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Abstract

This work presents the high-pressure single crystal growth and the magnetic properties
of the rare-earth indates GdInO3 and TbInO3, the Ruddlesden-Popper trilayer nickelates
La4Ni3O10, as well as the rare-earth orthochromites ErCrO3, GdCrO3, and SmCrO3.
All single crystals were grown by the floating zone method under the pressure over
20 bar. The challenges of single crystal growth are discussed and the corresponding growth
parameters are presented. The magnetic properties of the materials under study are
primarily characterized through magnetization measurements at temperatures down to
0.4 K and in magnetic fields up to 14 T. GdInO3 is a frustrated magnet which develops
long-range magnetic order below TN = 2.1 K. Specifically, a broad 1/3 plateau indicative
of the up-up-down spin configuration appears for magnetic fields B||c but is absent for
B||ab. A discontinuous transition into a high-field phase is found and the magnetic phase
diagram is established. For TbInO3, no long-range order is observed down to 1.8 K
which combined with previous reports suggests a potential spin liquid ground state. The
Ruddlesden-Popper nickelates La4Ni3O10 show a unique metal-to-metal transition. The
different single crystal growth and post-annealing processes result in two distinct structure
modifications P21/a and Bmab in which the metal-to-metal transitions occur at 136 K and
152 K, respectively. All single crystals of the rare-earth orthochromites ErCrO3, GdCrO3,
and SmCrO3 exhibit significant magnetic anisotropy. ErCrO3, GdCrO3, and SmCrO3

develop long-range magnetic order below TN = 132 K, 167 K, and 192 K respectively,
and the magnetization processes for different crystal-axis orientations clearly demonstrate
the spin reorientation transition of these three materials. The presence of spin switching
(magnetization reversal) in GdCrO3 is investigated. The work at hand illustrates that
growth of novel correlated magnetic materials by means of sophisticated methods is a
precondition for the detailed investigation and understanding of their magnetic properties.
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Kurzzusammenfassung

In der vorliegenden Arbeit werden die Hochdruck-Einkristallzucht sowie magnetische
Messungen der Seltenerd-Indate GdInO3 und TbInO3, der Ruddlesden-Popper-Dreischicht-
Nickelate La4Ni3O10 und der Seltenerd-Orthochromite ErCrO3, GdCrO3 und SmCrO3

untersucht. Alle Einkristalle wurden durch das Zonenschmelzverfahren beim Drücken über
20 bar gezüchtet. Die Bedingungen der erfolgreichen Zucht werden diskutiert und die zuge-
hörigen Wachstumsparameter aufgelistet. Die magnetischen Eigenschaften der Materialien
werden hauptsächlich durch Magnetisierungsmessungen für Temperaturen ab 0,4 K und in
Magnetfeldern von bis zu 14 T untersucht. GdInO3 ist ein magnetisch frustriertes System,
welches unterhalb von TN = 2,1 K eine langreichweitige antiferromagnetische Ordnung
ausbildet. Für Magnetfelder B||c tritt ein breites 1/3-Plateau in der Magnetisierung auf,
welches auf eine up-up-down-Spinkonfiguration hinweist. Hingegen wird das Plateau für
B||ab nicht beobachtet. Des Weiteren zeigt sich ein diskontinuierlicher Übergang in eine
Hochfeldphase. Für TbInO3 ist oberhalb von 1,8 K keine langreichweitige magnetische
Ordnung zu beobachten. Dies deutet in Übereinstimmung mit früheren Arbeiten auf einen
potenziellen Spinflüssigkeits-Grundzustand hin. Im Falle von La4Ni3O10 wurden durch
variierende Zuchtprozesse sowie Wärmebehandlungen Einkristalle mit unterschiedlichen
Kristallstrukturen P21/a undBmab hergestellt. Diese weisen einen Metall-Metall-Übergang
bei 136 K bzw. 152 K auf. Die Einkristalle ErCrO3, GdCrO3 und SmCrO3 zeigen eine
signifikante magnetische Anisotropie. Magnetische Ordnung tritt in den Systemen bei TN =
132 K (ErCrO3), 167 K (GdCrO3) bzw. 192 K (SmCrO3) auf. Außerdem zeigen sich in allen
drei Systemen Spin-Reorientierungsübergänge. Das Auftreten einer Spin Switching bzw.
Magnetization Reversal ist dahingegen nur in GdCrO3 zu beobachten. Im Allgemeinen
verdeutlicht die vorliegende Arbeit, dass die Züchtung neuer einkristalliner korrelierter
magnetischer Materialien eine Voraussetzung für die detaillierte Untersuchung und das
Verständnis ihrer magnetischen Eigenschaften ist.
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1
Introduction and Background

This chapter provides general remarks on this work and presents the basic theoretical
background for analyzing magnetic materials characterized by multiple interactions.
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1.1 Introduction

Strongly correlated materials are a class of material systems in which electron-electron
repulsive interactions play an essential role [1, 2]. These interactions give rise to intriguing
physical properties, such as Mott insulator [3], spin fluctuations [4], etc. In the advancement
of this research field, the exploration of new materials has always been a crucial aspect. One
significant technique in this exploration is the floating zone method, which dates back to the
1960s [5]. Developed over decades, the floating zone method has not only been industrialized
to enhance the preparation of conventional materials but has also played a crucial role
in exploring novel quantum materials. This technique provides crucial experimental
samples for a profound understanding of their physical properties, thereby enhancing
our comprehension of strongly correlated electron systems. The floating zone method is
commonly employed for the prepartion of superconducting materials, including conventional
copper-based superconductors La2−xSrxCuO4 [6], PrBa2Cu3Ox [7], etc. Additionally, it
is widely utilized in the synthesis of the geometrically frustrated magnet Yb2Ti2O7 [8],
topological insulator Bi2Se3 [9], spin ice Pr2Zr2O7 [10], spin liquid YbMgGaO4 [11–13]
and Tb2Ti2O7 [14], magnetic skyrmions Fe0.5Co0.5Si [15] and Gd3Ru4Al12 [16] and other
materials. Moreover, the floating zone method plays a vital role in preparing the perovskite
rare-earth oxides, represented by the nominal composition RBO3 (R = rare-earth ion,
B = cations), forming a multi-functional class of materials that are central to current
research in condensed matter physics and materials science. This class of materials exhibits
remarkable phenomena, including metal-insulator transitions in rare-earth nickelates [17–
19], spin-phonon coupling in rare-earth orthoferrites [20], colossal magnetoresistance, phase
separation, and charge (orbital) order in manganates [21–24], as well as multiferroicity in
RMnO3 [25–27].

The first class of material discussed in this work is the rare-earth indates (RInO3, R =
rare-earth ion) GdInO3 and TbInO3, which crystallize in the P63cm space group [28, 29].
Its centered honeycomb lattice structure makes RInO3 a well-suited platform for studying
geometrically frustrated magnets. For example, GdInO3 is a Heisenberg-like frustrated
system with small anisotropy [30, 31]. Particularly, GdInO3 presents a 1/3 magnetization
plateau in the isothermal magnetization curves at 1.8 K [30], which is a typical feature of
the up-up-down (uud) phase in triangular antiferromagnets [32–35]. GdInO3 also features
ferroelectricity, confirmed by the observation of P(E) hysteresis loop and a Z6 vortex
topological domain structure. Additionally, TbInO3 is considered a candidate for quantum
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Chapter 1 Introduction and Background

spin liquid behavior and has also shown ferroelectric behavior [36, 37].

Secondly, this work investigats the properties of Ruddlesden–Popper trilayer nickelates
La4Ni3O10. The electronic similarity between Ni1+ and Cu2+ configurations makes nick-
elates prime analogs to high-temperature superconducting cuprates. The significance of
nickelates is further underscored by the recent discovery in superconductivity of infinite-
layer nickelates [38–45]. The crystal structure of trilayer nickelates like La4Ni3O10 is
commonly depicted as an alternating arrangement of perovskite-like and rock-salt-like
layers [46, 47], often considered quasi-two-dimensional (2D). It features a mixture of Ni2+

and Ni3+ ions with an average valence of +2.67 [48]. Additionally, La4Ni3O10 shows an
unusual metal-to-metal transition (MMT) [48–55], characterized by intertwined charge and
spin orders emerging at MMT temperature [56].

The third class of material explored in this work is rare-earth orthochromites (RCrO3)
ErCrO3, GdCrO3, and SmCrO3, which adopt a distorted perovskite structure and display
three main types of magnetic interactions: those between the 3d moments of Cr3+, between
the 4f moments of R3+, and between the 3d and 4f moments. Canted antiferromag-
netic ordering of the Cr3+ moments, involving the weak ferromagnetic component due
to Dzyaloshinskii-Moriya (DM) interactions, has been verified through numerous inves-
tigations [57–59]. Consequently, RCrO3 exhibits intricate phenomena arising from the
intertwining of two different magnetic subsystems, such as the spin reorientation [60, 61],
spin switching [62, 63], etc.

The structure of this work is outlined below:

• Chapter 1 provides general remarks about this work and presents the basic theoretical
background for analyzing magnetic materials characterized by multiple interactions.

• Chapter 2 outlines the experimental methods, including sample synthesis and the
challenges of obtaining single crystals discussed in this work. It also covers the
method for structural characterization and magnetization measurement.

• Chapter 3 examines two hexagonal rare-earth indates, GdInO3 and TbInO3. Specif-
ically, section 3.1 presents experimental results of magnetization and specific heat
measurement of single crystal GdInO3. The signal of long-range magnetic order
evolution at TN = 2.1 K has been determined and GdInO3 shows significant magnetic
frustration. The system exhibits remarkable magnetization behavior, including a
broad 1/3 plateau indicative of the up-up-down (uud) spin configuration for magnetic
fields aligned with the c axis, reorientation processes, and a discontinuous transition
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into a high-field phase. The magnetic phase diagrams in the temperature regime
down to 400 mK and in magnetic fields up to 14 T have been constructed. Addi-
tionally, the possible spin configurations of GdInO3 have been discussed. Section 3.2
presents magnetization measurements of single crystal TbInO3. There is no signal of
long-range ordering observed down to 1.8 K.

• Chapter 4 details the single crystal growth and magnetic properties of Ruddles-
den–Popper nickelates La4Ni3O10. Two distinct phases, namely Bmab and P21/a,
influenced by the post-annealing process under pressure, are discussed. In both
structures, the metal-to-metal transition occurs at 152 K and 136 K, respectively, as
determined by magnetization and heat capacity measurements.

• Chapter 5 investigates three rare-earth orthochromites: ErCrO3, GdCrO3, and
SmCrO3. All three single crystals display significant magnetic anisotropy and
spin reorientation transition. ErCrO3, GdCrO3, and SmCrO3 exhibit long-range
antiferromagnetic order below TN = 132 K, 167 K, and 192 K, respectively. In this
chapter, the evolution of their magnetic ordering states along various crystallographic
axis have been discussed. Additionally, the magnetic phase diagram of SmCrO3 in
the temperature regime down to 1.8 K and in magnetic fields up to 7 T have been
presented.

• Chapter 6 serves as the conclusion of this dissertation.

1.2 Theoretical Background

This section lays out the fundamental theoretical groundwork for this study. Subsections
1.2.1–1.2.6 are primarily derived from “Magnetism in Condensed Matter” by S. Blundell [64],
“Magnetism and Magnetic Materials” by J. Coey [65], and “The Oxford Solid State Basics”
by S. Simon [66]. Subsection 1.2.7 draws from “Introduction to Many-Body Physics”
authored by P. Coleman [67], “Modern Magnetic Materials: Principles and Applications”
by R. O’Handley [68], as well as the book authored by S. Blundell [64] and J. Coey [65].
Additionally, this section also refers to the presentation of “Frustration” in the review
articles [69–73]. Lastly, subsection 1.2.8 is derived from “Principles of Physical Chemistry”
by R. Rosenberg [74].
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Chapter 1 Introduction and Background

1.2.1 Single-Atom Hamiltonian

The atoms constituting macroscopic matter contain electrons and nuclei, both with certain
magnetic moments. However, since the electronic magnetic moment is 3-4 orders of
magnitude larger than that of the nucleus, the magnetic moment of macroscopic matter is
mainly determined by electrons. For a system containing N electrons, the total Hamiltonian
should include five parts: the kinetic energy of the electrons, the kinetic energy of nuclei, the
Coulomb interaction between electrons, the Coulomb interaction between nuclei, and the
Coulomb interaction between electrons and nuclei. Therefore, solving this complex many-
body system is highly challenging. The energy band theory is an important theoretical
foundation that allows dealing with this complex many-body problem, employing three
approximate treatments:

• Born-Oppenheimer approximation: Considering that the nuclei are much heavier than
the electrons (the proton-to-electron mass ratio ≈ 1836), for the same interaction,
the motion of the electrons is much faster than that of the nuclei. Thus, from
the perspective of the electrons, the nuclei are approximately stationary, and the
kinetic energy term of the nuclei can be neglected. When considering the interaction
of the nuclei attracting the electron, only the electron coordinates vary, while the
coordinates of the nuclei appear as parameters. Finally, the interaction term between
nuclei appears as a constant. From the perspective of the nuclei, the nuclei cannot
“feel” the exact position of a particular electron, instead it only receives the average
force. Eventually, the motion of the electrons and that of the nuclei can be treated
separately, and the state of the electrons does not change with the motion of the
nuclei. This simplifies the complex many-body problem to a many-electron problem.

• Hartree-Fock (Mean-Field) approximation: In the many-electron system the motions
of all electrons are correlated due to interactions. Considering the interaction of
the surrounding electrons on one electron equivalent to a mean field that does not
vary with time, the complex many-electron problem is simplified to a single-electron
problem.

• Periodic potential approximation: Each electron experiences an exactly periodic
potential field, so the motion of each electron can be considered separately.

Therefore, based on the above approximations, the complex many-body problem becomes
a single-electron problem in a periodic potential field, and the Hamiltonian of the system
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becomes the sum of the single-electron Hamiltonian. The single-electron Hamiltonian is
given by:

H = p2

2me
− Ze2

r
(1.1)

with the momentum operator p, the electron mass me, the proton number Z, and the
distance from the nucleus for electron r.

The Hamiltonian of N electrons moving around the nucleus:

H =
N∑

i=1

(
p2

i

2me
− Ze2

ri

+ Vi(ri)
)

(1.2)

with the momentum operator for the ith electron pi, the distance from the nucleus for the
ith electron ri, and the effective electrostatic potential for the ith electron Vi(ri).

The eigenfunction ψ of Eq. 1.2:

ψn,l,ml,ms(r,θ,ϕ) = Rn,l(r)Y ml
l (θ,ϕ)χ(ms) (1.3)

with the principal quantum number n = 1, 2, ...(positive integer), the angular momentum
quantum number l = 0, 1, ..., n− 1, the magnetic quantum number ml = 0,±1,±2, ...,±l,
and the spin quantum number ms = ±1/2. Rn,l(r) quantifies the radial part of the wave
function, the angular part of the wave function is constructed from the spherical harmonics
Y ml

l (θ,ϕ), and χ(ms) is the spin part.

1.2.2 Hund’s Rules

The ground state electronic configuration of an atom or an isolated ion is dictated by
Hund’s rules, which encompass three requirements:

1. Without violating the Pauli exclusion principle, the total spin quantum number S
takes the maximum value for the lowest energy state.

2. Given the spin S, the state where the total orbital quantum number L takes the
maximum value has the lowest energy.

3. If the shell is less than half-filled, the total angular momentum quantum number J
is determined by J = |L− S|; if the shell is more than half-filled, J = |L+ S|; if the
shell is half-filled, L = 0 and J = S.
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Chapter 1 Introduction and Background

1.2.3 Spin-Orbit Coupling

In Hund’s rules, J arises from the relativistic spin-orbit coupling (SOC) interaction, which
represents the relativistic influence of electron spin on the electron’s orbital motion. The
SOC Hamiltonian is expressed as:

HSOC = λL · S (1.4)

where the coupled orbital moment L = ∑N
i=1 l(i), the coupled spin moment S = ∑N

i=1 s(i),
and λ denotes the SOC constant.

The Landé g-factor gJ is given by:

gJ = 3
2 + S(S + 1) − L(L+ 1)

2J(J + 1) (1.5)

As a result, in the case of L = 0 and J = S, gJ = 2. Conversely, for S = 0 and J = L,
gJ = 1. The orbital angular momentum L, the spin angular momentum S, and total
angular momentum J after coupling are shown in Fig. 1.1.

Figure 1.1: Schematic of the orbital angular momentum L, the spin angular momentum S,
and total angular momentum J . After [65].
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1.2.4 Atom in a Magnetic Field

Introducing a magnetic field B acting on the many-electron system: B = ▽ × A, where A
is the magnetic vector potential:

A(r) = B × r
2 (1.6)

Hence the perturbed Hamiltonian is given by:

Ĥ =
Z∑

i=1

(
[pi + eA(ri)]2

2me
+ Vi

)
+ gµBB · S (1.7)

where gµBB · S is the Zeeman-term, and Eq. 1.7 can be simplified to:

Ĥ =
∑

i

(
pi

2

2me
+ Vi

)
+ µB(L + gS) · B + e2

8me

∑
i

(B × ri)2 (1.8)

= Ĥ0 + µB(L + gS) · B + e2

8me

∑
i

(B × ri)2 (1.9)

Ĥ0 represents the oridinal Hamiltonian, the second and third terms correspond to the
paramagnetic and diamagnetic moment respectively.

1.2.5 Brillouin Function

The classical theory of paramagnetism was first introduced by Paul Langevin. In this
theory, it is assumed that the interactions between atomic magnetic moments (e.g., the
influence of magnetic dipole interactions on the system are very weak compared to thermal
energy at room temperature) can be neglected, resulting in the orientation of the magnetic
moments being disordered at equilibrium, thus exhibiting no magnetic moment in the
absence of an external magnetic field. However, when an external magnetic field is applied,
the magnetic moments align with the field direction, leading to paramagnetism. The
magnetization in the system is expressed as:

M = nµ

(
coth y − 1

y

)
= nµL(y) (1.10)

y = µB

kBT
(1.11)

9



Chapter 1 Introduction and Background

where n is the number of magnetic moments per unit volume, kB is the Bohr magneton, T
is temperature, and L(y) is the Langevin function.

In small magnetic field, the paramagnetic susceptibility is denoted as:

χ = nµ0µ
2

3kBT
(1.12)

When the magnetic field is strong enough, the saturation magnetization MS is denoted by:

MS = nµ (1.13)

M

MS
= µB

3kBT
(1.14)

However, considering that the total magnetic moment of an atom is quantized in its
orientation within the external magnetic field, the z component of the magnetic moments
mJ = ±1/2. For a system with J = 1/2, the magnetic moments can take values of −µB

or µB. Therefore, the Brillouin function is used to estimate the magnetization of an ideal
paramagnet:

BJ(y) = 2J + 1
2J coth

(2J + 1
2J y

)
− 1

2J coth
(
y

2J

)
(1.15)

y = gJµBJB

kBT
(1.16)

The susceptibility for low magnetic fields is given by

χ = nµ0µ
2
eff

3kBT
(1.17)

The effective magnetic moment is given by:

µeff = gJ

√
J(J + 1) (1.18)

When the magnetic field is strong enough:

MS = ngJµBJ (1.19)

M = MSBJ(y) (1.20)

10



When J = ∞, Brillouin function is equal to Langevin function:

B∞(y) = L(y) (1.21)

When J = 1/2, Brillouin function is equal to the tanh function:

B 1
2
(y) = tanh(y) (1.22)

The relation between magnetic susceptibility and temperature is described by the extented
Curie-Weiss (CW) Law:

χ = C

T − Θ + χ0 (1.23)

where C is the Curie constant, χ0 is the temperature independent term and Θ is the
Weiss temperature, with Θ > 0 for the ferromagnet and Θ < 0 for the antiferromagnet.
The origin of the molecular field in Weiss model is explained by the exchange interaction
proposed by physicist Werner Heisenberg, see section 1.2.7.

1.2.6 Magnetic Order

Research on the theory of ferromagnetism begun in the early 20th century with the Weiss
model introduced by the physicist Pierre Weiss, employing the following assumptions:

• Molecular field assumption: A strong “molecular field” exists inside ferromagnetic
materials. In the absence of an external magnetic field, spontaneous magnetization
occurs within the material. The role of the external magnetic field is to align the
magnetic moments of different regions with the direction of the external field.

• Magnetic domain assumption: The spontaneous magnetization of ferromagnetic
materials can be divided into different regions called magnetic domains. Each domain
exhibits spontaneous saturation of magnetization. In the absence of an external
magnetic field, the magnetic moments within each domain are randomly oriented,
resulting in the absence of macroscopic magnetism.

Therefore, the contribution of the molecular field is incorporated into Eq. 1.16:

y = gJµBJ(B + λM)
kBT

(1.24)
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Chapter 1 Introduction and Background

where λ represents a constant that characterizes the magnitude of the molecular field as a
function of magnetization. λ > 0 for the ferromagnet and λ < 0 for the antiferromagnet.
λM term represents a molecular field. The critical transition temperature from the
ferromagnetic state to the paramagnetic state is denoted by the Curie temperature:

TC = gJµB(J + 1)λMS

3kB
= nλµ2

eff
3kB

(1.25)

The critical transition temperature from the antiferromagnetic state to the paramagnetic
state is denoted by the Néel temperature:

TN = gJµB(J + 1) |λ|MS

3kB
= n |λ|µ2

eff
3kB

(1.26)

1.2.7 Magnetic Interactions

1.2.7.1 Magnetic Dipole-Dipole Interaction

For two magnetic dipoles µ1 and µ2, separated by a distance r, there exists magnetic
dipole coupling between them. The corresponding coupling energy is given by:

E = µ0

4πr3

[
µ1 · µ2 − 3

r2 (µ1 · r)(µ2 · r)
]

(1.27)

where µ0 is the vacuum permeability.

1.2.7.2 Exchange Interaction

By considering two electrons with wave functions denoted as ψ1 and ψ2, the position of
the ith electron is ri, and its spin component is denoted by χi, the state in which the two
electrons have opposite spins resulting in total S = 0 is known as the singlet state:

ΨS = 1√
2

[ψa(r1)ψb(r2) + ψa(r2)ψb(r1)]χS (1.28)

the state in which the spins of the two electrons are parallel, resulting in the total S = 1,
is known as the triplet state:

ΨT = 1√
2

[ψa(r1)ψb(r2) − ψa(r2)ψb(r1)]χT (1.29)

12



The difference between the singlet and triplet states can be parameterized as S1 · S2. For
a singlet state, S1 · S2 = −3

4 , while for a triplet state, S1 · S2 = 1
4 .

The energy difference between the triplet and singlet states can be expressed as:

ES − ET = 2
∫
ψ∗

a(r1)ψ∗
b (r2)Ĥψa(r2)ψb(r1)dr1dr2 (1.30)

J is defined as the exchange constant:

J = ES − ET

2 =
∫
ψ∗

a(r1)ψ∗
b (r2)Ĥψa(r2)ψb(r1)dr1dr2 (1.31)

Hence, the spin term in the Hamiltonian can be written as:

2 spins : Ĥspin = −2JS1 · S2 (1.32)

For J > 0, ES > ET, indicating that the system is in the triplet state. Conversely, for
J < 0, ES < ET, indicating that the system is in the singlet state. Thus, the interaction
between all neighboring atoms in the macroscopic system can be expressed as:

N spins : Ĥ = −2
∑
i>j

JijSi · Sj (1.33)

where Jij is the exchange constant between ith and jth spins. When the two electrons are
on the same atom, J > 0 and the triplet state is of lower energy. Conversely, if the two
electrons are on neighboring atoms, J < 0 and the singlet state is of lower energy.

