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Abstract

Over the past few decades, mixed anion compounds have drawn great attention because
incorporation of two or more different anions with specific electronegativity, polarizability,
ionic radius, and oxidation state offers opportunity to effectively cause chemical and physical
properties that the pure oxides cannot possess. Among many mixed anion systems, A2B(O, X)a,
a subgroup of the A2BO4-based oxide perovskites with the K2NiF4-type structure possesses
different anion sites (i.e. equatorial and apical sites), leading to anion-site order in the anion
sublattices. This situation is much different from that in the regular perovskite structure AB(O,
X)3 which tends to disorder the anion sites. It is very important that accessibility to anion-site
ordered states provides good advantage of understanding the role played by each anion in the
structural, physical and chemical properties. Another aspect of anion lattice modification with
hetero anions is that the electronic structures are changed in a way different from conventional
cation substitution: anions are intimately bonded to cations, and thus anion substitution can
effectively affect the coordination geometry or environment around the metal centers, which
are closely correlated with the electronic structures of the compounds.

In this thesis, we used a high pressure technique to synthesize new complex transition
metal oxyhalides with the K2NiFs-type structure and studied their crystal structures and
properties.

Another member of layered oxyfluoride family, SroMnO3sF was synthesized successfully
with the high-pressure synthesis at 6 GPa and 1800 °C. It crystallizes into a simple body-
centered tetragonal cell in the space group 14/mmm, with lattice parameters a = 3.79009(1) A
and ¢ = 13.28974(6) A. The manganese oxyfluoride exhibits unique structural features that
have never been observed in any other related layered oxyhalides: the coexistence of anion
disorder between O and F at the apical sites and the octahedral coordination subject to the 1st

order Jahn-Teller effect. The MnO: planes separated by non-magnetic Sr(O/F) rock-salt layers



result in low-dimensional magnetic correlations with Ty = 133 K, which is totally different

from paramagnetic behaviors observed in known related layered manganese oxyfluorides.

A new layered perovskite zinc oxychloride, Sr2ZnO2Cl2, with an infinite ZnO> square
planar sheet has been successfully synthesized by high pressure method. For Zn coordination
environment, this square planar is quite unique and rare. Sr2ZnOCl, isostructural with
SroCuOCl», a well-known parent material of high-T. superconducting cuprates. The lattice
constants of the zinc oxycloride are a = 4.06981(2) A and ¢ = 15.20076(8) A at room teperature.
The UV-vis-NIR absorption spectroscopy revealed an indirect band gap of Eq = 3.66 eV. The
first principles calculation demonstrated that the origin of the indirect band gap was correlated
with the square planar geometry for Zn: a transition between the top of the valence band
comprising the anti-bonding state between Zn 3dx2-,? and O 2p orbitals and the bottom of the

conduction band derived from Zn 4s orbitals.

A possible ideal two-dimensional square-lattice antiferromagnet SroMnO.Cl, was
successfully synthesized by high pressure method at 6 GPa and 1500 °C. It adopts a simple
body-centered tetragonal cell in the space group 14/mmm. From the magnetic susceptibility
measurement, the manganese ion was found to have a high spin state of S = 5/2. The
susceptibility curve also showed a broad maximum at Tmax = 42K, which is typical behavior of
the low dimensional antiferromagnets. No anomaly associated with a long-range magnetic
order was observed down to 2 K, which was consistent with the result of the heat capacity
measurement with a broad curve centered at 40 K. Neutron powder diffraction study
demonstrated that a short-range magnetic correlation developed below 100 K but not to a
long-range magnetic order down to 2 K. This is the first experimental observation of no long-

range magnetic ordered state in square lattice antiferromagnets.
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Chapter 1 Introduction

1.1 Perovskite structure

Perovskite-related materials have attracted great attention since their discoveries. Because
of the unique properties, such as ferroelectricity?, colossal magnetoresistance (CMR)?,
superconductivity®, they can be applied in many areas, such as electronic conductors, capacitors,
superconducting cables, thermoelectric devices and battery materials*®. The general formula
of perovskites is ABOs, in which A is a large electropositive cation(for example, Sr?*, La®*, K*),
B is a small transition metal or main group ion(Cu?*, Fe*, Co?*, etc.)®. The ideal structure of
perovskite is cubic with space group of Pm3m, as shown in Figure 1.1. It can be described as
a frame of corner sharing BOg octahedra’®. To form the ideal perovskite structure, the radii of
A and B should satisfy equation (r, +15) = V2(r + 7o), Where 1y, 15 and 7 are effective
ionic radii. In fact, the ideal cubic perovskite structure only exists in minor matters, and in
major cases the bond lengths of (A-O) and (B-O) are geometrically incompatible, resulting in

structure distortions and lowering of structure symmetry*!. The tolerance factor is defined to

R.+R,
V2(Rg +R,)

describe the distortion of the octahedra: t = . When A ion is too big or B ion is too

small, t becomes larger than 1, and as a result, the crystal structure is altered to hexagonal or
tetragonal, BaNiOs is an example. When A and B ions have ideal size, t falls in the range of
0.9-1, thus the structure is cubic, just like the perovskite. When A ion is too small to be
accommodated into B ion interstices, t is 0.71-0.9, several possible structures exist, i.e.
orthorhombic or rhombohedral, such as the Orthorhombic GdFeOs. When A and B ions have
similar ionic radii, t will be smaller than 0.71, and possible close-packed structures exist,
corundum structure (disordered arrangement of cations), ilmenite structure (ordered

arrangement within sheets), KNbO3 structure (sheetwise ordered arrangement).

