polarization remains in the crystal, which is the residual polarization Pr. There is

a certain hysteresis relationship between Ps and the electric field, which is a necessary

feature of FE materials. Here, we take the most typical ABO3 type perovskite structure

as an example to briefly describe the reasons for its Ps.

Generally, at elevated temperatures, the primitive perovskites such as BaTiO3 and

PbTiO3 are arranged in a symmetrical face-centered cubic (FCC), the parameter of

a unit cell a = b = c, and the positive and negative charge centers overlap entirely

and do not show electric polarity (as shown in Figure 2.10). This symmetrical lattice

arrangement forms the quasi-electric phase of perovskite, which exists at high temper-
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Figure 2.10: Ps in a perovskite structure: (a) At high temperature (above TC), the
crystal has a cubic lattice, displaying a symmetric arrangement of positive and neg-
ative charges and no polarization; at lower temperature (below TC), the crystal has a
tetragonal lattice, with asymmetrically placed central atom, thus displaying polariza-
tion [103].

atures. When the temperature decreases below the Curie temperature TC (the transition

temperature from one phase into the other), the lattice is distorted, the symmetrical ar-

rangement is no longer stable, and the high-temperature cubic paraelectric (PE) phase

gradually transforms into a non-centrosymmetric FE phase, such as tetragonal, trigo-

nal, monoclinic phase, and so on. For example, in barium titanate, the Ti4+ cations

break off from the cube center to other sites of least energy. This is accompanied by

a corresponding movement of O2− anions. The movement of Ti4+ and O2− ions leads

to structural changes that generate strain and electric dipoles [104]. That is, Ps occurs

as a result of the relative displacement of anions and cations in a compound of such a

configuration [102, 105].

2.4.2 Classification of ferroelectrics

FEs can be classified into conventional FEs and RFEs according to phase transition

types. FE refers to a material that can spontaneously polarize at a certain tempera-

ture [106], which appears in the cooling and disappears in the heating. This tempera-

ture is generally called the FE phase transition temperature.
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Although it has been 60 years since the discovery of the first RFE Pb(Mg1/3Nb2/3)O3

(PMN), there is still no accurate definition of a relaxor [107]. Figure 2.11(a) illus-

trates some differences between conventional FEs and RFEs macroscopically, which

can mainly manifest in three aspects [108]. Firstly, there is no well-definite transi-

tion temperature. All spatial regions in the PMN transform from a PE state to a FE

state simultaneously. Secondly, with an increase the frequency of an applied elec-

tric field, the permittivity of RFEs decreases significantly, and the dielectric’s peak

temperature shifts to higher temperatures. Thirdly, RFEs exhibit macroscopic FE at

temperatures well below Tm, and do not follow the CW law in a wide temperature

region above Tm [109, 110, 111]. In contrast, the dielectric peaks of conventional FEs

are sharp and do not exhibit frequency dependence. The temperature at this peak is

called the Curie temperature TC (the temperature corresponding to the transition from a

low-temperature non-centrosymmetric FE to a high-temperature centrosymmetric PM

phase). And the change of dielectric constant with temperature strictly follows the CW

law when the temperature is higher than TC. In addition, conventional FEs generally

show a “square” hysteresis loop due to the large residual polarization strength and co-

ercivity field. However, the hysteresis loop of RFEs is generally long and narrow, the

Pr strength is far less than the saturation polarization, and the value of the coercivity

field is small.

The microstructure of RFE is quite complex, as shown in Figure 2.11(b), which ex-

hibits heterogeneous polar states at the nanoscale due to the cation order-disorder and

the accompanied random fields/bonds. This is the most significant difference between

RFEs and classical FEs. In bulk FE crystals, FE domains are typically several hundred

nanometers in size or larger, and single-domain states can be achieved throughout the

entire crystal by proper poling. The polar inhomogeneity of RFEs is generally on the

scale of several nanometers, and polarization techniques cannot eliminate it due to this

heterogeneity is related to the inherent compositional disorder of RFEs [108].
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Figure 2.11: Characteristics of RFEs as compared to classical FEs. (a) Schematic of
macroscopic properties of RFEs, where the temperature dependence of dielectric per-
mittivities (poled and unpoled samples) and polarization-electric field loops are given
for relaxor FEs. (b) Microstructural characteristics of RFEs, where the molecular dy-
namics (MD) simulation and diffuse scattering results are reproduced with permis-
sion [108].

2.4.3 Theory of phase transition for relaxor ferroeletrics

Relaxors are a special class of FE materials where the long-range order of dipoles is

disrupted, which has been a popular topic in FE research since the 1960s. The first

RFE of PMN was discovered by Smolenskii and Agranovskaya in 1959 [112]. Up to

now, the compositional disorder perovskites, Pb(B1,B2)O3 (where B1 is a low-valence

cation, such as Mg2+, Ni2+, Fe2+, Sc2+ or Zn2+, and B2 is a high-valence cation, such

as Nb2+, Ta5+, W6+) are still the mainstream of this territory. All of these compounds

exhibit some extraordinary characteristics, including dielectric relaxation, constant-

loss dispersion, and the substantial widening of the dielectric peak upon cooling. They
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can be fitted well with the Vogel-Fulcher law. All the time, many theoretical models

were proposed to explain the abnormal phenomena of RFEs:

(1) The order-disorder transition model. In the perovskite ABO3 structure, equiv-

alent lattice sites are occupied by different ions, resulting in structural disorder, which

in turn induces a dispersive phase transition. In 1980, Setter and Cross compared the

molar ratio of B-site ions, the valence and ionic radius of many B-site composite per-

ovskite structure compounds, and the ionic radius of A-site and other parameters from

the perspective of crystal chemistry. They found that the cation ordering degree in

Pb(Sc1/2Ta1/2)O3 varied with annealing time and had a significant influence on dif-

fuse phase transition characteristics, as well as on the dielectric dispersion at varying

frequencies[113, 114].

(2) The compositional fluctuation model. The compositional fluctuation model was

first proposed by G. A. Smolenskii in PMN. There are fluctuations in Mg:Nb concen-

tration in any trace of the crystal due to the Mg and Nb ions are not in order [115], and

the Curie temperature (TC) of FEs is very sensitive to the composition. The fluctuation

of composition will form many micro-domains with different TC in the crystal [116].

As temperature decreases, different micro-domains undergo PE to FE phase transition

at different temperatures, resulting in some diffuse dielectric peaks.

(3) The glass polarization behavior model. The glass polarization behavior model

was first proposed by Burns et al. while studying the optical refractive index of

Pb(Zn1/3Nb1/3)O3, PMN, and (Pb, La)(Zr, Ti)O3 in 1983 [117, 118]. As tempera-

ture decreases, the refractive index versus temperature relationship begins to deviate

from a linear relationship well above TC, which is different from the normal FE phe-

nomenon. They believed this was caused by the random orientation of the polarization

vector due to the disordered arrangement of atoms at high temperatures. However,

the polarization intensity vectors of random orientation cancel each other and show

isotropy macroscopically. The refractive index is related to the square of the vector in-

tensity, so when the polarization vector begins to appear, the refractive index deviates

from the linear relationship.
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(4) The superparaelectric model. The superparaelectric model was first proposed

by Cross in 1987 [115]. According to this mechanism, a small FE cluster is regarded

as a large hyperferroelectric dipole moment, which flips in different directions. The

superparamagnetic effect results in high polarizability and dielectric constant values.

However, superparamagnetic effects occur only when polar clusters are separated by

non-polar matrices. However, the weakness of this theory is that it only focuses on the

dielectric behavior at temperatures above the maximum dielectric temperature (Tm),

which means this model still remains silent on the development of frequency dispersion

in the dielectric constant, as well as the culmination of the dielectric signal with the

frequency dispersion when cooling to temperatures below Tm.

(5) The spin-glass model. In traditional magnetic materials, the ground state of

spin-glass is characterized by magnetic relaxation and exhibits freezing temperatures.

Freezing is thought to result from random interactions between magnetic moments [119,

120]. D. Viehland et al. proved that there is a correlation between the freezing temper-

ature of the zero-field cooling state and the thawing temperature of the field-cooling

state in a RFE. The relaxation time distribution near the freezing temperature became

strongly broadened. The glassy characteristics are believed to be caused by randomly

oriented dipolar and electrostrictive strain fields between the super quasi-electric mo-

ments of phase separation. These fields are identified as the dynamics that control the

dielectric response and the freezing process [121].

(6) The random field theory. The random field theory defines non-ergodic relax-

ation in terms of a random field-induced field state, which was proposed by Imry and

Ma. They theoretically proved that the ordered state of an extensive system might be

unstable for arbitrarily small static random fields [122]. One of the most prominent

achievements of the random field model is its success in explaining FE relaxation phe-

nomena in BaTi1xSnxO3 (BTS) [123] and BaTi1xZrxO3 (BTZ) [124, 125]. In this case,

isovalent substitution occurs between atoms, and there is no common charge disorder.

The change of the concentration of Sn4+ or Zr4+ acts on the surrounding chemical

environment, which leads to the variation in the distortion of TiO6 octahedra. The
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development of a “random local strain” field induces the relaxation state [126].

However, a widely accepted mechanism is the motion of polar nanoregions (PNRs),

which emerge at the Burns temperature (TB) upon cooling [127, 128, 129]. The PNRs

are mobile, and their behavior is ergodic at temperatures close to TB. This cooling

process is not accompanied by any structural phase transitions. Upon cooling, it enters

the non-ergodic relaxation state at the freezing temperature, Tf (typically hundreds of

degrees below TB). The volume of PNRs was considered larger, and a non-polar PE

transformed into a FE state was observed in this process. Therefore, extensive studies

of RFEs have focused on the interplay between the PNRs and long-range polar order

during cooling. Recently, this theory has been challenged in lead-based relaxors on

the ground of analysis of the structure [130, 131, 132]. Although known for about 40

years, there is no definitive explanation for PNRs [133]. The origin of RFEs novel

properties is yet to be fully comprehended. The discovery of a new type of RFEs is

critical for further improving the mechanism.

2.4.4 Magnetoelectric coupling

The dielectric polarization of materials in an applied magnetic field or as an induced

magnetization in an external electric field is defined as the ME effect [135]. The close

relationship between magnetism and electricity was first established by Oersted and

developed in Faraday’s seminal experiments, which demonstrated that electric current

produces a magnetic field. And the relationship between magnetic flux and electro-

motive force is also demonstrated by Faraday’s law [136]. The unraveling of this rela-

tion also led to the creation of Maxwell’s equations, which almost magically describe

all physical phenomena governed by one of the four fundamental physical forces, the

electromagnetic interaction. In 1950, Dzyaloshinsky theoretically proved the magnetic

symmetry of the AFM phase of Cr2O3, which could show a linear ME effect with both a

magnetic field-induced polarization and an electric field induced magnetization [137].

And the predicted electric field induced magnetization was measured on Cr2O3 by

Astrov in 1960 [138, 139]. Subsequently, the magnetic field induced polarization was
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Figure 2.12: The relationship between multiferroic and ME materials. FEs form a
subset of magnetically (electrically) polarizable materials such as paramagnets and an-
tiferromagnets (PE and antiferroelectrics). The intersection (red hatching) represents
materials that are multiferroic. ME coupling (blue hatching) is an independent phe-
nomenon that can but need not arise in any of the materials that are both magnetically
and electrically polarizable. In practice, it is likely to arise in all such materials, either
directly or via strain [134].

first demonstrated on Cr2O3 by Folen, Rado, and Stalder in 1961 [140]. Such materials

that coexist with magnetic and electrical order parameters and coupling are called ME

multiferroics [141]. In recent decades, systematic studies of materials with multiple

ferroic orders allowed based on symmetry arguments have attracted attention, leading

to the discovery of a large number of multiferroic systems. The relationship between

multiferroic and ME materials is shown in Figure 2.12.

However, magnetism and electricity exhibit weak coupling in most materials. In

the solid state, magnetism comes from the spin of electrons whose dominant force is

the electrostatic Coulomb interaction, while magnetism is a second-order relativistic

quantum mechanical effect related to electron spin and the Pauli exclusion principle.

As a result of spin-orbit coupling, there is relatively weak coupling between charge

and spin, which connects the electron spin to the field generated by the electron’s

motion [142].
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CHAPTER 3

EXPERIMENTAL TECHNIQUES

This chapter outlines the experimental methods and some fundamental aspects of ex-

perimental techniques used to carry out the research presented in this thesis. In order

to comprehensively explore the crystal and magnetic structures as well as the magnetic

properties of the SrRE2O4 compounds, we take the powder diffraction, bulk properties

characterization methods, Laue diffraction, and neutron scattering techniques, which

will be described in detail below.

3.1 Powder diffraction

Powder diffraction is concerned with samples that are polycrystal or single crystals,

which may be in the form of powder. In this work, we used both X-rays and neutrons to

realize the characteristic diffraction pattern. It can be used to study crystal structures,

atomic substitutions, phase transformations, chemical reactions, etc. In fact, X-ray

and neutron probes are complementary experimental techniques and also share many

common characteristics, such as the principle of diffracting. The Bragg diffraction

occurs when the incident radiation is modeled as plane waves hitting the surface at an

angle θ and the radiation of wavelength λ close to the interatomic distances, as shown

in Figure 3.1(a). The Bragg condition can be described as [143]

nλ = 2dhkl sin θ, (3.1)

where 2θ is the angle between the incident and diffracted beams, and dhkl is the spac-

ing of the hkl planes of the crystal. And n = integer that is satisfied for a crystal,

diffraction peaks are seen in the pattern due to the coherent scattering of radiation by

the crystalline planes because the path difference between the scattered waves is equal

to an integer number of wavelengths. In the Bragg diffraction, we primarily focus on
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the identification and the position of the peaks, which is a collection of data. A single

peak actually represents information of many planes of atoms that are the symmetry

of the crystal. Diffraction patterns can be obtained by measuring the intensity of the

scattered waves. Therefore, the main difference between X-ray and neutron diffrac-

tion is that X-rays are scattered by atomic electrons, whereas neutrons are scattered by

atomic nuclei.

In this work, XRPD profiles of pulverized samples were collected at room temper-

ature using a Rigaku, Ultima IV, in reflection mode with geometry θ/2θ, using a Cu

Ka radiation (λw = 1.540560 Å) (as shown in Figure 3.1(b)). Data was collected in the

range of 10 to 90◦ with 0.02◦ step time, and the FullProf 2.0 software was used to do

Rietveld refinement.

In fact, X-rays are suited for superficial analysis, strong X-rays from synchrotron

radiation are suitable for shallow depths or thin specimens [145], etc. However, NPD

has many advantages and can provide many types of information not obtained in X-

ray diffraction, such as magnetic structure, microstructural detail, and so on. And NPD

will be described in more detail in the following section.

3.2 Physical property measurements

In addition to the purity and structural characterization of the samples, the character-

ization of physical properties is also the priority of this research project, especially

for strongly correlated electronic systems. In this thesis, all physical property char-

acterizations are based on in-house Quantum Design Physical Property Measurement

System (PPMS) (as shown in Figure 3.2) and 3He and 4He dilution refrigerators. Dif-

ferent options were utilized to measure the magnetic susceptibility, electrical transport

properties, specific heat, and other physical properties.

3.2.1 Magnetisation

Typically, the measurement of magnetization is done with two options. Firstly, in order

to study how magnetic susceptibility varies with temperature and how magnetization
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n λ = 2d sin(�)

Figure 3.1: (a) The incident radiation can be modelled as set of plane waves scattered
from lattice planes separated by d. When the Bragg condition (that the path difference
between the scattered waves is equal to an integer number of wavelengths) is satisfied,
Bragg peaks are observed in the diffraction pattern [144]. (b) In-house XRPD.
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Figure 3.2: Photograph of the PPMS DynaCool System.

varies with an external magnetic field, we applied the Vibrating Sample Magnetome-

ter (VSM) option, which is sensitive to changes in the DC magnetometer. In fact, it

works as follows: Magnetic atoms with magnetic moments in the sample are regarded

as magnetic dipoles, and when the sample vibrates in the coil with a fixed frequency

and amplitude, an electric current is induced in the coil, which is related to the mag-

netic moment, amplitude, and vibration frequency of the sample. However, during this

process, the amplitude and vibration frequency are fixed, so the magnetic moment of

the sample can be determined after the signal result is collected by the lock-in am-

plifier. This method is applicable to powders as well as single crystals. In my work,

the samples used for measurement are single crystals with masses ranging from a few

milligrams to tens of milligrams. It has to be said that for samples with large magnetic

moments, high-weight samples may fall out from the sample holder under a high mag-

netic field, so we usually wrap several layers of diamagnetic Teflon tape after fixing

the sample to ensure normal testing. In addition, it should be noted that only single

crystals that have undergone orientation can exhibit magnetic field and orientation de-

pendency when measured along the different axes. Otherwise, the result is an average
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effect. Typically, the M -T curve is measured first in the measurement sequence and

adopts the ZFC (zero filed cooling) and FC (field cooling) to cool down. In this way,

we can not only get the phase transition information intuitively but also know whether

spin freezing occurs in this sample. Then the M -H test is carried out near the phase

transition temperature, which can not only obtain complete information on magnetic

susceptibility but also calculate the magnitude of the magnetic entropy.

In addition, we utilized the AC magnetization measurement option (ACMS II) to

explore the behavior of materials at different frequencies (10∼10000 HZ), which is

a significant indicator for analyzing the ground state of the spin-glass. Well, it also

permits measurement of the DC magnetization and clearly reflects the magnetic prop-

erties and phase transition temperatures of the material without changing the hardware,

sample, or sample mount. In AC magnetic measurements, a small AC driven magnetic

field is superimposed on the external DC field, causing a time-varying magnetization

in the sample. The change in flux due to the time-dependent moment induces an emf

in the pickup coil that is proportional to the magnetization. This allows measure-

ments to be made without moving the sample at a low frequency, where the measure

is most similar to DC magnetometry [146]. The AC moments can be described as

MAC = (∂M/∂H) ·HAC sin(ωt) at a small AC field, where HAC is the amplitude of

the driving field, ω is the driving frequency, and χ = ∂M/∂H is the slope of the M -

H curve, which is called susceptibility. At higher frequencies, the AC magnetization

curve of the sample may differ from the DC susceptibility curve due to dynamic ef-

fects in the sample. In general, AC susceptibility measurements yield two quantities:

the magnitude of the susceptibility, χ, and the phase shift ϕ (relative to the drive sig-

nal). Alternatively, we can also think of susceptibility as having an in-phase (or real)

component χ′ and an out-of-phase (or imaginary) component χ′′. In this thesis, the

AC magnetic susceptibility above 2 K is measured by the AC magnetometer option of

PPMS, while the measurement below 2 K is completed in the 3He and 4He dilution

refrigerator introduced above, using a double-layer coil combined with a phase-locked

amplification method.
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3.2.2 High pressure magnetisation

For frustrated magnets, some novel properties can be induced by pressure, such as

pressure-induced magnetic phase transitions. In this dissertation, we conduct the first

magnetic properties investigation of the family of SrRE2O4 (RE = rare earth) under

pressure. All temperature- and field-dependent measurements were performed in a

particular high-pressure cell for magnetometry (HMD) using the VSM option. More-

over, the highest pressure that may be applied is up to 1.3 GPa, while the temperature

and magnetic field ranges are 1.8–400 K and 0–14 T, respectively. Unlike diamond

anvil cells for high-pressure measurement, it has a hydrostatic pressurization system

that requires no external press. To ensure the safe operation of the cells and a more

uniform magnetic background, engineers feature an all BeCu design in and near the

sample region, as shown in Figure 3.3. This sample holder uses a Teflon sample tube

and two Teflon caps to form the high-pressure seal. The pressure transmitting media

is Daphne 7373 oil, which can help apply the transmitting media to the Teflon sample

tube. In general, Sn and Pb are the alternative materials for manometers, which super-

conducting transition temperatures (TC) are 7.19 K and 3.72 K, respectively. Because

the magnetic transitions in our research take place at lower temperatures, we decided

to use Pb wire for the manometers to avoid having the transition temperature of the

manometer coincide with the magnetic transitions.

Firstly, we inserted a cut cube sample vertically in a 4.5 to 5.0 mm length of Teflon

tube in a specified direction, then put an approximately 1 mm length Pb wire in this

tube, then filled the Teflon sample tube with 7373 oil and minimized any air bubbles.

Next, seal the open end of the Teflon sample tube with a Teflon cap and carefully push

the Teflon sample tube, so it is roughly centered within the center cylinder. We applied

a thin coat of Teflon powder to the threads of the central cylinder to ensure a better seal.

Finally, Insert the two pistons into the center cylinder and complete all the assembly,

as shown in Figure 3.3. We manually pressurized the high-pressure cell according to

the operation steps of the manual:

(1) Measure the pressure cell length. This cell will be used as a reference so the
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Figure 3.3: Drawing the position of the cell with teflon powder, piston backup, side
cylinder, and pressurizing nut (above). Photograph of a fully assembled high pressure
cell, and the red arrow indicates the location of the sample (below).

Assembled pressure cell

Measure this distance to 
determine compression

Tighten

Cell clamp

Pressurization
spanners

(a)

(b)

(c)

Figure 3.4: (a), (b) Measuring compression and inserting pressure cell to clamp. (c)
Setting the pressurization spanners.
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amount of compression can later be determined (as shown in Figure 3.4(a));

(2) Insert the pressure cell into the cell clamp. The two hex screws should be

tightened to secure the pressure cell. The third hex screw is used to gently pull the

cell clamp apart in case the cell does not easily slide into the cell clamp (as shown in

Figure 3.4(b));

(3) Slowly tighten one of the pressurization nuts 90◦ and the opposite pressurization

nut 90◦ until the total cell compression is about 1 mm. Then it was pressurized in

smaller steps (30 or 45◦), as shown in Figure 3.4(c).

In this work, we defined TC as the onset of superconductivity temperature. Then

reset the magnet and accurately set one guess DC field. For the measurement of mag-

netization versus temperature of Pb, 6.6 to 7.3 K to cover the entire temperature range

of the expected TC, and the corresponding change in sample pressure can be approxi-

mated by:

dTc/dP (K/GPa) = −0.379K/GPa, (3.2)

3.2.3 Specific heat

It is necessary to measure the heat capacity of materials at temperatures well below the

Debye temperature in order to obtain their lattice, electronic, and magnetic properties.

This resultant can directly probe the levels of magnetic energy in the material, enabling

comparisons between theory and experiment [147]. In this dissertation, we utilized the

Heat Capacity option of PPMS to measure the heat capacity of the samples based on the

thermal-relaxation theory [148]. During this measurement, high vacuum and thermal

equilibrium are indispensable.

This approach, on the other hand, regulates the amount of heat delivered to and

removed from a sample while monitoring the resulting temperature change. During

a measurement, a known amount of heat applies at constant power for a fixed time.

This heating period is then followed by a cooling phase of the same duration as the

heating period. The measured value of Ctotal is the total heat capacity of the sample
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and sample platform. In the simple model, the two are in good thermal contact with

each other, which can be expressed by [149]

Ctotal
dT

dt
= −Kw(T − Tb) + P (t), (3.3)

where Kw is the thermal conductance of the supporting wires, Tb is the temperature

of the thermal bath, and P (t) is the power applied by the heater. The heater power

P (t) is equal to P0 during the heating portion of the measurement and equal to zero

during the cooling portion. When the thermal contact between the sample and sample

platform is poor, the software uses the more sophisticated two-tau model to measure

the heat capacity, which can follow equations expressed [150]

Cplatform
dTp
dt

= P (t)−Kw(Tp(t)− Tb) +Kg(Ts(t)− Tp(t)), (3.4)

Csample
dTs
dt

= −Kg(Ts(t)− Tb(t)), (3.5)

whereCplatform is the heat capacity of the sample platform, Csample is the heat capacity

of the sample, and Kg is the thermal conductance between the two due to the grease.

The respective temperatures of the platform and sample are given by Tp(t) and Ts(t).

The sample holder used in the temperature range from 1.8 to 400 K is shown in

Figure 3.5(a), including a platform heater, and a platform thermometer is attached to

the bottom side of the sample platform. Small wires provide the electrical connection

to the platform heater and platform thermometer, as well as the thermal connection

and structural support for the platform. The sample is mounted to the platform with

a thin layer of grease, which provides the required thermal contact to the platform.