1.2.7.3 Spin Waves

Spin waves are the low-energy excitations of the exchange-coupled magnetic lattice. The
magnon is defined as the elementary excitation of a spin waves. According to the Heisenberg
model, when one spin flips, the spin on the adjacent lattice point also flips due to the
exchange interaction, and it attempts to return the flipped spin to its pre-flip state,
propagating this spin flip throughout the lattice in the form of the wave, known as spin
waves. Considering a spin chain based on Eq. 1.33, the Hamiltonian reduces to:

Ĥ = −2J
∑

j

Sj · Sj+1 (1.34)
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Chapter 1 Introduction and Background

When solving, fluctuations are assumed to be transverse and small, i.e., the following
approximation Sx

j = Sy
j ≪ S, Sz

j ≈ S are considered:

Sx
j = Aei(qja−ωt) (1.35)

Sy
j = Bei(qja−ωt) (1.36)

where q is the wave vector, A and B are constants, a is the interatomic spacing, and ω is
the frequency of the spin waves. This yields the dispersion relation:

ℏω = 4JS(1 − cos qa) (1.37)

when qa ≪ 1, at the limit of small wave vectors the dispersion relation is:

ℏω ≈ 2JSa2q2 (1.38)

i.e, for small values of q, the ferromagnet’s spin waves have a quadratic dispersion.

The antiferromagnet spin waves dispersion relation is given by:

ℏω = 4JS sin qa (1.39)

at the limit of small wave vectors the dispersion relation is:

ℏω ≈ 4JSaq (1.40)

i.e, for small values of q, the antiferromagnet’s spin waves have a linear dispersion.

Figure 1.2: Illustrates the spin waves. After [64].
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1.2.7.4 Magnetic Anisotropy

When an external magnetic field is applied along different crystal-axis directions, the
ease with which the material becomes magnetized varies, resulting in magnetic anisotropy.
Crystal field is one of the sources of induced anisotropy, achieved by lowering the symmetry
of electron orbital motion. Magnetic anisotropy also originates from SOC and dipolar
interactions, while any process that breaks symmetry can also contribute to additional
magnetic anisotropy. The two main types of magnetic anisotropy are:

• Magnetocrystalline anisotropy is intrinsic to the material and arises from interactions
between spin, orbit, and lattice. For example, the orientation of the orbit is strongly
fixed to the lattice. Due to SOC, an external magnetic field attempts to reorient the
spin, but the orbit is strongly coupled to the lattice and resists efforts to reorient the
spin. As a result, magnetocrystalline anisotropy overcomes this resistance originating
from SOC.

In addition, in exchange interactions, if the components of the spin in the x, y, and z
three directions are considered, the interaction can be one- (Ising model), two- (XY
model) or three-dimensional (Heisenberg model), and the Hamiltonian Eq. 1.33 can
be written as:

H = −
∑
ij

(
JxS

x
i S

x
j + JyS

y
i S

y
j + JzS

z
i S

z
j

)
(1.41)

where Sx
i , Sy

i , Sz
i , and Sx

j , Sy
j , Sz

j are the x, y, and z components of the spin operators
at lattice points i and j, respectively. The anisotropy is expressed by Jx, Jy, and Jz.

• Shape anisotropy arises from the geometry of the sample. During magnetization, an
internal demagnetizing field forms within the material, causing the internal magnetic
field to be weaker than the external field. The energy of this demagnetizing field is
determined by a parameter known as the demagnetization factor N , which depends
on the sample’s shape. Consequently, shape anisotropy is particularly significant for
thin film materials.

1.2.7.5 Hubbard Model

Energy band theory is based on the single-electron approximation, where interactions
between electrons are considered in the form of a mean field. However, when the electron
interactions in a system are very strong (e.g., 3d electrons for transition metals, and
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4f electrons for rare-earth ions), the system exhibits a series of very complex behaviors,
and this class of systems is known as strongly correlated electron systems, such as Mott
insulators [75], high-temperature superconductors [76], and quantum spin liquids [71]. One
of the fundamental models describing this category of systems is the Hubbard model [77].

The Hubbard model is based on the idea that when an electron moves from one localized
atomic orbital to another, it is necessary to take into account whether the latter is occupied
by other electrons. If it is already occupied, adding the Coulombic interaction between
two electrons situated around the same atom will result in a significant change in the state
of the energy bands. In the basic scenario, an atom has only one energy level, which can
be occupied by at most two electrons with opposite spins. The Hubbard Hamiltonian is
given by:

H = −t
∑
i,j,σ

c†
iσcjσ + U

∑
i

ni↑ni↓ − µ
∑
i,σ

niσ (1.42)

where c†
iσ is the creation operator which creates an electron of spin σ on lattice site i, cjσ

is the annihilation operator, niσ = c†
iσciσ is the number operator with spin up (↑) or spin

down (↓).

The first term represents the kinetic energy, indicating the electron’s movement from one
site to its neighbors (hopping), where t controls the scale of this hopping energy. The
second term represents the interaction energy. If the atom has zero or only a single electron,
then the Coulomb interaction is zero. However, if the atom has two electrons, an energy U
is added to the second term. There is no interaction between electrons on different sites.
The final term represents the chemical potential.

1.2.7.6 Magnetic Frustration

Magnetic frustration is a crucial concept, especially in the study of quantum spin liquids [71].
In general magnetic materials, thermal fluctuations decrease with decreasing temperature,
causing the spins to form long-range order states at low temperatures to minimize the
free energy of the system. However, in the presence of magnetic frustration, the energy
levels of individual magnetic ground states become very close to each other, resulting in
ground-state degeneracy. Consequently, even at very low temperatures, the system remains
disordered with strong quantum fluctuations [69]. Geometric frustration is currently a
highly discussed scenario of magnetic frustration.
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Figure 1.3: (a) Schematic of the geometrical frustration on a single triangle within the
triangular Ising lattice. (b) The spins on the triangular-lattice Heisenberg antiferromagnet are
oriented at angles of 120 degrees to each other. (c) Schematic of the geometrical frustration
in the Kagome lattice and (d) on a single tetrahedron in the pyrochlore lattice. After [69,
71].

Geometric frustration arises in specific lattice geometries due to competing antiferromag-
netic (AFM) interactions. Representative examples of geometrically frustrated structures
include the triangular lattice, the Kagome lattice, and the 3D co-vertex tetrahedral (Py-
rochlore) lattice, as shown in the Fig. 1.3. Taking the triangular lattice as an example,
when nearest-neighbor (NN) interaction is the AFM interaction, two spins on the trian-
gular lattice align antiparallel to each other below the transition temperature. However,
regardless of the direction chosen, the third spin cannot satisfy the condition of being
antiparallel to both of the other two spins. In considering only the NN interactions, the
ground state of the antiferromagnetic system based on a triangular lattice exhibit three
spin directions at 120 degrees to each other, as depicted in Fig. 1.3(b). Based on the Weiss
temperature as given in Eq. 1.23, the strength of frustration is quantified by the frustration
factor:

f = |Θ|
TN

(1.43)

It is typically assumed that a system exhibits frustration when f > 5 − 10, and a system
with frustration necessarily exists degeneracy.
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1.2.8 Energy Conditions for Crystallization

Crystal growth can occur with the gas, liquid, or solid as the parent phase and is a typical
first-order phase transition process. The Gibbs free energy of the system can be expressed
as a relation between the internal energy E, the pressure V , the absolute temperature T ,
and the entropy S:

G = E + pV − TS (1.44)

For isothermal processes, the following equation applies, where H = E+pV is the enthalpy
of the system:

∆G = ∆H − T∆S (1.45)

The requirements for crystal growth satisfy the second law of thermodynamics, i.e., the free
energy reduction principle. The temperature at which the material begins to crystallize is
always below the melting point of the material, which is known as the supercooling degree
∆T = TM − T . The greater degree of supercooling, the higher number of nuclei, and the
finer grain size after crystallization.

Figure 1.4: Schematic illustration of the G − T curve for solid-phase and liquid-phase
systems. After [74].

Fig. 1.4 illustrates the temperature dependence of the free energy in both liquid and solid
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phases. Since the degree of order in liquid atoms is lower than that in solid atoms, and the
entropy value of the liquid is greater than that of the solid, the free energy curves of the
two phases are bound to intersect at the melting point Tm. The process of crystallization
is achieved by the movement of the crystalline interface to the parent phase. The driving
force ∆GV for crystallization per unit volume is proportional to the supercooling degree:

∆GV = ∆Hm
∆T
Tm

(1.46)

where ∆Hm is the enthalpy of melting at temperature Tm.
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2
Experimental Method

High quality samples are prerequisite for the successful performance of the experiments.
This work involves the preparation of single crystals RInO3 (R = Gd, Tb), La4Ni3O10,
and RInO3 (R = Er, Gd, Sm) using the high-pressure optical floating zone method. This
chapter outlines the experimental methods, covering the sample synthesize, structural
characterization, and magnetization measurements.
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2.1 Synthezis

2.1.1 Solid State Reaction Method

Polycrystalline samples are typically prepared using the conventional solid state reaction
(SSR) method, characterized by the absence of solvents and the simplicity of the experi-
mental process. The SSR method involves the chemical reaction of two or more solid state
chemical compounds, resulting in the formation of a new solid state product [78]. The SSR
usually requires long reaction times. For the samples discussed in this work, the sintering
temperature and time are provided in Table 2.1. Oxide powders are commonly selected as
the initial reactants, and a list of chemicals utilized in this work can be found in Table A.3
in the appendix. The specific experimental procedure is outlined as follows:

• Investigate the synthesize conditions of the samples to be prepared by checking the
melting points of the reactants, their volatility and the possible changes in the valence
states of the elements during the reaction. Calculate the mass of reagents required
according to the chemical equation, taking into account the purity of the reagents.

• Pre-heating: The reagents for the SSR are pre-heated in separate alumina crucibles
in order to eliminate possible quality errors due to the water absorption and volatile
impurities of the reagents. After pre-heating, the oxide powders are accurately
weighed and mixed. The box muffle furnace Nabertherm-LHT 02/17 was used for
sintering in this work.

• Grinding-sintering cycle: The mixed powder is placed in an agate mortar, along
with appropriate amounts of isopropanol (or anhydrous ethanol). The mixture is
thoroughly ground until the isopropanol is completely volatilized. Subsequently,
the powder mixture undergoes sintering at temperatures ranging from 1300 °C to
1500 °C, with a sintering duration selected between 24 to 72 hours. To ensure
thorough reaction and the uniformity of powder particles, the "grinding-sintering"
process is cycled, maintaining the same temperature and duration for each sintering
process. This cycle was repeated three times for the samples presented in this work.

• Rod pressing: The powder, having undergone multiple sintering cycles, is pressed
into rods with a controlled diameter of approximately 5 mm. The mold and rubber
tube used for rod pressing are depicted in Fig. 2.1. It is essential to note that the
condensity and uniformity of the rods directly influence the efficiency and success of
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Figure 2.1: (a) The schematic of mold for preparing polycrystalline rods. (b)-(e) The
polycrystalline rods prepared in this work.

the subsequent single crystal growth process described in the following subsection.
Therefore, ensuring the uniformity of the rods is crucial, achieved by thoroughly
milling the powder into a fine consistency without any granularity before commencing
the rod pressing. The rods were isostatically pressed at 60-70 MPa.

• Rod sintering: Following the pressing and molding stages, the rods undergo another
round of sintering. The sintering temperature of the rods can be elevated by approx-
imately 50 °C, and the sintering duration can be extended based on experimental
requirements to ensure the desired condensity of the rods.

2.1.2 Ball Milling Method

In cases where there is a significant disparity in the particle size among the various powders,
the ball milling technique can be combined with the SSR method. This combination ensures
the production of powders with uniform particle sizes, thoroughly mixed to facilitate an
adequate SSR. Alternatively, ball milling can precede the rod pressing step to enhance the
densification of the rods. Ball milling is a mechanical method utilized to grind powders into
fine particles or to prepare composite material, offering a simple and cost-effective way to
synthesize composites. In this work, the Retsch Planetary Ball Mill PM-100 was employed
for ball milling, comprising a rotating chamber that generates centrifugal force, grinding
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jars with varying volumes, and grinding balls. Dry or wet grinding can be applied during
the synthesize process based on the final product requirements. In this work, ZrO2 balls
with a diameter of 1 mm were utilized, and the ratio of ZrO2 to the raw material, along
with the duration and rotation speed of the ball milling process, were adjusted according
to the specific circumstances. Following the ball milling process, the sample was cleaned
with isopropanol, collected, and dried.

2.1.3 Single Crystal Growth by Floating Zone Method

Figure 2.2: (a) The structure schematic of the optical floating zone furnace HKZ. The
schematic of the melting zone at stages for (b) docking, (c) the beginning of crystallization,
and (d) grain in specific directions continues to enlarge. After [79].

Crystal growth techniques are mainly categorized into four groups based on the type of
phase transition utilized during crystal growth: growth from melt, solution, vapor, and
solid state [81]. Among these, the floating zone method, which involves crystal growth
from the melt, was invented in the early 1960s [5, 82]. Compared to traditional crystal
growth methods from the melt such as the bridgman method, the most notable feature of
the floating zone method is its freedom from the limitation of crucibles. This characteristic
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Figure 2.3: Schematic diagram of the HKZ growth chamber. After [80].

makes it suitable for growing single crystal of substances with higher melting points
while minimizing the risk of contamination [79]. In the optical floating zone method, two
rod-shaped polycrystalline samples are prepared: feed rod and seed rod 1. Different heat
sources can be used to melt the rods. Usually, a light source with high energy density, such
as a halogen lamp, xenon lamp, or laser beam, is used to focus the light on the sample
by utilizing curved mirrors. The crystal growth process begins with the melting of the
tops of feed and seed, causing them to cluster together and form a floating zone between
the feed and seed (refer to Fig. 2.2(b)). As this method does not utilize a crucible, the
connection between the feed and seed relies on the balance between gravity and surface
tension of the melt. For oxide melts, convection in the molten zone plays an important
role in heat transport, with forces such as surface tension, buoyancy, and centrifugal force
influencing fluid motion within the melt [83]. The rods are rotated in opposite directions to
ensure thorough fusion. The recrystallization process in the optical floating zone method
is achieved through the relative motion of the light source and the sample. In the case of
spontaneous nucleation with polycrystalline rods as seed, the melted seed contains small
multi-directional grains (Fig. 2.2(c)). During the growth process, grain in specific directions
1 Using the single crystal rods as seed is a better choice for improving the crystallization efficiency.
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continue to enlarge, leading to the re-crystallization of the melted rods along those specific
directions (Fig. 2.2(d)).

The high-pressure optical floating zone furnace HKZ (SciDre) was used to prepare single
crystals in this work [84–86]. It adopts a vertical mirror setup, as shown in the schematic
structure in Fig. 2.2(a). In this work, 5 kW or 7 kW Xenon arc lamps were employed
as a heat source with melting temperatures of up to 3000°C. The HKZ is equipped with
a two-color pyrometer for stroboscopic measurement near the melting zone and a high-
resolution CCD camera, enabling real-time monitoring of the temperature and status of
the melting zone during the growth process. Furthermore, one significant advantage of this
device is the ability to work with different gases and mixtures in the growth chamber at
pressures up to 150 bar [80]. An enlarged view of the growth chamber is shown in Fig. 2.3.
The chamber is divided into two layers: the outer layer is a sapphire cylinder (weighing
approximately 1.0 kg), used as a pressure vessel to ensure pressures up to 150 bar, and the
inner layer is a protection tube with a volume of approximately 23 ml.

2.1.4 The Challenges of Single Crystal Growth of RInO3 (R =
Gd, Tb), La4Ni3O10, and RInO3 (R = Er, Gd, Sm)

In the floating zone method, the stability of the melt zone during growth is crucial. Factors
such as compound decomposition during crystal growth, surface tension of the melt,
segregation effects, low/high-temperature phase transitions, variation rate of gas flow, and
vacuum of the growth chamber all impact the stability of the melting zone [5, 79, 87]. The
preparation of single crystals of RInO3 (R = Gd, Tb), La4Ni3O10, and RInO3 (R = Er, Gd,
Sm) discussed in this work are challenging. For instance, GdInO3 undergoes decomposition
during growth, leading to the loss of In2O3 due to volatilization. This loss results in an
imbalance of the stoichiometric ratio, and the volatiles adhering to the inner wall of the
protection tube affect the focusing of the light source (see Fig. 2.4). Common methods to
mitigate this issue include employing high-pressure growth environment, adding a small
amount of In2O3 to the feed rod, or using the gas with higher molecular mass (such as
Ar instead of N2) to reduce the rate of volatilization. In this work, 30 bar Ar atmosphere
was applied and the Ar flow rate was maintained at 0.1 l/min, which significantly slowed
down the volatilization of In2O3. Fig. 2.5(a) illustrates the orientation of GdInO3 single
crystal at the early stage of growth, where crystals gradually begin to orient after being
docked and grown for 1.5 cm, accompanied by an evident color change. Additionally, a
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large number of cracks are observed in the GdInO3 crystals after growth, as depicted in
Fig. 2.5(d). These cracks are attributed to the presence of large temperature gradients in
the crystal, which can typically be mitigated by reducing the growth rate [79].

Figure 2.4: The protective tube with volatiles (a) In2O3, and (b) Cr2O3 attached to the
inner wall.

Secondly, for TbInO3, it faces the same issue of In2O3 volatilization as GdInO3, which can
be mitigated by pressurization. However, a significant number of bubbles were observed
within the melt zone during the growth of TbInO3 (see Fig. 2.5(c) and (e)). These bubbles
gradually expanded until they burst, causing the volume of the melt zone to shrink rapidly.
This sudden change in volume led to a variation in light absorption, resulting in rapid
fluctuations in temperature within the melt zone. In severe cases, this phenomenon
directly caused the melt to fall onto the top of the feed and the detachment of the melt
zone. Previous reports have suggested several reasons for bubble formation [5, 79, 87]: 1.
Bubbles that nucleate homogeneously at the solid-liquid interface may be retained in the
post-growth crystals (micro-pores); 2. Segregation effect or gaseous impurities; 3. Poor
densification of the feed rod or inhomogeneity of the rods. While ensuring that there were
no impurity effects, this work employed an increased sintering temperature of the feed
rods, as well as a reduced growth rate to alleviate the bubble formation during growth.
Additionally, varying the relative rotation rate of the feed and seed, adjusting the pressure
in the range of 30-50 bar, and adding an additional 10% of In2O3 of the stoichiometric
ratio to the feed rod did not have a significant effect on bubble generation.

Thirdly, in the single crystal growth of La4Ni3O10, using the same velocities for both rods
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Figure 2.5: (a) Longitudinal section along the growth direction of GdInO3 in the early
stages of growth. (b) Cross section of as-grown TbInO3. (c) Longitudinal section of TbInO3
melt zone along the growth direction, solidified melt zone obtained by rapid cooling at the
end of growth. (d) Natural cleavage surface of as-grown GdInO3 single crystal along the
[001] direction. (e) Enlarged schematic of the bubble-rich melt zone for TbInO3.

resulted in the depletion of liquid in the melting zone, similar to what was observed for
LaNiO3 [17]. Inconsistent velocity settings resulted in a wider diameter of the as-grown
single crystal compared to the feed (see Fig. 2.6(b)) and, in general, entailed an increase
in cracks. As mentioned above, cracking usually occurs due to the large temperature
gradients during growth [79]. Additionally, cracks are prone to occur when there is a
low-temperature to high-temperature phase transition during the growth (eg. Li3VO4 [88]).
Reducing the growth rate is one of the method to suppress the appearance of cracks [79].

Finally, single crystal preparation of RCrO3 faces the challenge of RCrO3 decomposing
during growth and losing Cr2O3 due to volatilization. Pressurization is an effective way to
mitigate volatilization; however, due to the high melting point of RCrO3, increasing the
pressure will further raise its melting point, reaching the upper limit of the equipment’s
operating temperature. Therefore, an Ar pressure setting of 30-80 bar and adding the
additional Cr2O3 of 10% of the stoichiometric ratio to the feed rod were attempted in this
work to suppress the volatilization of Cr2O3. All the growth parameters of single crystals
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Figure 2.6: (a) The state of the melting zone when GdInO3 is growing steadily, with the
crystallized part below the melting zone showing a normal diameter. (b) The state of the
melt zone during the growth of La4Ni3O10, and the wider diameter of the as-grown crystal.
Dashed lines are guides to the eye.

discussed in this work are listed in Table 2.1.

Table 2.1: The synthesize temperatures and growth parameters of the single crystal samples
prepared in this work.

Material Powder sintering Rods sintering Melting zone Growth rate Gaseous Pressure Gas flow
(air, ambient) (air, ambient) Temp.(K) (mm/h) (bar) (l/min)

GdInO3 1350°C for 24 h 1400°C for 36 h ~1750°C 10 O2 30 0.1
TbInO3 1300°C for 24 h 1400°C for 36 h ~1820°C 10 O2 30 0.1

La4Ni3O10 1050°C for 24 h 1400°C for 24 h ~1650°C 6(feed)+4(seed) O2 20 0.1
ErCrO3 1350°C for 48 h 1500°C for 48 h ~2300°C 10 Ar 45 0.1
GdCrO3 1350°C for 48 h 1500°C for 48 h ~2300°C 10 Ar 45 0.1
SmCrO3 1350°C for 48 h 1500°C for 48 h ~2300°C 10 Ar 30 0.1

2.2 Characterization

2.2.1 X-ray Diffraction (XRD) and Refinement

The phase purity of the resulting materials was assessed using powder X-ray diffraction
(XRD). X-ray diffraction is a non-destructive method applicable to fully or partially
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Figure 2.7: XRD schematic based on Bragg-Brentano geometry. After [89].

crystallized materials [90]. Monochromatic X-rays are directed onto the sample and
scattered by atoms within the lattice. Since the atoms are arranged periodically within the
crystal, certain scattering directions exhibit reinforcement of scattered waves. To probe the
microstructure of crystals effectively, the X-ray wavelength should be proportional to the
atomic spacing (approximately 0.1 nm) [91]. Bragg equation 2.1 defines the fundamental
condition required for X-ray diffraction in a crystal:

2d sin θ = nλ. (2.1)

Where d represents the interplanar crystal spacing, θ is the incident angle (the angle
between the incident ray and the scattering plane), λ denotes the wavelength of the
X-rays, and n signifies the diffraction order, the diffraction angle is given by 2θ. The
XRD schematic based on Bragg-Brentano geometry is show in Fig. 2.7. Since powdered
materials exhibit random orientations, scanning in the range of 2θ = 10◦ − 90◦ allows for
the collection of all possible diffraction directions of the lattice, resulting in the distribution
of diffraction intensities as a function of 2θ. The arrangement of atoms within each crystal
is unique, leading to a distinct diffraction pattern. The distribution of the diffraction peaks
is determined by the size, shape, and orientation of the crystal cell, while the intensity of
the diffraction peaks is influenced by the type of atoms and their positions in the crystal
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cell [91]. The broadening of the diffraction peaks is associated with the grain size and can
be characterized using Scherrer equation 2.2:

D = Kλ

β cos θ . (2.2)

where D represents the mean size of the ordered crystallite domains, K is the Scherrer
constant, λ denotes the wavelength of the X-ray, β represents the full width at half
maximum of the peak, and θ is the Bragg angle. In addition, the Rietveld method is
utilized to fit (refine) the full spectrum of XRD data. Rietveld refinement relies on the
assumption of a crystal structure model and structural parameters [92, 93]. It combines
these parameters with peak shape functions to calculate the polycrystalline diffraction
spectrum, which is then adjusted using the least squares method for factors such as zero
shift, lattice parameters, asymmetry, and preferred orientation etc. These adjustments
ensure that the structural model aligns with the experimental data.

The XRD data in this work were performed at room temperature by means of a Bruker
D8 Advance ECO diffractometer using Cu-Kα radiation (λ = 1.5418 Å). The data was
collected in the 2θ range of 10 − 90◦ with 0.02◦ step-size. All the data were measured by
Ilse Glass at the Institute of Earth Sciences, Heidelberg University. All XRD refinements
in this work were conducted using the FULLPROF SUITE software [93], with the peak
shape function selected as Pseudo-Voigt function 2.