1
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Figure 1.1 ABOj3 ideal perovskite structure®®,

1.2 Ruddlesden-Popper phases

In 1958, Ruddlesden and Popper reported the synthesis and characterization of the novel
layered mixed metal oxide Sr3Ti2O7*2. The crystal structure of Sr3TiO7 was determined to be
the space group 14/mmm consisting of double perovskite layers of corner linked TiOg octahedra
interwoven with layers of rock salt SrO. Ruddlesden and Popper also proposed the existence
of related compounds and simultaneously reported the discovery of one such phase, Sr4TizO1o,
which has a similar structure, but with tripple perovskite layers'®. Sr3TiO7 and Sr4TizO10
represent two examples of a series of related layered perovskite intergrowth materials known
as the Ruddlesden-Popper family, abbreviated as RP phase or RP structure. The general formula
for An+1BnXan+1 With n layers of BXe octahedra separated by layers of AX adopting the rock
salt structure. The end member phase with n = oo has an infinite number of layers of BXs
octahedra and corresponds to the simple perovskite structure ABX3. The crystal structures are

shown in Figure 1.2.



n=1,AQBX4 n=OC,ABX3
(known as the

Sr3Ti207
4/mmm 14/mmm _
a=390A c=2038A a=390A c=281A KNiF,structure)

Perovskite

Figure 1.2 Crystal structure of An+1BnXan+1 Ruddlesden-Popper phases

1.3 Physical Properties of RP Phase

RP type materials exhibit rich variety of intriguing properties. In recent years, the
discovery of new properties has generated a wealth of research interest, and these areas will be

discussed below.
1.3.1 Low Dimensional Magnetism

The research of low dimensional magnetism can be dated back to 1925, when the one-
dimensional (1D) Ising model was first proposed!*. Some decades of theoretical researches
followed!#®, Onsager gave an exact solution of the 2D Ising model for the existing of long
range order in 19497 while Mermin and Wagner stated the absence of long range order in 1D
and 2D magnetic models with a continuous symmetry at any finite temperature in 1966, which
is known as in their famous Mermin-Wagner theorem*8, Around 1970, magnets in restricted

dimensions started to be investigated experimentally when real bulk crystals were synthesized
3



successfully with magnetic coupling much stronger in one or two spatial directions than in the
remaining ones.

A2BX4 is among the typical objects of the 2D magnetism. The magnetic ions sit on a
square lattice in two-dimensions. Because of the intervention of the rock salt layer, the
interlayer interaction becomes very weak and can be neglected. K2NiF4 is the first well studied
material and often these systems are said to have the KzNiF4 structure!® 2°. The Mermin-
Wagner theorem does not say anything about the T = 0 ground state. Coincidentally evidence
shows that for 2D Heisenberg antiferromagnets, long range magnetic order does occur at T =
0. The K2NiF4 structure is of considerable interest because 2D Heisenberg models appear to
be important in understanding the high-T. cuprate superconductors which will be discussed in

the following part.?:
1.3.2 Superconductivity

Superconductivity was first discovered by Kamerlingh-Onnes during his study into the
resistivity of solid mercury at low temperatures whereby a dramatic fall in the resistance
appeared at just over 4.2K?2. In subsequent decades, efforts were made to find other
superconductive materials. In 1913, lead was found to be superconductive at 7 K, and in 1941
niobium nitride was found at 16 K2 24, In 1953 vanadium-silicon displayed superconductive
properties at 17.5 K?°. Typical temperature dependence of the electrical resistivity and the
magnetic susceptibility of a superconductor are shown in Figure 1.3. Exactly zero electrical

resistance and expulsion of magnetic flux fields are the main characteristics of superconductors.
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Figure 1.3 The physical properties of superconducors

The first widely-accepted theoretical understanding of superconductivity was advanced in
1957 by American physicists, John Bardeen, Leon Cooper, and John Schrieffer?®. Their
theories of superconductivity became known as the BCS theory and won them a Nobel prize
in 1972. The basis of the theory was that the electrons with opposite spin and momentum can
be combined into pairs to form "Cooper pair”. Cooper pairs can move in the lattice without loss
of energy thus forming the superconductive current. The BCS theory explained
superconductivity at temperatures close to absolute zero for elements and simple alloys.
However, at higher temperatures and with different superconductor systems, the BCS theory
has subsequently become inadequate to fully explain how superconductivity is occurring.?’%°

Cuprates tend to be high-Tc superconductors, especially within the K2NiF4 structure. For
example, doping 20% La*" with Sr** in La2CuO4 structure ends up with high temperature

superconductivity at around 40 K, while the pure La,CuQ4 is an antiferromagnetic insulator3®



32 However, by replacing Cu?*(S = 1/2) with Ni?*(S = 1), these do not become superconducting
even when doped®3. One acceptable reason is that local magnetic fields due to magnetic ions
act as pair-breakers, splitting up the Cooper pairs.