Noteworthy, H-grease should use to stick the sample instead of N-grease if the test

temperature is greater than 300 K, as N-grease will volatilize at high temperature and

damage ultra-high vacuum parts. If the weight of the sample is too small, there will

be large errors. If the weight of the sample is too large, the test time will be too long
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(a) (b)

Figure 3.5: (a) Calorimeter puck of standard heat capacity. (b) Calorimeter puck of
dilution refrigeration (DR) heat capacity.

and even damage the sample holder. For common materials, the weight is preferably

between 2–4 mg.

Moreover, in the system of magnetic frustration, some fascinating properties are

just exhibited at lower temperatures below 1.8 K. The PPMS Dilution Refrigerator

(DR) option and the Heat capacity option were designed to function together, which

can be performed over a temperature range from 0.05 to 4 K, and the sample holder is

shown in Figure 3.5(b). It resembles the frame assembly used with the standard heat

capacity puck in appearance. However, due to the difficulty of achieving good thermal

contact between materials in the low-temperature range, there only four wires are used

to contact the platform. Furthermore, the cross-sectional area of these wires is roughly

half that of the wires in standard pucks. This effectively slows down the measurement

and hence provides better thermalization of the sample. As a result, mounting samples

must be done with caution.

The protective cap is used to provide that twists onto the puck and prevent the

sample from becoming lost in the unlikely event that the sample slips off. Before mea-

suring the heat capacity of a sample, we must first measure the addenda with standard

pucks.
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(a) (b)

Figure 3.6: (a) Schematic diagram of the preparation of the electric polarization test
sample. (b) Connections for sample dielectric measurements.

3.2.4 Electric polarization

In this dissertation, the measurements of electric polarization focus primarily on dielec-

tric and P -E hysteresis loops, and their sample preparation methods and sample holder

are consistent. Before testing, we oriented and cut the single crystal into a parallel plate

capacitor, then coated both sides of the sample with silver paste, baked at 50–60 ◦C

for 6 h, and then led them out with wires, respectively, as shown in Figure 3.6(a). It

is cryogenically glued to the sample holder and soldered to the corresponding pads,

and finally mounted on the sample pole. The sample environment for testing is mainly

provided by PPMS (Quantum Design), including temperature (1.8–400 K), magnetic

field (0–14 T), etc. In this experiment, the dielectric constant and loss of SrRE2O4 (RE

= Tb, Gd, and Ho) single crystal were measured by an impedance analyzer. Among

these, the temperature range for the dielectric-temperature curve is between 1.8 and

400 K, and the frequency is between 0.1 and 10 kHz. The connection of the sample

holder and dielectric analyzer is shown in Figure 3.6(b), the sample pole is inserted

into the PPMS chamber, and the analyzer and control computer are connected with

a communication cable. The relative permittivity can be calculated by the following
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(a) (b)
Oscilloscope

Refence capacitor

Ferroelectric

Figure 3.7: (a) Photograph of the radiant technology RT66A ferroelectric test system
used in this dissertation. (b) Block diagram of Sawyer-Tower circuit used for hysteresis
measurement of ferroelectric materials.

formula:

ε =
Cd

ε0S
(3.6)

where C is the capacitance of the sample in F; ε0 is the vacuum permittivity, and its

value is 8.85 × 10−12 F/m. D and S represent the thickness and area of the sample,

and the units are m and m2, respectively [151].

The FE properties of SrTb2O4 single crystals in this experiment are measured by

Radiant Technology RT66A Ferroelectric Test System (as shown in Figure 3.7(a)).

The hysteresis loop is based on an improved Sawyer-Tower circuit, as shown in Fig-

ure 3.7(b). Applying an AC voltage to the FE sample, the reading of the horizontal

axis of the oscilloscope is proportional to the intensity of the electric field. At the same

time, a linear capacitor C0 is connected in series with the sample, and the intensity

of polarization of the FE material is proportional to the voltage of the series capacitor

C0. The hysteresis loops of the single crystal samples reflect the FE properties, includ-

ing saturation and remnant polarization, as well as the coercivity field. Furthermore,

the experiment employs the sample environment of PPMS to investigate the change

of FE properties of materials at different temperatures, as well as the effect of varying

magnetic fields on the hysteresis loop.
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(a) (b)

Figure 3.8: (a) Laue single crystal orientation system in our laboratory, which consists
of high-voltage power supply, X-ray tube, Laue camera, high-precision electric six-
dimensional combined sample stage, water cooler and diamond wire cutting unit. (b)
The back scattering X-ray Laue geometry, that is, an incident Bremsstrahlung beam is
allowed to back scatter off the sample so that the Bragg condition to be satisfied for
different lattice planes. The diffracted signal is detected by the CCD screen [152].

3.3 Laue diffraction

To investigate the magnetic, electrical, optical, and other anisotropy physical prop-

erties of single crystals, we must first study the orientation of a single crystal along

a particular crystallographic direction. Laue diffraction is the most practical tech-

nique for rapidly characterizing crystals and determining their orientation and sym-

metry [153]. In our laboratory, a backscattering X-ray camera was used to align the

crystal, which is shown in Figure 3.8(a). Compared to the traditional Laue diffrac-

tometer, the long and tedious process of developing the film is eliminated. It has a

six-axis goniometer controlled by the computer, which brings greater convenience to

finding specific crystal orientations rapidly. When the crystal locates in a certain po-

sition, an incident Bremsstrahlung beam passes through the small central hole in the

charge-coupled device (CCD) plates and is allowed to backscatter off the crystal. The
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(a) (b) (c)

(d) (e) (f)

Figure 3.9: Complete X-ray Laue patterns of single crystal SrTb2O4 with real-space
lattice vectors as displayed. The distance between the detector and the sample is about
5 cm, and the exposure time is 120 s. The X-ray beam was running along the c-axis (a),
b-axis (b), a-axis (c), respectively. (d), (e), (f) are accurate simulation of (a), (b), (c)
using the software of “OrientExpress” [155] with the similar experimental parameters.

micro-focused X-ray source and electronic detection mean that spectacular and beau-

tiful Laue diffraction patterns can be obtained with very short exposure, even though

the crystals are much smaller than usual. This wide range of wavelengths present in

the incident radiation enables the Bragg condition to be satisfied in different lattice

planes. The diffracted signal can be detected on the CCD plates, which are connected

to a computer. Coherent elastic scattering occurs when dealing with long-range order

periodic structures, such as single crystals. The data collection is handled using the

PSLViewer software, where exposure times and display parameters can be manipu-

lated [154]. An example of a well-aligned sample of SrTb2O4 along the a-, b-, and

c-directions is shown in Figures 3.9(a), (b), and (c), respectively.

We utilized the software of “OrientExpress” to simulate distinct crystal orienta-

tions corresponding to different Laue images [155], which calculates the expected

diffraction pattern using the space group and the unit cell parameters appropriate to

the sample. In addition, the software of “OrientExpress” cannot completely simulate

the experimental intensity of the Bragg peaks, but only the real location of the Bragg

spots. Here we can see more points in the simulation than the actual Laue images,
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which are shown in Figures 3.9(b), (c), and (d). The Laue simulation allows for this

pattern to be observed in different directions in reciprocal space. Comparing the result

of the simulation and the obtained images, the orientation of the crystals can be deter-

mined. Once the crystallographic orientation of the single crystal is determined, we

will utilize a diamond wire to cut it along the specific plane.

3.4 Neutron scattering

3.4.1 Introduction

Neutron scattering is a powerful tool for studying the structure and dynamics of a

specimen. Commonly, X-ray diffraction, electron diffraction, and neutron diffraction

are typically used to determine the crystal structure and magnetic structure, which are

highly complementary, and the best choice is most of the time problem-specific. Com-

pared with electrons and protons, neutrons are particles with zero charge, which are not

easily scattered by electrons outside the nucleus, and can interact weakly with atoms

only in a short-range, thus can penetrate well into the matter. Especially for larger bulk

materials, neutron scattering is not affected by the shape and surface of the measured

matter. It can be easily combined with a magnetic field, pressure, low temperature,

and other environments. Moreover, neutron interacts directly with the atomic nucleus,

which means the response of neutron from light atoms (e.g., hydrogen, lithium, oxy-

gen) is much high than for other techniques; Neutrons can easily distinguish atoms

with close atomic number as well as isotopes, such as by deuteration of specific parts of

macromolecules, to focus on specific aspects of their atomic arrangement. In addition,

neutrons also have a spin angular momentum of h̄/2, indicating that they can inter-

act with any unpaired magnetic moments in the materials via electromagnetic dipolar

interactions. Therefore, it is a direct means of determining the nuclear and magnetic

structures of materials. Particularly, the neutron carries a magnetic moment that is an

excellent probe for the determination of the static and dynamical magnetic properties

of matter.

There exist two main types of neutron sources at which the neutron scattering ex-
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Table 3.1: Approximate values of the range of energy, temperature, and wavelength
for three types of source in a nuclear reactor [157].

Source Energy (E/meV) Temperature (T/K) Wavelength (λ/10−10m)
cold 0.1–10 1–120 30–3

thermal 5–100 60–1000 4–1
hot 100–500 1000–6000 1–0.4

periments can be done, namely, reactor neutron sources that obtain neutrons through

the chain reaction of nuclear fission of heavy elements such as U-235 or Pu-239, and

spallation neutron sources, which produce neutrons by bombarding heavy elements

such as W or Hg with high-speed protons [156]. Spallation neutron source has become

a development trend of neutron source because of its advantages of less pollution and

strong controllability. Most of the experiments discussed in this thesis were done at

China spallation neutron source (CSNS). The energy of neutron scattering is com-

monly at 0.1–500 meV, corresponding to a wavelength of 30–0.4 Å, which are gener-

ally divided into three categories, as shown in Table 3.1 [157]. In actual experiments,

we choose the types of neutrons according to the specific research content. What is

more, the resolution is also a consideration. Generally, the higher the energy of the

incident neutron is, the worse the resolution is.

The basic theoretical principle of neutron scattering is the conservation of momen-

tum and energy. The simple geometry of a scattering experiment and the scattering

triangle is shown in Figure 3.10, assuming the wave vectors of the incident and scat-

tered neutrons are ki and kf , respectively, and the scattering angle between ki and kf

is 2θ. Ei and Ef denote the energies of the incident and exit neutrons. The momentum

transfer (Q) and the energy of neutron transfer to the sample (h̄ω) are given by [158]

Q = kf − ki, (3.7)

h̄ω = Ei − Ef = h̄2(ki
2 − kf 2)/2mn, (3.8)
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Figure 3.10: (a) Schematic of neutron scattering in 3D space. (b) Schematic of neutron
scattering in scattering plane and the scattering triangle.

wheremn is the mass of neutron. If ki = kf , energy is conserved, which is called elastic

scattering, and if ki = kf , energy is conserved, which is called elastic scattering, and

|Q| = 2|ki| sin θ, (3.9)

In crystalline materials, the Bragg condition is satisfied when Q is exactly equal to

some inverted lattice vector G, which is the process of diffraction, as described in

Section 3.1. If ki 6= kf , energy and momentum are not conserved, which is called

inelastic scattering, it will be considered separately in Section 3.4.5.

The detected signal intensity (i.e., neutron counts) observed in the neutron scatter-

ing experiment is proportional to the differential scattering cross-section d2σ/dΩfdEf ,

that is, the probability of detecting neutrons with energies in the range Ef to dEf at

the dΩf solid angle in the kf direction (as shown in Figure 3.10(a)). Assuming the

incident neutron flux is φ(ki), the detector efficiency I can be expressed as [159]

I = φ(ki)
d2σ

dΩfdEf
, (3.10)
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Considering full solid angle and all energies, the total scattering cross-section is [160]

σtot = Itot/φ(ki), (3.11)

where Itot is the sum of the scattered neutron. Even if the scattering is coming from a

single element, there will be a variety of scattering lengths in the sample, and the scat-

tered neutrons will have different phases, which can be divided into coherent scattering

which can be divided into coherent scattering and incoherent scattering, namely [161]

d2σ

dΩfdEf
=

d2σ

dΩfdEf
|coh +

d2σ

dΩfdEf
|inc, (3.12)

Coherent scattering usually contains the correlation information between atoms in

the sample, such as elastic Bragg scattering, inelastic scattering of phonons, magnons,

and other element excitations all represent the collective behavior of the measured

sample. In contrast, incoherent scattering represents the association of a single atom

on time scales, which is an individual behavior such as diffusion. Most elements have

high-intensity coherent scattering cross-sections, and only a few elements are domi-

nated by incoherent scatterings, such as H, V, etc. Practically, they can also be made

into standard samples to normalize the intensity of neutron scattering signals obtained

from different systems.

According to the definition of the differential cross-section, scattering cross-section

is actually a transition rate of the neutron-sample system, which can be written as [162]

(
dσ

dΩ
)kiλi→kfλf =

1

Φ(ki)

1

dΩ

∑

kf

Wkiλi→kfλf , (3.13)

where Wkiλi→kfλf is the transition rate of the neutron-sample system from an initial

state to a final state. The interaction between neutrons and matter is just a weak per-

turbation. And the process of neutron scattering can be thought of merely as changing

from one state to another, without changing the properties of each state itself. Accord-

ing to the Fermi golden rule, the differential scattering cross-section can be expressed
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as [162]

d2σ

dΩfdEf
|kiλi→kfλf=

kf
ki

(
mn

2πh̄2 )2|〈kfλf |V |kiλi〉|2δ(h̄ω + Ei − Ef ), (3.14)

Due to the weak interaction between neutrons and samples, we can also take the Bonn

approximation to treat the incident and scattered neutrons as plane waves, that is [162]

〈kfλf |V |kiλi〉 = V (Q)〈λf |
∑

l

eiQrl |λi〉, (3.15)

where rl is the position coordinate of the scattering center. And V (Q) is the Fourier

transform of the neutron potential V in the matter, which contains nuclear scattering,

magnetic scattering and other interactions.

3.4.2 Nuclear elastic neutron scattering

If only the neutron nucleus scattering is considered, V (Q) = 2πh̄b/mn, where b is the

nuclear scattering length. By averaging the initial states and summing the final states,

Eq. 3.14 can be transformed into

d2σ

dΩfdEf
|= kf

ki

∑

λbλf

P (λi)|〈λf |b
∑

l

eiQ·rl |λi〉|2δ(h̄ω + Ei − Ef ), (3.16)

where P (λi) represents the probability distribution function for the initial state |λi〉.

By further simplifying and introducing the dynamic structure factor S(Q,ω), the dif-

ferential scattering cross-section can be written as [163]

d2σ

dΩfdEf
|= N

kf
ki
b2S(Q,ω), (3.17)

and

S(Q,ω) =
1

2πh̄N

∑

ll′

∫ ∞

−∞
〈e−iQ·rl′ (0)eiQ·rl(t)〉e−iωtdt, (3.18)
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whereN is the number of nuclei involved in scattering, and t is time. S(Q,ω) indicates

the differential scattering cross-section only depends on the momentum and energy

transfer from neutrons to samples, rather than the values of ki and kf . It contains the

positions and motions of atoms in the sample, so most neutron scattering experiments

measure the parameter of S(Q,ω).

If only coherent nuclear scattering is considered and the sample contains only a

single nucleus, differential scattering cross can be written as [163]

d2σ

dΩfdEf
|coh= N

kf
ki

σcoh
4π

S(Q,ω), (3.19)

where σcoh is the average coherent scattering cross-section per atom, and σcoh =

4π(b̄)2, b̄ =
∑

r Crbr.

For coherent elastic nuclear scattering, that is

S(Q,ω) = δ(h̄ω)
1

N
〈
∑

u′

e−iQ·(rl′−rl)〉, (3.20)

As for crystalline

S(Q,ω) = δ(h̄ω)
(2π)3

ν0

∑

G

δ(Q−G), (3.21)

where ν0 is the unit cell volume and G is the inverse lattice vector. However, this

is the ideal case, when a unit cell contains multiple atoms, the differential scattering

cross-section of coherent elastic nuclear scattering is

dσ

dΩf

|elcoh = N
(2π)3

ν0

∑

G

δ(Q−D)|FN(G)|2, (3.22)

in which

FN(G) =
∑

j

b̄eiG·dje−Wj , (3.23)

is structural factor. dj is the position of the j − th atom in the cell, and e is the Debye-
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Waller factor, which is always less than 1, reflecting the weakening of the intensity of

the Bragg peak caused by the thermal fluctuation of the atom relative to its average

position. If a single crystal is irradiated by neutrons of monochromatic energy, the

diffraction peak of the Miller index (hkl) produces an intensity of

I = A
λ3|FN(hkl)|2
ν0 sin 2θ

, (3.24)

where A is the constants of the volume of the sample, the intensity of the incoming

neutron beam, and the measurement time [164].

3.4.3 Magnetic elastic neutron scattering

Magnetic neutron scattering arises from the interactions between the dipole moment

of the neutron and the electromagnetic fields generated by the orbital moments and the

spins of any unpaired electrons in the material. The interacting potential for magnetic

neutron scattering can be written as [165]

VM(r) = −µn ·B(r), (3.25)

where µn is the magnetic moment of neutron and B represents the local magnetic

field around magnetic ions. Through the Fourier transform of Eq. 3.24 and Maxwell’s

formula, we can obtain [165]

VM(Q) = −µn ·B(Q) = −µ0µn ·M⊥(Q), (3.26)

where M⊥(Q) means the magnetization projected to the direction perpendicular to the

scattering wave vector [165],

M⊥(Q) = Q̂×M(Q̂)× Q̂, (3.27)

where M⊥(Q) is complicated and usually depends on the material. Most of the time,

the dipole approximation is enough to describe the interacting potential. In 3d transition-
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metal ions, due to the orbital angular momentumL is usually quenched by crystal-field,

the spin-only magnetic scattering cross-section is precise, and the very small residual

L along S induced by spin-orbit coupling can be expressed by (g − 2)S. With dipole

approximation, the magnetization can be written as [165]

M(Q) = −gµBf(Q)S = f(Q)µ, (3.28)

where µ is the magnetic moment, and f(Q) is the magnetic form factor of the magnetic

ion, which is the Fourier transform of the magnetization density of a single atom. g

is Landé factor determined by spin and obit angular momenta. For a system without

L, g = 2, and for a system where L is not completely quenched will have a different g

value.

With dipole approximation, magnetic elastic scattering cross-section can be written

as [166]

(
d2σ

dΩdEf
)mag,el = δ(h̄ω)

dσM
dΩ

(Q) =
Nm(2π)3

V0m

(
γr0

2
)2, (3.29)

×
∑

α,β

〈(δα,β − Q̂αQ̂β)F β∗(Q)〉δ(Q− τM)δ(h̄ω),

where τM is magnetic reciprocal lattice point, α, β = x, y, z. Magnetic structural factor

F (Q) is [166]

Fα(Q = τM) =
∑

d

µαdfd(Q)eiQ·rde−Wd(Q,T ), (3.30)

where µαd and rd are the α component of the magnetic moment of the d-th ion in a unit

cell and the position of the d-th ion, respectively. fd(Q) is the corresponding magnetic

form factor.

3.4.4 Polarised neutron scattering

The spin change of polarized neutrons can distinguish the two different interactions of

nuclear and magnetic scattering in materials, which cannot be achieved by unpolarized
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neutron scattering. Actually, the incident neutrons can be polarized along a specific

axis, and the scattered neutrons can be analyzed along the specific axis. Typically,

the choice of polarization axes is the same for the incident and scattered neutrons,

which is called longitudinal neutron polarization. Especially in the magnetic material,

any disordered moments will induce PM diffuse scattering, which is usually much

weaker than the Bragg scattering. By using polarized neutrons, it is possible to separate

the nuclear, magnetic, and spin incoherent cross-section of PM and collinear AFM

powders. The full details and derivations of the “XYZ-difference method” are well

explained in references [167], [168], and [169].

In the polarised neutron scattering experiment, the polarization directions ofX and

Y are fixed with respect to the instrument, and only the Z polarization is parallel and

perpendicular to the wavevector transfer. The angle between the X polarisation axis

and Q, is called the Schärpf angle. If the direction of the polarization changes during

the scattering process, it is called spin-flip (SF) scattering, and otherwise, it is called

non-spin-flip (NSF) scattering. Totally, six different configurations of the detected

neutron states are possible, which are: ( dσ
dΩ

)znsf , ( dσ
dΩ

)zsf , ( dσ
dΩ

)xnsf , ( dσ
dΩ

)xsf , ( dσ
dΩ

)ynsf and

( dσ
dΩ

)ysf . We can choose appropriate linear combinations of theXY Z NSF and SF cross

sections, and the ( dσ
dΩ

)nuc, ( dσ
dΩ

)mag cross sections can be derived [169]

(
dσ

dΩ
)nuc =

1

6
[2(

dσ

dΩ
)Tnsf − (

dσ

dΩ
)Tsf ], (3.31)

where the subscripts Tnsf and Tsf represent the total non-spin-flip and total spin flip

components, respectively, and [169]

(
dσ

dΩ
)mag = 4(

dσ

dΩ
)znsf − 2(

dσ

dΩ
)xnsf − 2(

dσ

dΩ
)ynsf , (3.32)

or [169]

(
dσ

dΩ
)mag = 2(

dσ

dΩ
)xsf + 2(

dσ

dΩ
)ysf − 4(

dσ

dΩ
)zsf , (3.33)
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(a)

(b)

Figure 3.11: (a) Schematic of the D7 instrument at a thermal neutron guide at the
Institut Laue-Langevin (ILL) in Grenoble, France [169]. (b) Schematic of the two-axis
D23 diffractometer at ILL, France.

Thus the magnetic scattering may be separated from the nuclear Bragg peaks.

At present, there are three methods for polarizing neutrons: (1) Utilizing a magnetic

single crystal as the monochromator. When outgoing neutrons are emitted from the

monochromator and satisfy the Bragg condition, the spins can be polarized to other

directions by the magnetic properties of the monochromator. For example, a common

Heusler crystal, Cu2MnAl, in which the Bragg reflection of the (111) plane is utilized.

(2) The polarizing supermirrors are composed of multiple layers of nonmagnetic and

magnetic films, which have been widely used in cold neutron spectrometers. After

neutrons pass through the mirror, the spins will be polarized. (3) The third is to use

the 3He filter, which has a large neutron absorption cross-section, but only absorbs

neutrons with the opposite spin of its own nucleus, while neutrons with the same spin
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can pass through so that the polarization of the neutron spin is achieved.

In fact, our group’s earliest research work on the single crystal of SrTb2O4 started in

2014 [21], which is also the headmost work utilizing neutron scattering techniques on

this single crystal. The first crystal ( 2.2 g) for longitudinal XY Z neutron polarization

analysis was carried out on the D7 (ILL) diffractometer (as shown in Figure 3.11(a)), a

vertically and horizontally focusing pyrolytic graphite monochromator situated in the

cold neutron guide H15, monochromats the neutrons with a wavelength of 4.8 Å [21].

The beam is polarized using a focusing, m = 2.8 Schärpf bender-type supermirror po-

larizer. The neutron spins are manipulated using a precession coil flipper, followed by

a set of guide-field coils situated around the sample position. There are currently 66

Schärpf bender-type, m = 2.8 supermirror analyzers in the secondary spectrometer in

front of 132 3He detectors, situated at 1.5 m from the sample position. The unpolarized

elastic neutron-scattering studies were performed at the two-axis D23 diffractometer

(ILL) (as shown in Figure 3.11(b)) with incident wavelength 1.277 Å [21], which is

devoted to single crystal measurement, either with unpolarized or polarized neutrons.

The primary protection is equipped with two different monochromators: a vertical

focused PG 002 (in transmission) and a flat Cu 200 (in reflection). The polarized

neutrons can be provided by Heusler 111. In addition, it also supports large sample en-

vironments such as pressure cells, high field cryomagnets, and dilution fridges, which

are characterized by a high flux and a very strong signal-to-noise ratio.