2.2.2 Back-reflection Laue Method

The grown crystals were checked by the Laue back-reflection diffraction experiment to
confirm their single crystal nature and to orient the crystals. Following Bragg equation 2.1,
the fixed crystal was irradiated by X-rays with continuously varying wavelengths, resulting
in a two-dimensional diffraction pattern of the fixed crystal surface. The Laue diffraction
patterns utilized in this work were obtained using a high-resolution X-ray Laue camera
manufactured by Photonic Science. Single crystal samples were securely mounted on a
goniometer stage, and the diffraction patterns were generated using white X-rays emitted by
a standard tungsten X-ray tube. Operating parameters typically included an acceleration
voltage ranging from 25 to 30 kV and a tube current of 15 to 20 mA. Acquisition times of
300 to 500 seconds were employed to ensure the capture of high-quality images.

2 Pseudo-Voigt function is a linear combination of Lorentzian and Gaussian functions [93].
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2.2.3 Magnetometry

The DC susceptibility data were measured using a magnetic property measurement system
(MPMS3, Quantum Design) device, which employs a superconducting quantum interference
device (SQUID) magnetometer to measure the magnetic moment. The MPMS3 offers two
acquisition modes of DC susceptibility signal [94]. 1. DC Mode: The DC susceptibility
signal is acquired as the sample is gradually moved through the pick-up coils. 2. Vibrating
Sample Magnetometer (VSM) Mode: The VSM mode operates based on the electromagnetic
induction principle. In this mode, the sample vibrates at a fixed frequency and amplitude
centered on pick-up coils. The signals generated from these vibrations are measured with a
lock-in amplifier, allowing for the computation of the magnetic moment of the sample. This
mode offers faster acquisition speeds and higher sensitivity, resulting in higher resolution
data. For the measurement of magnetic susceptibility dependence on temperature, three
different methods were employed in this work:

• Zero Field Cooling (ZFC): The sample is initially mounted at room temperature
and then cooled down to the lowest measured temperature (e.g., T = 1.8 K) with-
out applying a magnetic field. Subsequently, a magnetic field is applied, and the
measurement is initiated during the warming process.

• Field-Cooled Cooling (FCC): The sample is mounted and magnetized at room
temperature (e.g., B = 1 T), and the measurement is initiated during the cooling
process.

• Field-Cooled Warming (FCW): The sample is mounted and magnetized at room
temperature (e.g., B = 1 T), cooled down to the lowest measured temperature (e.g.,
T = 1.8 K), and the measurement is initiated during the warming process.

The MPMS3 system can provide magnetic fields up to 7 T in a temperature range between
1.8 K and 400 K. Additionally, with the specific 3He option provided by Quantum Design,
this temperature range can be extended down to 400 mK.
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3
Rare-Earth Indates

This chapter presents two members of the hexagonal rare-earth indates, GdInO3 and
TbInO3. The centered honeycomb lattice structure makes RInO3 an excellent platform for
studying geometrically frustrated magnets or potential spin liquid states. Section 3.1 has
been published in Physical Review B [95].
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3.1 1/3 Plateau and 3/5 Discontinuity in the Magneti-
zation and the Magnetic Phase Diagram of Hexagonal
GdInO3

The following section has been published: N. Yuan, A. Elghandour, W. Hergett, R. Ohlen-
dorf, L. Gries, and R. Klingeler, “1/3 plateau and 3/5 discontinuity in the magnetization
and the magnetic phase diagram of hexagonal GdInO3”, Physical Review B, vol. 108, no.
22, p. 224403, 2023 [95]. Copyright ©2023 American Physical Society. All rights reserved.
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We report the high-pressure optical floating-zone growth of GdInO3 single crystals and show its magnetic
phase diagram down to the millikelvin regime as determined by magnetization measurements. The centered-
honeycomb lattice structure shows considerable magnetic frustration (|�|/TN � 5) and develops long-range
magnetic order below TN = 2.1 K from a short-range-ordered paramagnetic phase. Concomitantly, a small
net magnetic moment evolves at TN which points along the crystallographic c direction. Upon cooling, the net
moment reorients at T ∗∗ � 1.7 K and T ∗ � 1 K. A broad 1/3 plateau indicative of the up-up-down (uud) spin
configuration appears for magnetic fields B‖c but is absent for B‖ab, thereby suggesting easy-axis anisotropy. At
T = 0.4 K, a jump in magnetization at �3/5 of the saturation magnetization signals a discontinuous transition
to a high field phase and we find evidence for a possible tricritical point. Small energy and field scales in the
accessible regimes render GdInO3 a well-suited example to study the phase diagram of a semiclassical frustrated
hexagonal lattice in the presence of weak easy-axis anisotropy of mainly dipolar origin.

DOI: 10.1103/PhysRevB.108.224403

I. INTRODUCTION

Due to a wealth of relevant physical properties, perovskite
rare-earth (RE) oxides with the nominal composition RBO3

(R a RE ion) form a versatile class of materials and are
a major topical research area in condensed-matter physics
and materials science. Prominent examples of spectacular
phenomena observed in this class of materials are metal-
insulator transitions in rare-earth nickelates [1,2], colossal
magnetoresistance, phase separation, or charge and orbital
order in manganates [3–6] or multiferroicity in RMnO3 [7,8].
Similar to hexagonal RMnO3, the hexagonal RInO3 (R = Eu,
Gd, Tb, Dy, and Ho) systems crystallize in the P63cm space
group [9,10]. Their centered honeycomb lattice structure
renders RInO3 a well-suited platform to study geometri-
cally frustrated magnets. Prior to 2017, studies on RInO3

were limited to polycrystalline samples [11]. Accessibil-
ity of macroscopic single crystals such as GdInO3 [12],
TbInO3 [13,14], and Mn-doped TbInO3 [15] has boosted
the field as, for example, ferroelectricity and spin-liquid-like
behavior were found in TbInO3 [13,14]. In comparison to
the quantum spin liquid candidate TbInO3, the properties
of GdInO3 resemble more those of a Heisenberg-like frus-
trated system with only small anisotropy [16]. In particular,
in Ref. [16] the presence of a 1/3 magnetization plateau is
reported which was inferred from an anomaly in the isother-
mal magnetization curves at 1.8 K. The presence of an Ms/3
plateau is a typical feature of the up-up-down (uud) phase
in triangular antiferromagnets [17–20]. In addition, GdInO3

features ferroelectricity as confirmed by observation of the

*ning.yuan@kip.uni-heidelberg.de
†klingeler@kip.uni-heidelberg.de

P(E ) hysteresis loop as well as a Z6 vortex topological domain
structure [12].

Volatilization of In2O3 has long been a major challenge for
the preparation of GdInO3 single crystals. In this work, we
have mitigated this issue by employing the high-pressure op-
tical floating-zone method and show that high-quality GdInO3

single crystals are successfully grown when using a high
oxygen pressure of 30 bar. Using the single crystals we have
constructed the magnetic phase diagrams in the temperature
regime down to 400 mK and in magnetic fields up to 14 T.
In the zero magnetic field, distinct anomalies in the magne-
tization and specific heat signal the evolution of long-range
magnetic order at TN = 2.1 K. Applying the magnetic fields
parallel to the c axis yields a 1/3 magnetization plateau in
the isothermal magnetization which is centered at about 3 T.
This magnetization plateau behavior is absent when the field
is applied along the ab plane. The system also exhibits a
small net magnetic moment along the c axis, weak easy-axis
anisotropy, reorientation processes both in the zero magnetic
field and driven by the field, and a discontinuous transition
into a high-field phase.

II. EXPERIMENTAL METHODS

Polycrystalline GdInO3 was synthesized by a standard
solid-state reaction following Refs. [12,16]. Stoichiometric
amounts of Gd2O3 and In2O3 powders were well mixed and
calcined at 1350 ◦C for 24 h (air flow, ambient pressure).
The resulting material was ground and sintered for three
times to ensure a complete reaction. Polycrystalline rods were
prepared by hydrostatically pressing the powders under a
pressure of 60 MPa and annealing them for 36 h at 1400 ◦C.
GdInO3 single crystal was grown by using the high-pressure
optical floating-zone furnace (HKZ, SciDre) as described

2469-9950/2023/108(22)/224403(9) 224403-1 ©2023 American Physical Society

39



N. YUAN et al. PHYSICAL REVIEW B 108, 224403 (2023)

TABLE I. Growth parameters and phase analysis from the Ri-
etveld refinement of the room-temperature powder XRD data of
GdInO3 single crystals from the literature [12,16] and reported at
hand (HKZ).

Lasera Two-mirrorb HKZc

Atmosphere O2 O2 O2

Flow rate (l/min) 0.1 0.2 0.1
O2 pressure (bar) 9.5 9 30
Growth rate (mm/h) 5–10 10 10
Lattice parameter a(Å) 6.3301(4) 6.3433(3) 6.3451(3)
Lattice parameter c(Å) 12.3340(17) 12.3320(1) 12.3408(9)

aGrown by the laser floating zone furnace (Crystal Systems Inc.), see
Ref. [12].
bGrown by a two-mirror optical floating zone furnace (IRF01-001-
05, Quantum Design), see Ref. [16].
cGrown by the high-pressure optical floating zone furnace (HKZ,
SCIDRE), this work.

below. The phase purity and crystallinity were studied by
powder x-ray diffraction (XRD) and the back-reflection Laue
method. XRD was performed at room temperature by means
of a Bruker D8 Advance ECO diffractometer using Cu-Kα

radiation (λ = 1.5418 Å). Data have been collected in the 2�

range of 10◦–90◦ with a 0.02◦ step size. Structure refinement
was carried out using the FULLPROF SUITE by means of the Ri-
etveld method [21]. Studies of DC magnetization at 1.8–300 K
have been performed in a SQUID magnetometer (MPMS3,
Quantum Design Inc.) and by employing the vibrating sample
magnetometer option of a Physical Properties Measurement
System (PPMS, Quantum Design Inc.). For studies at tem-
peratures between 0.4 and 5 K, the iQuantum 3He option of
MPMS3 was used. A relaxation method was used to perform
specific heat measurements in the PPMS.

III. RESULTS

A. GdInO3 single crystal growth

Heavy volatilization of In2O3 and low surface tension of
the melts challenges growth of macroscopic GdInO3 single
crystals. To suppress volatilization, the crystals reported here
were grown under an oxygen pressure of 30 bar using the
high-pressure floating-zone furnace (HKZ, SciDre) [22,23].
High pressure was maintained at an O2 flow rate of 0.1 l/min.
A xenon arc lamp operating at 5 kW was employed and the
growth was performed inside a sapphire chamber. A relatively
fast growth rate of 10 mm/h was chosen in order to further
mitigate In2O3 volatilization. At slower growth rates, we ob-
served significant amounts of deposited In2O3 volatiles (see
Fig. S1(a) of the Supplemental Material (SM) [24]) adhering
to the inner protection glass tube, thereby affecting the focus-
ing of light and preventing stable growth.

Using an in situ temperature measurement by means of a
two-color pyrometer [25,26], the temperature of the melting
zone during the growth was determined to about 1750 ◦C. The
feed and seed rods were counter-rotated at 20 rpm to improve
homogeneity of the melt; both feed and seed rods were pulled
at 10 mm/h. The obtained boule is shown in Fig. S1(b) in
the SM [24]. Table I lists the growth parameters used in this

FIG. 1. Room-temperature XRD pattern and corresponding Ri-
etveld refinement of powdered GdInO3 single crystals grown at
30 bar O2 pressure. The observed diffraction pattern is shown in
red, the calculated one is shown in black, and the difference between
them is shown in blue. Refinement is based on the hexagonal crystal
system (space group P63cm, No. 185) of GdInO3 as a main phase.
The vertical green bars show the expected Bragg positions. The
refinement converged to Rp = 12.0%, Rwp = 11.3%, and χ 2 = 2.14.

work and those in previous studies, as well as the refined
lattice parameters and further characteristics of the respective
crystals.

A powder x-ray diffractogram on a ground single crystal
as well as an Rietveld refinement to the data is shown in
Fig. 1. The result of the XRD refinement demonstrates that
our sample is free of impurities, and the lattice parameters
and the crystal structure match the reported crystals [12,16].
Refined structural parameters are shown as Table S1 in the
SM [24]. The x-ray Laue diffraction in back-scattering ge-
ometry was used to confirm single crystallinity and orient
the single crystals, which were then cut with respect to the
crystallographic main directions using a diamond-wire saw.
Figure S1(c) [24] shows the single crystal sample used for the
magnetic and specific heat measurements. The Laue pattern
in Fig. S1(d) [24] illustrates the high crystallinity of this
sample. Laue diffraction performed at several other pieces of
the GdInO3 boule which were cleaved at room temperature
confirm that the dominant growth direction is in the ab plane.

The crystal structure of GdInO3 is shown in Fig. 2.
It belongs to the hexagonal space group P63cm (No.
185), which alternately arranges corner-connected layered

FIG. 2. (a) Schematic of the crystal structure of GdInO3 along
the [100] projection. (b) In-plane honeycomb arrangement of two
inequivalent atomic sites of Gd3+ ions. J1 and J2 represent two
magnetic exchange interactions that are distinguished by symmetry
(COD No. 7237332 [12,27]).
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FIG. 3. (a) Temperature dependence of the static magnetic sus-
ceptibility χ = M/B, obtained at B = 0.02 T applied along the
crystallographic c axis (B‖c) and in-plane (B‖ab), respectively; panel
(b) highlights small anisotropy at low temperatures. (c) Inverse of the
averaged susceptibility χav = (χc + 2χab)/3 and Curie-Weiss fit (red
line; see also Fig. S2 in the SM [24]). (d) Isothermal magnetization at
T = 2 K for B‖c and B‖ab. The horizontal dashed line marks 1/3 of
the saturation magnetization. The inserted picture shows the oriented
single crystal under study on a millimeter grid.

InO5 bipyramids and Gd layers. The structure features two
inequivalent Gd sites in the Gd layers with Wyckoff positions
2a and 4b, respectively. The two types of Gd sites form an
arc-like arrangement when viewed from the [100] direction
[see Fig. 2(a)]. Hence, in the centered honeycomb layers
formed by the Gd atoms in the plane perpendicular to the
[001] axis, there are two slightly different Gd-Gd distances
which may result in two distinct nearest-neighbor magnetic
exchange parameters, J1 (Gd1-Gd2) and J2 (Gd1-Gd1) [see
Fig. 2(b)] [11,16].

B. Magnetization M(T, B)

The static magnetic susceptibility χ = M/B obeys Curie-
Weiss-like behavior down to about 50 K as shown in Figs. 3(a)
and 3(c). At 300 K, χ (B‖ab)/χ (B‖c) � 1.01 signals purely
paramagnetic behavior and negligible anisotropy of the g
factor. Upon cooling below ∼50 K, a small anisotropy
between χc and χab evolves before an anomaly at TN =
2.1 K indicates the onset of long-range magnetic order [see
Fig. 3(b)]. Fitting the averaged susceptibility well above TN

by an extended Curie-Weiss law, i.e., (χc + 2χab)/3 = χ0 +
NA p2

eff/[3kB(T − �)] with the Avogadro number NA and the
Boltzman constant kB yields an excellent agreement with

FIG. 4. (a) Specific heat at B = 0 T and static magnetic suscepti-
bility χ = M/B in (b) B‖c = 5 mT and (c) B‖ab = 5 mT obtained in
the field-cooled (FC) regime and the zero-field-cooled regime (ZFC)
(black). (d, e) Static magnetic susceptibility (FC) at different external
magnetic fields up to 1 T. TN, T ∗, and T ∗∗ have been determined as
described in the text.

the data [Fig. 3(c)]. The fit yields the Weiss temperature
� = −12(1) K and the effective magnetic moment peff =
7.9(1) μB which agrees with the theoretical value of 7.94
μB for a free Gd3+ moment. The obtained negative Weiss
temperature � implies predominant antiferromagnetic inter-
actions. We note the frustration parameter f = |�|/TN � 5,
which suggests considerable spin frustration in GdInO3. Note
that the experimental data deviate from the high-temperature
Curie-Weiss fit below about 20 K as shown in Fig. S2 in the
SM [24].

The onset of long-range antiferromagnetic (AF) order is
associated with a clear anomaly in the specific heat shown in
Fig. 4(a). Concomitantly and in agreement with the presence
of a hysteresis in χ vs T , there is a steep increase of χ (B‖c) at
TN and pronounced hysteresis between the data obtained after
cooling in the magnetic field (field-cooled; FC) and in the
zero magnetic field (zero-field-cooled; ZFC) [see Figs. 4(b)
and 4(c)]. Upon cooling, the FC static susceptibility (χFC)
increases further until a broad maximum develops around
T ∗ � 1 K; below T ∗, the magnetization χ (B‖c) slightly de-
creases. Concomitantly, there is a broad hump in the specific
heat which has been interpreted as a signature of a second
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antiferromagnetic phase appearing at TN2, with TN2 = 1.05 K
as indicated by the associated maximum in cp/T [16]. This
hump is clearly visible in our data in Fig. 4(a), too. We
note, however, that the hump neither signals an entropy jump
nor is it λ shaped, and hence, there is no clear signature
of a thermodynamic phase transition at T ∗. If one would
alternatively interpret the hump as a broad jump in cp, an
entropy-conserving construction would suggest TN2 � 1.4 K.
At this temperature, however, there is no anomaly in the
magnetization. As is discussed below, the observation of an
anomaly in χ vs T and a maximum of a broad hump in
cp at the same temperature T ∗ may, hence, be considered a
signature of crossover associated with reorientation of the spin
structure. A reorientation process is not necessarily associated
with a proper thermodynamic phase boundary (see, e.g., rota-
tion of a small ferromagnetic moment in Eu2CuSi3 [28] and in
Gd2In0.97Si2.97 [29] where similar humps in cp are observed).

The magnetization data imply hysteresis between FC and
ZFC measurements at low temperatures with bifurcation be-
low TN. Both the increase of magnetization and hysteresis
further confirm the presence of a weak ferromagnetic com-
ponent below TN. The tiny peak in χFC (B‖c) is typical
of a ferromagnetic-like domain state signaling decrease of
magnetic anisotropy when heating towards the transition tem-
perature. This scenario is supported by the observations in
larger fields which suppress all features mentioned above, i.e.,
jump in magnetization, bifurcation, tiny peak, and the hump
at T ∗[see Fig. 4(b)].

Several features appear in χ (B‖ab) as demonstrated in
Fig. 4(c): There is a kink at TN indicating a very small in-
crease of magnetization in the ordered phase. At T ∗, there is
a change in the slope as indicated by an inflection point in
χ vs T . In addition, we observe an anomaly at T ∗∗ � 1.7 K
[see Fig. 4(c)]. Our data do not allow us to trace the field
dependence T ∗∗(B‖ab). In contrast, T ∗ can be detected and
it does not visibly change for small fields B � 0.1 T and
increases for higher fields.

Further information on the long-range ordered phase is
obtained by estimating the actual jump size of the specific
heat anomaly at TN. It is derived from the data by an entropy-
conserving method to �cp = 4.1(3) J/(mol K) [30]. This
value is much smaller than the expected mean-field value for
a S = 7/2 equal-moment system [31] of �c′

p = R 5S(S+1)
S2+(S+1)2 �

20.1 J/(mol K), with R being the gas constant [32]. Note that
the actual jump size associated with the measured anomaly
can be even smaller as it may be superimposed by critical
fluctuations. The abovementioned mean-field result reduces to
2/3 of �c′

p in the case of amplitude-modulated spin configu-
rations in which the amplitude of the magnetic moment varies
periodically from one site to another [33]. Both predicted
values are much larger than the experimentally observed
anomaly, which implies significant short-range magnetic or-
der above TN (as, e.g., suggested by the frustration parameter
f � 5) and/or considerable spin disorder below TN.

The magnetic entropy changes may be derived from the
experimental specific heat data by subtracting the lattice con-
tribution (cphonon

p ) which yields the magnetic specific heat
cmag. Fitting the data well above TN by an Einstein-Debye
model yields the characteristic temperatures �D = 473 K and

�E = 850 K and describes the data well for temperatures
above 30 K (see Fig. S7 in the SM [24]) [34]. Integrating
(cp − cph

p )/T yields the magnetic entropy changes of about
17.8(2) J/(mol K), which agrees with the theoretical expec-
tation value of R ln 8 = 17.29 J/(mol K). We note that only
about 60% of the magnetic entropy is released at TN while
nearly 40% of the magnetic entropy is consumed between
TN and 20 K. This result implies significant short-range mag-
netic order persisting up to ten times the long-range ordering
temperature. This is further confirmed by the fact that the ex-
perimentally observed magnetic susceptibility deviates from
the high-temperature Curie-Weiss fit in the same temperature
regime (see Fig. S2 in the SM [24]).

Notably, the mean-field description of entropy changes
also implies the presence of a hump in cp associated with
low-energy excitations in the J = 7/2 multiplet, at T/TN �
0.25 [33,35]. Using TN = 2.1 K predicts such a hump at
∼0.5 K, i.e., below T ∗ (see Fig. S6 in the SM [24]). Such
a Schottky-like anomaly is typically observed in Gd-based
systems with some variation of the temperature of its max-
imum [36–40]. Comparison of experimental data with the
prediction of mean-field theory is shown as Fig. S8 in the
SM [24]. Due to the fact that TN does not meet the mean-
field prediction either, one might attribute T ∗ to multiplet
effects. However, our observation that χ (B‖c) decreases at
T ∗ while χ (B‖ab) increases rather suggests the scenario of
partial rotation of ferromagnetic component towards the ab
plane. The fact that T ∗ is also characterized by a broad hump
in the specific heat [Fig. 4(a)] then indicates that the changes
in the magnetization in the ordered phase are associated with
anomalous entropy changes.

The effect of magnetic fields on the magnetic ground state
is further illustrated by the isothermal magnetization M vs B
and the associated magnetic susceptibility ∂M/∂B at T = 2 K
[up to 14 T: Fig. 3(d) ]and at T = 0.4 K (up to 7 T: Fig. 5) as
derived from the M(B) curves. From M(T = 2 K), similar val-
ues of the saturation magnetization Ms for the different field
directions confirm rather isotropic g factors: 7.0(1) (B‖ab) and
6.9(1) μB/f.u. (B‖c). The saturation fields amount to Bab

s =
7.3(2) T and Bc

s = 8.4(2) T. We also note several features in
the M(B) curves, the most prominent one appearing at around
Ms/3 for B‖c � 2.9 T.

At T = 0.4 K, the anomalies in the magnetization curves
are most pronounced as displayed in Fig. 5 (full M(B) curves
covering −7 T � B � 7 T are shown as Fig. S3 in the
SM [24]). The main features are as follows.

(i) There is a small ferromagnetic moment and magnetic
hysteresis visible in the inset of Fig. 5(a) which show, for
B‖c, a small remanent moment of 0.14 μB/f.u. and the critical
field �60 mT. No indication of hysteresis is found for B‖ab,
which, however, displays s-shaped behavior around B = 0 T
as shown in the inset in Fig. 5(b) and by the broad peak in
∂M/∂B‖ab centered at B = 0 T.

(ii) For B‖c, there is a plateau-like feature in M centered
at Bc1 = 2.9 T and a small jump in M at Bc2 = 5.5 T. Above
Bc2, M(B) features linear behavior which extrapolates to its
saturation value at Bs � 8.6 T [41]. We also note a feature at
B�

c1 = 4.2 T signaling the onset of the linear-in-M regime and
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FIG. 5. Isothermal magnetization at T = 0.4 K for (a) the B‖c
axis and (b) the B‖ab plane (left ordinates) and corresponding mag-
netic susceptibilities ∂M/∂B are shown (right ordinates). The full
magnetization loop (from −7 to +7 T) is shown in Fig. S3 of the
Supplemental Material [24]). Insets highlight the behavior around
zero field. Horizontal dashed lines mark Ms/3 and 3Ms/5; vertical
lines show the anomaly fields as described in the text.

thus the upper limit of the plateau region while the plateau’s
lower edge is marked B�

c1.
(iii) For B‖ab, there is a jump in ∂M/∂B at Ba1 � 2.5 T

which is preceded by a tiny peak (i.e., a small jump in M) at
Ba1 and followed by a linear regime in M for B > Ba2.