Ca>Cu02Cl;, an analogue with La,CuQ4 structure but with Cl substitution the apical sites
of CuO4 octahedral, is another intensive studied superconductor. With hole doping by Na,
superconductivity was found at Tc = 26 K in (Ca,Na)2CuO.Cl.. Two functional blocks
constitute the structure, i.e., the charge reservoir layer and CuO2 conducting layer* 3°.
Sr,CuO2F2+5, another analogue with La,CuOa structure®®, also shows a superconductive
transition at Tc 46 K. These results show that when the apical anions are replaced by halogen

ion, the cuprates can give high T superconductivity.

1.4 Chemical Environments
1.4.1 Crystal Fields

The crystal field is an electric field derived from neighboring atoms in the crystal. The
crystal field in perovskite related materials arises mainly from electrostatic repulsion from the
negatively charged electrons in the oxygen orbitals®’.

When the d orbitals of a transition metal ion in a perovskite structure where the metal
center is surrounded by six oxygen ions O%, the O% ligands give rise to the crystal field
potential and affect the free diffusion of the electrons and quench the orbital angular momentum
by splitting of the d orbitals because of the introducing of the crystal field®®. d orbitals are split

to two groups. The d,2_,2 and d,z orbitals, which point to p orbitals of the surrounding

y

oxygen ions, are raised in energy. The dx, dyz, and dxy orbitals, which point diagonally between

the p orbitals, are relatively unaffected by the field. The former d,z_,= and d,z orbitals are

y

called eq orbitals, whereas the latter, dx, dy;, and dxy orbitals are called tzg orbitals, as shown

in Figure 1.4. The resulting energy difference is identified as Ao.



Gg
i T orbitals
i
!
I 0.6A
]
s
J"f— ‘Il ‘r
/ | 0.4A,
/ | ,l, L2
T T e e e ¥ OFbitals
Free ion Steric field Octahedral field

zZX

yz
Figure 1.4 The d orbital splitting in octahedral field conditions®,
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For the given metal center, the energy difference changes with the ligands. When the
ligands orbitals strongly interact with the metal orbitals, the splitting between the tog and eg
orbitals is large (Ao is large), and the corresponding ligands are called strong-field ligands®.
Ligands with weak interactions with the metal orbitals are called weak-field ligands, and the
splitis small (Ao is small). The orbital configuration of the electron depends on the competition
between the crystal field energy and the Coulombic energy ([].) cost of putting two electrons
in the same orbital, which is known as pairing energy*®#2. For each of d° to d® and d®to d*°
ions, only one configuration is possible, but for d* to d” ions, strong crystal fields lead to low-
spin state and weak crystal fields lead to high-spin state, as in strong crystal field, electrons

tend to firstly occupy each orbital before any orbital becomes doubly occupied, and vice versa.
An example is shown in Figure 1.5%% 434,
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Figure 1.5 Electronic configuration for the (a) high-spin (weak-field) and (b) low-spin (strong-
field) cases for a 3d® ion, e.g. Fe?*.

1.4.2 The Jahn-Teller effect

The Jahn-Teller effect, sometimes also known as Jahn-Teller distortion, describes the
geometrical distortion of molecules and ions that is associated with certain electron
configurations*®. The molecular distortion associated with symmetry-breaking would break the
electronic degeneracy by the stabilization (lowering in energy) of the d orbitals with a z
component, while the orbitals without a z component are destabilized (higher in energy), as
shown in Figure 1.6. Examples of significant Jahn-Teller effects are found in complexes of
Cr?* (d*), high-spin Mn®* (d*), and Cu?* (d®)*"-*°. For example, octahedral Cu?*, a d® ion, would
have three electrons in the two eq levels without the Jahn-Teller effect. The Jahn-Teller effect
elongates the CuOe octahedra along z-axis. The effect of elongation on d orbital energies is

shown in the right of Figure 1.6%". The half filled d,2_,2 orbital of Cu? carries a spin S=1/2

y

aligning within the ab-planes, which may result in two-dimensional antiferromagnetic behavior

as shown in Figure 1.6b%.



Figure 1.6(a) Diagram of electronic structures of Cu?* with Jahn-Teller interaction®’; (b)
Magnetic structure of Ba,CuWOg>".