3.4.5 Inelastic neutron scattering

INS is a powerful tool for studying the magnetic dynamics of materials. It has a high

energy and momentum resolution, and its scattering energy is commensurate with the

elementary excitation energy of the materials. The measured energy spectrum shows

a set of peaks, which can be associated with transitions between different crystal-field

levels, phonon scattering, and other magnetic excitations. In the inelastic spectrum,

it is easy to identify the magnetic mode because the intensity of the magnetic mode

decays with increasing the magnetic shape factor Q. In this scattering process, the
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energy change is involved, that is, neutrons can induce sample energy to increase or

decrease. The magnetic cross-section now is defined as [165]

d2σ

dΩdEf
=
N

h̄
· kf
ki
· p2e−2W

∑

α,β

(δα,β −QαQβ)Sα,β(Q,ω), (3.34)

where α and β represent x, y, and z in the Cartesian coordinate; Qα and Qβ represent

the projection of the wave vector Q in the Cartesian coordinate. S(Q,ω) contains all

of the information about the system, which is a dynamic structure factor that can be

described as [165]

S(−Q,−ω) = e−h̄ω/κBTS(Q,ω), (3.35)

which reveals the scattering signal of loss energy of neutron is always greater than

gained energy, i.e. S(Q,ω) > S(−Q,−ω)(ω > 0). As for a linear system, the dy-

namic structure factor S(Q,ω) and the imaginary part χ′′(Q,ω) of the linear response

coefficient χ are related by the fluctuation-dissipation theorem [165]

S(Q,ω) =
χ′′(Q,ω)

1− e−h̄ω/κBT = [1 +
1

eh̄ω/κBT − 1
]χ′′(Q,ω), (3.36)

where 1
eh̄ω/κBT−1

is named Bose factor. For a crystal with n atoms in the cell, the

imaginary part of the dynamic response coefficient of neutron scattering is defined

as [165]

χ′′(Q,ω) =
(2π)3

2υ0

∑

Q,ω

δ(Q− q −G)
∑

s

1

ωqs
|F (Q)|2 × [δ(ω − ωqs)− (3.37)

δ(ω + ωqs)]

where ωqs is the phonon frequency, and the dynamic structure factor F (Q), is [165]

F (Q) =
∑

j

b̂j√
mj

(Q · ξjs)eiQdje−Wj , (3.38)
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(a)

(b)

Figure 3.12: (a) Cut-away layout and (b) physical of the cold-neutron triple-axis spec-
trometer SIKA at ANSTO.

In 1955, Brockhouse invented the triple-axis spectrometer at Chalk River Labora-

tory in Canada and used it to obtain phonon dispersion of single crystals aluminum for

the first time. Subsequently, this technique of studying INS by a triple-axis spectrome-

ter has been widely used in the measurement of phonon and magnetic excitation spec-

tra. Generally, triple-axis spectrometers are built on the reactor using the cold neutron

beam or thermal neutron beam. The layout of the main components of SIKA, including
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Figure 3.13: (a) Temperature dependence of the distance between positions of neigh-
boring Si and O atoms as determined by Rietveld refinement of the crystal structure
of quartz (filled circles), compared with the true SiO bond length (filled squares) de-
termined by neutron total scattering measurements as discussed in this section [170].
(b) The cartoon shows the origin of the shortening of the distance between the mean
positions of the atoms compared to the true bond length [170, 171].

the primary spectrometer, the sample stage, and the secondary spectrometer are shown

in Figure 3.12(a), and the practical picture is shown in Figure 3.12(b), which is a typi-

cal cold triple-axis spectrometer located on the CG4 port facing the cold source in the

Australian Nuclear Science and Technology Organisation (ANSTO). SIKA provides

a maximum neutron flux at ∼ 8 meV. The primary shielding of SIKA is adapted to

the cold-neutron beam port CG4 of the OPAL reactor. The secondary shutter and pre-

monochromator optics, in addition to the in-pile primary shutter, are installed within

the shielding to reshape the primary beam before the monochromator crystals. In or-

der to reduce the fast-neutron background, an 80 mm-thick sapphire filter is installed

after the virtual source. And an optional aperture with a fixed size of 50 × 50 mm2 is

designed to reduce the beam size when necessary. The monochromatic beam travels

through the post-monochromator collimator to the sample, where it is scattered to the

secondary spectrometer. In my dissertation, the inelastic scattering of SrTb2O4 was

carried out on SIKA, which will be described in detail in Section 8.2.3.

In addition, the time-of-flight spectrometer is another important INS instrument.

The time-of-flight spectrometer determines the neutron energy and momentum ac-
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cording to the neutron flight time and detection position. It adopts a 2D detector and

enlarges the detector area to improve the measurement efficiency as well as a larger

range in (Q, ω) space. The experimental data contain both elastic and inelastic scat-

tered signals. Indeed, the time-of-flight spectrometer can be divided into the direct

geometrical spectrometer and indirect geometrical spectrometer according to its struc-

tural characteristics. In the former, the incident neutron with certain energy is selected

by a chopper. Once scattered with the sample, the outgoing neutron energy can be

determined according to the time of flight and the angle of the detector. The latter

has incident neutrons of continuous wavelength, and after scattering with the sample,

the outgoing neutrons of fixed energy are screened and detected by crystal or filter.

Similarly, the incident neutron energy is determined according to neutron flight time.

Time-of-flight spectrometers can be built on continuous and pulsed neutron sources.

For the nuclear reactor neutron source, the incident neutrons pass through devices such

as choppers to generate pulsed neutrons, and monochromatic neutrons are screened out

for the subsequent scattering process. However, the incident neutrons of the spallation

neutron sources are pulsed, and monochromatic pulsed neutrons can be selected for

the subsequent scattering process by modulating the frequency of the chopper and the

phase difference with the spallation neutron source. Currently, there are four pulsed

spallation neutron sources in operation in the world: The Rutherford Appleton Lab-

oratory Spallation Neutron Source (ISIS), Oak Ridge National Laboratory Spallation

Neutron Source (SNS), Japan Spallation Neutron Source (JSNS), and CSNS.

3.5 Pair distribution function

As we know, X-ray diffraction cannot measure bond lengths directly, and analysis re-

lies on information in the Bragg peaks that concern the positions of atoms that provide

average structure information. In conventional X-ray or neutron diffraction analysis,

the distribution of atom positions is usually represented by a set of 3D elliptical Gaus-

sian functions. The centers of the ellipses are associated with the mean positions of the

atoms, and the widths of the ellipses are associated with the amplitudes of the thermal
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Figure 3.14: Site photograph of the MPI scattering room. A current-mode time-of-
flight detector is placed at the sample position to measure the beam flux [172].

motion. However, this analysis is not appropriate if the motions of the atoms give more

complex shapes to the distributions of position [170]. But for, the PDF provides an ex-

cellent opportunity for studying the local structure information, and we can obtain it

from scattered data with unprecedented accuracy. For example, in a material contain-

ing SiO bonds (as shown in Figure 3.13(a)), the distance between the mean positions

of bonded silicon and oxygen atoms, as determined by Rietveld refinement of NPD

data, is seen to fall on heating and reach a critical point where the bond length is much

shorter than low temperature, whereas the true value of the bond length, determined

from total neutron scattering using PDF, increases on heating. In the Bragg diffraction,

due to the motion of SiO bonds, the rotation of an atom can be regarded as around a

point and creates an average location being a shorter bond distance, which was illus-

trated in Figure 3.13(b). However, PDF is sensitive only to the location of the actual

atoms and their probability of finding locations rather than an average of them.

In our research, the FE origin of SrRE2O4 is independent of structure at macro-

65



0 10 20 30 40 50

-2

-1

0

1

2

r (Å)

G
 (

Å
-2

)
600 K

Figure 3.15: PDF obtained from the experiment for SrTb2O4 at 600 K.

scopic phase transitions, which may not be correctly described using crystallographic

techniques. Here we use the atomic PDF technique to describe the real structure of

SrRE2O4 and to find local structural deviations from a well-defined average struc-

ture. The measurements were carried out at the total scattering neutron time-of-flight

multi-physics instrument (MPI) (as shown in Figure 3.14) in CSNS. The MPI stan-

dard operating wavelength range is 0.1-4.5 Å. The wide Q range coverage can obtain a

high real spatial resolution, and the Bragg peak that originates from symmetry alterna-

tion in some complex materials can be resolved with medium-high Q resolution, and

the information of larger length scale can be obtained [173]. Firstly, total NPD data,

including both Bragg and diffuse components, were collected for the single crystal

powder samples in the temperature range from 5 to 600 K. Then, the PDF technique

involves normalizing and Fourier transforming the magnetic scattering intensity to ob-

tain the pairwise magnetic correlation function directly in real space. The transform
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can be described by [174]

G(r) = 4πrρ0[g(r)− 1] =
2

π

∫ ∞

0

Q[S(Q)− 1]sin(Qr)dQ. (3.39)

where S(Q) is the structure function, Q is the momentum transfer of the scattered

neutron, and r is the distance between atomic pairs in real space. The illustration here

is the raw data of SrTb2O4 obtained from the experiment at 600 K, which is presented

in Figure 3.15. The peaks appearing in G(r) at position r correspond to characteristic

atom-atom pair separations in the crystal. Although the data extends to Q = 50Å
−1,

the noise level in Q[S(Q)− 1] tended to be larger at higher Q, and the lower value

of Q = 25Å
−1

was used for the upper limit in the integral. Reducing the upper limit

of Q from 50 to 25 Å
−1

did not change the relative heights of the widths of the peaks

in G(r) but did reduce high-frequency noise [175]. For each temperature, we used

PDFgui software to refine the actual structure, and the results and details will be shown

in Chapter 8.
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CHAPTER 4

SYNTHESIS OF SRRE2O4 COMPOUNDS

4.1 Introduction

The synthesis of polycrystalline powders plays an essential role in my work. In par-

ticular, the ratio of raw materials, the uniformity of powder mixing, and the degree

of sintering are the factors affecting single crystal growth. This chapter describes the

route for the optimization synthesis of the family of SrRE2O4 (RE = rare earth) powder

taking SrTb2O4 as a typical sample, trying to obtain a universal recipe for the syntheses

of this system.

4.2 Solid state reaction

Most double oxides, AB2O4, nowadays have been fabricated in a diffusion couple of

the component oxides, AO and B2O3, through high-temperature solid reactions. The

mechanism of solid-state reactions was initially investigated by Koch and Wagner in

the synthesis of Ag2HgI4 from AgI and HgI3, which occurred by counter diffusion of

cations through the reaction product [176]. The diffusion limiting cases can be divided

into the following categories: (1) Parallel diffusion of A and oxygen ions; (2) parallel

diffusion of B and oxygen ions; (3) counter diffusion of A and B ions. The particle size

of raw materials has to be smaller than the diffusion length, which is the prerequisite

for a complete chemical reaction. This relation can be expressed as the following

equation [177]

(2Dt)1/2 ≥ L (4.1)

where (2Dt)1/2 is the diffusion length, D is the diffusion constant (depending on the

temperature and materials), t is the reaction time, and L is the typical particle size.

The melting point of the raw materials determines the temperature and the processing
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degree of calcining and sintering. A necessary and sufficient condition for a solid-

state reaction is that the reactants must be in contact, that is, the reaction proceeds

through the interface between particles. The purpose of calcining is to decompose

carbonates at high temperatures (e.g., SrCO3 (s) = SrO (s) + CO2 (g)) in order to

get fine-grained corresponding oxides (e.g., SrO from the decomposition of SrCO3)

with large surface area and high reactivity, while the goal of sintering is to obtain a

complete chemical reaction through increasing the contact areas of reactants as much

as possible by pressing. Indeed, solid-state reactions are not only dependent on the

intrinsic reactions of the components but also on the crystal and defect structure of the

material. All the mass transfer phenomenon and reaction process occurring in solid

materials is related to various defects in the lattice. Generally, the more defects in the

solid phase, the stronger the mass transfer capacity, and thus the higher the solid-state

reaction rate. The higher the temperature below the melting point and the smaller the

grain size, the higher the reaction rate of a kinetically favorable reaction. Therefore,

thoroughly grinding and mixing the reactants can increase the contact area between the

reactants and make the diffusion and transport of atoms or ions easier to increase the

reaction rate.

The solid-state reaction usually includes the following steps: (i) Interfacial diffu-

sion of solid interfaces such as atoms or ions; (ii) chemical reactions on an atomic

scale; (iii) new phase nuclei; (iv) the growth of a new phase. Two critical factors deter-

mining solid phase reactions are nucleation and diffusion rates. Nucleation proceeds

are accessible if there is a similar structure between the product and the reactant.

The complicated process of solid-state reaction can be simply illustrated in Fig-

ure 4.1, taking the formation of SrTb2O4 as an example. This sample belongs to the

orthorhombic structure at room temperature, depending on the stoichiometry. This

reaction mainly goes through two stages. In the first stage, SrCO3 and Tb4O7 decom-

pose to SrO and Tb2O3 at high temperatures and form in two kinds of surface contact

regions. The two barriers to formation are then overcome by increasing the reaction

temperature and time or by milling and mixing the intermediates, producing new grain
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SrCO3 SrCO3 SrCO3 SrCO3 SrCO3 SrCO3 SrCO3 SrCO3

Tb4O7 Tb4O7 Tb4O7 Tb4O7 Tb4O7 Tb4O7 Tb4O7 Tb4O7

SrO SrO SrO SrO SrO SrO SrO SrO

Tb2O3 Tb2O3 Tb2O3 Tb2O3 Tb2O3 Tb2O3 Tb2O3 Tb2O3

SrTb2O4

Figure 4.1: The ideal reaction process of raw materials (SrCO3 and Tb4O7) for the for-
mation of SrTb2O4. In order to incarnate the 1:1 reactants, the particles are schemati-
cally depicted as spheres with an identical size and periodically arranged.

interfaces, again and again until a pure phase of homogenously doped SrTb2O4 forms

(bottom of Figure 4.1).

4.3 Process optimization

4.3.1 Starting materials

The selection of suitable starting materials and the correct understanding of their basic

properties is the first step to producing a compound with the desired composition and

properties. We should observe the following three basic principles: (i) Low material

cost. The higher the purity, the higher the price. In the early stages, starting materials

with a relatively low purity can be used while assessing the feasibility of the formation

of a new compound. (ii) The relatively high stable state of starting materials, especially

the oxidation state. (iii) The high reactivity of starting materials.

Polycrystalline samples of the SrTb2O4 compound were synthesized with raw ma-
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Figure 4.2: XRPD patterns of Tb4O7 normally stored in a dry oven in air at room
temperature.

terials SrCO3 (Alfa Aesar, 99.99%) and Tb4O7 (3–5% more) (Alfa Aesar, 99.99%) by

a traditional solid-state reaction method [21]. The phase purity of raw materials was

detected by XRPD at room temperature, and the result is shown in Figure 4.2. To

avoid the humidity effect on the quality of raw materials, they are always stored in a

dry atmosphere at 493 K. They were quickly weighted at ∼473 K. Considering the

volatilization of Tb4O7 at high temperature that was weighed 3% above the stoichio-

metric value.

4.3.2 Mixing and milling time

Ball milling is a size reduction technique that uses media in a rotating cylindrical cham-

ber to mill materials to a fine powder. As the chamber rotates, the medium rises from

the rising side and pours down near the top of the chamber. Through this motion, parti-

cles between the media and chamber walls are reduced in size by impact and abrasion.

In ball milling, the desired particle size is achieved by controlling the time, applied

energy, and the size and density of the grinding media. The optimal milling occurs at a

critical speed. This process plays a decisive role in the stable growth of single crystals,
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any significant deviation from the averaged grain size will later result in a possible

inhomogeneous reaction state.

The initial mixture of both raw materials (SrCO3 + SrTb2O4) was milled and mixed

with a 50 mm-diameter ball by our Vibratory Micro Mill (FRITSCH PULVERISETTE

0), which can operate in either a wet (distilled water propanol-2 solvent) or dry state

to get fine grains (0.5-4 µm) with a narrow and monomodal size distribution [178].

With increasing mixing and milling time, the mean diameter of the mixtures is steeply

decreased before 45 min and then becomes gentle even up to 120 min. The fluctuant

change after 45 min results from the random sampling, indicating that it is difficult

to obtain a homogeneous size distribution [179]. Therefore, in our experiments, the

milling time is 60 min, which is an appropriate mixing and milling time for this synthe-

sis. In contrast, a longer milling time could lead to a more inhomogeneous distribution

of particle size and possible contaminations of agate balls and containers.

In this dissertation, all the syntheses were accompanied by proper mixing and

milling after each firing, especially after high-pressure sintering. We adopted man-

ual milling to crush hard samples before ball milling. This led to homogenous samples

and ensured a complete reaction.

4.3.3 Reaction temperature and time

We referenced previous work on the synthesis of isostructural compounds and devel-

oped our experimental plan. In order to determine the right reaction temperature and

time appropriate for the synthesis of SrTb2O4, the sample calcined was divided into

three processes, as shown in Figure 4.3. They were calcined in air at 1373 K for 24 h,

1473 K for 36 h, and 1573 K for 48 h with both heating-up and cooling-down ramps

of 473 K/h. After each calcination, we milled and remixed the intermediate reaction

materials to get fine grains for a homogeneous reaction state. All samples were char-

acterized by XRPD with the same measuring parameters.

When the calcining temperature is below 1573 K, the trace of raw materials was

always detected, as shown in Figure 4.4, which may be transformed from the residual
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Figure 4.3: The three sintering processes of raw materials for the formation of
SrTb2O4: (i) 1373 K for 24 h; (ii) 1473 K for 36 h; (iii) 1573 K for 48 h in air.

reactants or intermediate products. It is uncertain that this kind of sample contains

unreacted Sr or Tb compounds if their amounts are beyond the detection limit of the

XRPD method. At temperatures of 1373 and 1473 K, the impact on the product is in-

significant, which may result from insufficient reaction temperature or time. However,

as we know, the sublimation of elements or their compounds depends on the temper-

ature, pressure, and relative density. The lower the density, the greater the possibility

of sublimation. We pressed the sample with an isostatic pressurizer and calcined it at

1473 K to reduce volatilization and obtain precise stoichiometry. Because the speed of

a chemical reaction is determined by the temperature and particle size of the reactants,

the reaction temperature must be sufficiently high. Then we increased the tempera-

ture (1573 K) and prolonged reaction time (48 h), the stray peaks disappeared, and the

pure single-phase SrTb2O4 was synthesized. Its XRPD refinement data will be dis-

played in Section 4.4. This result also indicated that the addition of 3% excess Tb4O7

is insufficient to prepare polycrystals for single crystal growth.
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Figure 4.4: XRPD patterns of SrTb2O4 samples calcined at temperatures: 1373 K
(bottom), 1473 K (middle) and 1574 K (top), which corresponds to the three sintering
processes as shown in Figure 4.3, respectively.

4.3.4 Other factors

Besides the conditions discussed above, other external factors, e.g., the concentration

of reactants and resultants, pressure (for reactions concerned with gas), flux, sintering

atmosphere, radiation, etc., are also crucial for reactions.

Indeed, not all samples can undergo solid-state reactions at high temperatures to

obtain the target products. The reaction atmosphere is essential in a high-temperature

environment. In different reaction atmospheres, some reactants will produce distinct

products. For example, for long afterglow luminescent materials, it is necessary to

calcined in a reducing atmosphere to ensure that Eu3+ is reduced to Eu2+. In our case,

we can also reduce Tb4O7 to Tb2O3 first and then fully mix in with SrCO3 accord-

ing to stoichiometry, which may be a new way to optimize the experimental results.

In addition, the organic binder is also commonly used in the processing of ceramics

from powder to dense counterparts. They are readily adsorbed on particle surfaces

and improve particle filling. As a consequence, the reaction process is accelerated,
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Figure 4.5: (a) Optimized the process route for the synthesis of SrTb2O4. (b) Corre-
sponding processing parameters. (c) Corresponding apparatuses used in our laboratory
for the preparation of polycrystalline materials.

decreasing production costs. During subsequent heating, the organic binder can be

evaporated, leaving behind little or no residue.

4.4 Conclusions

Based on hundreds of trials, a pretty good recipe for preparing high-quality polycrys-

talline samples with this system, i.e., one time calcination and two times sintering

with mixing and milling after each firing, is presented at the top of Figure 4.5. The

middle of this figure shows the corresponding processing parameters for the synthesis

of SrTb2O4, and the bottom corresponds to the instruments used. In this chapter, the

detailed synthesizing parameters, such as the reaction temperature and time, can be ob-
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Figure 4.6: Profile refinement of the XRPD data of SrTb2O4 at room temperature
shows no appearance of impurity phases within the detection accuracy.

tained by the exploration of SrTb2O4. Figure 4.6 shows the refinement result of XRPD

data of SrTb2O4, and a single phase without any impurities is obtained, which proves

that the sample quality is good and the preparation route is reasonable. For other rare-

earth ions, the specific sintering temperature and reaction time should be determined

according to the characteristics of raw materials. The process flow is applicable to all

samples in this family, and the synthetic parameters are analyzed on a case-by-case

basis.
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CHAPTER 5

SINGLE CRYSTAL GROWTHS OF SRRE2O4 COMPOUNDS

We proposed the single-crystal growths of the SrRE2O4 (RE = rare earth) compounds

by a super-necking technique with a laser diode floating zone (LDZF) furnace. In ad-

dition, we studied the stoichiometry, the growth model, the structural, and magnetic

properties by X-ray powder diffraction, scanning electronic microscopy (SEM), neu-

tron Laue, and the physical property measurement system. We optimized the growth

parameters, mainly focusing on the growth speed, atmosphere, and the addition of

rare-earth oxides (which are the main source of volatilization in the growth process).

Neutron Laue diffraction displays the characteristic feature of a single crystal. The

XRPD study determines the crystal structure, lattice constants, and atomic positions.

Our study reveals a possible layer-by-layer crystal growth model in this family.

5.1 Introduction

In polycrystalline, the properties of grain boundaries often show themselves dominant

over the properties of the bulk material [180]. In order to advance the investigation of

the physical and chemical properties of new oxides, it is necessary to have good quality

single crystals that can provide us with more reliable information about the structures

and inherent properties. For magnetic materials, measurements on single crystals can

also reveal a systematic dependence of anisotropic magnetic properties. Especially for

advanced techniques such as synchrotron X-ray and neutron scattering, the large and

high-quality single crystals are the goal scientists have been pursuing. Thus, several

single crystal growth techniques have been used for years, e.g., floating zone (FZ),

Czochralski, Bridgman, Verneuil, top-seeded solution, gas-phase growth, etc. It has to

be said that every growth method has limitations. Compared to others, the FZ method

is a particularly useful one for laboratory crystal growth for preparing research sam-

ples because it is crucible-less, environment friendly, and the grown crystals show the
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highest purity [181, 182, 183]. Besides, it is complementary to the conventional oxide

crystal growth methods from melt or solution as it extends the range of materials that

can be crystallized in different (reducing, neutralizing, and oxidizing) atmospheres and

at elevated pressures [184].

The conventional FZ furnace (image furnaces) utilizes a light heating technique,

has become widespread through the research on high-TC superconductors [185], and

has been a powerful tool for researchers in the field of correlated electron systems [186].

Figure 5.1 shows the schematic drawing of the conventional FZ, which typically con-

sists of four ellipsoidal mirrors as the reflectors (a four ellipsoidal mirror furnace is

expected to give more uniform heating in the sample or along the direction of the sam-

ple than a single or double mirror type furnace) and four IR-heating halogen or xenon

lamps as the heat source. Two ceramic rods are mounted in such a way that their tips

meet at the common focal point of the ellipsoidal mirrors and are enclosed within the

furnace chamber comprised of a quartz tube, which allows control of the growth atmo-

sphere. Any crystal growth process performed by the FZ starts by melting the tips of

these rods, bringing them together, and establishing a liquid bridge commonly called

the “floating zone” between the bottom (seed) rod and the top (feed) rod. After the

zone is created, it travels upward, either by moving the seed-and-feed setup downward

or by moving the mirrors upward. During this translation, the melt cools down, and

the material crystallizes on top of the seed rod.

However, for some of the incongruently melting materials, it is difficult or virtually

impossible to grow crystals by this method using the traveling solvent floating zone

(TSFZ) technique, even if it is possible from the phase diagram. It is because the

light focus is wide and the temperature gradient at the solid-liquid interface is gentle,

which causes the melt seriously attack the feed rod and spill over to the crystal and

eventually make the growth unstable. In addition, inhomogeneous heating along the

rotational direction reduces the quality of the crystal. In other words, the conventional

FZ method is unsuitable for materials with high vapor pressure, low surface tension,

or high viscosity [188]. In this thesis, we propose and demonstrate a method for single
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Figure 5.1: Schematic of the optical FZ technique with a thermocouple placed within
a hollowed out sample for temperature measurements. Temperature profiles along the
sample were measured by moving the mirrors (a) with respect to the sample so that
the position of the thermocouple head within the rod moved towards the point of Tmax
(b) [187].
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crystal growth by using a laser beam to uniformly confine the incident light to the

entire molten region.