To summarize the main features, there is a clear magneti-
zation plateau visible in M(B‖c), extending from B�

c1 to B�
c1

and centered at Bc1, which perfectly agrees with 1/3 of the
saturation magnetization as determined at 2 K [cf. Fig. 3(d)].
Note that we find Ms rather independent of temperature in the
accessible temperature regime so that Ms (2 K) � Ms (0.4 K).
A similar conclusion on the presence of a 1/3 magnetization
plateau has been drawn from magnetization data at 1.8 K
in Ref. [16]. In addition, there is a small jump in M at Bc2

signaling a discontinuous phase transition at about 3/5Ms. We
also note that the tiny peak in ∂M/∂B‖ab at Ba1 appears at
2/5 of the saturation magnetization, and Ba2 which signals the
onset of a linear regime in M(B > Ba2) appears at �1/2 of Ms.

C. Magnetic phase diagrams

Distinct anomalies in M vs B allow us to trace the temper-
ature dependence of the phase boundaries associated with the
critical fields marked in Fig. 5. Specifically, we have used the
anomalies of the magnetic susceptibility shown in Fig. 6 to

FIG. 6. Magnetic susceptibility ∂M/∂B for (a) B‖c and (b) B‖ab
at different temperatures. The curves are offset vertically by 0.23
μB/(f.u. T) for better visibility; the dashed line in panel (b) indicates
the evolution of Ba3.

construct the magnetic phase diagrams. In addition, we have
derived the saturation fields from our M(B, T � 1.8 K) data
up to 14 T (see Fig. 3(d) and Figs. S3 and S5 in the SM [24])
and from extrapolating the linear-in-field behavior at 0.4 K
� T � 1.8 K, as well as TN (B), T ∗(B), and T ∗∗(B) at low
fields from M vs T measurements (see Fig. 4). The resulting
phase diagrams are shown in Fig. 7. The following main
features appear for B‖c. Centered at Bc1, a 1/3 magnetization
plateau is formed which starts to evolve at B�

c1 and extends
to B�

c1. Bc1 is barely temperature dependent as it only slightly
shifts to lower fields upon heating. Below about 1.2 K, there
is a linear-in-B regime of the magnetization following the AF
I/plateau phase. Whether the AF I/AF I′/AF I′′ boundaries
signal proper thermodynamic phase transitions or crossover
regimes is yet unclear. A sharp jump in M at Bc2 clearly in-
dicates a discontinuous phase transition and suggests a flip of
the spin configuration. This jump is superimposed by a kink in
M vs T as demonstrated by the peak and superimposed jump
in ∂M/∂B in Fig. 5. Upon heating, the sharp peak in ∂M/∂B
evolves to a broader feature in the temperature region where
the upper boundary of the plateau phase (B�

c1) merges with
Bc2. Broadening and softening of the anomaly may indicate
that the phase boundary evolves towards a continuous nature,
which would suggest the presence of a tricritical point at �4 T
and �1.6 K.

The Clausius-Clapeyron equation enables us to estimate
the entropy changes appearing at the AF I′/AF II phase
boundary [42]:

�Sc2 = −�Mc2
∂Bc2

∂T
. (1)

Using �M(0.4 K) � 0.11(1) μB/f.u., the analysis yields
�Sc2 � 0.15(3) J/(mol K), at 0.4 K.
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FIG. 7. Magnetic phase diagram of GdInO3 for B‖c and B‖ab. Ba/ci mark the critical fields as defined in Fig. 5 and in the text. B‖c: AF I:
Low-field AF phase; 1/3 plateau phase centered around Bc1 and confined by B�

c1 and B�
c1. The latter marks the onset of a linear-in-M regime AF

I′. At Bc2 a small jump in M appears before the polarized regime is achieved at Bs. B‖ab: At B = 0 T, several features distinguish regions of
different spin-orientation (AF I, AF I′′, AF I′′′). A clear phase boundary Ba1 (T ) separates AF I′′′ from the higher-field phase which may extend
to AF I. Two AF phases (AF I and AF III) are separated by Ba2. A further kink in M marks the onset of a high-field but not fully polarized phase
AF IV at Ba3. Several features appearing in the paramagnetic/short-range ordered phase (PM/SRO) are shown, too, as well as the regimes AF
I, AF I′′, and AF I′′′. White areas mark regions where the phase boundaries are yet unclear.

As described above, for T > 1.2 K, the sharp peak trans-
forms into a much broader feature and Bc2 is suppressed upon
further heating. The saturation field towards the ferromagnet-
ically polarized phase does not display strong temperature
dependence and the saturation features can be traced well
above the long-range ordered phase. We attribute this to
significant short-range magnetic correlations above TN. In
contrast to Bs, magnetization measurements do not detect the
phase boundary TN (B > 4 T), indicating that the magneti-
zation in AF II and in the short-range ordered phase is very
similar in this field regime. One may speculate about the phase
boundary as suggested in Fig. 7(a).

We note that the magnetization Mc increases at TN (�0 T),
which already implies the observed positive initial field de-
pendence of the associated phase boundary. Quantitatively, it
may be estimated using the Ehrenfest equation:

∂TN

∂B
= −TN

�M ′

�cp
. (2)

Exploiting the experimentally determined jump in specific
heat �cp from Fig. 4(a) and the change in slope of magne-
tization �M ′ = �(∂M/∂T ) yields ∂TN/∂B‖c = 1.7(2) K/T,
which is consistent with our data TN (B � 0 T) shown in
Fig. 7(a).

For B‖ab [Fig. 7(b)], we observe no sizable field depen-
dence of TN in small magnetic fields. This agrees with the
observation of only a small increase of Mab at TN. The quan-
titative analysis in terms of the Ehrenfest relation [Eq. (2)]
yields only ∂TN/∂B � 0.02(1) K/T. At zero field, two fur-
ther anomalies in M(T ) [Fig. 4(c)] indicate rotation of the
ferromagnetic component. The related regimes in the phase
diagram are labeled AF I′′ and AF I′′′ and the nature of the
boundaries is not clear [Fig 7(b)].

A small peak and a subsequent jump in ∂M/∂B‖ab [see
Fig. 5(b)] signal the appearance of the high-field phase AF III.
From the fact that both anomalies Ba1 and Ba2 further separate
upon heating, we conclude that the intermediate phase extends
to the AF I regime at B = 0 T. While AF I is separated by
distinct anomalies from AF III around 2 K, Ba1 cannot be
traced up to TN. TN (B) cannot be well traced by our data
either. In contrast, the upper phase boundary of AF III, i.e.,
Ba3, is marked by clear anomalies in ∂M(B)∂B as indicated in
Fig. 6, where associated kinks are visible for T � 0.6 K. From
the fact that Bs seems to be rather independent of tempera-
ture and clearly exceeds or is distinct from Ba3, we conclude
the presence of the high-field phase AF IV [43]. The nature
of AF IV is yet unknown. Note that again several features
in M(B) extend into the short-range ordered/paramagnetic
phase.

Finally, we discuss the phase diagram in the frame of po-
tential spin configurations appearing in triangular-lattice spin
systems (see, e.g., Refs. [19,20,44,45]). The ground-state spin
configuration has not yet been determined experimentally.
Potential candidates of the ground-state configuration are
coplanar Y-type (as also discussed in Ref. [16]) or umbrella-
type configurations. In both cases, finite-temperature uud
phases may appear [45,46].

(i) Our experimental data imply the presence of a net
magnetic moment. In the case of the Y-type configuration,
the measured net moment would correspond to an angle of
2θ � 117◦ between the upper spins in Fig. 8(a). An umbrella
structure would feature a huge aperture outside the ab plane
[see Fig. 8(b)]; the observed size of the canted moment would
suggest an angle of � 1.2◦ between the Gd moments and the
ab plane [47]. The in-plane projections of the moments cancel
out in this scenario. The data in Fig. 4 indicate partial rotation
of the net moment towards the ab plane, yielding further
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FIG. 8. Schematic diagram of possible spin configurations in GdInO3 in different magnetic fields. The green and blue arrows indicate the
spin directions at the Gd1 and Gd2 positions, respectively, which correspond to the Gd atom positions in Fig. 2. The orange arrows indicate
the net magnetic moment along the c axis. The angle between the upward spins in panel (a) is denoted by 2θ .

distortions of the abovementioned configurations. From
Fig. 4(c) we conclude that this rotation appears in two steps at
�1.7 K and �1 K, respectively. Small external magnetic field
B‖c yields a ferromagnetic-like hysteresis [see Fig. 5(a)] with
the c axis being the magnetic easy axis of the net moment.

(ii) Applying intermediate fields B‖c yields the formation
of a colinear uud configuration [Fig. 8(c)], i.e., the plateau
phase. At 0.4 K, the plateau region is centered at 2.9 T and ex-
tends from 1.9–4.2 T [Fig. 5(a)]. Our finding of a smeared-out
and not completely flat plateau only for B‖c does sup-
port the scenario of a classical Heisenberg triangular-lattice
antiferromagnet (TLAF) with easy-axis anisotropy [48] as dis-
cussed, e.g., for Na2BaCo(PO4)2 [49], Rb4Mn(MoO4)3 [50],
GdPd2Al3 [51], Ba3MnNb2O9 [18], and Ba3NiSb2O9 [52].
The center and edges of the plateau phase do not strongly
change upon heating. However, the plateau significantly blurs
and no clear signature of B�

c1 can be identified above �1.5 K.
(iii) Above B�

c1, the linear increase in M implies breaking
of the uud configuration and the continuous alignment of
spins towards the field [Fig. 8(d)]. A similar behavior is pre-
dicted in Ref. [48]; in agreement with these numerical studies,
phase AF I′ is found to be destabilized in external fields B‖c.

(iv) In contrast to the predictions of the minimal TAF
model [48], we observe an additional discontinuity at Bc2 as-
sociated with a jump-like increase of magnetization. The jump
is from about 4.1 to nearly 4.2 μB/f.u., i.e., it starts at about
3/5 of the full saturation magnetization. In this magnetization
regime, there are several possible scenarios which may ac-
count for such behavior. One of which includes discontinuous
rotation of the uu moments from the easy direction towards
a coplanar V-shaped structure which may evolve from the
uud phase by decreasing the angle ∠(uu, d ) as sketched in
Fig. 8(e). However, our data do not allow to unambiguously
resolve the spin configurations in this field range.

(v) For B‖ab, no plateau phase is formed. Instead, we
observe a small kink and a jump in ∂M/∂B, at Ba1 and Ba2 [see
Fig. 5(b)]. Note that the magnetization at Ba1 and Ba2 amounts
to 2.79(5) μB/f.u. and 3.45(5) μB/f.u., respectively, which is

very similar to 2/5 and 1/2 of the saturation values. Due to
the presence of several rotated spin arrangements (rotations at
�1.7 K and �1 K), only rough speculations on the field effects
are possible. The behavior of M(B‖ab) around B = 0 T, how-
ever, shows that the net magnetic moment is rather smoothly
aligned into the ab plane. The origin of the further distinct
phases in the magnetic phase diagram Fig. 7(b) remains to be
clarified.

In TLAFs with classical spins, both easy-axis anisotropy
and easy-plane anisotropy can stabilize the uud phase at finite
temperatures (see, e.g., Refs. [18,53]). The presence of the 1/3
plateau in GdInO3 implies that such easy-axis and easy-plane
anisotropy, which lift geometric frustration, are relevant for
driving the system into the uud configuration. Comparing the
temperature evolution of the uud phase for B‖c with numer-
ical studies [48] suggests that GdInO3 has a weak easy-axis
anisotropy. This conclusion is corroborated by the absence
of the 1/3 magnetization plateau for B‖ab. It is also in-line
with model calculations of the magnetization of GdInO3 in
Ref. [16] where weak easy-axis anisotropy D > 0 and J1 � J2

are suggested.
Anisotropy can arise from dipolar interactions between

the Gd3+ moments within the filled honeycomb layer.
Dipole-dipole interaction can be described by the following
Hamiltonian [54]:

Hdip = g2μ2
B

∑

i< j

[
SiSj

/
r3

i j − 3(Sirij)(Sjrji)
/

r5
i j

]
, (3)

with rij being the vector between interacting paramag-
netic centers and ri j the distance between them, such that
the dipolar anisotropy Ddip can be estimated as Ddip =
Edip/S2 = μ2

B p2
effμ0/4πr3S2. The resulting dipole-dipole en-

ergy amounts to Edip = μ2
B p2

effμ0/4πr3 = 0.78(2) K, with the
weighted average rave = (2r1 + r2)/3 = 3.6753(5) calculated
from the distances r1 = 3.6813(5) and r2 = 3.6633(5) from
our structure refinement. This energy roughly corresponds
to T ∗ and T ∗∗ where reorientation processes are observed.
Similar anisotropy energies for Gd3+ systems were reported
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in the literature for (Y1−xGdx )2Ti2O7 [55] and Gd2Ti2O7 [56].
However, exchange interaction may be also relevant in this
system, and its relevance in GdInO3 and in particular for the
presence of the presumingly anisotropy-related 3/5 disconti-
nuity should be investigated by numerical studies.

IV. SUMMARY

By means of single crystals grown by the high-pressure
optical floating-zone method, the magnetization process down
to the mK regime and the magnetic phase diagrams of GdInO3

have been investigated. The system evolves long-range anti-
ferromagnetic order at TN = 2.1 K and exhibits considerable
magnetic frustration (|�|/TN � 5). The ground state features
a small net magnetic moment along the crystallographic c
direction which reorients upon cooling at T ∗∗ � 1.7 K and
T ∗ � 1 K. A broad 1/3 plateau indicative of the uud spin
configuration appears for B‖c but is absent for B‖ab, thereby
suggesting easy-axis anisotropy. In this respect GdInO3 is
a typical triangular-lattice material in which weak easy-axis

anisotropy of presumingly dipolar nature breaks C3 symmetry
and allows formation of the uud phase. In addition, a jump
in magnetization at low temperatures signals a discontinuous
transition to a high-field phase. There is evidence that the
transition evolves a continuous nature upon heating via a
possible tricritical point. Small energy and field scales in the
accessible regimes render GdInO3 a well-suited example to
study the phase diagram of a semiclassical frustrated hexago-
nal lattice in the presence of weak easy-axis anisotropy, e.g.,
by future neutron diffraction studies, to verify the actual spin
configurations in the various thermodynamic phases.
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The Supplemental Material contains further information on the grown crystal, magnetization
and specific heat data.

I. STRUCTURE, VOLATILES, CRYSTAL ORIENTATION

TABLE I: Refined structural parameters for GdInO3 (P63cm) at room temperature. The refinement is
performed based on the crystallographic information file COD No.7237332 [1, 2]

Atoms Wyckoff position x y z Lattice Parameters(Å) Reliability factors
Gd1 4b 0.33330 0.66670 0.03758 a=6.3451(3) Rp =12.0 %
Gd2 2a 0.00000 0.00000 0.00810 b=6.3451(3) Rwp =11.3 %
In1 6c 0.34237 0.66670 0.27392 c=12.3408(9) Rexp =7.75 %
O1 6c 0.33245 0.00000 0.09612 χ2 = 2.14
O2 6c 0.39103 0.00000 0.43994
O3 4b 0.66670 0.33330 0.27509
O4 2a 0.00000 0.00000 0.30966

FIG. 1: (a) Powder XRD pattern of volatiles deposited on the growth chamber (see main manuscript
text). Pictures of (b) the obtained GdInO3 boule and (c) the oriented and cut sample used for magneti-
sation and specific heat measurments. (d) Laue pattern of the GdInO3 single crystal oriented along the
(001) direction.
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II. MAGNETISATION

FIG. 2: Temperature dependence of the averaged static magnetic susceptibility χav = (χc + 2χab)/3
obtained at B = 0.02 T and Curie-Weiss fit. Inset: Difference between the experimental data and the
fit.
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FIG. 3: Isothermal magnetization at T = 0.4 K for (a) B||c axis and (b) B||ab plane. In addition,
the corresponding magnetic susceptibilities ∂M/∂B are shown (right ordinates). Insets highlight the
behaviour around zero field. Horizontal dashed lines mark fractional values of the magnetization and
vertical lines show the anomaly fields as described in the text of the main manuscript.

FIG. 4: Isothermal magnetization for B||c axis at (a) 0.4 K-1.6 K (0-7 T) and (b) 1.8 K-4.0 K (0-14 T).
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FIG. 5: Isothermal magnetization for B||ab axis at (a) 0.4 K-1.6 K (0-7 T) and (b) 1.8 K-4.0 K (0-14 T).
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FIG. 6: (a) ZFC Magnetic susceptibility at 50 Oe and 100 Oe. (b) The derivative of magnetization for
B∥ab at 50 Oe. (c) The derivative of magnetization for B∥ab at 100 Oe. The black dashed lines label
the positions of T ∗ and T ∗∗ noted in the main text, and the red dashed lines mark the region between
T ∗ and T ∗∗ where the susceptibility linearly varies with temperature.

Chapter 3 Rare-Earth Indates

52



III. SPECIFIC HEAT AND PHONON BACKGROUND DETERMINATION AND
SKETCHES OF THE SPIN CONFIGURATION

FIG. 7: Temperature dependence of specific heat of GdInO3 single crystal sample measured at B = 0 T.
The black line represents a phonon fit to the data based on one Debye and one Einstein mode according
to Eq. 1. (b) Temperature dependence of cmag/T as derived from subtracting the phonon specific heat
from the experimental data and the calculated magnetic entropy Smag (right ordinate).

The background specific heat capacity was fitted by phononic Debye and Einstein terms, as well
as an electronic term, according to [3]:

cphp = nDD

(
T

ΘD

)
+ nEE

(
T

ΘE

)
(1)

where nD and nE are constants, D(T/ΘD) and E(T/ΘE) are the Debye and Einstein functions
with the Debye and Einstein temperatures ΘD and ΘE.
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.

FIG. 8: Temperature dependence of the magnetic specific heat capacity cmag. The solid red line repre-
sents the prediction of mean field theory [4–6] in Eq.2-Eq.7 for S = 7/2 and TN = 2.1 K.

The mean field theory prediction of Cmag(T ) is given by [4–6]:

Cmag(t)

R
=

3Sµ̄2
0(t)

(S + 1)t[ (S+1)t
3BS

′[y0(t)]
− 1]

(2)

y0(t) =
3µ̄0(t)

(S + 1)t
(3)

BS(y) =
1

2S

{
(2S + 1) coth[(2S + 1)

y

2
]− coth(

y

2
)
}

(4)

BS
′(y0) = [

dBS(y)

dy
]|y=y0 (5)

t =
T

TN
(B = 0) (6)

where R is the gas constant, BS(y) is the Brillouin function, µ̄0(t) is the reduced ordered moment
versus t in B = 0, which is determined by numerically solving the self-consistency equation:

µ̄0(t) = BS [y0(t)] (7)
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FIG. 9: Schematic calculation of the relevant angles in the main text Fig.8.
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3.2 TbInO3

3.2.1 Crystal Growth and Structural Characterization of TbInO3

Spin liquid, as a very special state in condensed matter physics, with potential applications
in quantum computing [97], has attracted much attention from researchers in the recent
years. Spin liquid is characterized by the lack of long-range order, highly entangled
quantum states, etc [97, 98]. Experimentally, the properties of spin liquid states are usually
revealed by neutron scattering [99], electron spin resonance (ESR) spectroscopy [13], and a
combined consideration of anomalies in magnetism, specific heat, and thermal conductivity,
etc. Representative materials include YbMgGaO4 [13, 100], ZnCu3(OH)6Cl2 [101], and
α-RuCl3 [99, 102], etc. These studies have pointed out Kagome and triangular lattice
structures as important platforms of searching for spin liquid, where special geometrical
restraints between neighboring spins avoid the formation of conventionally ordered magnetic
states. Complex spin arrangement also lead to complicated interactions between neighboring
spins, resulting in a large number of locally entangled states in the system, all of which are
factors favorable for the emergence of spin liquid. Therefore, TbInO3 with the triangular
lattice structure is of interest to researchers, and reports on its magnetic, electrical, and
possibly spin liquid properties have appeared [36, 37, 103–106].

The magnetic atom Tb has two inequivalent sites in this structure, which is caused by
the tilting of the InO5 bipyramid centered on In3+ [37]. Tb3+ shows an undulating up-
and-down arrangement in the ab plane and a honeycomb structure in the c axis. The
crystal structure from the viewpoints of the a and c axis are depicted in Fig. 3.1 (a) and
(b), respectively. Polycrystalline TbInO3 was synthesized using a standard SSR method.
Single crystal TbInO3 was prepared via the high-pressure optical floating zone method
(see Chapter 2). TbInO3 decomposes during growth and loses In2O3 components due to
evaporation, resulting in the presence of gas bubbles in the melt zone. Several groups
of growth parameters were experimented in this work, including O2/Ar pressure ranging
from 30-50 bar, growth rates 5-20 mm/h, and gas flow rates 0.1-0.2 l/min. However,
maintaining the stability of the melting zone for more than 1 hour was difficult under
all these conditions, and the bubble issue was present in almost every growth. Finally, it
was experimentally observed that adding excess In2O3 (10% of stoichiometric ratio) to
the raw material and growing at a rate of 5 mm/h noticeably decreased the number of
bubbles and the frequency of bubble ruptures. Although this solution failed to completely
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prevent the appearance of bubbles, it effectively extended the stabilization time of the
melting zone. Fig. 3.2(a)-(c) show the grown crystal, the oriented and cut crystal as well
as back reflection Laue diffraction pattern obtained along the c axis. In2O3 volatiles were
collected and confirmed by powder XRD (see Fig. 3.2(d)). The room temperature XRD
pattern of polycrystalline TbInO3 as well as the rietveld refinement to the data are shown
in Fig. 3.3 indicate the purity phase of TbInO3, the refined structural parameters are
shown as Table 3.1.

Figure 3.1: (a) Schematic of the crystal structure of TbInO3 along the [100] projection. (b)
In-plane honeycomb arrangement of two inequivalent atomic sites of Tb3+ ions. The structure
is created based on the crystallographic information file provided by the literature [105] and
the image is made using the VESTA software [107].

Table 3.1: Selected structural parameters from the Rietveld refinement of the room
temperature powder XRD data of TbInO3 (P63cm). The refinement is performed based on
the crystallographic information file provided by the literature [105].

Atoms Wyckoff x y z Lattice Reliability
position Parameters(Å) factors

Tb1 4b 0.33330 0.66670 0.03210 a=6.3186(3) Rp =12.9 %
Tb2 2a 0.00000 0.00000 -0.00004 b=6.3186(3) Rwp =9.58 %
In1 6c 0.33400 0.00000 0.26873 c=12.306(1) Rexp =9.16 %
O1 6c 0.31700 0.00000 0.10010 χ2 =1.09
O2 6c 0.36540 0.00000 0.43670
O3 4b 0.66670 0.33330 0.24600
O4 2a 0.00000 0.00000 0.30000
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Figure 3.2: (a) Picture of the obtained TbInO3 boule and (b) the oriented and cut sample
used for magnetization measurement. (c) Laue pattern of the TbInO3 single crystal oriented
along the [001] direction. (d) Powder XRD pattern of volatiles In2O3 deposited on the
protection tube of growth.