1.5 Magnetism
1.5.1 Origin of magnetism

Magnetism is a property of matters that respond to an applied magnetic field. Magnetism
originates from the electrons of atoms, especially unpaired electrons. Two aspects of electrons
determine the magnetic properties collaboratively. Firstly, the spinning of electron on its axis
produces a magnetic moment. Secondly, orbital motions of an electron will also produce a
magnetic moment according to the pre-wave-mechanical picture of an atom. The magnetic
properties of any individual atom or ion will result from some combinations of these two
contributions, which are the inherent spin moments of the electrons and the orbital moments
resulting from the motion of the electrons around the nucleus, respectively®?. The magnetic
moment generated from the orbital or spin motion of a single electron is called Bohr magnetron,

15 » Which is the smallest unit of magnetic moment of substance®,
The magnetic moment due to the electron spins alone is pg = gy/S(S + 1) (unitis 4 ,),

in which S is the sum of the spin quantum numbers and g is the gyromagnetic ratio, also



known as the “g factor”. For free electrons, g = 2.00023. The calculated magnetic moment
Us due to spins of the electron alone is called “spin-only” moment. If the orbital motion were

considered, and when it makes its full contribution to the magnetic moments, the magnetic

moment will be given by ps,; = /4S(S+ 1) + L(L + 1), in which L represents the angular
momentum quantum number for the ion* %2, In general, most of the 3d transition metal ions
do possess orbital angular momentum. However from Table 1.1 the observed values of pefr are
close to or larger than g, but much smaller than pg, ;.. It is because the crystal field surrounding
the metal ions restricts the orbital movement of the electrons, therefore the orbital angular

momentums are “quenched”>? wholly or partially.

Table 1.1. Effective moments and spin-orbit coupling constant associated with first series
transition-metal ions®*

Ti%t Ve Ccr¥t Mn® Mn%, Fe*t Fe?*  Co%* Ni#* Cu*

g 173 283 387 40 5.92 490 387 283 173
weit (€xp.) ~1.80 ~2.80 ~3.80 ~4.9 ~590  ~5.40 ~4.80 ~3.20 ~1.90
HoaL 300 447 520 5.48 5.92 548 520 447 3.00

Jlem? 154 105 91 88 ; ; ] ] ]

1.5.2 Types of magnetic behaviors

There are several types of magnetic states, as shown for a schematic 1D crystal in Figure
1.7. The unpaired electron spins may be oriented at random directions on the different atoms,
in which case the material is paramagnetic (a), or they may interact with each other resulting
in cooperative magnetic phenomena. The spins may be aligned parallel, in which case the
material is ferromagnetic (b), or they may be aligned antiparallel, resulting in zero overall
magnetic moment and the material has antiferromagnetic property (c). Another case for the

antiparallel alignment is that they possess unequal numbers in the two orientations, thus there
10



is a net magnetic moment and the behavior is called ferrimagnetic (d). Spin glass behavior
occurs in certain cases where the dominating ordering tendency is antiferromagnetic but
complete antiferromagnetic order is not able to propagate through the structure; instead, it is
disrupted by ferromagnetic order (e). In helimagnetic behavior, spins are not limited to arrange
in simple parallel or antiparallel way but show a gradual angular rotation between adjacent

spins, leading to a helical magnetic structure (f)®.

(a) R e L. BT
(b) S S S S S W S
€ ¢ F4 %244 ¥0A
@ 4+ v bkt
@ v 4G DG O
il P RN A

Figure 1.7 Schematic magnetic phenomena in a 1D crystal: (a) paramagnetism; (b)
ferromagnetism; (c) anti- ferromagnetism; (d) ferrimagnetism, (e) spin glass behaviour; (f)
helimagnetism®.

Since most of the compounds in this thesis show an AFM transition, |1 would like to

introduce the types of antiferromagnetic structures in the following part.
1.5.3 Types of antiferromagnetic structures

There are three types of antiferromagnetic ordering which is particular important in
perovskite-related materials. They are illustrated in Figure 1.8. In A-type AFM structure, the
intra-plane interaction is ferromagnetic but the inter-plane is antiferromagnetic. In C-type AFM

structure, the case is inverse, the intra-plane coupling is antiferromagnetic while inter-plane
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coupling is ferromagnetic. Another type is the G-type AFM structure, in which both of the
intra- and inter-plane coupling are antiferromagnetic. In addition, a more complicated CE-Type

is possible, in which the spin and charge ordered antiferromagnetic phase®®.

A type C type G type

Figure 1.8 Three antiferromagnetic structure types in perovskite
1.5.4 Magnetic susceptibility and Currie-Weiss law

When a substance is placed in magnetic field H, a magnetization M is induced in the
substance which shows a relationship with H by equation M = yH. The proportional coefficient
x Is known as magnetic susceptibility of the substance. The values of x and by their temperature
and field dependences could be important aspects to distinguish the several different kinds of
magnetic behavior. For diamagnetic substances, y is very small and slightly negative. For
paramagnetic substances, y is small and positive. In ferromagnetic substances, y < 1 and such
materials are strongly interacted with a magnetic field. In antiferromagnetic substances, y is
positive and the value may be comparable to or somewhat less than that for paramagnetic
substances®’.