5.2 Preparation of longer and high-density seed and feed rods

Preparing a longer and high-density feed rod is important and indispensable to a suc-

cessful single crystal growth by the FZ method. It is usually hard to control the initial

shape of the evacuated balloon. We utilized a range of techniques to overcome these

difficulties. First, the rod shapes at its two ends are usually irregular, which makes

the added force insufficient, and the isostatic pressure cannot be uniformly transferred

along the length of the rod. Before and after filling a balloon with powder, we placed

two flat Al-plates with a suitable diameter to force the shape of the two ends to be flat.

With such a uniform diameter along the rod, the loading force along the rod direction

can be increased largely and transferred easily. Second, we used a half Al-cylinder to

fix the rod shape, before which it was stressed that we squeezed the enclosed powder

so that its diameter was ∼ 2 mm larger than that of the Al-cylinder. Third, we used an

isostatic pressurizer. With these simple but useful tricks, we were able to make longer

(up to 15 cm) and high-density (actual density ≥ 90% of the theoretical one) feed rods

with any diameter required.

The product of the calcination was filled into two plastic cylindrical balloons for

the preparations of seed and feed rods. After evacuating the air inside, we molded

the balloons into cylindrical shapes. One diameter is ∼ 9 mm, and the other ∼ 6

mm. Both were hardened with a hydrostatic pressure of ∼ 70 MPa for about 20 min,

as shown in Figure 5.2(a). The coating balloons were peeled off and removed. The

prepared rods were sintered at 1573 K for 36 h in air. Finally, we obtained straight and

uniformly-densified seed and feed rods with a homogenous composition distribution,

which is essential for achieving and keeping a stable crystal growth state. Crystals of

new materials are grown, as a rule, ceramic materials of the same compound are usually

treated as seed rods, but if the seed is grown on the orientation of crystallization, it

is conducive to the beginning of crystallization and can control the direction of the
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Figure 5.2: (a) Schematic of the long rod preparation using the isostatic pressurizer.
(b) Single crystals of SrRE2O4 (RE = Tb, Dy, and Ho) grown by LDFZ.

crystal. Growing on crystallized seeds also prevents liquid absorption from the molten

zone into the porous seed rod.
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5.3 Laser floating zone furnace and crystal growth

The LDFZ is a new variant of the FZ technique where the molten zone is established

using a set of horizontal laser beams. Unlike a conventional mirror-type FZ, the non-

divergent property of the laser beam in LDFZ allows for the growth of high melting

temperature refractory materials comprising volatile components.

Figure 5.2(b) shows three representative single crystals in this family grown by

a LDFZ furnace (Model: LD-FZ-5-200W-VPO-PC-UM) [179, 189], which is well-

equipped at the University of Macau, Macao, China, the photographs of the whole

LDFZ furnace as shown in Figure 5.3(a). The sample chamber and the heating ele-

ments, shown in Figure 5.3(b)(top), are equipped with five laser diodes with an operat-

ing wavelength of 976± 5 mm and have a total maximum power of 1 kW (5200 W) as

the heating source. In order to stabilize the laser power, the Peltier module is used, and

the temperature of the LDs is kept constant within ± 0.01 ◦C [188]. With this system,

the maximum temperature can reach 2600 ◦C. A schematic perspective picture of the

LDFZ method is shown in Figure 5.3(b)(bottom). The equivalent lasers and optical

devices are arranged at equal intervals on a circle whose center is at the sample posi-

tion and emits laser beams to the sample. The light can be concentrated on the molten

zone, so that homogeneous irradiation can be carried out along the direction of sample

rotation. In addition, the growth environment is either in a vacuum or employing three

different kinds of working gases (Ar, N2, and O2) individually or simultaneously at

pressures up to 10 MPa.

The LDFZ furnace is schematically shown in detail in Figure 5.4, which also in-

volves the special growth steps: (1) Cleaning the whole furnace, especially around the

upper shaft because most of the evaporated material adheres there; (2) placing the up-

per shaft and the bottom shaft to the right positions; (3) fixing the seed rod rigidly to

the lower shaft, and the feed rod may be moved up and down independently, and it can

either be attached to the bracket on the top or hung loosely on the hook. Adjusting

the two rods to coaxial and then pulling up/moving down the upper and lower shafts;

(4) mounting the quartz tube (the thickness of it is different for one-atmosphere and
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(a) (b)

(c)

Figure 5.3: (a) LDFZ furnace well-equipped at the University of Macau, Macao,
China. (b) The sample chamber and the heating elements of the laser diode FZ furnace.
(c) A schematic perspective drawing of the LDFZ method. The sample is irradiated
with homogeneous laser beams whose cross section is rectangular [188].

high-pressure growths), inside which the controlled atmosphere for different growths

can be used; (5) reserving enough growth distance and placing the two rods very close

together so that the point of contact is at the center of the melt zone (maximum temper-

ature point); (6) gradually increasing the power of the laser and individually rotating

the two shafts oppositely (rotation speed: ∼ 20–40 rpm, which can lead to a uniform

composition distribution during growth and guarantee a homogenous temperature dis-

tribution in the melting-zone, producing a straight cylindrical crystal); (7) the lasers

converge to the center to form a liquid solvent phase suspended between the two rods,

known as the melting zone; (8) moving the two shafts down slowly, the feed rod will

be dissolved little by little while the material will solidify on the top of the seed rod;

(9) hopefully, after long-time growth, the crystal grown will become single crystalline;

(10) after growth, normally some of the evaporated material has sublimated on the wall

of the quartz tube.

Besides pressure, atmosphere, rotation, and other factors, speeds are especially im-

portant for single crystal growth. Figure 5.5 presents some common problems encoun-
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Figure 5.4: Schematic sketch of the laser diode FZ furnace and the growth process.

tered during the growth of single crystals. We summarized the experimental results

and proposed suggestions for dealing with these problems. Figure 5.5(a) is a normal

growth condition. The molten zone is stable, which may be related to the stability of

feed and seed rod shaft translations, stability of the gas flow and gas pressure, and the

high homogeneity of a well-shaped, uniformly dense ceramic rod. Figure 5.5(b) shows

too slow growth caused by overheating, which leads to the increase in the length of the

liquid bridge, which can lead to its collapse. This situation is in sharp contrast to Fig-

ure 5.5(c). Well, the too fast growth will lead to instabilities of crystallization front and

decrease crystal quality. We often judge the optimal growth conditions by adjusting the

growth rate or rotation rate and observing the shape of the molten zone. In addition,

such conditions can close the space between rods (as marked in Figure 5.5(d)). Diffi-

cultly, the temperature distribution in the vicinity of the crystallization front is a crucial

parameter that cannot be measured directly. Adjusting the output power of the laser

can directly control the maximum temperature and temperature gradient of the region,

but there is a delay in the observation of the adjustment result, so the single crystal
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Figure 5.5: Shapes of the liquid zone for single crystal growth: (a) Good conditions;
(b) Zone overheated; growth too slow or not enough feeding; (c) Too much feeding,
temperature not high enough; (d) Zone not hot enough, growth too fast [190].

growth is an empirical work.

5.4 Necking technique

We first tried the crystal growth with a conventional FZ furnace (Crystal Systems Inc.

Model FZ-T-10000-H-VI-VPO-PC). Although the furnace was equipped with four IR-

heating halogen lamps as the heat source and four ellipsoidal mirrors as the reflectors,

we found that its focused maximum temperature point was still below the melting

temperature of the SrTb2O4 compound so that the rods could not be melted, and the

crystal growth could not be performed. We thus turned to the LDFZ furnace for crystal
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growth.

In this study, the initial crystal growth was carried out on a polycrystalline seed

rod. To diminish the number of spontaneous nucleation sites, taking advantage of our

LDFZ furnace, we used a super-necking technique for crystal growth. As shown in

Figure 5.6, we divided the grown crystal into three regimes, zones n, n, and l, as

marked along the crystal growth direction. After connecting the feed rod with the seed

rod and attaining a stable melting zone between them, we held the state (left of zone

m) for approximately half an hour. Then, we tried to use the super-necking technique

for growing the crystal with a lowering speed of 3–6 mm/h for the seed rod and 2–3

mm/h for the feed rod. During crystal growth within the zone m (∼ 2.3 cm), now

and then, we manually adjusted both translation speeds to keep the seed and feed rods

conjoined with the melting zone and the grown part thinner than the feed rod because

the crystallization speed exporting from the melting zone to the seed rod was larger

than the solvent speed importing from the feed rod to the melting zone. The length

of the m zone is very long, ∼ 2.3 cm, and the corresponding diameter is ∼ 3–4 mm;

therefore, we call this growth method as a super-necking technique. To our knowledge,

it is extremely difficult to employ this technique with the conventional IR-heating FZ

furnace. Between zones m and n, we maintained the translation speed of the seed rod

at 6 mm/h and increased step by step the lowering speed of the feed rod up to 6 mm/h

so that the diameter of the grown crystal became larger and larger (as displayed in part

between zones m and n in Figure 5.6), gradually evolving into the stable growth range

(zone n). During the final growth stage (zone l), while keeping the translation speed

of the seed rod at 6 mm/h, we manually decreased the lowering speed of the feed rod

as well as the heating power of the LDFZ furnace until the seed rod separated from the

feed rod without collapsing the melting zone.

The setting of the initial growth conditions and the selection of the initial work-

ing pressure was from an empirical point of view. Finally, we optimized the growth

parameters, mainly the growth speed, atmosphere, and the addition of the Tb4O7 raw

material. Under the following conditions, we were able to grow the crystals smoothly:
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Figure 5.6: One representative image of a SrTb2O4 crystal as grown by the Laser-diode
floating-zone technique with a mixture of working gases of (∼ 98% Ar + ∼ 2% O2)
under a pressure of ∼ 0.6 MPa. The zones m, n, and l represent the super-necking
regime, stable growth range, and final growth stage, respectively. The bottom arrow
points out the crystal growth direction. During the final growth stage, we separated
the seed rod from the molten zone step by step by manually adjusting the translation
speeds of up and down shafts as well as reducing the heating power.

(i) The growth atmosphere was with flowing working gases of ∼ 98% Ar plus ∼ 2%

O2, controlled by the flowmeters equipped with the LDFZ furnace; (ii) The pressure

of the working gases was approximately 0.6 MPa; (iii) The seed and feed rods rotated

in opposite directions at 28 and 30 rotations per minute (rpm), respectively; (iv) The

stable growth rate was fixed at 6 mm/h.

An essential point in the present work is that we summarized the optimized growth

conditions for different crystals of SrRE2O4 (RE = rare earth) through many exper-

iments. The main growth paraments, including laser power, pressure, atmosphere,

growth rate, and rotation speed, are shown in Table 5.1. By comparing the quality

of the grown single crystals, we got these values under the stable growth state. In

fact, there will be some deviation between new growth and these conditions, but these

values are effective references. In addition, we found that the growing power of light-

colored transparent single crystals is generally higher than that of dark single crystals,

which may be related to the heat absorption efficiency of the sample. The most obvious

difference is the rate of growth, which is not only related to the control of cracks but

also to the rate of volatilization of compounds in the molten zone. During the growth

process of all compounds, we can observe the apparent evaporation from the molten
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Table 5.1: Optimized growth conditions for different crystals of SrRE2O4 (RE = rare
earth). The growth paraments including power, pressure, atmosphere, growth rate, and
rotation speed are extracted from our experimental records, which are derived from
stable growth states.

Crystal Power Pressure Atmosphere Growth rate Rotation speed
(%) (MPa) (99.9%) (mm/hr) (rpm)

SrEu2O4 54.5 0.5 Ar 10 21
SrGd2O4 64.7 0.5 Ar 4 20
SrTb2O4 36.8 0.5 Ar (98%) + O2 (2%) 3.5 21.6
SrDy2O4 46.7 0.5 Ar 10 30
SrHo2O4 71.2 0.5 Ar 18 22
SrEr2O4 66.7 0.5 Ar 7.0 20
SrTm2O4 47.6 0.5 Ar 8.0 21
SrYb2O4 46.3 0.5 Ar 6.0 19.8
SrLu2O4 53 0.5 Ar 7.0 25.1

zone, but the intensity of volatilization differs between compounds. Furthermore, the

LDFZ technique has the great advantage that the evaporation of the volatile compo-

nent is not detrimental to the growth process as long as the amount lost is compensated

by an appropriate excess of the volatile component to the feed rod. As a result, the

synthesis of polycrystals becomes critical.

5.5 Characterization

5.5.1 Neutron Laue diffraction

To confirm the single-crystalline nature of the grown crystals, we employed the neutron

Laue diffractometer, OrientExpress (located at ILL, France), that was equipped with a

CCD detector coupled to a neutron scintillator to monitor the Bragg diffraction spots in

the reciprocal space of the SrTb2O4 compound. Figure 5.7(a) shows the recorded back

diffraction Laue pattern that maps the complete Miller indices of the [0, v, w] zone.

The pattern is of two-fold symmetry with sets of Laue spots arranged in rings or lines

about the center. We are confident about the c-axis direction, vertical along the paper

direction. However, within the present experimental accuracy, we cannot distinguish

the a-axis direction from the b-axis because the lattice constants a and b are close
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(as listed in Table 5.2). We simulated the neutron Laue pattern with the software of

“OrientExpress” [153], as shown in Figure 5.7(b), further endorsing our determination

of the crystallographic orientations.

Our neutron Laue study, together with the corresponding theoretical simulation,

verifies the single-crystalline character of the grown crystals. It is pointed out that

the crystallographic c-axis is ∼ 17◦ deviated from the crystal growth direction. This

was determined by the goniometer of “OrientExpress” diffractometer as well as the

software of “OrientExpress” [153]. Similar neutron Laue patterns of a SrTm2O4 single

crystal along three crystallographic axes were reported previously [17].

5.5.2 Structural characterizations

To study the structural differences between grown crystals from the zones m, n, and

l (as marked in Figure 5.6), we made three powdered samples I (from the zone l), II

(from the zone m), and III (from the zone n) for a controlled XRPD study at ambient

conditions. We collected the XRPD patterns and refined them with the FULLPROF

SUITE [191], as shown in Figure 5.8. Within the present experimental accuracy, all

collected Bragg reflections of samples I, II, and III can be well indexed with the Pnam

space group. The resulting crystal structure in one unit cell was displayed in Figure 1.1,

where the four oxygen sites (O1, O2, O3, and O4) were shown with the same color

code. The refined structural parameters are listed in Table 5.2. It was noted that for

samples I, II, and III, lattice constants (LCs) a, b, and c all display LCa
I < LCa

II <

LCa
III, LCb

I < LCb
II < LCb

III, and LCc
I < LCc

II < LCc
III. For example, for the

LC a, 10.0910(3) Å (sample I) < 10.0955(5) Å (sample II) < 10.0983(3) Å (sample

III). These increases in LCs a, b, and c jointly lead to an enlargement of the unit-cell

volume V , 416.968(25) Å3 (sample I) < 417.814(42) Å3 (sample II) < 418.132(24)

Å3 (sample III), as shown in Table 5.2.

To further explore the structural differences, we extracted the Bragg peaks of (1 2

0) and (2 0 0) of the three samples and exhibited them in Figure 5.9. For sample I, the

measured XRPD data (circles) display a very broad peak without clearly splitting of
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Figure 5.7: (a) One representative neutron Laue pattern of a SrTb2O4 single crystal
with real-space lattice vectors as marked, collected with the “OrientExpress” neutron
Laue diffractometer [153], located at ILL, France, with a distance of 3.0 cm between
the detector and the sample. A pinhole with a 3 mm diameter was chosen for the neu-
tron beam impinging on the crystal, and the exposure time was 3 min. The incoming
neutron beam is perpendicular to the plane of the Laue spots and thus parallel to the
unit-cell edge, i.e., the neutron beam is running along the crystallography a-axis. (b)
Corresponding simulation of the neutron Laue pattern with the software of “OrientEx-
press” [153].
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Table 5.2: Refined structural parameters of the pulverized SrTb2O4 samples I, II, and
III from zones l, m, and n (as marked in Figure 5.6), respectively, including space
group (Pnam), lattice constants, unit-cell volume, density (calculated with the refine-
ment), atomic positions, isotropic thermal parameters (B), and goodness of fit. The
Wyckoff site of each ion was also listed. The numbers in parenthesis are the estimated
standard deviations of the (next) last significant digit.

I II III
a (Å) 10.0910(3) 10.0955(5) 10.0983(3)
b (Å) 11.9898(4) 11.9996(7) 11.9998(4)
c (Å) 3.4463(1) 3.4489(2) 3.4506(1)
α(β, γ) (◦) 90 90 90
V (Å3) 416.968(25) 417.814(42) 418.132(24)
Density (g/cm3) 7.479(1) 7.464(1) 7.458(1)
Sr(4c) x 0.7488(6) 0.7486(5) 0.7493(5)
Sr(4c) y 0.6490(5) 0.6495(4) 0.6494(4)
Sr(4c) z 0.25 0.25 0.25
Sr(4c) B (Å2) 2.47(1) 1.79(1) 2.13(9)
Tb1(4c) x 0.4241(5) 0.4251(4) 0.4242(4)
Tb1(4c) y 0.1111(3) 0.1120(3) 0.1118(3)
Tb1(4c) z 0.25 0.25 0.25
Tb1(4c) B (Å2) 2.55(6) 2.64(6) 2.83(4)
Tb2(4c) x 0.4173(5) 0.4184(4) 0.4184(4)
Tb2(4c) y 0.6124(3) 0.6119(3) 0.6116(3)
Tb2(4c) z 0.25 0.25 0.25
Tb2(4c) B (Å2) 2.55(6) 2.64(6) 2.83(4)
O1(4c) x 0.2187(3) 0.2233(3) 0.2249(3)
O1(4c) y 0.1891(2) 0.1694(2) 0.1856(2)
O1(4c) z 0.25 0.25 0.25
O1(4c) B (Å2) 0.83(3) 2.64(3) 2.16(2)
O2(4c) x 0.1318(2) 0.1467(2) 0.1493(2)
O2(4c) y 0.4854(2) 0.4730(2) 0.4719(2)
O2(4c) z 0.25 0.25 0.25
O2(4c) B (Å2) 0.83(3) 2.64(3) 2.16(2)
O3(4c) x 0.4780(3) 0.4788(3) 0.4958(3)
O3(4c) y 0.7905(2) 0.8076(2) 0.7949(2)
O3(4c) z 0.25 0.25 0.25
O3(4c) B (Å2) 0.83(3) 2.64(3) 2.16(2)
O4(4c) x 0.3935(2) 0.3867(2) 0.3941(2)
O4(4c) y 0.4018(2) 0.3954(2) 0.4007(2)
O4(4c) z 0.25 0.25 0.25
O4(4c) B (Å2) 0.83(3) 2.64(3) 2.16(2)
Rp 3.87 3.79 3.55
Rwp 4.96 4.84 4.49
Rexp 2.65 3.20 3.10
χ2 3.49 2.28 2.10
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Figure 5.8: (a) Observed (circles) and calculated (solid lines) room-temperature (RT)
in-house XRPD patterns of samples (a) I, (b) II, and (c) III, corresponding to the three
parts l, m, and n of the grown SrTb2O4 crystal (as marked in Figure 5.6). The vertical
bars mark the positions of nuclear Bragg reflections (Pnam space group). The lower
curves represent the difference between observed and calculated patterns. The wave-
lengthes of copper Kα1 (1.54056 Å) and Kα2 (1.544390 Å) with a ratio of 2:1 were
employed as the radiation.

the two peaks Figure 5.9(a). By comparison, we observed a distinct splitting of the two

peaks for samples II Figure 5.9(b) and III Figure 5.9(c). For quantitative analysis, we fit

the measured data simultaneously by two combined Lorentzian functions with equiv-

alent full width at half maximum (FWHM) (solid lines), which resulted in FWHMI =

0.02075(3) Å−1 > FWHMII = 0.01267(1) Å−1 > FWHMIII = 0.01114(1) Å−1. It
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Figure 5.9: XRPD data (circles) of the nuclear Bragg reflections of (1 2 0) and (2 0
0) in the q-space of samples (a) I, (b) II, and (c) III. The data were measured at room
temperature. The solid lines are two combined Lorentzian fits with equivalent full
width at half maximum for the two peaks.

is pointed out that the fits did not convolute the XRP diffractometer’s resolution. We

roughly calculated the charge-correlation length (ξ) by ξ = 2π
FWHM , i.e., ξI = 302.8(5)

Å < ξII = 496.1(5) Å < ξIII = 564.1(7) Å. Therefore, sample III (from zone n

as marked in Figure 5.6) possesses the best crystalline quality, which is due to that

it has grown from a stable growth state with all growth conditions fixed. During the

final growth stage (zone l as marked in Figure 5.6), we reduced little by little the laser-

heating power to smoothly separate the seed rod from the feed rod, which was probably

the reason why the crystal (from zone l) quality is the worst one.

It is essential that after reaching a stable crystal growth state, it would be better to

fix all parameters for growing a crystal with a uniform crystallographic phase and a
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Element Wt% Wt% 

Sigma

Sr 18.35 0.41

Tb 68.90 0.50

O 12.75 0.26

(a)

(b)

(c)

A

Figure 5.10: (a) Scanning electronic microscopy image of a randomly selected small
piece of broken SrTb2O4 crystal from the n regime (as marked in Figure 5.6). Scale
bar represents 100 µm. (b) Energy-dispersive X-ray chemical composition analysis of
the selected area A (as marked in panel (a)) of ∼ 200× 300 µm. (c) Extracted weight
percentage (wt%) of the chemical compositions of Sr and Tb elements as well as the
corresponding error bars (wt% sigma). It is pointed out that we ignore the composition
analysis of oxygen because X-ray detection is not sensitive to the oxygen element at
all.

homogenous chemical stoichiometry.

5.5.3 Scanning electronic microscopy

We used the opinion of SEM to analyze the chemical compositions of one grown

SrTb2O4 crystal. The measured sample was randomly selected from the broken SrTb2O4
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(a)

(b)

Figure 5.11: Scanning electronic microscopy images of randomly selected pieces of
the SrTb2O4 crystal from the n regime (as marked in Figure 5.6). (a) Scale bar rep-
resents 20 µm, and the total scanned area is ∼ 22 × 13.8 µm. The magnification is
787×. We marked one area named B (see detailed analysis in the text). (b) Scale bar
represents 2 µm, and the magnification is 3410×.

crystal Figure 5.10(a). The detailed statistical analysis was performed on a flat surface

with an area ∼ 200 × 300 µm (marked regime A in Figure 5.10(a)). The energy-
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dispersive X-ray spectrum was displayed in Figure 5.10(b). The extracted weight per-

centage of the Sr and Tb elements is listed in Figure 5.10(c). It is pointed out that

the X-ray technique is not sensitive to light oxygen ions. Based on this measurement,

the extracted atomic ratio of Sr and Tb ions was Sr:Tb = 0.97(2):2.00(1) when the Sr

composition was normalized to the theoretical value (i.e., 2) of the element Tb. Sup-

posing that the oxygen composition was stoichiometric, the chemical stoichiometry of

the measured crystal of Sr0.97(2)Tb2.00(1)O4.00. This leads to 3.03(2) + for the oxidation

state of the Tb element. The molar atomic ratio between Tb and Sr is close to the ideal

one (i.e., 2). A more precise determination of the oxygen stoichiometry necessitates

an inductively coupled plasma with optical emission spectroscopy analysis [17] or a

neutron diffraction study.

Figure 5.11(a) shows the SEM image in an area ∼ 22 × 13.8 µm of a randomly

selected piece from the n regime of the SrTb2O4 crystal (as marked in Figure 5.6).

Albeit with some small fragments adhering to the surface, as a whole, the surface was

very smooth, and we did not detect any clear grain boundaries, indicating a single

crystal with good quality. With a close and careful check, we found some area (as the

marked rectangle B in Figure 5.11(a)) that was straightly wrinkled as layered patterns

of rocks. Such wrinkles are more obvious in a second piece of the SrTb2O4 crystal

from the same n regime, as shown in Figure 5.11(b). Based on this observation, we

infer that the crystal growth mode of SrTb2O4 maybe layer by layer, in agreement with

the big difference between the lattice constant c and the lattice constants a and b (as

listed in Table 5.2).