Figure 3.3: Room temperature XRD pattern and corresponding Rietveld refinement of
polycrystalline TbInO3. The observed diffraction pattern is shown in red, the calculated
one in black, and the difference between them is shown in blue. Refinement is based on the
hexagonal crystal system (space group P63cm, No. 185) of TbInO3 as a main phase. The
vertical green bars show the expected Bragg positions. The refinement converged to Rp =
12.9 %, Rwp = 9.58 %, χ2 = 1.09.
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3.2.2 Magnetic Susceptibility of TbInO3

Fig. 3.4(a) shows the temperature dependence of magnetic susceptibilities for both poly-
crystal (χpc) and single crystal (χab and χc), measured at B = 0.2 T. The latter two
distinct curves indicate magnetic anisotropy. The averaged susceptibility 2/3χab + 1/3χc is
shown as the green line, which deviates slightly from χpc. For B||ab, a larger susceptibility
than that of the polycrystal is observed, conversely, χc is significantly lower than χpc. At
300 K, the non-overlapping χab, and χc implicates the presence of anisotropy, as reported
by L.Clark et al. [36] and J.Kim et al. [37]. Notably, no sign of long-range order is observed
in the temperature region of 1.8-300 K. Both the zero field-cool (ZFC) and field-cool (FC)
magnetic susceptibility are shown in the inset of Fig. 3.4(a). All ZFC curves are highly
coincident with the FC curves, implying that no spin freezing exists for temperatures down
to 1.8 K. Additionally, the measured temperature region were extended to 0.1 K (muon spin
relaxation measurement) and 0.15 K (specific heat measurement) in the work presented by
L.Clark et al. [36] and J.Kim et al. [37], respectively, and no signs of long-range order are
observed in either case. The CW fitting were performed on the averaged susceptibility and
χpc data in the temperature region 20 K - 300 K, as shown in Fig. 3.4(b). The parameters
obtained from the fit are listed in Table 3.2, where the value of the effective moment
obtained for the fitted χpc is slightly lower than the theoretical value µtheo

eff = 9.72 µB (Tb3+:
J = 6, g = 3/2). This is probably attributed to the addition of extra In2O3 (10% of
the stoichiometric ratio) in the synthesize of the polycrystalline samples to overcome the
volatilization problem (see section 2.1.4 as well as section 3.2.1). Although extra 10%
of In2O3 is gradually lost during the synthesize of the polycrystals, a residual of 5% of
In2O3 is expected and this is not sufficient to be distinguished in polycrystalline XRD
measurement (Fig. 3.3). Lastly, the difference between the temperature dependence of
χab and χc is illustrated in Fig. 3.4(c). The anisotropy ratio χab/χc increases and then
decreases upon cooling, reaching its peak value of 4.8, which differs from the reported
results of 5.5 [36] and 6 [37] in the literature. The difference may originate from the
discrepancy in quality of the single crystal samples but all three data confirm the highly
anisotropic nature of the magnetic susceptibility in the measured temperature region. The
possible role of anisotropic exchange interactions for TbInO3 system was discussed in detail
by L.Clark et al. [36] based on crystalline electric field analysis.
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Table 3.2: The Weiss temperature (ΘW), the effective magnetic moment (µeff), and dia-
magnetic constant background term χ0 of TbInO3 obtained from the CW law.

ΘW (K) µeff (µB) χ0 (erg/G2mol)
χpc -16(1) 9.4(1) 2.59 × 10−4

2/3χab+1/3χc -16(1) 9.9(2) 5.08 × 10−5

3.2.3 Summary

This section introduces TbInO3 single crystals prepared by the high-pressure floating zone
method and its magnetization behavior. The growth instability caused by gas bubbles
in the melt zone is effectively reduced by adding excess In2O3 (10% of stoichiometric
ratio) and applying a slower growth rate (< 5 mm/h). The temperature dependence of
magnetic susceptibilities for both polycrystal and single crystal clearly demonstrate the
magnetic anisotropy. The CW analysis of χpc data yields the effective moment µeff =
9.40(5) µB = 96.7% µtheo

eff , which is attributed to the excess In2O3 added in the synthesize
of the polycrystalline samples. Also, the CW fitting gives Weiss temperature ΘW =
−16.5(1) K, suggesting predominant antiferromagnetic exchange interactions. However, no
long-range ordered is observed for temperatures down to 1.8 K. This result is consistent
with literature [36, 37] with measured temperatures as low as 0.1 K, which implies that
TbInO3 has considerable magnetic frustration parameter f . The anisotropy ratio χab/χc

also illustrates the magnetic anisotropy of TbInO3. Although χab/χc is slightly lower in
value than the previously reported, the maximum value of χab/χc exists near 13(1) K which
is consistent with the literature. In summary, TbInO3 could potentially be a candidate
material with spin liquid ground states, and high-quality, large-size single crystal samples
are necessary for advanced studies.
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Figure 3.4: (a) Field-cooled (FC) magnetic susceptibility of TbInO3 obtained at B = 0.2 T.
The gray, blue, and orange circles indicate data taken by using the polycrystal, the single
crystal for B||ab plane and B||c axis, respectively. The green line indicates data calculated
by 2/3χab + 1/3χc. Inset: The zero field-cooled (ZFC) and FC magnetic susceptibility at
low temperatures. (b) Inverse of the χpc (gray circle), 2/3χab + 1/3χc (green circle), and the
CW fits (dashed black lines). (c) The temperature dependence of anisotropy ratio χab/χc.
The black, orange and blue circles indicate data obtained in this work, in the literature [36],
and [37], respectively.
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4
Ruddlesden–Popper Trilayer

Nickelates La4Ni3O10

This chapter presents the single crystal growth and magnetic properties of the Ruddles-
den–Popper nickelate La4Ni3O10. This chapter has been published in the Journal of Crystal
Growth [108].
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The following chapter has been published: N. Yuan, A. Elghandour, J. Arneth, K. Dey,
and R. Klingeler, “High-pressure crystal growth and investigation of the metal-to-metal
transition of Ruddlesden–Popper trilayer nickelates La4Ni3O10”, Journal of Crystal Growth,
vol. 627, p. 127 511, 2024 [108]. Copyright ©2024 Elsevier B.V.. All rights reserved. The
preparation of the manuscript was completed by the first author N. Yuan, specifically:

• Single crystals were prepared by N. Yuan, including the orientation and cutting of
single crystals.

• The data presented in the paper were measured and analyzed by N. Yuan, with
the exception of the specific heat data measurements and analyses (Figs. 5-7). All
figures and tables were made by N. Yuan.

• A. Elghandour measured the specific heat and participated in the discussion of
these data.

• K. Dey contributed to the discussions during the single crystal preparation session
and provided guidelines for equipment utilization.

• J. Arneth participated in the data discussion.

• R. Klingeler was responsible for the project, supervised the measurements, sup-
ported the data analysis and finalization of the manuscript.

• The manuscript draft was written by N. Yuan. Together with R. Klingeler, she
revised and finished the manuscript, and communicated with the reviewers.

• All authors proofread the manuscript.
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A B S T R A C T

Single crystals of Ruddlesden–Popper nickelates La4Ni3O10 were grown by means of the floating-zone technique
at oxygen pressure of 20 bar. Our results reveal the effects of the annealing process under pressure on the
crystal structure. We present the requirements for crystal growth and show how a reported ferromagnetic
impurity phase can be avoided. The different growth and post-annealing processes result in two distinct phases
𝑃 21∕𝑎 and Bmab in which the metal-to-metal transitions occur at 152 K and 136 K, respectively.

1. Introduction

The recent discoveries of superconductivity in infinite-layer nick-
elates [1–8] have further demonstrated the position of nickelates as
model systems to discover and decipher novel aspects of correlated
electron physics. It is also the electronic similarity of the Ni1+ and Cu2+

electronic configurations which renders nickelates prime analogues to
the high-𝑇C superconducting cuprates and has raised a surge of interest
to understand and modify the critical electronic features that determine
electronic correlation and in particular superconductivity in nickelates.
This has brought the Ruddlesden–Popper phases La𝑛+1Ni𝑛O3𝑛+1 into the
focus in which the valence of the Ni-ions and the electronic ground
state can be tuned (see, e.g., [9–13]). Trilayer nickelates as reported at
hand exhibit an unusual metal-to-metal transition (MMT) [14–20] with
intertwined charge and spin orders developing at 𝑇MM [21].

The crystal structure of Ruddlesden–Popper nickelates R4Ni3O10
is commonly described as an alternating arrangement of perovskite-
like layers and rock-salt-like layers [9,22] and is often regarded as
quasi-two-dimensional (2D). It exhibits a mixture of Ni2+ and Ni3+
ions with an average valence of +2.67 [14]. The space group details
at room temperature and ambient pressure are still controversial and
the debated four different space groups are discussed specifically in
Refs. [17,18,23]. By means of high-resolution synchrotron and labo-
ratory X-ray single-crystal diffraction studies Zhang et al. concluded
that the formation of the 𝑃 21∕𝑎 (no. 14) and Bmab (no. 64) structures
is closely related to the cooling rate after growth. The preparation
of La4Ni3O10 compounds, especially of single crystals, is challenging

∗ Corresponding author.
E-mail address: ning.yuan@kip.uni-heidelberg.de (N. Yuan).

due to the required synthesis atmosphere of 20–30 bar oxygen pres-
sure [9,18] and the pronounced tendency of phase mixture which is
reported to be closely associated with slight variations of the oxygen
content [20,24].

In this work, single crystals of La4Ni3O10 were successfully grown
by the high-pressure optical floating-zone method under 20 bar oxy-
gen pressure. We investigate the different growth and post-annealing
processes resulting in two different phases, i.e. 𝑃 21∕𝑎 and Bmab, re-
spectively, and report magnetic susceptibility and specific heat data.
Our study shows sharp anomalies and marked anisotropy associated
with the reported MMT in La4Ni3O10. Using the here reported growth
conditions avoids the formation of a previously reported ferromagnetic
impurity phase.

2. Materials and experimental methods

Polycrystalline La4Ni3O10 was synthesized by a standard solid-state
reaction. The raw materials La2O3 (99.99%, Sigma-Aldrich) and NiO
(99.998%, Alfa Aesar) powders were calcined at 900 ◦C and 1000 ◦C
for 24 h to remove absorbed water. Stoichiometric amounts of the
ingredients were mixed well in a mortar and calcined at 1050 ◦C
for 24 h (air flow, ambient) with several intermediate grindings. The
powder obtained is reground, packed in a rubber tube and isotropically
pressed at 60 MPa in order to produce cylindrical rods with a length
of 5–6 cm and a diameter of 5 mm as shown in Fig. 1a. The rods

https://doi.org/10.1016/j.jcrysgro.2023.127511
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Fig. 1. ictures of (a) La4Ni3O10 cylindrical polycrystalline rods, (b) the obtained La4Ni3O10 boule, (c) the melting-zone formed during the growth, and (d) the oriented and cut
single crystal used for magnetic and calorimetric measurements. (e,f) Laue patterns of the La4Ni3O10 single crystal oriented along 𝑐 axis and 𝑎𝑏 plane, respectively.

were annealed for 24 h at 1400 ◦C. It is notable that according
to the thermodynamic analysis of the La-Ni-O system [25,26], only
La2NiO4 compounds can be synthesized at ambient pressure, and our
experimental results are consistent with it. Single crystals of La4Ni3O10
were then successfully grown using the high-pressure optical floating-
zone furnace (HKZ, SciDre) [27]. We employed a 5 kw Xenon arc
lamp as the heat source, and 20 bar O2 atmosphere with an O2 flow
rate maintained at 0.1 l/min. The volume of the HKZ inner sample
chamber is approximately 23 ml. The composition of feed and seed
rods are identical, both are polycrystalline La4Ni3O10. To improve the
homogeneity of the melting zone, counter-rotation of the feed and seed
rods at 10 rmp is necessary. The feed rod was pulled at 6 mm/h and
the seed rod was pulled at 4 mm/h to maintain the zone stability. Using
an in-situ temperature measurement by means of a two-color pyrome-
ter [28,29], the temperature of the melting zone during growth was
determined to about 1650 ◦C. After the initial growth we performed a
rapid cooling of the melting zone to avoid the precipitation of oxygen.
In addition to crystals obtained from pristine boules grown as described
above and further on labelled ‘S1’, we also applied a post-annealing
procedure resulting in crystals labelled ‘S2’. The post-annealing was
carried out in the HKZ furnace where the sample is held under the
20 bar oxygen pressure at 950 ◦C for 2 h, then quenched to room
temperature following Ref. [18]. The latter process was achieved by
quickly removing the rod out of focus.

The phase purity and crystallinity of the resulting materials were
studied by powder X-ray diffraction (XRD) and the back-reflection
Laue method. XRD was performed at room temperature by means of
a Bruker D8 Advance ECO diffractometer using Cu-K𝛼 radiation (𝜆 =
1.5418 Å). Data have been collected in the 2𝛩 range of 10–90◦ with
0.02◦ step-size. Laue diffraction was done on a high-resolution X-ray
Laue camera (Photonic Science). Magnetic studies in the temperature
regime 1.8–350 K have been performed in a SQUID magnetometer
(MPMS3, Quantum Design Inc.) following either field-cooled (FC) or
zero-field-cooled (ZFC) protocols where the sample has been cooled
down to lowest temperature in the actual measurement field or in
zero magnetic field, respectively, before applying the external magnetic
field at lowest temperature. Measurements of the specific heat have
been performed in a Physical Properties Measurement System (PPMS,
Quantum Design Inc.) utilizing a relaxation method.

3. Results

3.1. Single crystal growth

La4Ni3O10 single crystals were successfully grown under 20 bar oxy-
gen pressure (see Fig. 1b for a picture of the as-grown boule). In order
to maintain a stable melting zone, the feed rod must be pulled faster
than the seed rod; optimized feed and seed rod velocities chosen for
the experiment were 6 mm/h and 4 mm/h, respectively. The melting
zone formed during the successful growth is shown in Fig. 1c. Using
the same velocities for both rods resulted in the depletion of liquid in
the melting zone, somehow similar as observed for LaNiO3 [28]. The
inconsistent velocity setting results in wider diameter of the as-grown
single crystal compared to the feed (see Fig. 1b) and in general entails
a larger potential for cracking.

The procedure yields shiny boules from which single crystalline
grains have been obtained, oriented, and cut (Fig. 1b and d). Crystals
were obtained from both the pristine boule (S1) and the annealed one
(S2). Figs. 1d-f show the oriented and cut crystal S2 as well as back-
reflection Laue images obtained along the 𝑐 axis and the 𝑎𝑏 plane,
respectively. Similar sample dimension and Laue patterns have been
obtained for crystal S1.

Powder X-ray diffraction was performed on several ground single
crystals taken from the very vicinity of the oriented single crystal bulks
in order to study phase purity of the grown single crystals. The resulting
room temperature XRD pattern as well as the Rietveld refinements
to the data presented in Fig. 2a,b indicate that the main phase is
La4Ni3O10. In addition, we observe a few Bragg peaks that do not cor-
respond to La4Ni3O10 phases but are assigned to La3Ni2O7 impurities.
We find that the annealing procedure under oxygen pressure leads to a
notable reduction of the impurity phase, as shown in Fig. 2c,d.

3.2. Magnetization

The in-plane and out-of-plane magnetization measurements per-
formed on single crystal samples S1 and S2 shown in Fig. 3 provide
further information on the quality of the single crystals and on potential
impurity phases. The main features are sharp jumps or kinks in the
static susceptibility 𝜒 = 𝑀∕𝐵 at 𝑇 𝐵𝑚𝑎𝑏

MM = 152 K and 𝑇 𝑃 21∕𝑎
MM = 136 K

Chapter 4 Ruddlesden–Popper Trilayer Nickelates La4Ni3O10

68



Journal of Crystal Growth 627 (2024) 127511

3

N. Yuan et al.

Fig. 2. Room temperature powder XRD patterns and corresponding Rietveld refinement [30] of ground La4Ni3O10 single crystals grown at 20 bar O2 pressure. S1 (a,c) and S2
(b,d) show results for pristine and annealed crystals, respectively (see the text). The observed diffraction pattern is shown in red, the calculated one in black, and the difference
between them is shown in blue. The vertical green bars show the expected Bragg positions of La4Ni3O10 (COD no. 7237332 [31]) and La3Ni2O7 (ICSD no. 91141 [31]). The
refinement converged to 𝑅p = 15.9%, 𝑅wp = 16.2%, 𝜒2 = 5.7 for S1 and 𝑅p = 27.2%, 𝑅wp = 24.8%, 𝜒2 = 3.7 for S2. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

for the pristine S1 and the annealed S2, respectively. This result is
consistent with previous reports [15–19,21,32] which imply that the
MMT is characterized by an intertwined charge-magnetic ordering
phenomenon.

We emphasize the absence of FC/ZFC hysteresis behaviour in the 1.8
to 350 K temperature interval (see Fig. 3); previously reported crystals
show a pronounced anomaly in the susceptibility at around 50 K and
strong differences between FC and ZFC susceptibilities, suggesting an
unknown ferromagnetic component [18]. This component is absent in
our crystals which confirms its extrinsic nature.1 The absence of ferro-
magnetic impurities in our crystals is further confirmed by isothermal
magnetization studies (see Fig. 4).

Despite the challenges and controversy regarding the determination
of crystal structure of La4Ni3O10 by powder XRD analysis [17,18,23],
the magnetic susceptibility data not only imply phase purity with
respect to magnetic impurity phases, but also strongly suggest that
the pristine crystal S1 exhibits Bmab structure while S2 exhibits 𝑃 21∕𝑎
structure. In particular, the very pronounced and sharp single anoma-
lies exclude mixing of both phases in either of the single crystals. The
very sharp jump in 𝜒c at 𝑇MM in S2 in particular indicates excellent
crystallinity of the 𝑃 21∕𝑎 phase crystal. Zhang et al. [18] have identi-
fied the postgrowth cooling rate as a crucial parameter for obtaining a
thermodynamically stable phase. The reported experiments on biphasic

1 Within the error bars of the experiment, we obtain an upper limit of the
ferromagnetic component being 25 times less than in Ref. [18].

La4Ni3O10 crystals suggest that the Bmab structure can be transformed
to 𝑃 21∕𝑎. In our experiments we have performed rapid cooling of
the as-grown boule as well as further high-pressure annealing. Our
results show that the phase pure Bmab structure forms after rapid
cooling while it completely transforms to 𝑃 21∕𝑎 upon heat treatment
confirming the latter being the thermodynamically stable phase.

In general, the susceptibility data in Fig. 3 show (1) the continuous
decrease of 𝜒 upon cooling from 350 K towards 𝑇MM, with a mini-
mum in 𝜒c at 𝑇MM and a broad minimum in 𝜒ab slightly below. (2)
Pronounced anisotropy in the whole temperature range under study
with 𝜒ab/𝜒c= 1.42 (S1) respectively 1.28 (S2), at 350 K. (3) A Curie–
Weiss-like (CW-like) increase of the magnetic susceptibility 𝜒(𝑇 ) at
low temperatures which qualitatively corresponds to a Brillouin-like
contribution to 𝑀(𝐵, 𝑇 = 2 K) (see Fig. 4 below).

Notably, the seemingly CW-like behaviour of magnetic susceptibility
in both the 𝑃21∕𝑎 (S1) and Bmab (S2) systems well below 𝑇MM (see
Fig. 3) cannot be described well in terms of the extended CW law
𝜒(𝑇 ) = 𝐶

𝑇+𝛩 + 𝜒0, with 𝐶 the Curie constant, 𝛩 the Weiss temperature,
and a temperature independent term 𝜒0, in an extended temperature
regime. This implies that at least one or even all these parameters
change upon cooling. In an attempt to quantify these parameters at
low temperature by restricting the CW fit to 𝑇 < 10 K, the data are
reasonably well described by the parameters listed in Table 1. The
small values of 𝛩 imply the presence of very weakly coupled magnetic
moments. When evaluating the Curie constant by assuming magnetic
moments 𝑆 = 1 and 𝑔 ≃ 2, the data suggest 0.4 ‰/f.u. of such
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Fig. 3. Static magnetic susceptibility 𝜒 = 𝑀∕𝐵 vs. 𝑇 measured at 𝐵 = 0.4 T of (a) the pristine crystal (S1:Bmab) and (b) the annealed crystal (S2: 𝑃 21∕𝑎). For each field direction
(𝐵 ∥ 𝑐 and 𝐵 ∥ 𝑎𝑏) both fc and zfc data are presented but do not show visible differences.

moments. The observed 𝜒(𝑇 ) however also implies that the number of
localized moments, their magnetic interaction and/or 𝜒0 change with
temperature.

The isothermal magnetization (Fig. 4) shows rather linear behaviour
in the high-field regime but also clear signatures of quasi-free spins as
there is distinct right-bending in small fields. We attribute the linear
behaviour to the response of the main magnetic phase. Considering
these contributions, 𝑀(𝐵) at 𝑇 = 2 K may be described by

𝑀(𝐵) = 𝑀s × 𝐵𝑆 (
𝑔𝜇B𝑆𝐵
𝑘𝐵𝑇

) + 𝜒0𝐵. (1)

Here, 𝑀s is the saturation magnetization of the quasi-free moments,
𝐵𝑆 the Brillouin function, 𝑆 spin, 𝑘𝐵 Boltzmann constant, 𝜇B Bohr
magneton, 𝑔 the 𝑔-factor, and 𝜒0 the linear slope. Fitting the data yields
the results listed in Table 1. The number of quasi-free spins obtained
from this analysis through the parameter 𝑀𝑠 is again in the ≲ 1 ‰-
regime if assuming localized moments with 𝑆 = 1. The obtained values
of 𝜒0 are rather high with respect to the bare Sommerfeld model:

Using 𝛾 = 14.5(13.3) mJ/(mol K2) for the 𝐵𝑚𝑎𝑏 (𝑃 21∕𝑎) structured
material [18], for non-correlated conduction electrons, one obtains
𝜒𝐵𝑚𝑎𝑏
P ≃ 2.0×10−4 erg/(G2mol) (𝜒𝑃21∕𝑎

P ≃ 1.8×10−4 erg/(G2mol)). Strong
anisotropy of 𝜕𝑀∕𝜕𝐵, at 𝐵 = 7 T, already implies that magnetism of
conduction electrons is however only one component determining the
magnetic response in La4Ni3O10.

3.3. Specific heat and 𝜕𝑇𝑀𝑀∕𝜕𝐵

The specific heat of the single crystals under study shown in Figs. 5
and 6 confirms significant anomalous entropy changes at 𝑇MM. While
the anomaly of the 𝑃 21∕𝑎 structured crystal is typical for a first order
transition, we conclude from the shape of the anomaly observed for
the Bmab structure the discontinuous character of the MMT, too (see
Fig. 5b). In an attempt to quantify the entropy changes 𝛥𝑆MM associated
with the MMT, a polynomial background was fitted to the data well
below and above the specific heat anomaly as shown in Fig. 5a and
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Fig. 4. Isothermal magnetization of (a) the pristine crystal (S1:Bmab) and (b) the annealed crystal (S2: 𝑃 21∕𝑎), at 𝑇 = 2 K, for 𝐵 ∥ 𝑐 and 𝐵 ∥ 𝑎𝑏 (both up- and down-sweeps are
shown). Dashed lines extrapolate the linear high-field behaviour from which 𝜒𝑐 and 𝜒𝑎𝑏 in Table 1 are derived. Insets: 𝑀 vs. 𝐵 for −0.15 T ≤ 𝐵 ≤ 0.15 T. For a full 𝑀(𝐵) curve
ranging from −7 T to +7 T see the Supplemental Material [33].

Table 1
Fitting magnetization data in Figs. 3 and 4 (see the text). 𝑀𝑠 and 𝜒 are saturation magnetization of the quasi-free spins and linear slope derived from 𝑀(𝐵, 𝑇 = 2 K).
𝐶, 𝛩, and 𝜒0 are the Curie constant, Weiss temperature and temperature-independent susceptibility from fitting 𝑀(𝑇 )∕𝐵 at 𝑇 < 10 K.