Besides the absolute magnitudes, the susceptibilities of different kinds of magnetic

material are also distinguished by their temperature dependences. Ordered magnetic structures,
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whether ferro-, ferri-, antiferro-, heli-magnetic or spin glass, tend to lose their ordered states
above a temperature known as either the Curie temperature, Tc (ferro- and ferri-magnets), or
the Neel point, T (antiferro- and heli-magnets); the spins become to align disorderedly and
therefore the materials become paramagnetic. At these transition temperatures, there is a
balance between the exchange interactions and the thermal energy, in which the former
maintains the ordered-aligned structures and the latter tend to randomize the orientation of
spins. Figure 1.9 describes the schematic diagram of the temperature dependence of the

magnetic susceptibility of different magnetic behaviors.

Paramagnetic

Ferromagnetic

Magnetic Susceptibility ¢

Antiferromagnetic

Diamagnetic

Temperature / K

Figure 1.9 The temperature dependence of the magnetic susceptibility of diamagnetic,
paramagnetic, ferromagnetic and antiferromagnetic materials®.

Paramagnetic materials may obey the simple Curie law. It states that magnetic
susceptibility of a material is inversely proportional to temperature: x = C/T where C is Curie
constant. Such a Curie behavior is observed when no spontaneous interaction exists between
adjacent unpaired electrons®®. They do try to align orderedly, but this alignment becomes more

difficult with temperature increasing and therefore y decreases. A more general Curie-Weiss
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law, x = C/T — 6, is developed considering the case when there is spontaneous interaction
between adjacent spins. In this equation, Weiss temperature (¢) can either be positive, negative
or zero. When 6 = 0 then the Curie-Weiss law is equivalent to Curie’s law. If 8 is positive,
ferromagnetic interaction is dominated; if & is negative, antiferromagnetic interaction is
dominated. Figure 1.10 depicts the schematic diagrams of Currie’s law and Curie-Weiss law.
Based on Currie’s law or Curie-Weiss law, one can calculate the effective moment from Currie

constant by using the equation peg = 2.84./x(T — 0) = 2.84+/C.%®

Curie-Weiss law Curie law
(Antiferromagnetic Vs
1y interaction) 7 ’
7 v
v 7/
7 Vs
7/ 7/
. ’
rd 7’ . .
7 7’ Curie-Weiss law
7/ 7 (ferromagnetic interaction)
e rd
4 7
7/ v
Vs 7
7/ 4
/7 7/
«< L >
4

Figure 1.10 Schematic diagrams of Curie’s law and Curie-Weiss law®®,

1.6 Magnetic interaction
1.6.1 Exchange interaction

Magnetic ordering originates from electrostatic interactions at a quantum mechanical level.
The exchange interaction depicts the discreet magnetic moments interacted mutually through
a quantum mechanical force. Hamiltonian, H =-2JS; eS; is usually used to describe the
exchange between two magnetic ions with spin Sj and S;. Extended it to many body system
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;Si ®S; , where Jjj is known as the

gives the Hamiltonian of the Heisenberg model: If| = —ZJ
ij

magnetic exchange constant between the spins of ion i and ion j and its absolute value
represents the strength of the magnetic interaction. A material with strong magnetic interactions
usually shows magnetic ordering transition at higher temperatures. One can estimate whether
the exchange interacion is ferro- or antiferromagnetic according to the sign of J. When J > 0,
the interaction favors a parallel alignment of two spins, i.e. ferromagnetically, when J <0, it
favors anti-parallel alignment of two spins, i.e. antiferromagnetically®®.

Two types of magnetic interactions are important for perovskite related materials, i.e.
superexchange and double exchange. They are described in the following two sections. These

two exchanges belong to indirect exchanges because the two magnetic ions concerned do not

interact with each other directly, instead the interaction is mediated by a non-magnetic ion.
1.6.2 Superexchange

Superexchange is an indirect interaction between two magnetic cations (M1 and M>) via
an intervening anion often 0% (2p®). It is also known as Kramers—Anderson superexchange. It
arises because there is a kinetic energy that favors antiferromagnetism, it can be illustrated in
Figure 1.11 If the moments of magnetic ions are aligned parallel (ferromagnetic), then the
possible excited states of this system cannot exist as it breaks the Pauli exclusion principle.
However, the excited states of the antiferromagnetic state are allowed. Therefore, if the two
magnetic ions are aligned antiferromagnetically, the electrons on all three sites are delocalized
over the whole structure thus lowering the kinetic energy. In addition, the kinetic energy
depends on the degree of overlap of the orbitals and thus superexchange interaction is strongly

dependent on the angle of the M1-O-M.
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Figure 1.11 Schematic diagrams of pe orbital and pz orbital®8.