Figure 5.12 shows SEM images of the grown crystals taken from the regimes of

l (a), m (b), and n (c) of the SrTb2O4 crystal (as marked in Figure 5.6). Most part

of sample IV (as marked in Figure 5.12(a)) shows a single-crystalline pattern. Some

polycrystalline forms still appear in the top-right corner of Figure 5.12(a). We as-

cribed this to the rapid cooling during the process of separating the seed rod from the

feed rod. Sample V (as marked in Figure 5.12(b)) seems to comprise a number of

long grains, thus it may not be of single crystalline. This is consistent with the fact
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(a)
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Figure 5.12: Scanning electronic microscopy images of randomly selected pieces from
(a) l (sample IV), (b) m (sample V), and (c) n (sample VI) regimes of the SrTb2O4

crystal (as marked in Figure 5.6). Scale bar represents 10 µm.
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Figure 5.13: Magnetization (M ) per Tb ion in a randomly orientated SrTb2O4 crystal
as a function of temperature, measured at an applied-magnetic field of 0.05 T. More
than 9000 data points were recorded so that the error bars were embedded into the
symbols.

that sample V is from the super-necking growth regime, i.e., the initial stage of the

crystal growth. Clearly, sample VI (as marked in Figure 5.12(c)) from the n regime of

Figure 5.6 is a single crystal. Although samples IV, V, and VI have different display

forms of crystal, all are a single SrTb2O4 phase (as marked in Figure 5.8). To figure

out the difference between these three samples IV, V, and VI, as the foregoing anal-

yses, we measured their energy dispersive X-ray spectra, and the extracted chemical

stoichiometries are Sr0.99(3)Tb2.00(2)O4.00 (sample IV), Sr0.95(2)Tb2.00(2)O4.00 (sample

V), and Sr0.99(3)Tb2.00(2)O4.00 (sample VI). In Figure 5.10, we determined the compo-

sitions of the sample from the n regime of Figure 5.6 as Sr0.97(2)Tb2.00(1)O4.00. There

are no clear differences in the crystal-chemistry formulae, taking into account the error

bars within the detecting resolution of the energy-dispersive X-ray spectra. Therefore,

understanding the increase in the unit-cell volume as listed in Table 5.2 necessitates

elastic neutron scattering studies. Considering the light oxygen element, the detailed

bond lengths can be accurately determined.
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Figure 5.14: Corresponding inverse magnetic susceptibility χ−1 (circles) of Tb ions
in single-crystal SrTb2O4 versus temperature, deduced from Figure 5.15. The solid
line shows a CW behavior of the data from 180 to 280 K, which was extrapolated to
χ−1 = 0 (dash-dotted line) to show the PM Curie temperature θCW. The fit results
are listed in Table 5.3. T2 ∼ 161.8 K indicates the obvious deviation of the CW law
behavior from measured data. We fit the measured data (from 2.8 to 20 K) with a
combined lorentzian and linear function (dashed line) to obtain the anomaly of the
measured data as marked at T1 ∼ 9.6 K.

5.5.4 Magnetic properties

Figure 5.13 shows the magnetization measurement as a function of temperature at an

applied-magnetic field µ0H = 0.05 T. The magnetization was normalized to the Tb

ions in the SrTb2O4 compound. Below ∼ 50 K it increases sharply, and above ∼

50 K it keeps a smooth diminishment with an increase in temperature. As shown in

Figure 5.14, we deduced the inverse magnetic susceptibility χ−1 = µ0H
M

versus tem-

perature. In the high-temperature pure PM state, the curve of χ−1 versus temperature

can be well fit with a CW law: [21]

χ−1(T ) =
3kB(T − θCW)

NAM2
eff

, (5.1)
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Figure 5.15: M measurements of a randomly orientated SrTb2O4 single crystal at 2
K with a loop of increasing (0 to 14 T) and decreasing (14 to 0 T) magnetic field
(overlapped circles displaying like two lines). There is no clear difference between the
two curves that nearly overlap together due to a high-density of data points (∼ 5600).
The short-dashed line is a fit to the Brillouin function (see detailed analysis in the text).

where kB = 1.38062 × 10−23 J/K is the Boltzmann constant, NA = 6.022 × 1023

mol−1 is the Avogadro’s number, and Meff = gJµB

√
J(J + 1) is the effective PM

moment. The quantum numbers of the Tb3+ ions in SrTb2O4 compound are listed

in Table 5.15, where J = 6 based on Hund’s rule for free Tb3+ ions, gJ = 3
2
, the

theoretical (theo) effective (eff) moment M eff
theo ≈ 9.72µB, and the theo saturation (sat)

moment M sat
theo = gJJ = 9.00µB.

As shown in Figure 5.14, we fit the deduced high-temperature data from 180 to

280 K with Eq. 5.1(solid line). By extrapolating the fit to χ−1 = 0 (dash-dotted line),

we obtained a PM CW temperature θCW = 5.00(4) K, implying a dominative FM spin

interaction. At T = 161.8–288 K, the measured χ−1 data observe very well the CW

law. Below T2 ∼ 161.8 K, χ−1 data begin to go upward away from the CW law,

indicative of a formation of AFM spin correlations. Below T1 ∼ 9.6 K, the measured

χ−1 data try to turn back to the theoretical CW curve. That probably indicates an

appearance of FM spin interactions. The coupling between AFM and FM interactions

may result in an existence of magnetic frustration in the SrTb2O4 compound.

100



Table 5.3: Quantum numbers of the single-crystal SrTb2O4 compound: spin S, orbital
L, total angular momentum J , as well as the Landé factor gJ and the ground-state
term 2S+1LJ . We also summarize the theoretical (theo) and measured (mea) values
of the effective (eff), Meff , and saturation (sat), Msat, Tb3+ moments, and the CW
temperature, θCW. The numbers in parenthesis are the estimated standard deviations of
the (next) last significant digit.

SrTb2O4 single crystal
4f ion Tb3+

4fn 8
S 3
L 3

J = L+ S (Hund’s rule for free Tb3+) 6
gJ 3/2

2S+1LJ
7F6

M eff
theo = gJ

√
J(J + 1) (µB) ∼9.72

M sat
theo = gJJ (µB) 9.00

M eff
mea/Tb

3+ (180–280 K, 0.05 T) (µB) 10.97(1)
θCW (180–280 K, 0.05 T) (K) 5.00(4)
Mmea/Tb

3+ (2 K, 14 T) (µB) 5.68(1)

Based on our forgoing analysis, we also calculated the measured (mea) eff PM

moment, i.e., M eff
mea = 10.97(1) µB per Tb3+ ion. That M eff

mea value is larger than

M eff
theo ≈ 9.72µB, which may be ascribed to a formation of magnetic polarons [192].

We also measured the magnetization versus applied-magnetic field up to 14 T at 2 K,

as shown in Figure 5.15, where M14T
2K = 5.68(1) µB is larger than half of M sat

theo = 9.00

µB, implying a very strong magnetic frustration and that the magnetization is from both

the Tb1 and Tb2 sites at a very high magnetic field. We schematically fit the curve of

M versus µ0H with the Brillouin function [193]. Unfortunately, the fit (short-dashed

line) cannot cover all features of the measured data. We fit linearly the magnetization at

µ0H = 13–14 T, i.e., M = χµ0H + 3.98, with magnetic susceptibility χ = 0.1211(2)

T−1µBTb
−1. Based on this fitting, we learn that reaching a complete saturated mag-

netic state requires an applied-magnetic field µ0H ≥ (M sat
theo− 3.98)/χ13−−14T ∼ 41.5

T.

To deeply understand the applied-magnetic field dependence of the magnetization,

we extracted its inverse magnetic susceptibility χ−1, as shown in Figure 5.16. First,
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we fit the high-field (12–14 T) data with a linear function (slope = 0.12679(2) Tbµ−1
B )

(solid line) and extrapolated the fit down to the low field (dashed line). At µ0H ≈

9.02 T, we observed the linear fit deviating upward from the measured data, which

could be further demonstrated by a second linear fit (slope = 0.16087(1) Tbµ−1
B ) to

the data just below 9.02 T (solid line). The slope of the χ−1 curve is increased by ∼

26.88% for the two linear fits. We schematically fit the low-field data with a Gaussian

function combined with a linear background contribution, shown as the short-dashed

curve below 2.5 T. We can thus divide the measured data in Figure 5.16 into three

regimes H, F, and L based on the above analyses. In the regime H, as the applied-

magnetic field increases, the inverse magnetic susceptibility increases sharply at the

beginning and then approaches step by step to a stable state at ∼ 2.5 T. During this

process, the slope of the χ−1 curve decreases almost to zero. In the regime F, the slope

of the χ−1 curve increases from zero to 0.16087(1) Tbµ−1
B as µ0H increases from 2.5

to 9.02 T, and then decreases to 0.12679(2) Tbµ−1
B in the regime L (9.02–14 T). The

results show a complicated magnetic field-dependent phase diagram of the SrTb2O4

compound.

5.6 Conclusions

To summarize, we have grown the SrTb2O4 single crystals by a super-necking tech-

nique with our laser-diode-heated FZ furnace. We utilized some tricks to make longer

(up to 15 cm) and high-density (actual density ≥ 90% of the theoretical one) seed and

feed rods. The optimized crystal growth parameters are: ∼ 0.6 MPa working gases of

(∼ 98% Ar + ∼ 2% O2), the seed (28 rpm) and feed (30 rpm) rods rotating oppositely,

a growth speed of 6 mm/h, and 3–5% additional inclusion of the raw Tb4O7 material.

Neutron Laue measurements confirm that the grown crystals are of a single crystalline.

We studied comparatively three parts of the grown crystal by XRPD measurements.

With FULLPROF refinements, we quantitatively extracted their detailed structural pa-

rameters (lattice constants, unit-cell volume, atomic positions, etc.) with the space

group Pnam. We attributed the refined structural differences, which indicate varia-
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Figure 5.16: Inverse magnetic susceptibility χ−1 (∼ 5600 circles) of the single-crystal
SrTb2O4 compound versus the applied-magnetic field µ0H at 2 K. The solid, dashed,
and short-dashed lines are fits to the measured data points in the respective field
regimes. We divided the χ−1 versus µ0H curve into three regimes: H (0–2.5 T), F
(2.5–9.02 T), and L (≥ 9.02 T), to see detailed analyses in the text.

tions of composition in the crystal, to the different growth parameters utilized during

the process of crystal growth. Such growth parameters build stable conditions for

crystal growth. Present elemental analysis is not so accurate that we cannot corre-

late lattice parameters with composition. We determined the crystal compositions,

Sr0.97(2)Tb2.00(1)O4.00, by the SEM opinion of energy dispersive X-ray spectroscopy,

providing that the oxygen composition is stoichiometric, and found a possible layer-

by-layer growth mode.

By fitting the measured data of magnetization versus temperature with the CW

law, we got a PM CW temperature θCW = 5.00(4) K and a measured effective PM

moment M eff
mea = 10.97(1) µB per Tb3+ ion. We divided the data into three ranges:

(i) Between 161.8 and 288 K, they agree well with the CW law; (ii) At 9.6–161.8 K,

AFM spin correlations form; (iii) Below T1 ≈ 9.6 K, FM spin interactions probably

appear. The coexistence of AFM and FM interactions leads to magnetic frustration

in the SrTb2O4 compound. The measured magnetization at 2 K and 14 T, M14T
2K =
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5.68(1) µB, is larger than half ofM sat
theo = 9.00 µB. This indicates that the magnetization

originates from both the Tb1 and Tb2 sites at this magnetic field, and the magnetism is

strongly frustrated with an expected saturation magnetic field at ∼ 41.5 T. According

to the different slopes, we classified the curve of the inverse magnetic susceptibility

χ−1 versus the applied-magnetic field into three regimes: H (0–2.5 T); F (2.5–9.02 T);

L (9.02–14 T).

INS to reveal the spin-interaction parameters would be of great interest [194, 195,

196]. We paved the way for growing SrTb2O4 single crystals in this study. Compre-

hensive in-house characterizations and INS studies necessitate more SrTb2O4 single

crystals with much higher quality. Presently, we are still working on how to improve

the quality and size of SrTb2O4 single crystals.
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CHAPTER 6

MAGNETIC PROPERTIES OF SRRE2O4 (RE = TB, DY AND HO)

6.1 Introduction

Geometrical frustration means the underlying lattice geometry prevents all dual mag-

netic interactions from being satisfied simultaneously, which usually display a wide

variety of exotic ground states and novel low-temperature quantum states, e.g., spin-

ice, spin-liquid-like, spin-glass states, and unconventional long-range order [49, 64,

91, 197, 198, 199, 200]. A primary reason is that the interaction of exchange, dipole,

and crystal-field naturally balances in a way that makes quantum fluctuations signifi-

cant in these materials. SrRE2O4 (RE = rare earth) is a recently discovered family of

geometrically frustrated materials with nontrivial ground states [1, 11, 14, 15, 16], or-

thorhombic structure (Pnam space group), and two inequivalent rare-earth ions RE1

and RE2. The magnetic ions form zigzag chains that run along the c-axis and inter-

connect by forming a distorted honeycomb structure. Due to their specific magnetic

structural character, strong single-ion anisotropy is common in this system. FM and

AFM compete with each other, which dominate on different axes. The intensity of the

nearest-neighbor exchange J1 and the next-nearest-neighbor J2 determines whether

the AFM transition can occur at low temperatures.

In 1967, Barry and Roy, for the first time, synthesized the family of SrRE2O4 (RE

= Y, Gd, Ho, Yb) compounds during exploring crystal chemical relationships between

sesquioxides of certain rare-earth ions and alkaline earth oxides with a subsidiary pre-

diction based on simple field strength calculations [2]. They established the existence

of these new phases by employing standard X-ray diffraction techniques and deter-

mined the crystalline structure as a CaFe2O4-type orthorhombic structure [2]. In 2005,

Karunadasa et al. investigated the crystal structures, magnetic order, and susceptibil-

ity of polycrystalline SrRE2O4 (RE = Gd, Dy, Ho, Er, Tm, Yb) samples by neutron

diffraction studies [1]. The authors reveal the existence of short-range magnetic orders
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down to ∼ 1.5 K. This revitalizes the studies on related magnetically frustrated com-

pounds in the following years [3, 4, 5, 6, 7, 10, 12, 13, 14, 15, 16, 17, 21, 153, 201,

202, 203, 204, 205, 206, 207, 208, 209, 210, 211, 212].

In previous work, it has been reported that the single crystal of SrTb2O4 displays

a long-range magnetic order relative to the underlying lattice. Upon cooling, the non-

collinear incommensurate AFM structure forms at TN = 4.28 K, which is the compound

with the highest Néel temperature reported in this family so far [21]. However, apart

from the neutron scattering data, the magnetic susceptibility, specific heat, and other

magnetic properties of this sample have not been reported in detail. Moreover, the sin-

gle crystal of SrDy2O4 does not show any signs of a magnetic phase transition down

to the lowest experimentally available temperature. The zero-field heat capacity mea-

surements indicate that this compound appears to be magnetically disordered down

to at least 0.39 K, and the magnetization measurements indicate a highly anisotropic

behavior in an applied magnetic field [8]. The compound of SrHo2O4, which also dis-

plays no long-range order down to 0.05 K. Differently, it appears to be two distinct

types of short-range magnetic order coexisting [11]. However, degeneracy is lifted by

perturbations in most compounds. Applied pressure is a common disturbance factor

that could affect the distance and the bond angle between atoms and in turn modify

the bonding properties of atoms, including crystal structure, electronic structure, ex-

citation spectrum, and so on. Hence, high pressures can change the delicate balance

between the various competing interactions in a frustrated system and might lead to

the realization of different physical states [213].

In this chapter, we performed the magnetic behavior of SrTb2O4, and its sibling

compounds SrDy2O4 and SrHo2O4 at ambient pressure compared with applied pres-

sure, where the ground states are highly degenerated, offering a reasonable research ba-

sis for the pressure-induced original magnetic state. Besides, we have also conducted

an in-depth investigation on the AC susceptibility and specific heat of SrTb2O4. These

measurements were carried out by Physical Property Measurement System (PPMS;

Quantum Design).
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6.2 Results and discussion

6.2.1 DC Magnetic susceptibility and magnetisation

To clearly compare the magnetic phase transition properties, we propose to measure

the magnetization and susceptibility of SrTb2O4, SrDy2O4, and SrHo2O4 single crys-

tals at 500 Oe along the a-, b- and c-axes at ambient pressure and the temperature range

is 1.8–400 K. These results show that this system is highly anisotropic. In the high-

temperature range (350–400 K for SrTb2O4; 250–300 K for SrDy2O4 and SrHo2O4),

which can be well fit with the Eq. 5.1 for a pure PM state. Figure 6.1 presents the

temperature dependence of the magnetization (left axis) and the inverse magnetic sus-

ceptibility (right axis) of single-crystalline SrTb2O4 measured in a magnetic field ap-

plied parallel to the three principal directions of the orthorhombic unit cell. Above

350 K, it follows a PM behavior, and then the magnetic susceptibility deviates from

the Curie-Weiss behavior, the χ−1(T ) curves follow equation (1) and extract exper-

imental parameters: θCW = -21.26(1) for µ0H ‖ a-axis; θCW = 38.60(2) for µ0H ‖

b-axis; and θCW = 136.36(4) for µ0H ‖ c-axis, implying FM and AFM spin interac-

tions dominate differently along these axes. Figure 6.1(b) clearly shows the magnetic

behavior of SrTb2O4 single crystal at low temperature, and no significant conventional

long-range magnetic transitions were observed in this temperature range. The magne-

tization along the a- and b-axes have a tiny transition around 4 K that can be far clearer

in the upper right illustration. The ZFC and FC data almost coincide at low tempera-

tures, which could be ascribed to the possible ordering of magnetic moments. Tb3+ is

a non-Kramers ion that, in principle, keeps the time-reversal symmetry and does not

exhibit any signs of energy degeneracy when present in an electric field that is purely

localized [21]. Despite strong AFM interactions recorded at ∼ 4.28(2) K by neutron

scattering [21], the reason why the long-range order did not observe in the magnetiza-

tion curves has remained a mystery, and we suspect that it is possibly attributed to the

influence of quantum fluctuations.

The compound of SrDy2O4 is particularly intriguing in this class because no indica-
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tions of long-range order have been observed down to the lowest experimentally avail-

able temperatures in zero field, which suggestes a possible spin-liquid ground state [4,

7, 64]. However, the applied magnetic field of ∼2 T can induce long-range order mag-

netic state [6, 15]. Previous studies have confirmed that a 1D correlated state at low

temperature and the moments lie along either the b- or c-axis [11]. We presented the

dependence of the magnetization as well as inverse susceptibility along the easy-axis

directions at 500 Oe in the temperature range 2–300 K, as shown in Figure 6.2(a). It

is evident that no significant transformation was observed at low temperatures. A CW

analysis of the approximately linear regime between 250–300 K results in the Weiss

temperature θCW of 44.52(3) and -109.90(1) K for b- and c-directions, respectively,

which indicated a strong Ising anisotropy in this material.

The 1D magnetic correlation exhibited in SrHo2O4 is identical to that discovered

in SrDy2O4; the easy axes run in the b- and c-directions, respectively [15]. In contrast

to the previously mentioned SrTb2O4 and SrDy2O4, Figure 6.2(b) displays a distinct

broad peak at T ∼ 4 K with a measuring field of µ0H = 500 Oe, which is typical of

AFM short-range order [1, 10, 15, 12]. We also show the inverse magnetic suscepti-

bility up to 300 K and fit the data to CW law, the Weiss temperature θCW in the b- and

c-directions are 11.70(3) and -3.52(1) K, respectively. The competing interaction of

the zigzag chain along the c-axis, combined with the frustrated interchain interaction,

induces a short-range correlation, which can be described as a classical Ising J1-J2

chain [13]. Compared with SrDy2O4, SrTb2O4 has a stronger tendency to long-range

order [13].

6.2.2 AC Magnetic susceptibility

The real part of the AC susceptibility χ′ and the imaginary part χ′′ are presented as

a function of temperature in Figure 6.3 for a frequency range of 0.02 to 10 kHz. At

T = 1.2 K, the maximum value of χ′ shifts to a higher temperature with increasing

frequency. This tendency can also be observed in the curves of DC susceptibility that

we can see in Figure 6.3(a). The intensity of the peak also decreases with increasing
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Figure 6.1: Magnetization measurements of SrTb2O4 single crystals with specific ori-
entations. (a) ZFC magnetization (left axis) and the corresponding ZFC inverse mag-
netic susceptibility χ−1 (right axis) at an applied field of 500 Oe as a function of tem-
perature from 2–400 K. The dash lines represent the fit with a CW law. (b) ZFC
magnetization versus temperature measured at 500 Oe from 2–30 K, which is a partial
enlarged view of (a). The inset clearly shows the ZFC and FC magnetization properties
along the a-axis at low temperatures.
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tibility χ−1 (right axis) measurements of SrDy2O4 (a) and SrHo2O4 (b) single crystals
along the b- and c-axes at an applied field of 500 Oe as a function of temperature from
2–300 K. Dash lines show fits to the CW law.

frequency. It is a typical feature of the spin-glass ground state, which can be character-

ized by a sluggish response to changes in the external field and by slow relaxation of

remanent magnetic moments [214]. And the spin freezing in frustrated magnetic like

the spin-ice also shows similar dependencies on the frequency [215].

The behavior of the imaginary part of magnetic susceptibility χ′′ is shown in Fig-
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Figure 6.3: Real part χ′ (a) and imaginary part χ′′ (b) of the linear ac susceptibility for
SrTb2O4 at different excitation frequencies as a function of temperature, the driving
field is 1 Oe, the dc magnetic field is 0 Oe, and the applied magnetic field along the
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ure 6.3(b). These values rise first with increasing temperature and subsequently fall

after reaching their maximum. The frequency dependence between 0.05–4 K is simi-

lar to that in Figure 6.3(a). The maximum slope occurs around the peak temperature

in χ′, indicating the existence of relaxation processes in this magnetic system, and the

negative values appear due to the small sample volume (8.8 mg). The relaxation time

given by the χ′′ peak maximum follows an Arrhenius law [216, 217, 218]:

τ = τ0exp(Ea/κBT ) (6.1)

where τ is the relaxation time corresponding to the excitation frequency, τ0 is the

microscopic flipping time, κB is the Boltzmann constant, and Ea represents an en-

ergy barrier that depends on the magnetic anisotropy energy constant and particle vol-

ume [218]. In this set of data, 20 Hz and 10 kHz are close to the limitation of the

instrument; hence, the image part data for these two frequencies is unreliable, and I

omitted them from the fitting process. By this expression, the best fit to the curve

is shown in Figure 6.4. The fit parameters of the activation energy Ea ≈ 7 K and

the characteristic time τ0 ≈ 1.24× 10−5 s. However, the obtained value of τ0 as the

shortest relaxation time is too long to be satisfactory, because the value in the range

110



of 10−11 − 10−13 s has been recorded for canonical spin-glass [219]. In this system,

SrDy2O4 also observed broad peaks in the frequency dependence of χ′ and χ′′, and the

characteristic time τ0 = 7.1× 10−8 s [5]. Furthermore, another feature clearly visible

in the χ′ and χ′′ curves in this case is the presence of a hump around 0.5 K. This broad

peak is also frequency dependent and shifts towards higher temperatures with increas-

ing frequency. These phenomena indicate that SrTb2O4 may not be a conventional

spin-glass but rather a cluster of spin-glass.

Indeed, several possible mechanisms are responsible for the emergence of peaks in

the AC susceptibility; some are thermally activated, while others are not. For example,

there will be a peak in the AC susceptibility at a phase transition temperature, just like

the peak at TC. The “domain wall pinning” process is suggested in reference [220]

rather than phase transitions, resulting in peaks that will be thermally activated. The

AC susceptibility peak also occurs when there are magnetic clusters interacting with

the arc in the alloy [220, 221]. The dynamics of these clusters can lead to frequency-

dependent phenomena similar to those observed, provided that cluster sizes are dis-

tributed. This process will be activated by heating [222]. In the 4f system, the lowest

crystal field occurs, and the activation energy may be generated by multiple spin-flip

processes governed by magnetic interactions.