𝑀c
𝑠 𝜒c 𝐶 𝛩 𝜒0 𝑀ab

𝑠 𝜒ab 𝐶 𝛩 𝜒0
𝜇B∕f .u. erg/(G2mol) erg K/(G2mol) K erg/(G2mol) 𝜇B∕f .u. erg/(G2 mol) erg K/(G2 mol) K erg/(G2 mol)

S1(Bmab) 2.2 × 10−3 3.2 × 10−3 10 × 10−3 9 8 × 10−4 1.8 × 10−3 3.8 × 10−3 6 × 10−3 7 1.2 × 10−3
S2(𝑃21∕𝑎) 7.8 × 10−4 2.2 × 10−3 1.1 × 10−3 3 8 × 10−4 8.2 × 10−4 7.7 × 10−4 7 × 10−4 3 8 × 10−4
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Fig. 5. (a) Specific heat capacity of the pristine crystal (S1:Bmab). (b) Fisher’s specific heat 𝜕(𝜒𝑇 )∕𝜕𝑇 and anomalous contributions to the specific heat 𝑐′p obtained by subtracting
a polynomial background from the data (dashed line in (a)).

6a [34]. The background mainly reflects the phonon contribution. Due
to the large size of the anomaly, using different temperature ranges
for the determination of the background and/or choosing different
fit functions does not change the result significantly. Subtracting the
obtained background from the data yields the anomaly contribution to
the specific heat 𝑐p’ as shown in Fig. 5b and 6b. Integrating 𝑐p’/𝑇 yields
the entropy changes 𝛥𝑆MM listed in Table 2.

Our analysis implies that for both structures, 𝐵𝑚𝑎𝑏 and 𝑃21∕𝑎, the
metal-to-metal transition is associated with similar entropy changes.
The data also enable us to conclude about the field dependence of 𝑇MM
by exploiting the Clausius–Clapeyron equation
𝜕𝑇MM
𝜕𝐵

= −𝛥𝑀
𝛥𝑆

. (2)

Using the experimentally obtained jumps in 𝑀 and 𝑆 yields insignifi-
cant effects of magnetic fields on 𝑇MM (see Table 2) which is experimen-
tally confirmed by our measurements of the specific heat at 𝐵 ∥ 𝑐 = 14 T
(see the insets in Fig. 5a and 6a).

The obtained entropy changes are by ca. 20 % smaller than found
for single crystal reported in Ref. [18] and ca. 40 % larger than recently
determined from a 𝑃 21∕𝑎-structured polycrystal [17]. A comparison of

Table 2
Changes in entropy (𝛥𝑆MM), magnetization (𝛥𝑀 , and 𝛥(𝜕𝑀∕𝜕𝑇 )MM) at the MMT and
field dependencies of 𝑇MM calculated by means of Eq. (2) .

S1 (𝐵𝑚𝑎𝑏) S2 (𝑃 21∕𝑎)

𝛥𝑆MM (J/(mol K)) 1.4(1) 1.6(1)
𝛥𝑀 𝑐

MM (10−3erg/(G2 mol)) – 0.05(1)
𝛥(𝜕𝑀∕𝜕𝑇 )𝑐MM (erg/G2 mol K)) – 0.006
𝛥𝑀𝑎𝑏

MM (10−3erg/(G2 mol)) −0.15(2) −0.05(1)
|𝜕𝑇 𝑎𝑏

MM∕𝜕𝐵| (mK/T) <0.01 <0.003

the anomalies is shown in Fig. 7. The data also imply slightly different
ordering temperatures 𝑇MM which is by 4.5 K lower for 𝐵𝑚𝑎𝑏 and
2.6 K larger for 𝑃 21∕𝑎 in Ref. [18] than found in our crystals. 𝑇MM
of the polycrystal perfectly agrees to our single crystal result [17].
These slight differences may be due to oxygen stoichiometry, which
is considered a key parameter of electronic properties [24]. The fact
that the specific heat and magnetic susceptibility anomalies at least
for the 𝑃 21∕𝑎 system are much sharper in our crystal as compared to
reported anomalies may be regarded as an indication that the crystals
have particular excellent crystallinity.

Chapter 4 Ruddlesden–Popper Trilayer Nickelates La4Ni3O10

72



Journal of Crystal Growth 627 (2024) 127511

7

N. Yuan et al.

Fig. 6. (a) Specific heat capacity of the annealed crystal (S2: 𝑃 21∕𝑎). (b) Fisher’s specific heat 𝜕(𝜒𝑇 )∕𝜕𝑇 and anomalous contributions to the specific heat 𝑐′p obtained by subtracting
a polynomial background from the data (dashed line in (a)).

4. Summary

La4Ni3O10 single crystals were successfully grown and subsequently
annealed at 20 bar oxygen pressure. Our specific heat and magneti-
zation measurements imply 𝑃 21∕𝑎 and Bmab structured crystals, re-
spectively, in which the metal-to-metal transitions occur at 152 K
and 136 K. Sharp anomalies in the response functions imply highly
crystalline samples and the thermodynamic and magnetic properties
are analysed.
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isothermal magnetization 𝑀 𝑣𝑠. 𝐵 of the pristine crystal (Bmab) and the
annealed crystal (𝑃 21∕𝑎), at 𝑇 = 2 K and −7 T ≤ 𝐵 ≤ 7 T for 𝐵 ∥ 𝑐 and
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Fig. 7. Comparison of specific heat capacity of (a) the pristine crystal (S1: 𝐵𝑚𝑎𝑏) and (b) the annealed crystal (S2: 𝑃 21∕𝑎) with single crystal [18] and polycrystal [17] data
reported in the literature.
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5
Rare-Earth Orthochromites

This chapter presents three members of the rare-earth orthochromites (RCrO3), ErCrO3,
GdCrO3, and SmCrO3. The focus of this chapter is on investigating the single crystal
growth of ErCrO3, GdCrO3, and SmCrO3, as well as discussing the evolution of their
magnetic ordering states under the influence of an external magnetic field along various
crystallographic axes.
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5.1 Introduction of RCrO3

The interaction between transition metal and rare-earth magnetic moments holds significant
importance in various research areas, notably in the field of permanent magnets, such as
Sm-Co [113, 114] and Nd-Fe-B systems [65, 115, 116]. This interplay becomes particularly
complex when two different magnetic sublattices are intertwined, giving rise to a diverse
range of phenomena, including spin reorientation [117–121], solitonic lattices [122], emerging
spin-phonon coupling [20], multiferroicity [123–128], spin switching [129, 130], and exchange
bias behavior [131], etc. This chapter introduces three members SmCrO3, ErCrO3, and
GdCrO3 of RCrO3 (R = rare-earth element), a system characterized by two intertwined
magnetic sublattices.

The rare-earth orthochromites RCrO3 exhibit the distorted perovskite structure due to the
large radius of the rare-earth ions. The space group of RCrO3 is Pbnm or Pnma from the
orthorhombic crystal system, and its crystal structure is shown in Fig. 5.1(a). Each unit
cell of the distorted perovskite structure comprises four primitive cells, where Cr3+ and
O2− form the CrO6 octahedron. Cr3+ is located at the center of the octahedron, and O2−

occupies the in-plane and vertex positions depending on the O occupancy, respectively.
These CrO6 octahedra are connected by co-vertex corners (see Fig. 5.1(b)), and rare-earth
ions occupy the interstitial spaces within the CrO6 octahedral network. The distortion
degree of perovskite lattice is usually described by the tolerance factor t, calculated by
Eq. 5.1:

t = RRE +RO√
2(RCr +RO)

. (5.1)

where RRE, RCr, and RO are the radii of R3+, Cr3+, and O2−, respectively. An ideal
perovskite structure (CaTiO3, cubic crystal system) is defined when t = 1. When t deviates
from 1, it indicates that the ideal structure is distorted. The t of RCrO3 is always less
than 1, and it varies with the radius of the rare-earth ions.

In RCrO3, there are two kinds of magnetic subsystems, which are often called Cr sublattice
and rare-earth sublattice [111, 112]. Since the magnetic properties of macroscopic matter
are mainly determined by electronic magnetic moments [132], the magnetic properties
of RCrO3 compounds are determined by the 3d electrons of Cr3+ and the 4f electrons
of R3+. Meanwhile, there are three kinds of interactions of Cr3+-Cr3+, R3+-Cr3+ and
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Figure 5.1: Schematic of the crystal structure of RCrO3 along the [010] projection. The
structure is created based on the crystallographic information file (COD) No. 1533276 [109].
The image is made using the VESTA software [107].

Figure 5.2: Schematics of possible spin configurations in RCrO3 [110–112]. The light
and dark green arrows depict the Cr3+ and net magnetic moments, respectively, while R3+

moments are not shown. After [110]
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R3+-R3+ in RCrO3, which are all functions of the temperature. Due to the distorted
perovskite structure of RCrO3, the presence of DM interactions is possible and causes the
Cr sublattice to exhibit canted antiferromagnetic order [57–59]. In 1978, the physicist R. M.
Hornreich has summarized previous work on RCrO3 proved only 3 spin configurations [111]:
Γ1 (Cr3+: Ax, Gy, Cz; R3+: Ox, Oy, Cz.), Γ2 (Cr3+: Fx, Cy, Gz; R3+: Fx, Cy, Oz.) and
Γ4 (Cr3+: Gx, Ay, Fz; R3+: Ox, Oy, Fz.), shown in Fig. 5.2. Specifically, neighboring
Cr magnetic moments are not perfectly co-linear (light green arrows). Instead, they
exhibit tilted coupling, there can be weak ferromagnetic magnetic moments in certain
directions (dark green arrows). For the Γ1 spin configuration, the system shows no net
magnetic moment; In the case of the Γ2 spin configuration, the spin vectors of four Cr3+

superimpose a non-zero vector on the x-axis, resulting in a weak ferromagnetic magnetic
moment along the x-axis (corresponding to the a axis of RCrO3 crystals); Meanwhile, for
the Γ4 spin configuration, the spin vectors of four Cr3+ superimpose on the z-axis and
creating a non-zero vector, so the magnetic moment is along the z-axis (corresponding
to the c axis of the RCrO3 crystals). RCrO3 stabilize in a specific spin configuration
under specific temperature/magnetic field environments. The different spin configurations
might transform into each other depending on the interactions in the RCrO3 system, a
phenomenon known as spin reorientation transition (SRT). The phase diagram of the
RCrO3 has also been presented by R. M. Hornreich [111].

The long-range antiferromagnetic ordering (AF) temperature of the Cr sublattice (TCr
N )

falls within the range of 110 K to 280 K [111], whereas the rare-earth sublattice has
an ordering temperature (TR

N) typically in the order of 100 K [133]. When the study
focuses on the temperature region T > TR

N, the rare-earth ions should be in a disordered
state. However, induced by the Cr sublattice, the rare-earth ions will exhibit certain weak
ferromagnetic moments at T > TR

N. These moments are intrinsically aligned either parallel
(R = Pr, Sm, Tb, Dy, Ho) or antiparallel (R = Nd, Gd, Er, Tm, Yb) to the Cr3+ magnetic
moments [111]. This leads to diverse magnetization behaviors, such as compensation
temperature, exchange bias, spin switching effect, and so on.

In addition, there has been a notable focus on studies related to multiferroics in recent
years. The evolution of sizable spontaneous polarization has been shown in the magnetic
ordered phase [134, 135], such as the dielectric anomalies observed in ErCrO3 and SmCrO3

correspond to the long-range AF ordering temperature TN and TSR; The strong coupling
between spontaneous magnetization and polarization in GdCrO3. These investigations im-
ply that ErCrO3, GdCrO3 and SmCrO3 exhibit both long-range AF order and ferroelectric
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properties, which are temperature-correlated and the indicative of multiferroics [136].

In this chapter, ErCrO3, GdCrO3 and SmCrO3 single crystals are successfully grown by the
high-pressure optical floating zone method (see Chapter 2 for more details). The obtained
single crystals have been used to investigate the magnetic properties and study the effect
of external magnetic field applied along the main crystallographic axis. In particular,
the long-range magnetic order of the Cr-sublattice evolves at 132 K, 167 K and 192 K
for ErCrO3, GdCrO3 and SmCrO3 respectively. For ErCrO3, the high-temperature spin
configuration is Γ4, and the net magnetic moments of the system experience rotation within
the ac plane at T = 19 K before the complete establishment of the low-temperature Γ1

spin configuration. GdCrO3 exhibits Γ4 - Γ2 SRT at 6 K, along with a magnetization
compensation point at 144 K, accompanied by the phenomenon of spin switching. SmCrO3

undergoes the SRT around 33 K. The influence of the magnetic field on TSR can be
traced by isothermal magnetization measurement. Furthermore, distinct anomalies in the
magnetization signal the appearance of Sm3+ order at 3 K. Therefore, complete magnetic
phase diagrams of SmCrO3 for B||a and B||c have been investigated.
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5.2 RCrO3 Sample Details

Single crystals of RCrO3 (R = Er, Gd, Sm) were successfully grown using the high-pressure
optical floating zone furnace (HKZ, SciDre), detailed sample preparation methods are
described in Chapter 2. The powder X-ray diffraction on the ground ErCrO3, GdCrO3 and
SmCrO3 single crystals as well as the Rietveld refinement to the data are shown in Fig. 5.3-
Fig. 5.5 and Table 5.1. The RCrO3 (R = Er, Gd, Sm) belongs to the Pbnm (Pnma) space
group, and the cell volume gradually increases as the radius of the rare-earth ions increases.
The discrepancy between the experimental and calculated patterns is quite small, with
the reliability factor being only Rwp = 14.1 % for ErCrO3, Rwp = 9.97 % for GdCrO3

and Rwp = 13.3 % for SmCrO3, which indicates that the single-phase nature of crystals,
and the results are consistent with the reported results [61, 137, 138]. Fig. 5.6-Fig. 5.8
show the Laue pattern of three single crystal samples used for the magnetic measurement.
The X-ray incidence and diffraction centers (black diffuse spots in the center region of the
figure) are coincident, and the diffraction patterns of each crystallographic axis of a, b, and
c have obvious characteristics, with sharply defined and clear diffraction spots, indicating
that the crystals are well crystallised.

Figure 5.3: Room temperature powder XRD patterns and corresponding Rietveld refine-
ment [93] of ground ErCrO3 single crystals. The observed diffraction pattern is shown in red,
the calculated one in black, and the difference between them is shown in blue. The vertical
green bars show the expected Bragg positions of ErCrO3 (COD No. 1008159 [139]).
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Figure 5.4: Room temperature powder XRD patterns and corresponding Rietveld refine-
ment [93] of ground GdCrO3 single crystals. The observed diffraction pattern is shown in
red, the calculated one in black, and the difference between them is shown in blue. The
vertical green bars show the expected Bragg positions of GdCrO3 (COD No. 1533276 [109]).

Figure 5.5: Room temperature powder XRD patterns and corresponding Rietveld refine-
ment [93] of ground SmCrO3 single crystals. The observed diffraction pattern is shown in
red, the calculated one in black, and the difference between them is shown in blue. The
vertical green bars show the expected Bragg positions of SmCrO3 (ICSD No. 5988 [140]).
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Figure 5.6: Laue pattern of the ErCrO3 single crystal oriented along the [100], [010] and
[001] direction respectively.

Figure 5.7: Laue pattern of the GdCrO3 single crystal oriented along the [100], [010] and
[001] direction respectively.

Figure 5.8: Laue pattern of the SmCrO3 single crystal oriented along the [100], [010] and
[001] direction respectively.
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5.3 Magnetization

5.3.1 ErCrO3

ErCrO3 single crystals have a significant magnetic anisotropy, which can be clearly observed
in the temperature dependence of the static magnetic susceptibility χ for B||a and B||c
at B = 0.01 T, as shown in Fig. 5.9. The onset of long-range AF order at TN = 132 K.
For B||c, a remarkable increase of χc is observed after T < 132 K, in comparison to the
signs of a weak increase of χa

1 and the not visible increase of χb, suggesting that the
sizable net magnetic moments are well ordered in the c axis. It is consistent with all
previous theoretical [111, 112], polycrystals [137], and single crystal reports on ErCrO3 [60,
143–147]. As seen in Fig. 5.10(a), χa, χb, and χc though different are very similar in the
high-temperature region. The temperature dependence of the magnetic susceptibility obeys
the Curie-Weiss (CW)-like behavior above 132 K, as shown by χ−1(T ) in Fig. 5.10(b).
The CW fitting was performed on a, b, and c axis in temperature region 250 - 400 K (at
B = 1 T), respectively. The effective moment µeff , Weiss temperature ΘW, and diamagnetic
constant background term χ0 obtained from the CW fitting are listed in Table 5.2. The
lower value from B||a(b) compared to the theoretical values 10.334 µB

2 might be due to
a slight angular deviation between the measured magnetic field direction and the crystal
orientation. This deviation is caused by the cutting of the crystal or by the sample
mounting during the measurement, and an angular deviation of about 5◦ is unavoidable
in experiments. The higher µeff value from B||c might be influenced by the spin-orbit
coupling effect, as the Er3+ with a high orbital angular momentum L = 6.

Likewise, in the scenario of canted antiferromagnets, a so-called Moriya model may be
applied which incorporates the antisymmetric exchange interaction (DM interaction) based
on the classical Curie-Weiss law. [58]. Moriya’s model states that along the easy axis, the
susceptibility adheres to the CW law. Nevertheless, in the direction perpendicular to the
easy axis, the susceptibility can be described by the following Eq. 5.2:

χ = NAµ
2
eff

3kB(T − ΘW)
(T − T 0)

(T − TNCr) . (5.2)

1 Below TN, there is only a very small anomaly in χa which is only 4 % of the one in χc. This is within
the error bars of the crystal orientation and the cutting process.

2 µeff =
√

µ2
Er + µ2

Cr; µEr = gµB
√

J(J + 1) = 9.58 µB (J = 15/2, g = 6/5); µCr = 3.873 µB (J =
3/2, g = 2).
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T 0 = 2JeZS(S + 1)
3kB

, (5.3)

TN
Cr = 2JeZS(S + 1)

3kB
[1 + ( D2Je

)2]1/2, (5.4)

with the Avogadro number NA, the Boltzman constant kB, the Weiss temperature ΘW,
fitted parameter T 0, the Néel temperature for Cr ordering TN

Cr, symmetric (antisymmetric)
exchange interactions between Cr3+ ions Je(D), spin quantum number S. Here, Z = 6
represents the coordination number of Cr3+ concerning other Cr3+ [148, 149], S = 3/2 of
Cr3+. The fitting results (at B = 0.01 T) are listed in Table 5.2 and denote by solid red
line in Fig. 5.10(c). Obviously, the fitting for 1/χc is superior to 1/χa and 1/χb due to
the fact that the (T −T 0)

(T −T NCr) term in Eq. 5.2 describes the behavior near TN, which causes
the sharp drop in 1/χ. Below 133 K, the magnetic moments of the system are ordering in
the c axis, therefore 1/χa, and in particular 1/χb lacks this sharp drop. In earlier studies
of polycrystalline samples [148, 149], the Moriya model provided satisfactory results. A.
McDannald et al. reported the temperature dependence of the inverse susceptibility (1/χ)
for DyCrO3 and Dy0.7R0.3CrO3 (R = Y, Er, and Ho), in which the fitting results given by
the CW law and the Moriya model were identical [148]. The similar comparison between
the fitting results obtained by the CW law and the Moriya model is also reported by Shiqi
Yin et al. for HoCrO3 and Ho0.67Tm0.33CrO3 (R = Tm and Gd) [149]. However, in this
analysis for ErCrO3 single crystal, the fit obtained by CW law is superior to the Moriya
model. Despite this, the value of Je and D may be estimated by Eq. 5.3 and Eq. 5.4, as
presented in Table 5.2.

Table 5.2: Comparison of the Weiss-temperature (ΘW) and the effective magnetic moment
(µeff) of ErCrO3 obtained from the CW law and Moriya model [58] (Eq. 5.2- 5.4). The
resulting fits to the data are shown in Figs. 5.10 (b) and (c).

Magnetic µeff ΘW χ0 TN
Cr T 0 Je D

Field µB K erg G−2 mol−1 K K K K
CW law B||a 10.1(2) -31(1) −3.40 × 10−7

(Fig. 5.10 (b)) B||b 10.1(2) -62(2) −4.19 × 10−8

B||c 10.5(2) 7(1) 1.49 × 10−6

Moriya B||a 10.5(1) -47(1) - 132.6(1) 132.8(1) 8.84(1)kB 0.97(2)kB
model B||b 10.6(1) -62(1) - 133.0(1) 133.0(1) 8.87(1)kB -

(Fig. 5.10 (c)) B||c 10.4(1) 3(1) - 130.7(1) 130.5(1) 8.70(1)kB 0.96(2)kB
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Figure 5.9: (a) Temperature dependence of the static magnetic susceptibility χ = M/B,
obtained at B = 0.01 T applied along the crystallographic a (B||a), b (B||b), and c axis
(B||c) for ErCrO3. (b) Static magnetic susceptibility and (c) its derivative for B||a and B||c
at B = 0.01 T and T ≤ 45 K. TN, TSR1, and TSR2 have been determined as described in the
text.
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Figure 5.10: (a) Temperature dependence of the static magnetic susceptibility χ = M/B,
obtained at B = 1 T for B||a, B||b, and B||c axis of ErCrO3. Inset: Corresponding
temperature derivative. (b) Inverse static susceptibility obtained at B = 1 T for B||a, B||b,
and B||c axis and fitted by the CW law (dashed red line). (c) Inverse static susceptibility
obtained at B = 0.02 T for B||a, B||b, and B||c axis and fitted by Eq. 5.2 (solid red line).
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Upon cooling, χc reaches a maximum value of 11.74(1) erg/G2mol around TSR1 = 19 K then
followed by a gentle decrease (see Fig. 5.9(b)). Meanwhile, χa slowly increases below TSR1,
suggesting rotation of the net magnetic moments from the c to the a axis, χb maintains
a gentle upward trend. However, with T < TSR2 = 7.6 K, a final steep decrease in χc is
observed, coinciding with a decrease in χa (see Fig. 5.9(b)). The derivative of both χc

and χa at B = 0.01 T clearly show two peaks, as shown in Fig. 5.9(c). The anomalous
peak in the low-temperature region can still be traced at B = 1 T, as shown in the inset
of Fig. 5.10(a). Until cooling down to 1.8 K, there is no net magnetic moment in any
of the three a, b, and c axis, this is further illustrated by the magnetic-field dependence
of magnetization at T = 1.8 K, as shown in Fig. 5.11. No indication of hysteresis is
seen for three different axis near B = 0 T (see inset of Fig. 5.11(b)), which represent no
sign of net magnetic moments at T = 1.8 K. Overall, the data suggest an evolution of
SRT from Γ4 (Gx, Ay, Fz) to Γ1 (Ax, Gy, Cz). At the highest measured field of 7 T, the
magnetization is not saturated for all three directions. Taking the theoretical value of
g-factor = 6/5, S = 15/2 of Er3+ should achieve a saturated magnetization of 9 µB or
larger. At 7 T, distinctly differing values of Mc = 7.2(1) µB/f.u., Ma = 4.0(1) µB/f.u., and
Mb = 3.4(1) µB/f.u. for three axes were obtained.

The effect of magnetic fields on the alignment of net magnetic moments at low temperatures
is also illustrated by the isothermal magnetization M vs. B and the associated magnetic
susceptibility ∂M/∂B at T = 1.8 K. As shown in Fig. 5.11(c), for B||c, there is a plateau-
like feature of M in the range -0.07 T < B < 0.07 T, which also exhibits the broad
asymmetric peak in ∂M/∂B||c centered at B = 0.07 T, marked as Bc on Fig. 5.11(c).
The magnetization curves of the three directions a, b, and c coincide well for B < Bc.
With B larger than Bc, Ma and Mb gradually separate as the magnetic field increases,
but Mc increases rapidly and linearly up to 0.45 T. This suggests an accumulation of the
net magnetic moments along the c axis after B > 0.07 T. For B||a, a slight deviation
from a linear increase in Ma near B = 0 T is manifested by a broadening of the peak in
∂M/∂B||a centered around 1.8 T (see Fig. 5.11(d)), and followed by a linear growth of Ma

at B > 3.1 T . Overall, the magnetization of ErCrO3 system is contributed by the weakly
ferromagnetic magnetic moments of transition metal ions and the induced net magnetic
moments of rare-earth ions, as well as the paramagnetic magnetic moments of rare-earth
ions. For B||a, the magnetization curve is S-shaped at 1.8 K, which implies a weakly
ferromagnetic state on the a axis. Mb(B) curve exhibits a linearly increasing diagonal,
which is typically an antiferromagnetic behavior. Meanwhile, for B||c, there is a larger
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increasing slope in the magnetization curve at small fields, which is due to the paramagnetic
effective magnetic moments of rare-earth ions. Fig. 5.12 illustrates the variation of Bc

with temperature. With increasing temperature, Bc shifting to lower temperatures and
disappear at T = 8 K, which is above the spin reorientation temperature of 7.6 K as shown
in Fig. 5.9.