A represented example of how the superexchange mechanism can be used to explain
antiferromagnetic ordering is NiO. The Ni?* ion is situated in an octahedral environment with
electron configuration t®g el (d%yd%.d%.0%2d% - 2). If we consider the linear 180° overlap
between the Ni 3dx2 - y2 and the O 2py orbitals (as depicted in Figure 1.12), it is obvious that
the unpaired electrons in the eq orbitals of the Ni?* cations are able to couple magnetically with
the electrons in the p orbitals of the O anions in order to form the lowest possible energy

state®.
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p, orbital d,z orbital

Figure 1.12 Antiferromagnetic coupling of spins of d electrons on Ni* ions through p electrons
of oxide ions®.
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1.6.2 Double exchange

The double exchange interaction which was proposed by Zener is most relevant in mixed
valence materials, such a compound that contains Mn®*" and Mn** via an intermediate anion®”
. Figurel.13 illustrates the principles of double exchange in mixed-valence contained
compound. The crystal field causes the d-levels splitting into the eq and taq levels. The Mn®*
electron is able to ‘hop’ to the vacancy in the Mn** g4 orbitals via an intervening O% anion
without changing their spin direction. In this way, in order for electron spins to be conserved,
the tog electrons on the Mn** cation must be ferromagnetically aligned with the tzq electrons on
the Mn3* cation., as the antiferromagnetic arrangement would break Hund’s rules when such

hopping occurred®? 62,

One electron
transfers from
0% to Mn#*

Another electron
transfers from
Mn3* to O

Figure 1.13 Schematic diagram of double exchange in mixed-valences manganite®?.
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1.7 Flexibility of Ruddlesden-Popper phases

The perovskites are known for their flexibility not only with regards to oxygen
stoichiometry but also in terms of A and B cation substitutions. The Ruddlesden-Popper phases
also possess this kind of flexibility. There have been a great numbers of studies on cation
substitution. As a famous example, substitution La** with M** in La,CuO, has been proved to
undergo a superconducting transition of the composition La, sM;Cu0,%3%. In addition doping
excess oxygen of La,CuO, thus introducing mixed Cu oxidation states also induces
superconducting property. Researches show that La,CuOs+s up to 6 = 0.07 has already been
synthesized at ambient temperature by electrochemistry, which induces the material to high-Tc
superconductor (Tc = 44 K). Besides excess oxygen, these compounds with oxygen deficiency
can be achieved by different reducing techniques. The deficiency of oxygen induces symmetry
lowering, disorder and re-ordering at long range, structural defects, etc®. However, the main
structure does not collapse but undergoes topotactic transformations. La,CuQO,., have been well
studied, depending on which kind of oxygen is lacking, i.e. apical or equatorial, different
prototypes are put forward for describing La2CuOas.x. The well accepted model is the S type
structure, in which equatorial sites are only half occupied by oxygen, leaving ordered vacancies
and CuO4 square planes are arranged along c axis, as shown in Figure 1.14%. This type of
structure is well studied in the field of high-Tc superconductors®.

Besides cation doped and oxygen varied RP phase, anion doped RP phase are drawn more
and more attentions recently. Compared with the other two strategies, anion doping seems a
little difficult because of the strong bond of the metal-oxygen. And also that each anion
possesses specific characteristics, including electronegativity, polarizability, ionic radius, and
valence state that prevent the possibilities of anion doping. However, recent studies show the
successful substitution. And considering that the anion strongly affects the crystal field and

electronic state of the metal center, we can expect that substitution of anions with different
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bonding nature, valence state or ionic radius from oxygen in a metal oxide can enhance the
original physical properties or induce new exotic phenomena.

Perovskite structure can also accommodate the anion doping, as seen in Sr(Nb/Ta)O,N°%®
0 but because of the identical environment of the anion, anion seems to occupy oxygen sites
disorderedly, the perovskite structure almost does not change and the symmetry either. And it
makes it difficult to explore heterogeneous structure with exotic phenomena compared with

perovskite.

Unit-cell of S-tvpe structure

* °
CuQ-, Square planes \
' 9
STO Rock salt lavers < ; A
\
Space group: o Sr
Tmmm |
@ Cu
€ e O
[

Vacant equatorial site

Figure 1.14 Crystal structure of the S type Sr2CuOa-°'.
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Figure 1.15 Crystal structure of Sr(Nb/Ta)O2N, blue, grey, red, and green spheres represents
Nb/Ta, Sr, O and N, respectively.

For layered perovskite structure, because there are several different anion sites, anion tends
to occupy orderedly. In n =1 RP type structure, A2BOa, two anion sites exist and several ordered
states were discovered. In Sro(Nb/Ta)OsN, equatorial sites were occupied by oxygen and
nitrogen disorderedly while the apical site is fully occupied by oxygen’ 72, In Sro,VOsH™, H
occupied the O2 (which site ? label of define each sphere in Fig 1.16) site linearly and orderedly,
leading the space group from 14/mmm to Immm. This can also be observed in Sr3C0204.33Ho.84",
LaSrMnOs3Ho7"® and LaSrCoOsHo7'®. In NdAIOsN, N occupied one of the apical site of
octahedra, lowering the symmetry to 14mm. These all indicate that the anion doped RP type

structure may provide different structures and thus may induce some intriguing properties.
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Figure 1.16 From left to right: Crystal structure of Sro(Nb/Ta)OszN, Sr2VO3H, and NdAIOsN.
Grey, blue, red and green spheres represent A, B, O and H/N.