6.2.3 Magnetisation under pressure

Figure 6.5 shows the measured magnetization versus temperature curves in the pres-

ence of different pressures up to ∼1000 MPa for 500 Oe along the principal symmetry

axes, as well as the relationship between magnetization and temperature at different

magnetic fields with the lowest pressure along different directions. These data are pre-

sented in the form uncorrected for the background. Apparently, the susceptibility is

strongly anisotropic over the whole temperature range studied with the same magnetic

field under pressure. We defined TN as the peak position of the sharp transition. For

the field applied along the a-axis (as marked in Figures 6.5(a) and 6.5(b)), the sample

is sensitive to pressure and exhibits a long-range order AFM transition under pressure,
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TN-Tb = 4.45(3) K at 69 MPa. Intriguingly, as pressure increases, the peak position of

the magnetic phase transition significantly moves towards the lower temperature and

reaches 3.80(7) K at 1020 MPa. This behavior differs from the conventional phase

diagram, where TN moves towards high temperature as pressure increases. We take

this as a sign that the underlying physics is also distinct from a conventional quan-

tum disorder-to-order transition scenario. At 500 Oe, the transition is sharp, and the

value of TN-Tb shifts progressively to lower temperatures with an increase of the ap-

plied magnetic field and completely disappears around 700 Oe. We noticed compa-

rable pressure-induced magnetic transition behavior when µ0H ‖ b-axis (as marked

in Figures 6.5(c) and 6.5(d)). However, it has been discovered that the magnetization

value is three times larger than the a-axis. Differently, for µ0H ‖ c-axis (as marked

in Figures 6.5(e) and 6.5(f)), which absent an evident sharp transition. Around 4 K,

an aberrant kink appears, which may be related to a short-range order, and as pressure

increases, the anomaly trend becomes more pronounced. Instead, when the magnetic
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tion of temperature from 2–10 K measured at various pressure in the field of 500 Oe:
µ0H ‖ a-axis (a), µ0H ‖ b-axis (c), µ0H ‖ c-axis (e). Magnetization as a function of
temperature from 2–50 K at micro-pressure and the applied magnetic fields of 500–800
Oe with a step size of 100 Oe: µ0H ‖ a-axis (b), µ0H ‖ b-axis (d), µ0H ‖ c-axis (f).

field increases, this anomaly is suppressed, and the magnetization curve smooths out.

Possibly two glassy transitions exist in this sample, the first occurring at 1.5 K and

the second at 0.5 K, according to the characteristics of Figure 6.5. However, I’m not

sure if it’s a spin-glass because it might depend on how many frozen moments there

are. It is necessary to calculate the magnetic entropy. Along the same axis, I also did

a DR HC measurement, and a sharp λ phase transition occurred at around 0.27 K and
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Figure 6.6: Magnetization versus temperature of SrDy2O4. Magnetization as a func-
tion of temperature from 2–15 K measured at various pressure with 500 Oe: µ0H ‖
b-axis (a), µ0H ‖ c-axis (c). Magnetization as a function of temperature from 2–50 K
at the lowest pressure and the applied magnetic fields of 500–700 Oe with a step size
of 100 Oe: µ0H ‖ b-axis (b), µ0H ‖ c-axis (d).

exhibited strong magnetic field dependence. Maybe it is a long-range order AFM phase

transition. And this peak at low temperatures may be a nuclear Schottky anomaly. The

calculation of magnetic entropy based on the specific heat is undoubtedly a method

for determining the real order of this system. However, it has to be mentioned that in

this compound, rare-earth ions are inequivalent, and Tb1 and Tb2 occupy two different

positions, which greatly complicates this work. Perhaps a more direct way is to get the

magnetic volume fraction by the Muon spectra. So the system is frozen into a fully

disordered spin-glass state or an AFM-liked glassy state, I am not sure now. I hope to

complete this part through Muon spectra in the future.

We also show the performance of its sibling compound SrDy2O4 and SrHo2O4 at

pressure as comparisons. Both have large single-ion anisotropies with the b- and c-

114



directions at ambient pressure [13]. The temperature dependence of magnetization of

the SrDy2O4 in the presence of external pressure and the temperature range is T = 2–

15 K. For comparison with the absence of pressure in Figure 6.2(a), the magnetic field

is 500 Oe. The field directions along the b- and c-axes are shown in Figures 6.6(a) and

6.6(c), reflecting the strong magnetocrystalline anisotropy of SrDy2O4 single crystal.

As shown in Figure 6.6(a), it is noteworthy that an obvious AFM transition occurs

at TN-Dy ∼ 4.5 K under 30 MPa. With increasing pressure, the maximum value of

TN-Dy moves to a lower temperature and turns into a kink, but the transition is rapidly

suppressed with a further increase. However, M -T curves measured for µ0H ‖ c-

axis are featureless under pressure, which is consistent with that without pressure.

Figures 6.6(b) and 6.6(d) display the behavior of the measurement magnetization as

a function of temperature from 2 to 50 K at several different applied magnetic fields

parallel to the b- and c-axes, respectively. In the µ0H ‖ b-axis configuration, with

increasing magnetic field, a sharp magnetic transition peak turns into a small kink and

disappears at 700 Oe. For the µ0H ‖ c-axis, with increasing external field, the value

of magnetization increases, except for which there is no change. In this sample, the

unexpected quantum transition just occurs at micro-pressures, maybe the high pressure

suppresses the lattice distortion that otherwise relieves the spin frustration, and the

long-range magnetic order disappears [223].

At ambient pressure, the compounds of SrHo2O4 and SrDy2O4 can be well de-

scribed as a classical Ising J1–J2 model [13]. The value of J2 / J1 is much larger for

SrHo2O4 than SrDy2O4, so the ground state of SrHo2O4 fluctuates less. Namely, the

SrHo2O4 has a higher tendency to magnetic order than SrDy2O4 [13]. As mentioned

above, the short-range AFM order is what causes the board peak of the magnetic field

along the a- and b-axes of SrHo2O4 under ambient pressure [12]. We also measured

and plotted the magnetization as a function of temperature in the range of 2–20 K

at different hydrostatic pressure, the magnetic field is 500 Oe and parallels the b- (as

marked in Figure 6.7(a)) and c-axis (as marked in Figure 6.7(c)), respectively. As is

apparent from Figure 6.7(a), there occurs a sharp peak at TN-Ho ∼ 4.7 K under 27 MPa
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Figure 6.7: Magnetization versus temperature of SrHo2O4. Magnetization as a func-
tion of temperature from 2–20 K measured at various pressure with 500 Oe: µ0H ‖
b-axis (a), µ0H ‖ c-axis (c). Magnetization as a function of temperature from 2–50 K
at the lowest pressure and the applied magnetic fields of 500–700 Oe with a step size
of 100 Oe: µ0H ‖ b-axis (b), µ0H ‖ c-axis (d).

and a change in slope at T1, both being shifted to lower temperatures with increasing

pressure, which may be related to the coexistence of long-range order and short-range

order. At high pressure (∼ 865 MPa), T1 disappears completely, and the peak of TN-Ho

becomes more pronounced, indicating completely entering a long-range AFM order. In

Figure 6.7(c), the sharp of board peaks are hardly affected by the applied pressure, and

the transition temperature only little shifts with rising pressure, which always keeps a

short-range order transition. Figures 6.7(b) and 6.7(d) present the magnetization ver-

sus temperature from 2 to 50 K at an applied magnetic field of 500, 600, and 700 Oe

under micro-pressure, which is parallel to the b- and c-axis, respectively. The effect of

the magnetic field on the position of the transition peak is consistent with SrTb2O4 and

SrHo2O4. When µ0H ‖ b-axis, TN-Ho gradually moves towards low temperatures with
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Figure 6.8: ZFC magnetic hysteresis measurement at 2 K (below the transition tem-
perature) with a loop of increasing (-0.1 to 0.1 T) and decreasing (0.1 to -0.1 T) field.
(a) For SrTb2O4, the measured pressure is 500 MPa. (a) For SrDy2O4, the measured
pressure is 30 MPa. (b) For SrHo2O4, the measured pressure is 865 MPa. The magnetic
fields of both are along the b-axis. The inset in the upper left shows the magnetization
as a function of temperature under different magnetic fields (500, 600, 700 Oe). The
illustration of (a) in the lower right clearly shows the local hysteresis loop.

an increase of the magnetic field. When µ0H ‖ c-axis, the magnetic field has almost

no effect on the short-range order transition.

Furthermore, we give the representative ZFC magnetization of SrRE2O4 (RE =

Tb, Dy, and Ho) as a function of an applied magnetic field from -1000 to 1000 Oe

at 2 K (below transition temperature) under pressure in Figures 6.8(a), (b), and (c),

respectively. We omit the magnetization curves of -500 to 500 Oe due to the influence

of the calibration sample Pb at low magnetic fields, as shown in Figure 6.8(a). We can

clearly observe in Figure 6.8(a) the presence of a hysteresis loop at 500–700 Oe, which
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Table 6.1: We summarized the TN of SrRE2O4 (RE = Tb, Dy and Ho) along the
b-axis at 0.05 T. The numbers in parenthesis is the applied hydrostatic pressure of
measurement.

TN−Tb (0.05 T) 4.56 (59 MPa) 4.42 (194 MPa) 3.80 (801 MPa)
TN−Dy (0.05 T) 4.50 (30 MPa) 4.40 (89 MPa) 4.24 (174 MPa)
TN−Ho (0.05 T) 4.70 (27 MPa) 4.37 (190 MPa) 3.73 (865 MPa)

indicates the Tb3+ ions in the SrTb2O4 compound formed a canted AFM structure

under pressure. Above 700 Oe, the magnetic hysteresis loop close and goes toward

a line. This also proves that the AFM phase transition gradually disappears with an

increase of magnetic field. Figure 6.8(a) shows the magnetization of temperature from

2–100 K at an applied magnetic field of 500–800 Oe with a step size of 100 Oe under

the same isostatic pressure, TN-Tb = 4.147 K at 500 Oe, with an increase of the applied

magnetic field, the value of TN-Tb shift to lower temperatures. The AFM transition

disappeared when the strength of the magnetic field was strong than 700 Oe. The

results presented above indicate that the application of hydrostatic pressure could affect

the bond angle between Tb3+-O-Tb3+ and induce the lattice distortion in favor of the

Dzyaloshinsky-Moriya interaction, resulting in the canted AFM order.

As discussed above, we summarized the TN of SrRE2O4 (RE = Tb, Dy, and Ho)

along the b-axis at 0.05 T, as shown in Table 6.1. The AFM transition temperature

is around 4.5 K, which may relate to a slight structural phase transition caused by

micro-pressure. The stress could change the local RE3+ moment by changing the sym-

metry of its oxygen and rare-earth environment. Generally, the lattice compressibility

is sensitive to magnetic order, which can be modified by spin-phonon and spin-orbit

couplings [224, 225]. Additionally, we found that the sensitivity of the long-range

magnetic order to pressure along the c-axis is significantly lower than that of the a-

b plane, considering that the interlayer and intralayer Heisenberg exchange coupling

along the c-axis is much stronger than in the a-b plane.
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6.2.4 Heat capacity

We did a specific heat measurement of SrTb2O4 along the c-axis. Around 6 K, promi-

nent shoulder peaks have been observed at low magnetic fields, and as the magnetic

field increases, the peak moves towards high temperatures. A change occurs above

µ0H = 5 T, where the shoulder broadens and its heat capacity increases and is even-

tually suppressed by the high magnetic field (as shown in Figure 6.9(a)). In a robot

insulator, we know this anomalously large specific heat cannot be attributed to con-

tributions from the electronic linear and lattice vibration terms, or even the magnetic

ones. To figure out the contribution of magnetism in this process, we fit the specific

heat of a zero magnetic field. The value of heat capacity increases progressively above

15 K with increasing temperature, and it approaches the value of about 130 J/kg at 200

K. According to the Dulong–Petit law, CP = 3nR, where n is the number of atoms

per unit cell, and R is the universal gas consent [226]. The classical limit of C at high

temperature is estimated at around 175 J/kg for n = 7. In the high-temperature region,

phonon-lattice contribution becomes the dominating factor in the CP data. Firstly, We

use the Debye-model Clat = γT + βT 3 to fit this data [227, 228], as shown with the

red line in Figure 6.9(b). Obviously, it certainly does not match the low temperature.

Then we followed the form has been used to extract the lattice contribution of the CP

from the total CP data [229, 230],

Clat = 9nR(
T

θD
)3

∫ θD/T

0

x4ex

(ex − 1)2
dx (6.2)

where θD is the Debey temperature and x = h̄ω/κBT . The zero-field CP data, along

with the Fit 2 in the high-temperature region, is displayed in Figure 6.9(b) by the blue

line. We obtained the value of θD is around 480 K. We can see below 120 K that the

fitted curve strongly deviates from the experimental data points. This deviation may be

attributed to other contributions, such as magnetic, hyperfine, and crystal field splitting,

which begin to dominate over the lattice contribution [231]. We also performed a

background subtraction using specific heat data of a single crystal sample of SrY2O4
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due to its nonmagnetic nature, as shown with the blue line in Figure 6.9(b), which is

closer to the Fit 2 curve.

Other family members, such as SrHo2O4, have a similar specific heat with a broad

peak at zero-field [10, 12]. And we considered this feature should result from the

Schottky-like anomaly due to transmitting electrons in the splitting energy levels of 4f

ions. Therefore, the total heat capacity at a low-temperature region with a Schottky-

term (Csch) can be expressed as:

Ctotal = Clat + Cmag + Csch (6.3)

The specific heat of the lattice was determined in two ways: by measuring the

isostructural non-magnetic SrY2O4 and by constructing the curve using the Debye

model. However, the contribution from the Schottky anomaly of Tb ions is complex

due to the two inequality sites in this structure. The exact version of its class split is still

under debate. Thus, I have used both single and double Schottky levels individually to

obtain the best version of the fitting, which can be expressed as [232]

Csch =
1

2
R

Ns∑

i=1

ωi
( ∆i

κBT
)2exp( [∆i

κBT
)

1 + exp( ∆i

κBT
)]2

(6.4)

Ns∑

i=1

ωi = 1

where Ns means the number of Schottky levels, ωi is weight factors, and ∆i is the

number of the ground state. The best-fitting curve is shown with the solid red line in

Figure 6.10(a). And we obtained the temperature of level splitting at 15.72 K. After

subtracting the contribution of phonon and Schottky anomaly from the total heat ca-

pacity, the contribution from magnetic spins is obtained. A kink is observed at this

position, probably indicating a bulk phase transition. Recently, I also did a thermal

conductivity on this sample. As displayed in Figure 6.10(b), a sharp peak appeared

around 15 K. Maybe this is related to energy level splitting. In addition, we also found

a strong coupling between phonons and magnons near 4 K. Due to the intricacy of the
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Figure 6.9: (a) The temperature dependence of the heat capacity in magnetic fields of
0, 0.5, 1, 5 T for single crystal of SrTb2O4 below 40 K and the magnetic field along
the c-axis. (b) Temperature dependence of the zero-field heat capacity (CP ) data along
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Figure 6.10: (a) Low-temperature zero-field heat capacity along with the fitted curve
according to Eq. 6.3 and the respective contributions to low-temperature heat capacity
are also presented individually in the same figure. (b) The thermal conductivity versus
temperature is shown for SrTb2O4.

system’s structure, and we are still trying to find some new theories to explain these

phenomena.

Furthermore, I also did a DR heat capacity measurement on this sample. Fig-

ure 6.11 depicts a sharp λ-type phase transition at around 0.27 K and is strongly mag-

netic field-dependent. With an increase of a value of µ0H , TN shifts to higher tem-

peratures and disappears at 5 T. Maybe it is a long-range order AFM phase transition.

Indeed, Tb3+ ions have an AFM interaction with a CW temperature θCW = 19 K [233,
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Figure 6.11: Specific heat of SrTb2O4 measured in different fields along the c-axis.

234, 235], which could induce a phase transition into a long-range order state at TN ≈ 1

K [236]. Additionally, the peak at lower temperatures does not exhibit the magnet field

dependency that may be related to the nuclear Schottky anomaly. However, However,

AC susceptibility measurements indicated a spin-glass-like behavior at low tempera-

tures. So it remains a mystery that it was frozen into a fully disordered spin-glass or

an AFM-like glassy state.

6.3 Conclusions

To conclude, in this chapter, we have reported single crystals of SrRE2O4 (RE = Tb,

Dy, and Ho) and measured the bulk magnetic properties at ambient pressure. The

magnetization shows substantial single-ion anisotropic properties but no long-range

order down to 2 K for any samples at ambient pressure, which is highly consistent with

some previous and published work. We also carried out the measurement of magnetic

properties under hydrostatic pressure creatively. Surprisingly these exotic types of

short-range magnetic orders “crystallizes”, i.e., undergo long-range AFM order under
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micro-pressure. Unlike the previous cases of pressure-induced magnetic transition, as

pressure increases, the transitions of Tb3+ and Ho3+ move toward lower temperatures,

and the magnetic order of Dy3+ is inhibited above 100 MPa. In addition, pressure

and magnetic structure are also related in this system, and the magnetic ions form

zigzag chains that run along the c-axis and link the honeycomb layers in the a-b plane.

We found that for the µ0H ‖ c-axis, the magnetic transition becomes insensitive to

pressure. The effect of pressure on the modulation of the distance between honeycomb

layers is minimal. In addition, the long-range order AFM transition temperature is

∼ 4.5 K at micro-pressure for all samples, which may correlate to the canted AFM

transition. We also measured the AC susceptibility and specific heat of SrTb2O4. It

exhibits fascinating and complex physical properties at low temperatures, which is

worth further exploration.
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CHAPTER 7

ELECTRIC PROPERTIES OF SRRE2O4 (RE = GD, TB, AND HO)

7.1 Introduction

Relaxors are a special type of FE materials within which the long-range order of

dipoles is disrupted, and they have been a popular topic in FE research since the 1960s.

The first RFE, Pb(Mg1/3Nb2/3)O3, was discovered by Smolenskii and Agranovskaya

in 1959 [112]. Up to now, the compositional disorder perovskites, Pb(B1,B2)O3 (where

B1 is a low-valence cation, such as Mg+2, Ni+2, Fe+3, Sc+3 or Zn+2, and B2 is a high-

valence cation, such as Nb+5, Ta+5 or W+6) are still the mainstream of this territory.

All of these compounds exhibit some extraordinary characteristics, including dielectric

relaxation, constant-loss dispersion, and the substantial widening of the dielectric peak

on cooling can be fitted well with the Vogel-Fulcher law [237, 238]. Briefly, RFE can

be defined as materials that exhibit “dielectric relaxation + ferroelectricity” [108]. All

the time, many theoretical models were proposed to explain the abnormal phenomenon

of RFEs, such as the order-disorder, compositional fluctuation, dipole glass, and ran-

dom field theory [239]. A widely accepted mechanism is the motion of PNRs, which

appear on cooling at the TB [117, 127, 128, 129]. The PNRs are mobile, and their be-

havior is ergodic at temperatures close to TB. This cooling process is not accompanied

by any structural phase transitions. Continue to cooling down, and it enters the non-

ergodic relaxation state at the freezing temperature, Tf (typically hundreds of degrees

below TB). The PNRs are generally considered to be large in volume, and a non-polar

PE transformed into a FE state was observed in this process. Therefore, extensive

studies of RFEs have focused on the interplay between the PNRs and long-range polar

order during cooling. Recently, this theory has been challenged in lead-based relax-

ors on the ground of analysis of the structure [130, 131, 132]. Although known for

about 40 years, there is no definitive explanation for PNRs [133]. The origin of RFEs’

novel properties is yet to be fully understood. The discovery of a new type of RFEs is
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significant to improve the mechanism further.

Furthermore, the mutual control of electric and magnetic properties has always

been an attractive topic. Frustrated spin systems provide a new platform for search-

ing for new FE compounds [240]. In our case, SrTb2O4 is one quasi-2D magnetically

frustrated compound and belongs to the family of SrRE2O4 (RE = rare earth). This

family compounds adopt an orthorhombic structure, where two inequivalent rare-earth

ions are surrounded by distorted oxygen octahedra and thus form into two inequivalent

zigzag spin chains along the c-axis. In the a-b plane, a distorted honeycomb lattice is

built. The nearest-neighbor interactions result in a FM spin arrangement for the RE1

ions along the c-axis, and the next-nearest-neighbor RE ions display magnetic frustra-

tion due to the competition between FM and AFM interactions. Our previous NPD

study reveals a long-range AFM order in SrTb2O4, which makes it the most promising

material for studying magnetic interactions and frustrating mechanisms [21]. Com-

pared with the most canonical RFEs, SrTb2O4 exhibit not cationic compositionally

(chemically) disordered but structurally frustrated.

Recently, we unexpectedly discovered intriguing phenomena of room-ferroelectric,

dielectric dispersion, colossal anisotropy, dielectric permittivity, and weak ME cou-

pling in single crystals of SrTb2O4. We found for the first time a macroscopic FE state

in the compound. It is worth mentioning that the symmetry of SrTb2O4 has been iden-

tified as mmm (Pnam), a nonpolar centrosymmetric crystallographic environment

forbidding Ps. We speculate that the compounds should undergo a reversible struc-

tural phase transition, leading to a lower (local) symmetry and thus compromising our

observation of the FE. In this chapter, we describe the transition from the FE phase

at low temperature to the FE state and the abnormal dielectric characteristics from the

pyroelectric point of view.
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7.2 Results and discussion

7.2.1 Room-temperature ferroelectricity

Previous studies found that the single crystal of SrTb2O4 exhibits strong magnetic

anisotropy due to its special space structure. To confirm the anisotropy in the FE

properties, we measured the P -E hysteresis loops from 1.8 K (below AFM transition

temperature [21]) to room temperature (the resultants are shown in Figure 7.2 and Fig-

ure 7.3). At room temperature, the P -E hysteresis loops (measured at 1 kHz) along

the a-, b-, and c-axes of the SrTb2O4 single crystal, as displayed in Figure 7.1, from

which distinct hysteresis characteristics are observed in all three directions, the Pr, as

well as Ps along the c-axis is significantly larger than those the other two directions.

Figures 7.1(a) and (b) distinctly demonstrate that Ps and Pr along the a- and b-axes

are closed, which is consistent with the structural characteristics of this sample (a ≈

b). The result of strong anisotropy in the ferroelectricity indicated that the (Ps) vector

in this system lies mainly along the c-axis. In addition, the hysteresis loops for all

samples at the highest voltage region gradually round-up and approach a lossy fea-

ture as the nature of the sample itself, that is a robust insulator, oxygen vacancies and

defects are unavoidable in single crystals. The comparatively higher leakage current

and hysteresis gap acquired at the applied field along the c-axis can be interpreted as

high-density moving free charges assembling along this direction, forming the “para-

sitic charge” [241]. But in fact, the observed polarization value under external fields

is slightly larger than the actual values due to the background leakage current being

inevitably superimposed on the polarization current [242]. Although the samples we

used were all from the same crystal, the quality difference between them could not be

ignored.

Curiously, the intensity of the electric polarization is 2–3 orders of magnitude lower

than that of typical FE materials, which might be due to complicated and subtle struc-

tural phase transitions generated by the external field. All the time, the crystal structure

of SrTb2O4 has been identified as an orthorhombic distorted spinel structure (the space
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Figure 7.1: Room-temperature P–E hysteresis loop of SrTb2O4 single crystal along
the a-, b-, and c-axes measured at 1 kHz and 100 V amplitude.
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Figure 7.2: P–E hysteresis loops of the SrTb2O4 single crystal along the (a) a-, (b)
b-, and (c) c-axes measured at 2 kHz and 100 V with selected temperatures from 1.8 to
300 K.

group is Pnam, and the crystal symmetry is mmm) at room temperature. Recently,

the refined results of our in-house X-ray data also confirmed this view (a = 10.0983,

b = 11.9998 , c = 3.4506) [243]. However, nonpolar lattice structure generally can-

not generate polarization in theory. In this compound, two inequivalent Tb1 and Tb2

ions are surrounded by two distorted oxygen octahedra, and similar octahedral-tilting

is encountered in AgNbO3 [244]. We infer that the increase in temperature induces

reversible structural phase transitions, which involve different types of octahedral ro-

tations and cation displacements [245, 246]. However, perhaps due to the structural

changes being subtle and the correlation between atomic displacements over a limited

spatial scale, the structural refinements by NPD data uncovered no changes in the av-

erage symmetry [21]. Therefore, we investigate the microstructure through the PDF,

which will be discussed in the following chapter.
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Figure 7.4: Pr (left axis), as well as coercive field (right axis), versus temperature
along the (a) a-, (b) b-, and (c) c-axes. The values are extracted from Figure 7.2 and
Figure 7.3.