The magnetization measurements on the ErCrO3 single crystal studied at hand clearly
present the SRT from Γ4 (Gx, Ay, Fz) (T > TSR) to Γ1 (Ax, Gy, Cz) (T < TSR), which is
generally consistent with previous reports [60, 137, 144]. More specifically, S. Yano et al.
provided the magnetic structure of ErCrO3 at 5 K and 25 K through neutron diffraction
analysis [60]. ErCrO3 exhibits two spin configurations Γ1 (T = 5 K) and Γ4 (T = 25 K),
i.e., at low temperatures, no net magnetic moments are observed in all three a, b, and c

axis, whereas the net magnetic moments align along the c axis in the high-temperature
region. This is consistent with the results of this work; however, a rotation of the net
magnetic moments within the ac plane near 19 K is observed (see Fig. 5.9), which was not
reported in previous studies. Furthermore, the reported values of TSR are inconsistent. For
example, Su et al.’s report on polycrystalline sample states that TSR = 22 K [137]; L. Yin’s
report on single crystals prepared by the flux method indicates that the reorientation is
accomplished in two steps, occurring at 10.2 K and 6.0 K [144]; whereas S. Yano’s report
on single crystals prepared by the floating zone method suggests that the reorientation
occurs at 9.3 K-10 K [60]. The variation of TSR could be attributed to the quality of
sample synthesized using various methods. Nevertheless, the noticeable rotation of the
net magnetic moments around 19 K also clearly depicted in the derivative of the magnetic
susceptibility (Fig. 5.9(c)) alongside the absence of any anomalies in χb around 19 K.
Therefore, the net magnetic moments rotation should take place only in the ac plane. The
ordering of the Er3+ moment at low temperatures may follows the SRT, although it is
impractical to distinguish the temperatures at which Er3+ ordering and the reorientation
phase transition occur based on the current data alone. The results presented in this
work illustrate the magnetic anisotropy of ErCrO3 and suggest that the net magnetic
moments of the system undergo rotation in the ac plane before the low-temperature Γ1

spin configuration fully develops.
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Figure 5.11: (a) Isothermal magnetization at T = 1.8 K for B||a, B||b, and B||c axis of
ErCrO3. The inset highlights the behaviour around zero field. (b) Isothermal magnetization
at T = 1.8 K for B||c axis (left ordinate) and corresponding magnetic susceptibility ∂M/∂B||c
(right ordinate), the critical field Bc as described in the text. (c) Isothermal magnetization at
T = 1.8 K for B||a axis (left ordinate) and corresponding magnetic susceptibility ∂M/∂B||a
(right ordinate), the dashed line shows the critical field Ba as described in the text.
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Figure 5.12: (a) Isothermal magnetization for B||c of ErCrO3 at different temperatures.
Inset: Magnetic susceptibility ∂M/∂B||c. The dashed line indicates the evolution of Bc.
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5.3.2 GdCrO3

5.3.2.1 Magnetization M(T , B)

GdCrO3 single crystals display the complex magnetization behavior and exhibit pronounced
magnetic anisotropy. Specifically, the magnetic anisotropy is characterized by the difference
between the temperature-dependent static magnetic susceptibility strengths χa, χb, and
χc (B = 0.01 T), as illustrated in Fig. 5.13. For B||c, there is a marked increase in χc

below T < 167 K, whereas the increases in χa and χb are not as pronounced (inset of
Fig. 5.13(a)), implying that the long-range AF ordering occurs at TN = 167 K and the net
magnetic moments are effectively aligned in the c axis for T < 167 K. The temperature
dependence of the magnetic susceptibility obeys a CW-like behavior above 167 K, as shown
by χ−1(T ) in Fig. 5.14(a). The CW fitting was performed on c axis in temperature region
200 - 300 K (at B = 0.02 T). The effective moment µeff = 8.7(1) µB, Weiss temperature
ΘW = −17(1) K and diamagnetic constant background term χ0 = 5.43 × 10−4 erg/G2mol
are obtained from the CW fitting, which is consistent with previous reports [62, 63, 150,
151] and the theoretical value3. The fit based on Eq. 5.2 is also displayed in Fig. 5.14(b)
(solid red line), which yields µeff = 8.8(1) µB, ΘW = −25(2) K, J = 11.13(1) kB and
D = 0.84(2) kB

4.

From the inset of Fig. 5.13(a) it is also notice that GdCrO3 exhibits a susceptibility jump
behavior around 160 K, which also known as spin switching effect [62, 129, 130, 151, 152].
The absolute value of χc is analogous before and after the jump, and the negative χc

persists until 144 K, which has been defined as the magnetization compensation temperature
Tcomp in numerous reports [62, 63, 151]. Following T < Tcomp = 144 K, χc reverts to a
positive value and steadily increases until approximately 6 K, reaching a peak value of
7.10(1) erg/G2mol, and finally it descends quickly. χa and χb are almost coincident in the
high-temperature region until about 65 K where they gradually separate, and χa continues
to increase until reaches the maximum value of 6.72(1) erg/G2mol at T < TSR = 6 K.
However, χb(T) curve shows an upward tail only in the low-temperature region, and χb is
significantly lower than χa and χc (Fig. 5.13(b)). This result suggests that a rotation of
the net magnetic moments from the c axis to a axis occurred at T < TSR = 6 K, namely,

3 µeff =
√

µ2
Gd + µ2

Cr; µGd = gµB
√

J(J + 1) = 7.93 µB (J = 7, g = 2); µCr = 3.873 µB (J = 3/2, g =
2).

4 Since the (T −T 0)
(T −T NCr) term in Eq. 5.2 describes the behavior near T N, only 1/χc is analyzed here.
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Figure 5.13: (a) Temperature dependence of the static magnetic susceptibility χ = M/B,
obtained at B = 0.01 T for B||a, B||b, and B||c of GdCrO3. (b) Static magnetic susceptibility
and (c) its derivative for B||a, B||b, and B||c at B = 0.01 T and at T < 15 K. TN, TSR, and
Tcomp have been determined as described in the text.
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Figure 5.14: Inverse static susceptibility χ = M/B, obtained at B = 0.02 T for B||c of
GdCrO3 and fitted by (a) the CW law (dashed red line) and (b) Moriya model Eq. 5.2 (solid
red line).

GdCrO3 undergoes the SRT from Γ4 (Gx, Ay, Fz) to Γ2 (Fx, Cy, Gz) spin configuration,
which is consistent with previous reports [61–63, 150, 151].

The low-temperature spin configuration is also illustrated by the isothermal magnetization
M vs. B at T = 1.8 K. As shown in Fig. 5.15, the magnetization curve for B||a at
1.8 K displays an S-shaped pattern, indicating a weakly ferromagnetic state along the
a axis. The Mb(B) curve demonstrates a linearly increasing diagonal, characteristic of
typical antiferromagnetic behavior. Meanwhile, for B||c, Mc exhibits a gradual increase
in the range of -0.2 T < B < 0.2 T, beyond which it undergoes a notable change in
the rate of increment. The anomalies on both Ma and Mc can also be observed by the
derivative curve, which is marked by a broad peak in ∂M/∂B||a centered at Ba = 0.59(1) T
(Fig. 5.16(a)) and a sharp peak in ∂M/∂B||c centered at Bc = 0.24(1) T (Fig. 5.16(b)),
respectively. Fig. 5.16(c) and (d) illustrate the isothermal magnetization M vs. B at
different temperatures. Both Ba and Bc show variations with temperatures. While Ba

and Bc may not be evident in the isothermal magnetization results, these anomalies
can be traced in the temperature dependence of the relative length changes of GdCrO3,
which measurements were conducted along the crystallographic a, b, and c axis under an
applied magnetic field. These anomalies correspond to multiple phase boundaries of the
low-temperature AFM phase, which have been discussed in detail by Marius Säubert in his
M.S. thesis [153]. Remarkably, a signal of Gd3+ ordering is observed around 2.2 K. This
signal is clearly represented on the magnetic susceptibility ∂M/∂B (Fig. 5.13(c)), which is
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Figure 5.15: Isothermal magnetization at T = 1.8 K for B||a, B||b, and B||c axis of GdCrO3.
The inset highlights the behaviour around zero field.

also confirmed by the specific heat results [153].

5.3.2.2 Spin Switching Behavior of GdCrO3

To delve deeper into the spin switching effect, measurements were conducted to examine
the dependency between the switching temperature Tsw and the applied magnetic field.
Additionally, the magnetization results obtained from the FCW (Field-Cooling Warming)
and FCC (Field-Cooling Cooling) modes (refer to Chapter 2 for a detailed explanation
of FCW and FCC measurement) are compared. Fig. 5.17(a) and its enlarged view in
Fig. 5.17(b) illustrate the magnetization behavior in the FCW mode, while Fig. 5.17(c) and
its magnified version in Fig. 5.17(d) corresponds to the measurements conducted under the
FCC mode. Initially, as the measurements involve a warming process (FCW), for GdCrO3,
with T < TSR = 6 K, the Gd3+ moment is polarized by the weak antiferromagnetic
component of the Cr3+ [112], maintaining an antiparallel arrangement with Cr3+, the two
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Figure 5.16: (a) Isothermal magnetization at T = 1.8 K for B||a axis (left ordinate) and
corresponding magnetic susceptibility ∂M/∂B||a (right ordinate) of GdCrO3. (b) Isothermal
magnetization at T = 1.8 K for B||c axis (left ordinate) and corresponding magnetic
susceptibility ∂M/∂B||c (right ordinate) of GdCrO3. The critical field Ba and Bc as described
in the text. (c) Isothermal magnetization for B||a axis and (d) B||c axis at different
temperatures.
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Figure 5.17: Temperature dependence of the static magnetic susceptibility χ = M/B
obtained with different fields for B||c of GdCrO3 from (a-b) the FCW process and (c-d) the
FCC process, respectively. The combination of circles and arrows in (a) and (c) illustrates
the relative positions of Gd3+ and Cr3+ magnetic moments. The blue arrows indicate the (b)
warming or (c) cooling processes.The dashed line in (b) and (d) marks the position of Tcomp.
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moments are arranged along the a axis (as illustrated in Fig. 5.17(a)). In the temperature
range of 6 K < T < 161 K, the antiparallel alignment persists, but now they align in the c
axis, leading to an overall increase in magnetization with increasing temperature. Both
magnetic moments of Gd3+ and Cr3+ reverse simultaneously at Tsw = 162 K (B = 0.005 T),
and the relative anti-parallelism of Gd3+ and Cr3+ moments persists, resulting in a change
of the χc value from negative to positive. The switching temperature, Tsw gradually moves
to lower temperatures with an increased magnetic field, displaying a weak signal when
B = 0.1 T. During measurements accompanied by a cooling process (FCC), however, a
brief increase in χc is observed after T < TN = 167 K, followed by a continuous decrease
until χc becomes less than zero (see Fig. 5.17(c)). This negative magnetization behavior
persists down to 62 K at B = 0.005 T with χc reaching -5.90(1) erg/G2mol, preceded by a
jump in susceptibility. The Tsw around 62 K gradually shifts to higher temperatures as the
magnetic field increases, with faint signs of it still present at B = 0.1 T. In summary, the
spin switching effect observed in GdCrO3 is intricately tied to the magnetization histories.
Specifically, around Tcomp = 144 K, the Tsw on FCW and FCC curves are positioned on
the left and right sides of Tcomp, respectively. Both Tsw on FCW and FCC curves move
in the direction of Tcomp with an increase in the magnetic field until B > 0.1 T, after
which it becomes unobservable. Building on previous classifications and discussions on
spin switching effect [129, 130], it is established that this phenomenon is closely linked to
whether rare-earth ions and transition metal ions inherently tend to align in an antiparallel
manner. In the case of GdCrO3, the sign of χc is opposite before and after the spin
switching occurs, but its absolute value is numerically close. Hence, the Gd3+ magnetic
moment consistently maintains an antiparallel alignment with the Cr3+ moment.

Also the temperature dependence of the remanent magnetization (Mr) along the c axis
is investigated. The measurements were conducted at B = 0 T during three different
FC sequence, as depicted in Fig. 5.18(a), the arrow indicates the starting position of the
measurement:

• Sequence 1, FC with B = 1 T to T = 130 K < Tcomp (black):
The magnetic moment of Gd3+ aligns with the cooling field, resulting in a positive
value of Mr at the initial temperature 130 K. As the temperature decreases, the Gd3+

magnetic moment increases under the influence of the internal field (BI) originating
from the ordered Cr3+ spins.

• Sequence 2, FC with B = 1 T to T = 160 K > Tcomp (green):
At the initial temperature 160 K, the Cr3+ moment dominates (positive BI) and the

101



Chapter 5 Rare-Earth Orthochromites

Gd3+ moment is aligned antiparallel to it, with the absolute value still increasing as
the temperature decreases.

• Sequence 3, FC with B = 1 T to T = 1.8 K < Tcomp (orange).

The remarkable spin switching behavior observed in GdCrO3 finds its explanation in the
model proposed by Cooke et al. [154]. This model considers the canted FM moment of Cr3+

spins, resulting from DM interactions, along with the opposite paramagnetic moments
arising from antiferromagnetic interactions between Cr3+ and Gd3+ spins. The temperature
dependence of magnetization can be described by the Eq. 5.5:

M = MCr + CGd(B −BI)
T + ΘW

. (5.5)

with the canted magnetization of Cr3+: MCr, the Curie constant: CGd, the internal exchange
field generated by the ordered Cr3+: BI, and the Weiss constant: ΘW. Note that BI is in
opposed direction to MCr. The analysis based on I. Fita [62] shows that, spin switching
is caused by an instantaneous fall in the Zeeman energy EZ, see Eq. 5.6. Meanwhile,
the report from I. Fita [62] also indicates that EZ should reach a maximum EZ1 and a
minimum EZ2 when the spin configuration achieves the negative magnetization state (EZ1),
and when the magnetization is parallel to applied magnetic field B (EZ2), respectively.

EZ = −M ·B. (5.6)

EZ1 = −[MCr + CGd(B −BI)
T + ΘW

] ·B. (5.7)

EZ2 = −[−MCr + CGd(B −BI)
T + ΘW

] ·B. (5.8)

∆E = −2[MCr − CGdBI

T + ΘW
] ·Bsw. (5.9)

Therefore Tcomp is obtained from MCr − CGdBI
T +ΘW

= 0:

Tcomp = CGdBI

MCr
− ΘW. (5.10)

Bsw is obtained by when M = B = 0 in Eq. 5.5 and taking into account Tcomp:

Bsw = ± ∆E
2MCr

· (T + ΘW)
T − Tcomp

. (5.11)
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with “ + ” for the temperature region T > Tcomp, and “ − ” for the T < Tcomp.

Taking the theoretical values of the Gd-ordered temperature of 2.3 K and the effective
magnetic moment of 7.94 µB, the fitting results according to Eq. 5.5 are shown as the red
line in Fig. 5.18(a), which yields the MCr = 236(1) erg/Gmol, BI = 0.43(1) T for Sequence
1 and MCr = 242(1) erg/Gmol, BI = 0.43(1) T for Sequence 2. Therefore Tcomp = 139(1) K
according to Eq. 5.10, which is lower than the experience result Tcomp = 144 K (Fig. 5.13).
The Tsw of FCC measurement at various magnetic fields can also be determined from
Fig. 5.17(c). The Tsw represented by the black data points in Fig. 5.18(b), by fitting
according to Eq. 5.11 yields Tcomp = 148(1) K, ∆E = 3.11(6) × 104 erg/mol (for Sequence
1) and ∆E = 3.17(7) × 104 erg/mol (for Sequence 2). The Tcomp obtained from Eq. 5.5 and
Eq. 5.11 are slightly elevated because the impact of the sample’s demagnetization factor is
not considered in the fitting process.
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Figure 5.18: (a) The remanent magnetization Mr of GdCrO3 measured along the c axis at
B = 0 T by the three FC (B = 1 T) sequences as described in text. Each of the three colored
arrows corresponds to the starting position of the measurement. The red lines represent the
outcome of fitting by Eq. 5.5. Inset highlights the behavior of low-temperature region. (b)
The dependence of Tsw on Bsw as read from Fig. 5.18(b) and the fitting result (red line) via
Eq. 5.11.
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5.3.3 SmCrO3

5.3.3.1 Magnetization M(T , B)

Analogous to ErCrO3 and GdCrO3, the SmCrO3 single crystals also show pronounced
magnetic anisotropy, as shown in Fig. 5.19. The long-range AF ordering starts at TN =
192 K accompanied by a significant increase in χc, which is consistent with previous studies
on polycrystals [121, 134, 155]. Above 350 K, the variation of magnetic susceptibility
with temperature presents a CW like behavior as demonstrated by χ−1

c (T ) in Fig. 5.20
(red line). Fitting the data obtained at 1 T yields the effective moment µeff = 3.5(1) µB,
Weiss temperature ΘW = −375(3) K and diamagnetic constant background term χ0 =
−2.55 × 10−11 erg/G2mol. The µeff is lower than those reported previously [121, 138,
156], but much closer to the theoretical value 3.96 µB

5. The fit based on Eq. 5.2 is
also displayed in Fig. 5.20 (blue line), which yields µeff = 3.6(1) µB, ΘW = −435(2) K,
J = 12.84(1) kB and D = 1.54(2) kB. Upon cooling below TN, χc reaches a maximum
value of 1.91(1) erg/G2mol at approximately 73 K and subsequently decreasing sharply
at TSR ≈ 33 K. Meanwhile, χa increases rapidly and χb also increase, suggesting the net
magnetic moments in the system tend to align along the c axis for TSR < T < TN

6, while
they rotate from the c axis to the ab plane for T < TSR.

The rotation of the small ferromagnetic moment from the c axis towards ab plane is
confirmed by isothermal magnetization data in Fig. 5.21. At T = 1.8 K, the Ma (Mb)
data evidence a small remanent moment of 0.013 µB/f.u. (0.0049 µB/f.u.) and hysteresis of
about 0.1 T (0.14 T). In contrast, there is no hysteresis for B||c, which further confirmed
the rotation of the net magnetic moments. The linearly increased magnetization with
increasing magnetic field reveals the AFM behaviour. Moreover, at the maximum value of
the 7 T field, Mc (Mb) is about 48% (58%) of Ma, while none of the three Mc, Mb and Ma

are saturated at the 7 T field. At T = 20 K, there is a kink feature around Bc = 6.4(1) T,
which presents as a broad peak on ∂M/∂B||c, as seen in Fig. 5.21(b). Similar feature
around Ba = 2.3(1) T is shown for B||a at T = 40 K (Fig. 5.21(c)). This work presumes
that with increasing magnetic field when B||c, a field-induced SRT with the net magnetic

5 µeff =
√

µ2
Sm + µ2

Cr; µSm = gµB
√

J(J + 1) = 0.845 µB (J = 5/2, g = 2/7); µCr = 3.873 µB (J =
3/2, g = 2).

6 For TSR < T < TN, there is only a very small anomaly in χa (χb) which is only 2.3 % (3.8 %) of the
one in χc, and this is within the error bars of the crystal orientation and the cutting process so that
the data presented in this work do not imply a net spin component ⊥ c axis.
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Figure 5.19: (a) Temperature dependence of the static magnetic susceptibility χ = M/B,
obtained at B = 0.01 T for B||a, B||b, and B||c of SmCrO3. ZFC and FCW data are
represented by open and solid circles, respectively. (b) Static magnetic susceptibility and (c)
its derivative for B||c, B||b, and B||a at B = 0.01 T and at T ≤ 30 K. TN, TN2, and Tcomp
have been determined as described in the text.
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Figure 5.20: Inverse static susceptibility χ = M/B, obtained at B = 1 T applied for B||c of
SmCrO3 fitted by the CW law and Moriya model Eq. 5.4. Inset: Temperature dependence of
the static magnetic susceptibility χ = M/B, obtained at B = 1 T applied for B||c (FCW).

moments rotated from ab plane to c axis is undergoing centered around Bc = 6.4(1) T,
and the net magnetic moments rotated from c axis to ab plane is evolving centered on
Ba = 2.3(1) T for B||a. In the following, Ma and Mc are compared primarily.

To visualize the reorientation region, a series of magnetic hysteresis loop is shown in
Fig. 5.22(a)-(e) for B||c and (f)-(j) for B||a. At T < TSR, no hysteresis loop is observed for
B||c, Fig. 5.22(a) shows the standard linear AFM behaviour at 10 K, and the line becomes
an S-shaped curve without hysteresis for T = 35 K, finally a rectangular hysteresis loop is
observed for T > TSR. Additionally, the remanent magnetic moments Ma

r and M c
r can be

derived from a series of hysteresis loops. The temperature dependence of Ma
r and M c

r are
shown in Fig. 5.23(a). The dashed line marks the position of the SRT which is determined
from Fig. 5.19. Notably, the moment at T < TSR is smaller than T > TSR, implies the
presence of a finite weak ferromagnetic moment along the b axis in T < TSR. Hence, for
T > TSR, the measured value χc is approximately equal to the total net magnetic moments
M ′ in the system. For T < TSR, the measured values χa (χb) can be considered as the
projection of M ′ on the a (b) axis. Thus, the angle α between Ma

r and M ′ at T < TSR can
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Figure 5.21: (a) Isothermal magnetization at T = 1.8 K for B||c, B||b, and B||a axis of
SmCrO3. The inset highlights the behaviour around zero field. Isothermal magnetization (b)
at T = 20 K for B||c axis (left ordinate) and corresponding magnetic susceptibility ∂M/∂B||c
(right ordinate), (c) at T = 40 K for B||a axis (left ordinate) and corresponding magnetic
susceptibility ∂M/∂B||a (right ordinate). The dashed lines indicate the critical field Bc and
Ba as described in the text.
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Figure 5.22: Isothermal magnetization at different temperatures for (a-e) B||c axis and
(f-j) B||a axis of SmCrO3.
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Figure 5.23: (a) Temperature dependence of the remanent magnetic moment Ma
r and M c

r
read from isothermal magnetization. (b) The temperature dependence of rotation angle θ.
Open black circles: calculated θ from the static magnetic susceptibility χ = M/B obtained
at B = 0.01 T for B||a and B||c. Solid green circles: calculated θ from Ma

r and M c
r obtained

from isothermal magnetization. a, b, and c in the schematic indicate the crystallographic
axis direction, with all three perpendicular to each other. The description of α, θ and M ′ is
given in the text. Dashed lines mark the center of the SRT.

be estimated to be approximately 24◦. More on magnetization behavior for B||b is not
measured in this work.