1.8 Objectives of this thesis

As aforementioned, the coordination environment around metal centers of Ruddlesden-
Popper phases can be modified by anion substitution in a way that different from cation
substitution. Of several mixed anion systems, layered oxyhalide compounds give unique
structural features as follows. First, halide ions selectively occupy the apical anion sites,
leading to full or partial anion order. Second, the coordination number of the metal center can
be reduced by changing the halide-to-oxygen ratio. These structural features provide good
opportunities for tuning the electronic structure, crystal field splitting energy, charge transfer
energy, exchange interactions in non-doped RP phases, To date, many layered oxyhalide
perovskites have been reported, such as Sr.BOsF (B = Fe, Co, Ni, Sc, etc.) and A2BO2X2 (A =
Sr, Ba, Ca, B = Cu, Co, Ni, Pd, X =F, Cl, etc.), and their structures and properties were studied.
Table 1.2 lists the coordination environment of the transition metal centers for A;BOsX and

A2BO2X;. Basically, the RP type structure with the general formula A2BO2X: exclusively
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possesses a tetragonally distorted octahedron for the B site, which is surrounded by four oxide
ions at the equatorial sites and two apical halide ions (Figure 1.17). However, the interaction
between the B cation and halide ions is considerably weak, so the coordination geometry for
the B cation can be effectively viewed as a square plane. For SraNiOCl, and
Sr.MnO.Clz,which was synthesized in 2014, the square planar is very unique since Ni** and
Mn?* are not Jahn-Teller active and do not prefer square planar coordination. The discovery of
these phases opens up further possibilities for extending square-planar coordinated systems. In
contrast, A2BO3X exhibits complex relationship between the coordination geometry of the B
cation and the O/X anion order. (LaCa)CuOsCl has a square planar coordination for Cu ion.
The copper ion is bonded to four oxide ions at the equatorial sites and one chloride ion at the
apical site. Owing to the Jahn-Teller activity of Cu ion, however, the Cu-Cl bond length is much
longer than that expected from the ionic model. In contrast, Sr.BOsX (B = Fe, Co, Ni; X = F,
Cl), SroMnO3Cl, and Sr.CrOsF exhibit a square pyramidal coordination of BOs. The halide ions
are very loosely bound bonded to the B cation, although the fluoride (chloride) ions tend to
occupy the apical site with oxide ion in a disordered (ordered) manner. Compared with the
pyramidally coordinated oxyhalides, the octahedral geometry for Sc ion observed in Sr.ScO3zF
is quite unusual but the mechanism for the octahedral coordination has not been clear yet.

My thesis has focused on the synthesis of new oxyhalide compounds with unusual
coordination environment, especially A,BO3X and A2BO2X> family. As seen in Table 1.2, there
are still a lot of the members of this family which remain to be explored. Manganese based
compounds are well known to exhibit a lot of attractive properties originated from competition
between spin, charge, and orbital degrees of freedom, for example, metal-insulator transition,
and colossal magnetoresistance (CMR). Thus we can expect layered manganese perovskites
may have some interesting properties. Hence in this thesis, SrAMnOsF and SroMnOCl, were
investigated. Zinc containing compounds also show a lot of interesting properties, such as their

exceptional optical, magnetic and electronic properties. But the variety of the coordination is
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generally limited to tetrahedral, thus leaving a lot of possibilities either to prepare compounds
with unusual coordination environment or properties. Therefore we focused on zinc based
compounds with square planar coordination and investigated Sr.ZnOCl> in this thesis. Based

on this motivation, several research works have been done.

Table 1.2 Reported layered oxyhalide compounds with n = 1 RP structure. Compounds written
with bold font were reported by my colleagues.

AB3 03X A2B?" 02Xz

F Cl F Cl
Sc octahedra’ - - -
\Vj - - - -
Cr pyramid’® - - _
Mn this study pyramid’® - this study
Fe pyramid 8° pyramid® - -
Co pyramid®2 pyramids? - square planars
Ni pyramid®® pyramid®® - square planar®®
Cu - square planar®” | square planar®® | square planar?
Zn - - - this study
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Figure 1.17 Anion lattice engineering design.

The thesis consists of six chapters. A brief introduction to crystal structure, magnetism
was presented in Chapter 1. The description of the high pressure techniques and
characterization of the properties used in this thesis, containing X-ray diffraction,
magnetization, Synchrotron Powder diffraction, UV-vis spectrum, was given in Chapter 2.
Layered RP-type SroMnOsF was presented in Chapter 3. The manganese oxyfluoride exhibits
unique structural features that have never been observed in any other related layered
oxyhalides: the coexistence of anion disorder between O and F at the apical sites and the
octahedral coordination subject to the 1st order Jahn-Teller effect. The MnO2 planes separated
by non-magnetic Sr(O/F) rock-salt layers result in low-dimensional magnetic correlations with
Tn =133 K, which is totally different from paramagnetic behaviors observed in known RP type
layered manganese oxyfluorides. To explore new oxychloride with square planar coordination,
Sr2Zn0-Cl, was prepared using high pressure method, which would be discussed in Chapter
4. To explore notable magnetic behavior with RP-type structure, Sr-MnO-Cl, was prepared by
high pressure method. Short range order develops at 80K, no long-range magnetic order down

to 2 K, which is different with the KzNiF4 series. The detailed crystal structure and magnetic
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properties would be discussed in Chapter 5. In Chapter 6 revealed a general conclusion and

outlines some prospects for follow-up research.
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Chapter 2 Experimental methods