7.2.2 P–E hysteresis loop

In order to further confirm the macroscopic FE below the Td, we measured the P–E

hysteresis loops along the a-, b-, and c-axes from 1.8 to 400 K at 2 kHz, as shown in

Figure 7.2 and Figure 7.3, and the leakage current is effectively improved at higher

frequencies. Below 300 K (including 300 K), we can observe an evident PE–FE phase

transition from Figures 7.2(a), (b), and (c). At 1.8 K, this sample localizes in an ob-

vious PE state, the Ps progressively become apparent as temperature increases. Under

the same electric field, the P–E loops reach saturation near room temperature. It

should be emphasized that the transition temperature and saturation temperature are

inconsistent in the different directions, and the behavior along the c-axis exhibit the

most pronounced variation. With increasing temperature, the trend of Pr and coercive

fields along the a-, b-, and c-axes are intuitively reflected in Figures 7.3(a), (b), and
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(c), respectively. This is owing to higher temperatures enabling more effective do-

main switching [247]. Moreover, from the perspective of PNRs theory, this underlying

structural instability can also be introduced by the interaction between PNRs and bulk

lattices, which may also provide a microscopic source of FE properties, even though no

anomalies occurred in our room temperature X-ray refined data (having only a slight

structure distortion).

Figures 7.3(a), (b), and (c) show the polarization versus the applied electric field

along the a-, b-, and c-axes. Some characteristics can be more intuitively reflected in

Figures 7.4(a), (b), and (c). The changing trend along the a- and b-axes is very similar.

The coercive field constantly increases with increasing temperature, and the values

of Pr decrease gradually after reaching the maximum value at about 320 K. And the

hysteresis loops were deformed at high temperatures, which is related to defects and

vacancies in the nature of the single crystals. As temperature increases, the rate of

free ion movement is more violent, and the leakage current increases. However, this

tendency does not apply to the case where the electric field is along the c-axis. As

can be seen from Figure 7.4(c), the maximum value of Pr appears at around 310 K,
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accompanied by a sharp transition, and the coercivity field also shows a fading trend at

high temperatures. This is also consistent with the characteristics of the P–E loops in

Figure 7.3(c). With increasing temperature, the loops become “slender” and “thinner”.

Furthermore, the evolution of P -E hysteresis loops behavior was observed by se-

quentially increasing the electric field from 10 to 100 V along the a-, b-, and c-axes

at 1 kHz, as shown in Figures 7.5(a), (b), and (c), respectively. The area of the P -E

loops is found to increase with an increase of the applied field, which is caused by

the larger electric field exerting a higher amount of driving force on the inversion of

the FE domain. The larger gap can be explained based on the presence of mobile free

charges. They contribute to the total polarization and subsequently increase the gap as

well as the Pr. Ps can be switched with the increase of temperature, we also exhibit

the complete process of transition from PE to FE in Figure 7.2 and Figure 7.3.

7.2.3 Dielectric property

If these seem to be “defective” P–E loops that are insufficient to account for FE, we

also plotted the dielectric constant and loss versus temperature along the a-, b-, and

c-axes at various frequencies (0.1 kHz, 0.2 kHz, 0.5 kHz, 1 kHz), as shown in Fig-

ures 7.6(a), (c), and (e), respectively. The values of dielectric constant and tanδ were

approximately double after poled and more than 6000 at 0.1 kHz. Traditionally, the

high dielectric constants more fabulous than 1000 have been associated with intrinsic

FE or RF [248]. Unlike the case in normal FE, there is no well-defined tempera-

ture and sharp permittivity peak accompanied by phase transition. From our figures,

a broad maximum and significant frequency dispersion of the dielectric constant and

loss were exhibited, and a shift of the dielectric and loss peak toward high-temperature

rather than low-temperature in the frequency range of 0.1–1 kHz (consistent with the

arrow pointing). The temperature dependence dielectric constant is characterized by

a step-like frequency-dependent anomaly at T ≈ 250 K, which was associated with a

FE phase transition and again proved the existence of local low symmetries in the lat-

tice [115]. The strong anisotropy of the dielectric constant is reflected in that when the
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temperature reaches around 400 K, the dielectric constant of the applied electric field

along the c-axis begins to flatten and reaches the peak (Tm), while the curve along the

a- and b-axes are in a continuous rising as well as the maximum permittivity exceeding

the value along the c-axis at low frequencies. The “long-range FE domain(LRFD)” was

expressed in the first region during heating, as can be seen from Figure 7.6(e). How-

ever, as temperature increases to the Td, the Pr and coercive field gradually decay, and

the P–E loop becomes slimmer, as shown in Figure 7.3(f). The hysteretic response

slowly degenerates into just nonlinearity as temperature increases, which indicates the

evolution process from normal FE to RFE [249, 250]. It is essential to point out that

Td occurs well below Tm, and there is no evidence of X-ray line splitting even well

below Tm. Oppositely, depolarization is not observed in Figures 7.6(b) and (d). Pr

and Ps grow as the temperature rises, indicating that Td is greater than 400 K, and the

temperature ranges of Figures 7.6(a) and (c) always remain in the LRFD state. Thus,

we obtained a FE phase diagram along the a-, b-, and c-axes, as shown in Figure 7.12.

It is worth mentioning that the intriguing FE phase transition does not only occur in

the compound of SrTb2O4. We also investigated the dielectric constant dependence of

the temperature of SrHo2O4 and SrGd2O4 under the same test conditions, as shown

in Figure 7.7 and Figure 7.8. Unsurprisingly, these compounds exhibit significant

anisotropy in the field. However, these transition peaks are sharper and do not show

any frequency dependence, implying that they are derived from conventional FE phase

transitions. In terms of the values of tanδ, the quality of these tested samples is con-

vincing. In addition, both samples show two transition peaks in the tested temperature

range, which may be worth further investigation. In general, we have demonstrated the

existence of FE phase transitions in these compounds from the P–E hysteresis loop

and dielectric behavior.

7.2.4 Weak magnetoelectric coupling

It is assumed that the lattice structure distortion accompanies the FE effect in this

magnetic frustrated single crystals of SrTb2O4. We may expect the coupling between
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Figure 7.6: For the compound of SrTb2O4. Temperature dependence of dielectric
constant and loss factor at various frequencies along the a-axis (a), b-axis (c), and c-
axis (e). Polarization dependence of electric field at 320 and 360 K along the a-axis
(b), b-axis (d), and c-axis (f).

magnetization and polarization. We have measured the effect of applied magnetic field

on P–E hysteresis loops under various temperatures (300, 10, and 1.8 K). In these

experiments, the magnetic field is always along the a-axis, and the frequency is 2

kHz. At 300 K (as marked in Figure 7.9), with no magnetic field applied, a relatively

well-defined FE polarization hysteresis loop was obtained. Unexpectedly, when the

magnetic field is added to 0.05 T, distinctly large Pr and Ps values are induced, in-

dicating the existence of weak ME coupling. When the magnetic field is larger than

0.1 T, Pr and Ps attain their maximum values and do not grow with an increase of the

external magnetic field. The high sensitivity of the polarization to an applied magnetic

field may be related to the origin of FE in frustrated magnets [251, 252, 253, 254,

255]. In the interest of identifying ME effects on SrTb2O4, we removed the electric
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Figure 7.7: For the compound of SrHo2O4. Temperature dependence of dielectric
constant at various frequencies along the c-axis (a), b-axis (c), and a-axis (e), as well
as the corresponding loss factor, which is shown in (d), (e), and (f), respectively.
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Figure 7.8: For the compound of SrGd2O4. Temperature dependence of dielectric
constant at various frequencies along the c-axis (a) and b-axis (c), as well as the corre-
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field and measured magnetization as a function of temperature at an applied-magnetic

field µ0H = 0.05 T, as shown in Figure 7.10. We fit the high-temperature data from
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350 to 400 K with Eq. 5.1, and extrapolating the fit to 180 K (dash-dotted line), we ob-

tained a PM CW temperature θCW = -212.65 (5) K, implying a dominative AFM spin

interaction. At high temperatures, the measured χ−1 data can be well fitted by the CW

law. Below 350 K, the χ−1 data begin to go upward away from the CW law, indicating

the formation of FM spin correlations, which may result in the existence of magnetic

frustration in the SrTb2O4 compound. As the magnetic field increases, the competition

between AFM and FM gradually weakens. The weak coupling between the electric

dipoles and magnetic dipoles can be generated even at room temperature. However, at

low temperatures (as marked in Figures 7.11(a) and (b)), it always remains in a pure

FE state and cannot induce Pr even in the presence of a strong magnetic field, which

may be related to the remarkable stability of the centrosymmetric crystal structure at

low temperatures.

7.3 Conclusions

In this chapter, we have demonstrated a large anisotropy of polarization in a new ge-

ometric frustrated single crystal, which exhibits macroscopic FE properties, dielectric
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Figure 7.11: Polarization dependence of electric field under 0, 1, 5, 10 T at 1.8 (a) and
10 K (b), respectively. For all measurements, the applied fields are along the a-axis.

relaxation properties, giant dielectric permittivity, and weak ME coupling under the

external field. At low temperatures, SrTb2O4 has a stable orthorhombic structure with

a large symmetry in the lattice. The observed macroscopic Ps in the FE may arise from

the reversible structural phase transition and lower symmetry caused by 3D correlated

shifts of Tb3+ in the centers of the two distorted octahedra cages. Furthermore, this dis-

tortion is sensitive to the applied field. In addition, we only describe the phenomenon

of the abnormal dielectric dispersion, and its relevance to PNRs is still debatable, es-
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pecially at high temperatures (> Tm). Further details of structural phase transitions

and FE-PE state transitions at high temperatures will be propelled and published sub-

sequently. This work suggests that there is a new type of frustrated FE materials with

localized relaxor behavior, which can be employed to develop high-performance di-

electric devices.

In addition, the research and application of RFE materials have mainly focused on

lead-based perovskite single crystals or ceramics. Due to the toxicity of lead, these

chemicals have a tremendous hazardous impact on the environment and human health.

Therefore, it is of immense practical significance to develop environment-friendly

lead-free relaxor FE materials. This invention first discovered a new type of spinel

structure RFE single crystals AB2O4 (A = Ca, Sr, Ba; B = transition metal elements

and rare earth elements), which has both ferroelectricity and relaxation at room tem-

perature. It not only has the potential to become a new generation of excellent energy

storage and fast-charging new materials but also provides novel ideas for in-depth re-

search and performance tuning of composite FE materials.
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CHAPTER 8

NEUTRON SCATTERING STUDY OF SRTB2O4 COMPOUND

8.1 Introduction

Neutron scattering technology is widely used in scientific research due to its ability

to effectively detect the microscopic properties of matter. Neutron has magnetic mo-

ments, and its energy is generally on the order of millielectron-volt to several electron-

volts, which plays an irreplaceable role in studying the magnetic structure of magnetic

materials and the dynamics of strongly correlated electronic systems. For geomet-

rically frustrated compounds, orbitals, spins, lattices, electrons, and charge degrees

of freedom are often involved in complex interactions. For example, the effective

Hamiltonian of magnetic interaction based on Coulomb interaction and Pauli exclu-

sion principle is determined by the spatial overlapping electron orbits. Additionally,

the degree of freedom of electrons often plays an important role in their characteris-

tics at low-temperature, such as metal, insulators, giant magnetoresistance effect, more

iron effect, and so on [186, 256, 257, 258, 259, 260, 261]. The measurement transport

data is not enough for a complete understanding of diving force, thus one still needs

neutron scattering technology to explore deeply.

The family of SrRE2O4 (RE = rare earth) has recently attracted considerable atten-

tion, as the magnetic RE ions in these compounds form zigzag ladders consisting of

the chains of edge-sharing triangles in a honeycomb-like arrangement [1]. This com-

plicated geometry, combined with the AFM exchange interactions, results in behavior

typically associated with geometrical frustration. Especially the interaction between

rare-earth ions at two different sites and their contribution to magnetism. The low-

temperature magnetic structure of SrGd2O4 has not been reported due to the strong

neutron absorption of the natural Gd element. Recently, N. Qureshi et al. combined

neutron diffraction methods on polycrystalline and single-crystal samples containing

the 160Gd isotope [20]. It revealed that the first long-range order (TN1 = 2.73 K) is
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stabilized where FM chains along the c-axis are coupled antiferromagnetically with

neighboring chains, and the second long-range order (TN1 = 0.48 K) forms a fan-

like magnetic structure [20]. And the low-temperature neutron-diffraction studies of

SrYb2O4 point to unusual magnetic behavior that the two inequivalent sites of the Yb3+

ion do not appear to have the same value of the ordered moment [16]. For the com-

pound of SrEr2O4, the NPD measurements indicated that the transition to Néel order

involves only half of the Er3+ sites [14]. For SrHo2O4, distinct long-range commensu-

rate and short-range incommensurate magnetic structures present at low temperatures

were also observed by NPD [11]. In addition, INS measurements and crystal-field cal-

culations [13] have allowed for a determination of low-lying crystal electric field levels

in the family of SrRE2O4 (RE = rare earth). For SrDy2O4 and SrHo2O4, INS data have

been collected back in 2005 by Kenzelmann and Hansen. The latest INS of SrHo2O4

by Ghosh et al. is in good accord with the previous data [10].

However, there are few investigations on SrTb2O4 due to its difficulty in growing

large size single crystals. The first SrTb2O4 single crystal was grown in 2014 by Prof.

Haifeng Li utilizing a conventional floating zone furnace. He adopted the neutron

polarization analysis in the spin-flip, and non-spin-flip at 300 K and 50 mK, which

showed extra fourfold Bragg peaks around (±1.6, ±1, 0) appearing symmetrically,

indicating a long-range magnetic transition and the Néel temperature = 4.28 K, as

shown in Figure 8.1. The magnetic Bragg peak was also observed at 0.5 K in the

NPD patterns, and the AFM wavevector is (1.59, 1, 0). The crystal and magnetic

structures were determined, and the nearest Tb neighbors were stacked linearly along

the c-axis. The shortest Tb1-Tb1 and Tb2-Tb2 have the same bond length. However,

the nearest-neighbor moments lie in the b-c plane with the FM chains along both the

b- and c-directions. The interaction between the nearest-neighbor Tb2 ions is blocked.

Tb1O6 and Tb2O6 correspond to the partially ordered and totally frozen Tb1 and Tb2

ions, respectively [21].

In this chapter, we mainly investigated the new SrTb2O4 single crystals by NPD,

PDF, and INS. These crystals were grown by the laser floating zone furnace.
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Figure 8.1: Polarization analysis data measured using D7 (ILL). (a) At 300K. (b) At
50 mK. The NSF (i.e., Z-flipper off, left panel) and SF (i.e., Z-flipper on, right panel)
channels are shown with the same color code for intensity. The non-perfect polariza-
tion involuntarily leads to the presence of some nuclear Bragg peaks, e.g., (0, ±4, 0),
in the SF channel at both temperatures. The horizontal bar-shaped neutron-scattering
intensities around (0,±2.15, 0) and the extremely-broad diffuse scattering around (±3,
0, 0) in (b) may correspond to some short-range magnetic components [21].

8.2 Results and discussion

8.2.1 Neutron powder diffraction study

In the previous chapter, we discussed that SrTb2O4 adopting the Pnam space group

exhibits unexpected FE properties with increasing temperature, which is often closely

related to the structural phase transition. To explore possible structural symmetry

breaking in the compound SrTb2O4, we collected the NPD patterns at 5, 298, 445, and
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Figure 8.2: (a) Rietveld refinement of time-of-flight neutron-diffraction data of
SrTb2O4 recorded on MPI (CSNS) at 5, 280, 600 K. The experimental data (red dots),
calculated patterns (black lines), and the different curves (blue lines) are shown. Ticks
represent the positions of the magnetic Bragg peaks. (b) Crystal structure (Pnam
space group ) of SrTb2O4 in one unit cell (solid lines) as refined from the NPD data
measured at 600 K.

500 K. Three representative patterns, as well as the related structural refinements are

displayed in Figure 8.2(a). The resultant crystal structure in one unit cell is schemat-

ically depicted in Figure 8.2(b). All the observed Bragg peaks can be well indexed

with the Pnam space group, and no extra peaks were detected. Therefore, there is no

structural phase transition between 5 and 600 K for the compound SrTb2O4.

However, the Bragg peaks in the NPD patterns provided the average structure and

do not apply to the local FE displacement. In fact, the value of FE polarization in our

case is tiny, which is different from conventional ferroelectrics that exhibit significant

phase transitions. As temperature increases, the lattice constant of SrTb2O4 can be

changed, and the phonon contribution will be dominated, but this is not enough to

cause macroscopic structure changes.
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Figure 8.3: Measured (blue open circles) and calculated (red solid lines) PDFs with
different space groups of (a) Pnam (b) P1 at different temperatures (5, 280, 330, 445,
and 600 K), and the different patterns are shown as green solid lines. The macroscopic
phase symmetries at the different temperatures were confirmed in further crystallo-
graphic analyses using Rietveld refinement of the structures with the same data (as
marked in Figure 8.2). This is supported by the significantly lower Rw value.

8.2.2 Pair distribution function study

To further investigate the origin of ferroelectricity in the family of SrRE2O4 (RE = rare

earth), we assess the ability of PDF to study the details between atoms, which involves

normalizing and Fourier transforming the NPD scattering intensity from a powder sin-

gle crystal sample to obtain the pairwise magnetic correlation function directly in real

space. It is sensitive to small deviations in the local structure of a material and can

therefore be used to distinguish local structural differences of the same materials at

different temperatures. The Rietveld refinements were carried out using the PDFgui

software. All fits were performed from 0 to 30 Å. As the starting point for refine-

ments of the structure of SrTb2O4. We used the space groups and parameters obtained

earlier [21] for the orthorhombic phases and allowed the structural parameters to be

freely refined. We can see from Figure 8.3(a) that the Rw value is less than 0.15 at 5
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Table 8.1: Summary of the refined structural parameters of single crystal SrTb2O4

by the PDFgui with the crystal (P1) structures at 5 , 330, 445 and 600 K from the
single crystal TOF neutron diffraction study at MPI (CSNS), and the relevant reliability
factors.

T (K) 5 K 330 K
Crystal system Triclinic (P1) Triclinic (P1)
a, b, c (Å) 10.0959(45), 12.0013(61), 3.4570(15) 10.1437(51), 12.0438(76), 3.4612(20)
α, β, γ (◦) 89.9708(0), 89.9122(5), 90.2005(1) 89.8782(9), 90.4307(9), 89.8163(8)

Atomic position x y z x y z
Wyckoff Sr

Sr1 0.7457(5) 0.6519(3) 0.2697(6) 0.7930(2) 0.6798(6) 0.2983(7)
Sr2 0.2460(1) 0.8554(2) 0.2705(9) 0.2608(6) 0.8534(1) 0.2236(0)
Sr3 0.7886(1) 0.1511(9) 0.7469(0) 0.7718(7) 0.1415(5) 0.7166(1)
Sr4 0.2501(1) 0.3590(3) 0.7591(4) 0.2627(8) 0.3507(8) 0.7360(2)

Wyckoff Tb
Tb11 0.4178(5) 0.1181(0) 0.2774(5) 0.4204(3) 0.1050(7) 0.2319(4)
Tb12 0.9436(6) 0.4043(8) 0.2668(2) 0.9372(7) 0.4088(6) 0.2807(2)
Tb13 0.0749(2) 0.6083(2) 0.7829(9) 0.0726(7) 0.6010(3) 0.7431(3)
Tb14 0.6008(4) 0.8953(6) 0.7810(0) 0.5780(2) 0.8857(9) 0.7383(7)
Tb21 0.4174(7) 0.6148(0) 0.2716(0) 0.4057(1) 0.6154(2) 0.2175(9)
Tb22 0.9405(3) 0.9054(2) 0.2602(9) 0.9366(2) 0.8842(7) 0.2109(1)
Tb23 0.0756(3) 0.1062(1) 0.7744(7) 0.0849(8) 0.1131(2) 0.7439(7)
Tb24 0.5793(7) 0.3876(0) 0.7702(0) 0.5794(1) 0.3868(3) 0.7245(4)

Wyckoff O
O11 0.2231(2) 0.1974(3) 0.2778(7) 0.2040(3) 0.1915(9) 0.2684(1)
O12 0.7201(7) 0.3375(8) 0.2541(9) 0.7263(9) 0.3188(2) 0.2500(1)
O13 0.2934(6) 0.6778(2) 0.7686(9) 0.2771(7) 0.6705(5) 0.8250(7)
O14 0.7198(8) 0.8117(4) 0.7728(8) 0.8082(7) 0.8268(0) 0.7745(7)
O21 0.1296(8) 0.4843(2) 0.2626(5) 0.1285(8) 0.4779(5) 0.2179(0)
O22 0.6518(9) 0.0205(6) 0.2416(7) 0.6328(9) 0.0567(6) 0.2275(2)
O23 0.3733(5) 0.9767(9) 0.7641(8) 0.3758(9) 0.9767(9) 0.7074(4)
O24 0.8804(7) 0.5202(8) 0.7733(6) 0.8412(9) 0.4930(0) 0.7382(8)
O31 0.5227(9) 0.7809(5) 0.2706(9) 0.5221(2) 0.7717(2) 0.2365(7)
O32 0.0185(1) 0.7208(2) 0.2569(9) -0.0048(2)0.7559(3) 0.2188(9)
O33 0.0387(5) 0.3134(9) 0.7636(0) 0.9757(1) 0.2683(1) 0.7581(1)
O34 0.4905(4) 0.2195(2) 0.7666(3) 0.4866(2) 0.2020(3) 0.7291(6)
O41 0.4589(3) 0.4067(4) 0.2233(1) 0.4354(3) 0.4148(9) 0.2146(3)
O42 0.9264(1) 0.0792(4) 0.2496(5) 0.9212(1) 0.0633(8) 0.1908(7)
O43 0.0822(2) 0.9236(3) 0.7692(7) 0.0514(9) 0.8964(2) 0.7049(9)
O44 0.5792(0) 0.5826(6) 0.7612(5) 0.5665(4) 0.5726(8) 0.7016(9)
Rw (%) 20.72(8) 012.66(9)

K, indicating a good fit, and the crystal structure of SrTb2O4 adopts the orthorhombic

structure at low temperatures. With increasing temperature, the value of Rw becomes
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T (K) 445 K 600 K
Crystal system Triclinic (P1) Triclinic (P1)
a, b, c (Å) 10.1548(52), 12.0427(75), 3.4632(19) 10.2357(11), 12.0650(14), 3.4664(4)
α, β, γ (◦) 89.9043(1), 90.5944(7), 89.7684(3) 90.4009(2), 90.8534(2), 90.0977(5)

Atomic position x y z x y z
Wyckoff Sr

Sr1 0.7619(6) 0.6611(7) 0.2081(7) 0.7363(5) 0.6210(6) 0.1869(4)
Sr2 0.2441(7) 0.8543(2) 0.2732(0) 0.2799(8) 0.8186(7) 0.2349(1)
Sr3 0.7629(8) 0.1528(1) 0.7603(5) 0.7584(4) 0.1435(6) 0.7739(7)
Sr4 0.2686(4) 0.3515(9) 0.7871(2) 0.3168(8) 0.3306(8) 0.6812(8)

Wyckoff Tb
Tb11 0.4298(4) 0.1130(5) 0.2712(6) 0.4572(7) 0.0736(8) 0.2359(6)
Tb12 0.9415(0) 0.4000(6) 0.2505(8) 0.9459(5) 0.3738(2) 0.2375(4)
Tb13 0.0846(1) 0.6048(0) 0.7882(0) 0.0886(7) 0.5786(0) 0.7426(8)
Tb14 0.6066(3) 0.8942(0) 0.7558(8) 0.5473(2) 0.8862(1) 0.6204(7)
Tb21 0.4395(4) 0.6161(4) 0.2702(6) 0.4473(2) 0.5769(1) 0.2826(8)
Tb22 0.9390(5) 0.8810(6) 0.2584(8) 0.9020(6) 0.8913(6) 0.3251(7)
Tb23 0.0895(3) 0.1098(2) 0.7798(0) 0.0970(5) 0.0866(6) 0.7271(7)
Tb24 0.5304(9) 0.4258(3) 0.8528(4) 0.5309(6) 0.4294(7) 0.8486(7)

Wyckoff O
O11 0.2199(8) 0.1671(8) 0.2850(3) 0.2860(6) 0.1541(1) 0.2322(1)
O12 0.7382(5) 0.3317(7) 0.2419(2) 0.7697(8) 0.3095(3) 0.2337(7)
O13 0.3111(7) 0.6883(4) 0.7875(8) 0.3911(3) 0.6956(1) 0.7440(0)
O14 0.7309(2) 0.8237(7) 0.7811(6) 0.7912(9) 0.7862(5) 0.7789(8)
O21 0.1172(9) 0.4805(0) 0.2422(8) 0.1238(8) 0.4381(2) 0.3072(5)
O22 0.6224(9) 0.0262(0) 0.2623(2) 0.6451(4) 0.0030(0) 0.2877(0)
O23 0.3532(8) 0.0066(6) 0.8068(8) 0.3346(1) 0.9947(1) 0.7620(6)
O24 0.8846(5) 0.5176(5) 0.7585(3) 0.8773(7) 0.5065(8) 0.7411(1)
O31 0.5172(9) 0.7808(7) 0.2733(8) 0.5271(4) 0.7523(5) 0.2982(6)
O32 0.0409(2) 0.6961(7) 0.2895(3) 0.0223(0) 0.7298(5) 0.2462(5)
O33 0.9992(7) 0.2692(6) 0.7958(2) 0.9612(0) 0.2874(7) 0.8163(5)
O34 0.4903(6) 0.2302(8) 0.8007(0) 0.4925(2) 0.2533(1) 0.8517(4)
O41 0.4338(5) 0.3953(1) 0.3005(7) 0.3947(6) 0.4138(2) 0.3428(0)
O42 0.9659(1) 0.0576(6) 0.0996(2) 0.9056(2) 0.1081(5) 0.2927(5)
O43 0.0688(4) 0.9157(1) 0.7800(8) 0.0892(3) 0.8554(8) 0.7841(0)
O44 0.6006(3) 0.6539(3) 0.7881(6) 0.5836(1) 0.5985(5) 0.7855(1)
Rw (%) 12.58(9) 13.41(0)

gradually increases and is greater than 0.2 at 600 K, which indicates that high tem-

perature induces local lattice distortion. Thus, we used the P1 triclinic model at all

temperatures for simplicity and allowed the structural parameters to be freely refined,

as shown in Figure 8.3(b). This resultant conflicts with Figure 8.3(a). As temperature

increases, the fit result becomes better, which confirms the monoclinic distortion was
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Figure 8.4: Schematic illustration of Tb1-O and Tb2-O varying with temperature in
the same coordinate.

found at high temperatures.