The rotation of the net magnetic moments can also be visualized as the temperature
dependence of rotation angle θ [157] (see Fig. 5.23(b)):

θ = arctan
(
Ma

r
M c

r

)
. (5.12)

θ can be estimated from χc/χa or Ma
r /M c

r , both results are shown in Fig. 5.23(b) as the
open and solid circle respectively. The two estimates are highly overlapping. Here, θ
characterizes the rotation of the magnetic moment in the ac plane, whereas the actual
rotation plane of M ′ might be approximated by the purple plane illustrated in Fig. 5.23(b).
Thus, θ = 90◦ merely represents the alignment of the magnetic moment in the ab plane.
In summary, the weak ferromagnetic moments are mainly aligned along the c axis when
T > TSR, implying the spin configuration is Γ4. For T < TSR, the magnetic moments rotate
from the c axis to ab plane, exhibiting a Γ2-dominated spin configuration, and a mixture
of multiple spin configurations may be present. Additional measurements, such as neutron
diffraction on single crystals, are required to clarify this result.
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Figure 5.24: Temperature dependence of the static magnetic susceptibility χ = M/B,
obtained at different fields applied along the crystallographic (a-d) c axis and (e-f) a axis of
SmCrO3, respectively. ZFC and FCW data are labeled with open and solid circles and the
gray solid circles indicate the derivative of susceptibilities for B||a (right ordinates).
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Figure 5.25: Temperature dependence of the static magnetic susceptibility χ = M/B,
obtained at B = 0.05 T applied along the crystallographic (a) c axis and (b) a axis of
SmCrO3. (c) Static magnetic susceptibility χFCC

c (open circles) and χFCW
c (solid circles) at

different external magnetic fields up to 1 T.

112



Upon cooling, there is a pronounced hysteresis between the χa data obtained after FC and
ZFC7, confirms the presence of the weak ferromagnetic component in the ab plane (see
Fig. 5.19(b)). Although this bifurcation is also present in χc, it is only about 7(1)% of
the χa (∼ 30 K). Particularly, χZFC

c = 0 at compensation point around Tcomp = 6 K, with
negative χZFC

c at lower temperature. At Tcomp, the magnetic moments of Sm3+ and Cr3+

are of equal magnitude and opposite directions, offsetting each other and leading to χ =
0. The persistent decrease of χa in the low-temperature region implicates the ordering of
Sm3+, which can be clearly observed for TN2 = 3 K in the derivative ∂χa/∂T . The tail of
the χZFC

a also suggests the antiparallel arrangement of Sm3+ and Cr3+ magnetic moments.

To further discuss the influence of magnetization histories on SmCrO3, Fig. 5.24 present
the effect of magnetic field on the static magnetic susceptibility χc and χa, where the FCW
and ZFC curves are labeled with solid and open circles, respectively. At low magnetic fields
(B < 0.2 T), the bifurcation between the χFCW and χZFC vanishes with increasing magnetic
fields, suggesting the effect of the internal field caused by the Cr3+ sublattice is hidden
by increased measurement fields. Due to various competitive interactions between the
Cr3+ and Sm3+ moments, short-range ordered ferromagnetic compositions may exist at low
temperatures, as illustrated by the presence of both the bifurcation and the kink of χZFC

a

at around 16 K. An additional remark is that one may attribute the bifurcation behavior
of the χFCW

c and χZFC
c to the orientation and cutting errors of the single crystal sample,

which causes the angle of the a, c axis to deviate severely from 90 degrees. However, it is
worth noting that at B = 0.015 T, the χFCW

c and χZFC
c bifurcate (see Fig. 5.24(c)), while

the χFCW
a and χZFC

a are highly overlapped, and χa is an order of magnitude larger than χc

at B = 0.015 T (see Fig. 5.24(h)), which rules out the possibility that the angle between a
and c axis is seriously off by 90 degrees. In addition, the signal of Sm3+ ordering TN2 =
3 K can be traced on the dχ/dT , and the corresponding derivative of susceptibility are
indicated by gray solid circles in Fig. 5.24(e)-(h).

There has been controversy about the type of SRT for SmCrO3, between Tripathi et
al. [158] and Sau et al. [138] giving the magnetic structure probed by neutron diffraction.
The former concluded that the low-temperature spin configuration is Γ1 and the latter
suggested Γ2. The reason for this debate may be that the high neutron absorption of
149Sm, one of the Sm isotope in natural Sm compounds, makes it challenging to determine
the spin structure of SmCrO3 by neutron diffraction [138, 158]. However, the data of

7 The applied magnetic field was zeroed out by using the oscillation mode at room temperature before
ZFC measurement begins. Hence the remnant field is < 10−3 T.
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SmCrO3 single crystal sample presented in this work show that the spin configuration at
low temperatures is not strictly Γ1 or Γ2, instead it may be a mixed or in-homogeneous spin
configurations. Additionally, the discussion from Sau et al. [156] on whether the SRT is
first- or second-order nature pointed out that, for the DC susceptibility measurement, two
hysteresis regions were noticeable in the FCC and FCW cycles. Sau et al. concluded that
hysteresis regions implied the SRT was composed of two steps, continuous rotation and
discontinuous jump, with the former being second-order behavior and the latter responding
to a first-order nature of SRT. The data presented in this work, instead, show distinctly
opposite results, with a highly overlapping between FCC and FCW cycle measurements
and no hysteresis regions for either χa or χc, which indicates the continuous transition
of spins. Nevertheless, only the magnetization data from this work are not sufficient to
answer the question of whether SRT is first- or second-order phase transition, and further
low-temperature specific heat analysis is essential.

5.3.3.2 Magnetic Phase Diagrams

The isothermal magnetization and magnetic susceptibility ∂M/∂B for B||c between 20 K
and 32 K is shown in Figs. 5.26(a) and (b). For T < TSR, the temperature dependence
of the field-induced SRT boundaries could be traced. As the temperature decreases, Bc

continuously increases up to T = 20 K after which it is no longer traceable beyond the
upper limit of the measured field (7 T). To illustrate the location of the field-induced
SRT in more detail, its upper and lower limits are labeled B▽c and B△c , respectively (as
shown in the inset of Fig. 5.26(a)), the experimentally obtained jumps in M between B▽c

and B△c is denoted as ∆M . For B||a, the analogous feature is exhibited in Fig. 5.27. The
distinct anomalies on ∂M/∂B||c and ∂M/∂B||a are marked as Bc and Ba, respectively,
corresponding to the center of the field-induced SRT. Based on Bc and Ba, combined
with TN, TN2, TSR, and Tcomp from M vs. T measurements, Fig. 5.28 illustrate the phase
diagrams for 0 < B < 7 T applied along the a axis and c axis.

• For B||c, applying magnetic fields up to 7 T, TN is only slightly shifts to higher
temperatures. The phase boundary at TN = 192 K separates the paramagnetic (PM)
phase and the antiferromagnetic (AFM) phase. Whereas the increase in the magnetic
field significantly affects the TSR. The AF II phase persists until 33 K at low field,
the phase boundary starting at T = 33 K and moves toward the high field with
decreasing temperature, which signaling the field-induced SRT, i.e., the weak net
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Figure 5.26: (a) Isothermal magnetization and (b) magnetic susceptibility ∂M/∂B||c for
B||c of SmCrO3 at different temperatures. Inset highlights the behaviour at 25 K. B▽c and
B△c are marked the upper and lower limits of field-induced SRT. The dashed line in (b)
indicates the evolution of Bc.
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Figure 5.27: (a-b) Isothermal magnetization and (c-d) magnetic susceptibility ∂M/∂B||a for
B||a of SmCrO3 at different temperatures. The dashed line in (c-d) indicates the evolution
of Ba.
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Figure 5.28: Magnetic phase diagram of SmCrO3 showing the respective ordering phenomena
for (a) B||c and (b) B||a. PM: Paramagnetic phase; AF I: Antiferromagnetic phase with
net magnetic moments are along the c axis (Γ4); AF II: Antiferromagnetic phase with net
magnetic moments ordered in ab plane; AF III: Antiferromagnetic phase with Sm3+ ordering.
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Figure 5.29: (a) Magnetic susceptibility ∂M/∂B||b for B||b of SmCrO3 at different temper-
atures. The dashed line indicates the evolution of Bb. The curves are offset vertically by
2.2×10−3 µB/f.u. for better visibility. (b) Magnetic phase diagram of B||b for SmCrO3. PM:
Paramagnetic phase; AF I: Antiferromagnetic phase with net magnetic moments are along
the c axis (Γ4); AF II: Antiferromagnetic phase with net magnetic moments ordered in the
ab plane.

magnetic moments of the canted Cr3+ sublattice rotate from the ab plane (AFM II) to
c axis (AFM I). There exists a compensation point at Tcomp = 6 K, which is induced
by the antiparallel alignment of magnetic moment between R3+ and transition metal
ion M3+, as demonstrated in several homogeneous systems, e.g., GdCrO3 (Tcomp =
144 K, 100 Oe) [62, 151], ErFeO3 (Tcomp = 46 K, 100 Oe) [152, 159], SmFeO3 (Tcomp

= 3.9 K, 300 Oe) [130, 160], NdFeO3 (Tcomp = 7.6 K, 100 Oe) [129].

• For B||a, starting at B = 0 T and AF III, Sm3+ ordering at the lower temperatures
of T < 3 K with Sm3+ aligned antiparallel to Cr3+, the net magnetic moments of the
Cr3+ sublattice are well ordered in ab plane. Due to the effect of the Cr3+ sublattice,
more specifically the Cr3+-Sm3+ interactions, Tcomp is also visible around 6 K. For
T > TSR, the phase boundary between AF II and AF I is presented clearly, which can
be traced by the anomaly peak of ∂M/∂B||a (Fig. 5.27) until the temperature rises
to TN. Within magnetic fields up to 7 T, the long-range AF ordered temperature TN

is barely varied.

• For B||b, magnetic susceptibilities ∂M/∂B||b at different temperatures and magnetic
phase diagram is shown in Fig. 5.29, where the distinct anomalies on ∂M/∂B||b is
marked as Bb. This result shows that Bb evolves with the magnetic field (temperature)
in a similar way as Ba.
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Back in 1974, T. Yamaguchi gave a theoretical framework for field-induced SRT [112],
in which the temperature-dependent effective field dominates the SRT magnetization
process, arising from isotropic/antisymmetric/anisotropic-symmetric exchange interactions
between R3+ and Cr3+, following the direction of the weakly ferromagnetic component of
Cr3+, and acting mainly on the Cr3+. Similar experimental results have been reported
for Dy0.5Pr0.5FeO3 [161], YFeO3 [162], GdFeO3 [163], and ErCrO3 [164]. This has been
explained in previous experiment studies as a result of the subsequent enhancement of the
anisotropy effective field [161]. At higher temperatures, this effective field competes less
intensely with the external magnetic field, and thus behaves as a shift of Bc towards lower
fields.

Furthermore, the determination of ∆MSR/c and ∆MSR/a is shown in Fig. 5.30 (a)-(b).
∆MSR/c is not readable anymore after T > 28 K, while ∆MSR/a could be traced up to TN.
The variation of the jump in magnetization ∆MSR and associated entropy jump ∆SSR

with magnetic field and temperature are shown in Fig. 5.30 (c)-(d), where ∆SSR can be
calculated by Clausius-Clapeyron equation 5.13, which enables us to estimate the entropy
changes appearing at the AF I/AF II phase boundary [165]:

∆SSR = −∆M × ∂B

∂T
. (5.13)

Therefore, the estimated magnetic entropy change for TSR = 33 K at B = 0 T is ∆SSR =
0.04(1) J/(molK). Additional information, such as the temperature dependence of entropy
in the SmCrO3 system and the first/second order nature of the SRT in SmCrO3, is worth
determining by further specific heat measurements.
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Figure 5.30: Determination of jump in magnetization ∆MSR at the SRT for (a) B||c and
(b) B||a of SmCrO3. Dependence of ∆MSR and associated entropy jump ∆SSR (obtained
from Eq. 5.13) on (c) magnetic fields and (d) temperatures. Dashed lines are guides to the
eye.
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5.4 Summary

This chapter introduces three single crystals of rare-earth orthochromites, namely ErCrO3,
GdCrO3, and SmCrO3. The magnetization process for three single crystals and the magnetic
phase diagrams of SmCrO3, are thoroughly investigated. Firstly, ErCrO3 develops long-
range AF order at TN = 132 K. The magnetization data clearly present the Γ4 (Gx, Ay,
Fz)-Γ1 (Ax, Gy, Cz) SRT of ErCrO3 below 7.6 K, with the rotation of net magnetic
moments within the ac plane at T = 19 K. Secondly, GdCrO3 exhibits long-range AF order
at TN = 167 K for Cr3+ sublattice and TN2 = 2.2 K for Gd3+ sublattice. GdCrO3 exhibits
Γ4 - Γ2 SRT at 6 K, along with a magnetization compensation point at 144 K, accompanied
by the phenomenon of spin switching. Based on the spin switching model proposed by
Cooke et al. [154], the temperature dependence of the remanent magnetization (Mr) along
the c axis, and the internal exchange field BI generated by the ordered Cr3+ are discussed.
Finally, the SmCrO3 develops long-range AF order at TN = 192 K for Cr3+ sublattice and
TN2 = 3 K for Sm3+ sublattice, as well as the spin reorientation transition at TSR = 33 K,
when the net magnetic moments within the system undergo a rotation between the c
and ab plane. This indicates that the spin configuration is Γ4 for T > TSR, while it is
dominated by Γ2 for T < TSR. The presented results are not in complete agreement with
previous experimental reports on polycrystals, however, to more precisely determine the
low-temperature spin configuration, neutron diffraction of single crystals is essential, and
therefore preparing large-sized single crystals is necessary. This work also identifies the
presence of a field-induced SRT of SmCrO3 for magnetic fields applied along the c and a

axis, tracking the variation of critical field Bc and Ba with temperature. In conclusion, the
complete magnetic phase diagram for magnetic fields ranging from 0 to 7 T is established.
Notably, all single crystals of ErCrO3, GdCrO3, and SmCrO3 exhibit significant magnetic
anisotropy. This work not only serves as a crucial reference for growing single crystals of
RCrO3 under high-pressure conditions, but also provides essential support for studying the
complex magnetic interactions and magneto-electric coupling involving the 4f electrons of
R3+ and 3d electrons of Cr3+ in orthochromites.
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The objective of this study is to experimentally investigate the synthesize and magnetic
properties of three specific systems within the class of strongly correlated materials: the
rare-earth indates GdInO3 and TbInO3, the Ruddlesden–Popper nickelates La4Ni3O10, and
the rare-earth orthochromites ErCrO3, GdCrO3, and SmCrO3. All single crystals in this
study were grown under an oxygen/argon pressure of 20-45 bar using the high-pressure
floating zone furnace (HKZ, SciDre). This study outlines the challenges associated with
single crystal growth, encompassing issues like volatilization, bubble aggregation in the
melting zone, and weak surface tension of the melt, and emphasizes the role of high-pressure
in addressing these challenges. The magnetization measurements were primarily conducted
using the MPMS3, including the 3He iquantum extension to cover the temperature range
0.4-400 K.

Firstly, the magnetic phase diagram of the frustrated magnet GdInO3 is determined.
GdInO3 has a centered honeycomb lattice structure crystallizing in the P63cm space group.
Its key features include: (a) Development of long-range magnetic order below TN = 2.1 K
from a short-range-ordered paramagnetic phase, with a frustration parameter f = |Θ|

TN
∼ 5.

The magnitude of the specific heat jump at TN, amounts to ∆cp = 4.1(3) J/(molK), which
is significantly smaller than the anticipated mean-field value of 20.1 J/(molK) (for an S

= 7/2 system). (b) The ground state exhibits a small net magnetic moment along the
crystallographic c axis, which undergoes reorientation upon cooling at T ∗∗ = 1.7 K and T ∗

= 1 K. (c) A broad 1/3 plateau indicative of the up-up-down spin configuration appears
for B||c but is absent for B||ab, suggesting easy-axis anisotropy. (d) At T = 0.4 K, a
small jump in magnetization for B||c occurs at about 3/5 of the saturation magnetization,
indicating a discontinuous phase transition to a high-field phase. The possible tricritical
point is discussed. Overall, GdInO3 serves as a suitable example for studying the phase
diagram of a semiclassical frustrated hexagonal magnetic system. Conversely, TbInO3

shares a similar structure with GdInO3, the variation of χc and χab clearly indicates the
magnetic anisotropy. The Curie-Weiss fitting of the polycrystal gives Weiss temperature
ΘW = −16(1) K, suggesting the antiferromagnetic exchange interactions, although no
indication of long-range ordering is observed down to 1.8 K. Therefore, TbInO3 is of great
interest in searching spin-liquid ground states.

The second part of this work discusses the Ruddlesden–Popper nickelates La4Ni3O10,
characterized by alternating perovskite-like layers and rock-salt-like layers. The presence
of both Ni2+ and Ni3+ ions results in an average valence of +2.67. Single crystal growth
of La4Ni3O10 and post-annealing under 20 bar oxygen pressure yield two different phases,
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namely P21/a and Bmab, respectively. Both magnetic and specific heat measurements
reveal sharp anomalies and marked anisotropy associated with the reported metal-to-metal
transition in La4Ni3O10.

Thirdly, ErCrO3, GdCrO3, and SmCrO3 belong to the distorted perovskite structure-type
and have the space group Pbnm. This structure exhibits two magnetic subsystems (Cr3+

and R3+ sublattice) and three types of magnetic interactions (between Cr3+-Cr3+, R3+-
Cr3+, and R3+-R3+). Dzyaloshinskii-Moriya interaction induces canted antiferromagnetism
in the Cr sublattice, with ordering temperatures of TN = 132 K, 167 K, and 192 K for
ErCrO3, GdCrO3, and SmCrO3, respectively. As the radius of the rare-earth ions increases,
the antiferromagnetic ordering temperature of the system shifts to higher temperatures.
All three single crystals display significant magnetic anisotropy and spin reorientation
transition (SRT). Specifically, ErCrO3 presents the Γ4 (Gx, Ay, Fz)-Γ1 (Ax, Gy, Cz) SRT,
with the net magnetic moments of the system rotating within the ac-plane (7.6 K < T <

19 K) before the low-temperature Γ1 spin configuration is fully formed (T < 7.6 K). GdCrO3

undergoes the Γ4 (Gx, Ay, Fz)-Γ2 (Fx, Cy, Gz) SRT at 6 K. The negative magnetization, a
compensation point at 144 K, and spin switching behavior of GdCrO3 are discussed in
this work. The appearance of these behaviors is based on the feature that two magnetic
sublattices of Gd3+ and Cr3+ are arranged antiparallel to each other. Tsw is closely related
to the magnetization histories and modulated by the external magnetic field. For FCW
(FCC) mode, Tsw = 162 K (62 K) at B = 0.005 T, and it gradually shifts to lower (higher)
temperatures with an increased magnetic field. Additionally, anomalies in ∂M/∂B||c and
∂M/∂B||a suggest the boundaries of multiple low-temperature AFM phases. For SmCrO3,
TSR = 33 K and the spin configuration is Γ2 for TSR < T < TN, while the low-temperature
spin configuration remains controversial. For T < TSR, the data presented in this work show
that the net magnetic moment is rotated from the c axis towards the ab plane, suggesting
likely mixed or inhomogeneous spin configurations at low temperatures. The field-induced
SRT in SmCrO3 has been determined by isothermal magnetization measurements. Based
on the magnetization jumps on the SRT phase boundary (AF I/AF II) and applying the
Clausius-Clapeyron equation, yields a small entropy change of ∆SSR = 0.04(1) J/(molK).
These significant anomalies exist in ∂M/∂B||c and ∂M/∂B||a triggered a discussion of the
SmCrO3 magnetic phase diagrams.

In short, this work delineates magnetic studies of six single crystal oxides across three
material systems. All these materials demonstrate complex magnetization behavior and
remarkable magnetic anisotropy at low temperatures. The preparation of single crystals
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is essential for accurately discussing magnetic anisotropy. In this work, the optical
floating-zone method is employed to grow single crystals, emphasizing the essential role of
high-pressure techniques in exploring the single crystal of novel quantum materials.
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Appendix

A.1 LiMn2O4

Figure 6.1: Room temperature XRD pattern of polycrystalline LiMn2O4 obtained from
different synthesis temperatures.

Polycrystalline LiMn2O4 was synthesized by the standard solid-state reaction method,
with synthesis conditions referred to several reports [167–169]. Stoichiometric amounts
of Li2CO3 (99%, Sigma-Aldrich) and Mn2CO3 (99.9%, Sigma-Aldrich) were mixed well

129



Figure 6.2: Room temperature XRD pattern and corresponding Rietveld refinement [93] of
polycrystalline LiMn2O4. The observed diffraction pattern is shown in red, the calculated
one in black, and the difference between them is shown in blue. The vertical green bars show
the expected Bragg positions (COD NO.1513962 [166]). The refinement converged to Rp =
11.5 %, Rwp = 13.7 %, χ2 = 1.82.

in a mortar and calcined at 500°C for 1 h (round 1) and 2 h (round 2) with intermediate
grinding (air flow, ambient), then calcined at 800°C for 48 h (round 3, air flow, ambient).
When the sintering temperature < 750°C or the sintering time is insufficient, the product
contains the impurity Mn2O3. Conversely, at a sintering temperature of 850°C, the product
contains the impurity Mn3O4. The compounds sintered at 750°C and 800°C for 48 h have
proved to be pure phases (see Fig. 6.1). The Rietveld refinement was performed on XRD
data of polycrystalline LiMn2O4 sintered at 800°C for 48 h. The result presented in Fig. 6.2
is indicate the purity phase of LiMn2O4, the refined structural parameters are shown as
Table A.1. Scanning electron microscopy (SEM) image of LiMn2O4 sintered at 800°C for
48 h is shown in Fig. 6.3, the morphology is powdery with particles approximately 1µm in
size.
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Figure 6.3: SEM image of LiMn2O4 sintered at 800°C for 48 h.

Table A.1: Selected structural parameters from the Rietveld refinement of the room
temperature powder XRD data of LiMn2O4 (Fd3̄m). The refinement is performed based on
the crystallographic information file COD NO.1513962.

Atoms Wyckoff x y z Lattice Reliability
position Parameters(Å) factors

Li1 8a 0.12500 0.12500 0.12500 a=8.2426(1) Rp=11.5 %
Mn1 16d 0.50000 0.50000 0.50000 b=8.2426(1) Rwp=13.7 %
O1 32e 0.26257 0.26257 0.26257 c=8.2426(1) χ2=1.82
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A.2 Additional Tables

Table A.2: Summary of the triangular lattice antiferromagnets (TLAFs) for which magneti-
zation plateau behavior is experimentally observed.

Materials S Space group Magnetization plateau
GdPd2Al3[170] 7/2 P6/mmm 1/3

RbFe(MoO4)2[35, 171, 172] 5/2 P3m1 1/3
Rb4Mn(MoO4)3[173] 5/2 P63/mmc 1/3

Ba3NiSb2O9[174] 1 P63/mmc 1/3,
√

3/3
Ba3CoSb2O9[34, 175, 176] 1/2 P63/mmc 1/3, 3/5

Ba3NiNb2O9[177] 1/2 P3m1 1/3, 1/2, 2/3,
√

3/3
Cs2CuBr4[178, 179] 1/2 Pnma 1/3, 1/2, 5/9, 2/3
CuFeO2[180–182] 5/2 R3m 1/3

CsYbSe2[183] 1/2 R3m 1/3
Ni3V2O8[184, 185] 1 Cmca 1/3

CsFe(SO4)2[171, 172] 5/2 P3m1 1/3
Ba3MnNb2O9[33] 5/2 P3m1 1/3

Table A.3: The chemicals used in this work.

Chemical Formula Assay Source
Lithium carbonate Li2CO3 99% Sigma-Aldrich

Chromium(III) oxide Cr2O3 99.6% Alfa Aesar
Manganese(II) carbonate Mn2CO3 99.9% Sigma-Aldrich

Nickel(II) oxide NiO 99.998% Alfa Aesar
Indium(III) oxide In2O3 99.9% Alfa Aesar

Lanthanum(III) oxide La2O3 99.99% Sigma-Aldrich
Samarium(III) oxide Sm2O3 99.9% Alfa Aesar

Gadolinium(III) oxide Gd2O3 99.9% Alfa Aesar
Terbium(III, IV) oxide Tb4O7 99.9% Alfa Aesar

Erbium(III) oxide Er2O3 99.9% Alfa Aesar
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