After performing the structural PDF fit, we summarized and extracted crystal struc-

ture parameters, as shown in Table 8.1. In the P1 symmetry, we released the Tb1 and

Tb2 sites from two in the Pnam symmetry into eight, i.e., Tb1 to Tb11, Tb12, Tb13,

and Tb14, Tb2 to Tb21, Tb22, Tb23, and Tb24, which was illustrated in Figure 8.4.

It is obvious that the two octahedral structures are distorted with increasing temper-

ature under the same coordinate. More interestingly, the distortion of Tb2 is more

pronounced in terms of changes in bond lengths and bond angles.

8.2.3 Inelastic scattering study

Based on previous work, the compound of SrTb2O4 displays an incommensurate AFM

order with a transverse wave vector Q0.5K AFM = (0.5924(1), 0.0059(1), 0), and the

magnetic moments are partially-ordered. The neutron polarization analysis in the spin-

flip and non-spin-flip, as well as NPD at 300 K and 50 mK, confirmed the AFM

wavevector is at (1.59, 1, 0), and the Néel temperature is around 4.28 K [21]. We

plan to analyze the INS spectra in a single crystal sample at 1.5 K (below TN) to study

the magnetic excitations and ground state, as shown in Figure 8.5. Figure 8.6 shows

the data that was taken at 10 K. This temperature was chosen to be well above the
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Figure 8.5: Color coded plot of the inelastic neutron scattering intensity of SrTb2O4

measured at 1.5 K along the (1.59 K 0) (a) and (H 1 0) (b) directions on SIKA,
ANSTO.
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Figure 8.6: Color coded plot of the inelastic neutron scattering intensity of SrTb2O4

measured at 10 K along the (1.59K 0) (a) and (H 1 0) (b) direction on SIKA, ANSTO.

magnetic ordering temperature of 4.28 K to avoid any influence of the nonmagnetic

contributions. The INS experiments were performed at the SIKA beamline using the

cold triple-axis spectrometer. Unfortunately, we do not observe any trace of magnetic

excitation in the spectra. We cannot rule out the possibility that they were buried into

a strong crystal-field excitation.

We show the INS data for theK scan along (1.59K 0) direction (as marked in Fig-

ure 8.5(a)) and H scan along (H 1 0) direction (as marked in Figure 8.5(b)), all taken

at T = 1.5 K. These color contour maps show a number of excitations which are mostly

identified as low energy crystal-field excitation, due to their weak dispersion and the

energy below ∼3 meV. The lowest-lying crystal-field excitations, between 1.25 and
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Figure 8.7: (a) INS spectrum taken at low energy (-0.5 meV≤E ≤ 3meV) of SrTb2O4

at several temperatures, the scans taken at the (1.59 1 0) positions. Comparison of the
low energy spectrums measured at T = 1.5 and 10 K and scans taken at various point,
(a) (1.59 1 0); (b) (1.59 1.5 0); (c) (1.59 2 0).

1.75 meV in energy, do exhibit broad dispersion that may be induced by the com-

bined effect of the crystal-field excitation of Tb1 and Tb2 ions due to the characteristic

crystal structure of SrTb2O4. The crystal-field peaks become weaker with temperature

increase up to T = 10 K, and broad dispersion also becomes inconspicuous around 1.5

meV. We also present the temperature dependence of the relationship between energy

and intensity, as shown in Figure 8.7(a). At 2 K, obvious peak splitting appears around

1.5 meV, which can be more clearly observed in Figures 8.7(b), (c), and (d). There is

a small shift toward lower energies for the peaks near 0.9 meV and 2.5 meV at 10 K

compared with those at 1.5 K. It implies that the Tb ion splits at 1.5 K around 1.5 meV,

which is consistent with the result as shown in Figure 8.5.
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8.3 Conclusions

This chapter mainly described the neutron scattering study on the SrTb2O4. To further

investigate the origin of RFE in this compound, we compared crystallographic anal-

ysis of neutron scattering data with PDF analysis of the same data. We ruled out the

possibility of phase transitions in SrTb2O4. Moreover, we proved that distortions re-

sult in a local FE displacement of the cations for the oxygen octahedra and give rise

to the observed Ps. The results of INS do not show the predicted magnetic excitation

but the obvious low-energy crystal-field excitations. However, for this system, rare-

earth elements occupy two inequivalent positions, resulting in a complex coordination

environment. Further theoretical simulation is needed to distinguish the crystal-field

excitation of Tb1 and Tnb2 ions.
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CHAPTER 9

SUMMARY AND OUTLOOK

The family of SrRE2O4 (RE = rare earth) crystallographic structure is described by

the Pnam space group, and each unit cell contains a total of eight RE atoms that are

divided into inequivalent 4c Wyckoff positions (4c1 and 4c2) at the center of distorted,

edge-sharing oxygen octahedra, as shown in Figure 1.1. All the magnetic ions form

zigzag chains that run along the c-axis, and these triangular ladders can be frustrated.

The similar first- and second-neighbor distances suggest the possibility of competing

first- and second-neighbor exchange interactions. In the a-b plane, the chain of RE3+

ions interconnects by forming a distorted honeycomb structure and a bipartite lattice

made up of edge-sharing hexagons, which is characterized by a low coordination num-

ber. In addition, the 4f ions experience an electrostatic crystal-field potential, which is

the most important structural change that may affect the single-ion anisotropy. These

features are well known to enhance quantum fluctuations, and in combination with

strong single-ion anisotropy, suppress a long-range order, in spite of the 3D nature of

the magnetic interaction. The competition between the single-ion anisotropy and frus-

trated magnetic interactions is reflected by a reduced Néel temperature or complete

suppression of magnetic order. Thus, the family of SrRE2O4 (RE = rare earth) has

always attracted a lot of attention in condensed matter physics. In this dissertation, I

mainly discussed the extraordinary magnetic and electrical properties of the SrRE2O4

(RE = Tb, Dy, and Ho) system from the perspective of basic theories, advanced char-

acterization techniques, material preparation and design, as well as the data analysis,

and discussion of experimental results.

Firstly, I introduced the crystal structure of the family of SrRE2O4 (RE = rare earth)

in detail and explained the origin of geometric frustration, as well as made a compre-

hensive summary of the research status of these compounds. It has been almost 20

years since the first magnetic characterization by Karunadasa et al. [1]. Then I have
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described in detail some of the theories and concepts presented in this thesis, including

magnetism, crystal electric field, magnetic frustration, and FE. Next are some experi-

mental techniques utilized in this dissertation. Powder diffraction (X-ray and neutron)

is a most useful method for qualitatively and quantitatively analyzing the crystal struc-

ture and magnetic ordering of a powder sample. In order to reduce the preferred orien-

tation in a normally prepared specimen, we adopted the big ball milling for one hour

to get the uniform powder and then fixed the powder on the sample holder by “spin

coating”. In our laboratory, X-ray Laue diffraction is essential as an orientation instru-

ment, which is also the common method we use to check the quality of single crystals.

In this thesis, we also described the preparation process of the family of SrRE2O4 (RE

= rare earth) polycrystal and the process of single crystal growth in detail. Compared

with the traditional halogen floating zone furnace, the laser diode floating zone fur-

nace has a larger melting zone temperature gradient, which is suitable for the growth

of volatile compounds with high melting points. The measurements of bulk proper-

ties of the single crystals SrRE2O4 (RE = Tb, Dy, and Ho) have been carried out by

the PPMS. At ambient pressure, the DC susceptibility versus temperature curves have

revealed the highly anisotropic nature of these compounds, which do not exhibit signif-

icant long-range ordered transitions in the temperature range 1.8–400 K. In frustrated

magnets with competing interaction, small perturbations can strongly affect the mag-

netic properties, and the strong hysteretic effects can occur. Under micro-pressure,

these magnets show an unexpected long-range order transition around 4.5 K, which is

related to the canted antiferromagnet induced by pressure. However, the effect of pres-

sure perturbation on different rare-earth ions is not consistent, the behavior is different

with the increase of pressure. With increasing pressure, the position of the transition

of SrTb2O4 moves toward a lower temperature, the transition of SrDy2O4 gradually

disappears, and the broad short-range order peak of SrHo2O4 gradually becomes sharp

and moves to a lower temperature. The AC susceptibility measurements exhibit a

spin-glass-like state at lower temperatures; however, the specific heat data show an

abnormal sharp peak, which indicates a complex magnetic state in SrTb2O4. The di-
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electric constant, as well as loss of SrRE2O4 (RE = Tb, Gd, and Ho) single crystal and

P -E hysteresis loop of SrTb2O4 have been measured by a FE analyzer. Such novel

FE behaviors were first discovered in this system, and in particular, SrTb2O4 exhibits

relaxation FE properties. Neutron scattering is an advanced technique, which plays

an irreplaceable role in studying the magnetic structure of magnetic materials and the

dynamics of strongly correlated electronic systems. Finally, we utilized NPD and PDF

to investigate the origin of ferroelectricity. As temperature increases, the refinement of

time-of-flight NPD data does not show any new structural peaks, and the space group

keeps Pnam, which is contrary to the FE theory. However, the Bragg peaks in this pat-

tern provided the average structure information. The local FE displacements can differ

from the average periodic structure and may not be correctly described using crys-

tallographic techniques. The use of the real-space PDF, which can now be obtained

from scattering data with unprecedented accuracy, provides an excellent opportunity

for studying the local structure. We compared the fit results of two different space

groups (Pnam and P1) and confirmed a net displacement of the cations with respect

to the oxygen octahedra along these directions and giving rise to the observed spon-

taneous polarization. The basis on the previous work, we also performed an inelastic

neutron scattering study on SrTb2O4. Unfortunately, no traces of magnetic excitation

were observed, whereas crystal-field excitation of Tb ions was evident.

Nevertheless, the work on the single crystal growth still needs to be improved.

Obvious cracks can be observed in transparent crystals, such as SrGd2O4, SrDy2O4,

and SrYb2O4, which may be caused by a sharp temperature gradient or insufficient

laser absorption. It is known that rare-earth ionic compounds exhibit excellent optical

properties and the existence of cracks more or less hampers the exploration of optical

properties.

Although we found AFM transition induced by micro-pressure in this family, the

magnetic interactions under pressure are not clear, demonstrating the necessity of fur-

ther investigation using the high-pressure neutron scattering technique. In this work,

we only describe the magnetic properties of SrTb2O4, SrHo2O4, and SrDy2O4 under
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pressure, which is also meaningful for the study of other members in this family at

high pressures.

In addition, the INS experiments on single-crystal SrTb2O4, using triple-axis spec-

trometers, have shown that the crystal-field in this material is far from trivial. Firstly,

there are a large number of crystal field levels. Secondly, some of these levels change

their position with temperature. And finally, some of the levels show apparent split-

ting. Nonetheless, we found no trace of expected magnetic excitation in the dispersion

map and also hoped that the study of the crystal field should eventually help with un-

derstanding the origin of the magnetocrystalline anisotropy in SrTb2O4. The fitting

of which is currently being attempted, which would also be beneficial to definitively

separate the Schottky anomaly and the magnetic contributions to the specific heat at

low temperatures.
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cally frustrated cluster spin-glass,” Journal of Physics: Condensed Matter, vol. 32,
no. 11, p. 115 601, 2019.

[100] W. Kleemann, “Relaxor ferroelectrics: Cluster glass ground state via random
fields and random bonds,” pp. 165–190, 2020.

[101] W Kleemann, J Dec, and S Miga, “The cluster glass route of relaxor ferro-
electrics,” Phase Transitions, vol. 88, no. 3, pp. 234–244, 2015.

[102] S. C. Abrahams, S. K. Kurtz, and P. B. Jamieson, “Atomic displacement rela-
tionship to curie temperature and spontaneous polarization in displacive ferro-
electrics,” Phys. Rev., vol. 172, pp. 551–553, 2 1968.

[103] V. Giurgiutiu and S. Lyshevski, “Electroactive and magnetoactive materials,”
Micromechatronics: modeling, analysis, and design with Matlab, pp. 357–415,
2003.

[104] I Vrejoiu, D Hesse, and M Alexe, “Single crystalline pzt films and the impact
of extended structural defects on the ferroelectric properties,” pp. 695–723,
2008.

[105] S. R. Y.C., “Domain patterns and macroscopic behaviour of ferroelectric ma-
terials,” 2002.

[106] A. Bokov and Z.-G. Ye, “Recent progress in relaxor ferroelectrics with per-
ovskite structure,” Progress in Advanced Dielectrics, pp. 105–164, 2020.

[107] Z. Ye, “Relaxor ferroelectric complex perovskites: Structure, properties and
phase transitions,” in Key Engineering Materials, Trans Tech Publ, vol. 155,
1998, pp. 81–122.

[108] F. Li, S. Zhang, D. Damjanovic, L.-Q. Chen, and T. R. Shrout, “Local struc-
tural heterogeneity and electromechanical responses of ferroelectrics: Learning
from relaxor ferroelectrics,” Advanced Functional Materials, vol. 28, no. 37,
p. 1 801 504, 2018.

[109] V. V. Shvartsman and D. C. Lupascu, “Lead-free relaxor ferroelectrics,” Journal of the American Ceramic Society,
vol. 95, no. 1, pp. 1–26, 2012.

159



[110] E. Sun and W. Cao, “Relaxor-based ferroelectric single crystals: Growth, do-
main engineering, characterization and applications,” Progress in materials science,
vol. 65, pp. 124–210, 2014.

[111] D. Viehland, S. Jang, L. E. Cross, and M. Wuttig, “Deviation from curie-weiss
behavior in relaxor ferroelectrics,” Physical Review B, vol. 46, no. 13, p. 8003,
1992.

[112] G. Smolenskii and A. Agranovskaya, “Dielectric polarization of a number of
complex compounds,” Soviet Physics-Solid State, vol. 1, no. 10, pp. 1429–
1437, 1960.

[113] N. Setter and L. Cross, “The role of b-site cation disorder in diffuse phase
transition behavior of perovskite ferroelectrics,” Journal of Applied Physics,
vol. 51, no. 8, pp. 4356–4360, 1980.

[114] N Setter and L. Cross, “The contribution of structural disorder to diffuse phase
transitions in ferroelectrics,” Journal of Materials Science, vol. 15, no. 10, pp. 2478–
2482, 1980.

[115] L. E. Cross, “Relaxor ferroelectrics,” Ferroelectrics, vol. 76, no. 1, pp. 241–
267, 1987.

[116] V. Isupov, “Some problems of diffuse ferroelectric phase transitions,” Ferroelectrics,
vol. 90, no. 1, pp. 113–118, 1989.

[117] G. Burns and F. Dacol, “Crystalline ferroelectrics with glassy polarization be-
havior,” Physical Review B, vol. 28, no. 5, p. 2527, 1983.

[118] G. Burns and F. Dacol, “Glassy polarization behavior in ferroelectric com-
pounds PbMg1/3Nb2/3)O3 and PbZn1/3Nb2/3)O3,” Solid state communications,
vol. 48, no. 10, pp. 853–856, 1983.

[119] A. Morgownik and J. Mydosh, “Analysis of the high-temperature spin-glass
susceptibility: Determination of the local magnetic exchange,” Solid state communications,
vol. 47, no. 5, pp. 321–324, 1983.

[120] K Binder, “Effective field distribution and time-dependent order parameters of
ising and heisenberg spin glasses,” Zeitschrift für Physik B Condensed Matter,
vol. 26, no. 4, pp. 339–349, 1977.

[121] D Viehland, M Wuttig, and L. Cross, “The glassy behavior of relaxor ferro-
electrics,” Ferroelectrics, vol. 120, no. 1, pp. 71–77, 1991.

[122] Y. Imry and S.-k. Ma, “Random-field instability of the ordered state of contin-
uous symmetry,” Physical Review Letters, vol. 35, no. 21, p. 1399, 1975.

160



[123] V. Shvartsman, J Dec, Z. Xu, J Banys, P Keburis, and W Kleemann, “Crossover
from ferroelectric to relaxor behavior in BaTi1 − xSnxO3 solid solutions,”
Phase Transitions, vol. 81, no. 11-12, pp. 1013–1021, 2008.

[124] V. Shvartsman, J Zhai, and W Kleemann, “The dielectric relaxation in solid
solutions BaTi1 − xZrxO3,” Ferroelectrics, vol. 379, no. 1, pp. 77–85, 2009.
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[150] D. Szewczyk, A. Jeżowski, A. I. Krivchikov, and J. L. Tamarit, “Influence of
thermal treatment on thermal properties of adamantane derivatives,” Low Temperature Physics,
vol. 41, no. 6, pp. 469–472, 2015.

[151] B. M. Nikolova, G. T. Nikolov, E. E. Gieva, and I. N. Ruskova, “Dielectric
properties measurement of flexible substrates,” pp. 1–4, 2018.

[152] J. Daillant and A. Gibaud, “X-ray and neutron reflectivity: Principles and ap-
plications,” vol. 770, 2008.

[153] B Ouladdiaf, J Archer, G. McIntyre, A. Hewat, D Brau, and S York, “Orientex-
press: A new system for laue neutron diffraction,” Physica B: Condensed Matter,
vol. 385, pp. 1052–1054, 2006.

[154] S. Trujillo, D. Batory, and O. Diaz, “Feature oriented model driven develop-
ment: A case study for portlets,” pp. 44–53, 2007.

[155] J Laugier and B Bochu, “Orientexpress 3.4,” 2003.

[156] G. Shirane, S. M. Shapiro, and J. M. Tranquada, Neutron scattering with a triple-axis spectrometer: basic techniques.
Cambridge University Press, 2002.

[157] G. L. Squires, Introduction to the theory of thermal neutron scattering. Courier
Corporation, 1996.

[158] W Langel, D. Price, R. Simmons, and P. Sokol, “Inelastic neutron scattering
from liquid and solid hydrogen at high momentum transfer,” Physical Review B,
vol. 38, no. 16, p. 11 275, 1988.

[159] A. K. Soper, GudrunN and GudrunX: programs for correcting raw neutron and X-ray diffraction data to differential scattering cross section.
Science & Technology Facilities Council Swindon, UK, 2011.

[160] R Ribberfors and K.-F. Berggren, “Incoherent-x-ray-scattering functions and
cross sections incoh by means of a pocket calculator,” Physical Review A,
vol. 26, no. 6, p. 3325, 1982.

[161] A. Ishaq, “Coherent scattering and incoherent scattering of megavoltage radi-
ation,” Ph.D. dissertation, 2021.

[162] D. L. Price and K. Skold, “1. introduction to neutron scattering,” in Methods in Experimental Physics,
vol. 23, Elsevier, 1986, pp. 1–97.

[163] G Boerker, R Boettger, H. Brede, H Klein, W Mannhart, and B. Siebert, “The
differential neutron scattering cross section of oxygen between 6 and 15 mev,”
in Nuclear data for science and technology, 1988.

[164] K. Hayashi et al., “Multiple-wavelength neutron holography with pulsed neu-
trons,” Science Advances, vol. 3, no. 8, e1700294, 2017.

163



[165] T. Chatterji, Neutron scattering from magnetic materials. Elsevier, 2005.

[166] S. Lovesey, “Some aspects of the theory of the scattering of neutrons by mag-
netic ions,” Journal of Physics C: Solid State Physics, vol. 2, no. 3, p. 470, 1969.

[167] R. Moon, T Riste, and W. Koehler, “Polarization analysis of thermal-neutron
scattering,” Physical Review, vol. 181, no. 2, p. 920, 1969.

[168] O Schärpf and H Capellmann, “Structural and magnetic investigations of a
La2CuO4 single crystal with polarization analysis,” Zeitschrift für Physik B Condensed Matter,
vol. 80, no. 2, pp. 253–262, 1990.

[169] J. Stewart et al., “Disordered materials studied using neutron polarization anal-
ysis on the multi-detector spectrometer, d7,” Journal of Applied Crystallography,
vol. 42, no. 1, pp. 69–84, 2009.

[170] M. G. Tucker, M. T. Dove, and D. A. Keen, “Direct measurement of the thermal
expansion of the si-o bond by neutron total scattering,” Journal of Physics: Condensed Matter,
vol. 12, no. 26, p. L425, 2000.

[171] K. W. Chapman, P. J. Chupas, and C. J. Kepert, “Direct observation of a trans-
verse vibrational mechanism for negative thermal expansion in zn (cn) 2: An
atomic pair distribution function analysis,” Journal of the American Chemical Society,
vol. 127, no. 44, pp. 15 630–15 636, 2005.

[172] K. Lefmann and K. Nielsen, “Mcstas, a general software package for neutron
ray-tracing simulations,” Neutron news, vol. 10, no. 3, pp. 20–23, 1999.

[173] J. Xu et al., “Multi-physics instrument: Total scattering neutron time-of-flight
diffractometer at china spallation neutron source,” Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment,
vol. 1013, p. 165 642, 2021.

[174] E. Takeshi and S. J. Billinge, “Total scattering experiments,” vol. 16, pp. 113–
158, 2012.

[175] G. H. Kwei, S. J. Billinge, S. Cheong, and J. G. Saxton, “Pair-distribution
functions of ferroelectric perovskites: Direct observation of structural ground
states,” Ferroelectrics, vol. 164, no. 1, pp. 57–73, 1995.

[176] F. Pettit, E. Randklev, and E. Felten, “Formation of NiAl2O4 by solid state
reaction,” Journal of the American Ceramic Society, vol. 49, no. 4, pp. 199–
203, 1966.

[177] R. Valenzuela and V. Raul, Magnetic ceramics. Cambridge university press,
1994.

[178] J. Binner, Advanced ceramic processing and technology. Noyes Publications
Park Ridge, 1990, vol. 1.

164



[179] H. Li, Synthesis of CMR manganites and ordering phenomena in complex transition metal oxides.
Forschungszentrum Jülich, 2008, vol. 4.
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[221] G Eiselt, J Kötzler, H Maletta, D Stauffer, and K Binder, “Magnetic blocking
in very dilute (EuxSr1 − x) s: Experiment versus theory,” Physical Review B,
vol. 19, no. 5, p. 2664, 1979.
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