High pressure synthesis was reported to be a useful approach to the synthesis of
oxyfluoride, as it has several advantages, it can (i) stabilize dense structure; (ii) good for the
formation of ordered structure; (iii) shorten the synthesis time; (iv) control evaporation of
starting materials. In this thesis, all the samples were synthesized by using high pressure and
high temperature method. Then the crystal structures, magnetic properties and other physical

properties were characterized.

2.1 Sample preparation: high-pressure method

In this thesis, a belt-type high-pressure apparatus (Kobe Steel, Ltd.) was used to synthesize
samples. The pressure and temperature range of the apparatus are 8 GPa and 2000°C,
respectively. Figure 2.1 shows the image of the high pressure apparatus and the schematic
picture of the sample container and the capsule in which we put starting materials in. To obtain
quasi-hydrostatic conditions, we used pyrophyllite cell*. The graphite plays a role as heating
furnace to heat the samples. Inside the graphite furnace is the Pt capsule. To be insulated with
graphite furnace, NaCl sleeve and two cylindrical pieces are used to block the contact of Pt and
graphite.

To prepare samples, stoichiometric amounts of starting materials were mixed and ground
thoroughly in an Ar-filled glove box. The mixtures were sealed and pressed into a Pt capsule
by using hand press and the sealed Pt capsules were put into the sample cell as shown in Figure
2.1. Then the sample cell was put into high-pressure apparatus by certain position as shown in
the right one of Figure 2.1. The pressure was increased slowly to the target pressure. After the
pressure became stable, samples were then heated to certain temperatures and kept heating for
certain time, the sample was quenched to room temperature by turning off the heater, or cooled

down to 1200 °C for 30 min. Then the pressure was released slowly.
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| ,‘=-5”m- A— e
Figure 2.1 High pressure apparatus set in National Institute for Materials Science (NIMS), and
the schematic diagram of the capsule and sample container.

2.2 X-ray diffraction
2.2.1 Powder X-ray diffraction

Powder X-ray diffraction (XRD) is a laboratory technique which is widely used for
preliminary characterizations such as phase identification and structure determination. Room-
temperature powder XRD data were collected from the products using a Desktop X-ray
Diffractometer MiniFlex (Rigaku) equipped with a graphite monochromator and Cu Ka
radiation (A = 1.5418 A), in 0.036° increments over the range 10°< 26 <70° with scanning rate

of 5°/min.
2.2.2 Synchrotron X-ray diffraction

Synchrotron radiation is emitted when charged particles such as electrons, are accelerated
radially, i.e., when their acceleration is perpendicular to their velocity. Synchrotron radiation
was first observed in 1947. Synchrotron X-ray Diffraction (SXRD) is a very useful technique
to analyze unknown materials efficiently. To generate synchrotron radiation, electrons or
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positrons are accelerated to speeds which is close to that of light. And these high speed particles
circulate in ultra-high vacuum tubes, or storage rings, made of certain arrangement of magnets.
Asimplified sketch of a storage ring is shown in Figure 2.2. It is worthy noted that synchrotron
sources are very large scale national facilities. The diameter of the storage ring may be

hundreds of meters.

Synchrotron
radiation

Storage

Injection ’
ring

of electrons

Bending
magnet

Figure 2.2 Schematic diagram of a synchrotron storage ring and a picture of BL15XU in
Spring-8.

Synchrotron diffraction had several advantages. It is of very high intensity, which is at
least 5 orders of magnitude more than the conventional X-ray laboratory source. The beams
are accurately parallel, therefore it has a high resolution. The wavelength are continuous over
the complete spectral range and are tunable, possible for energy-dispersive experiments.

Synchrotron XRD (SXRD) data were also collected at room temperature using a Debye-
Scherrer camera installed on NIMS beamline (BL15XU) at SPring-8(the world’s largest third-
generation synchrotron radiation facility, short for super photon ring 8GeV), which is located
in Harima Science Park City, Hyogo Prefecture, Japan?. The synchrotron radiation X-rays were
monochromatized to the wavelength of 0.65298 A. The samples were put in a glass capillary
of 0.1 mm in diameter, and their profile data were recorded in 0.003° increments over the range
5°<26<50°. Rietveld structural refinements were performed against the SXRD data using the

program RIETAN-FP* 4. The split pseudo-Voigt function, which was formulated by Toraya,
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was employed as a profile function. The weighting R index (Rwp), the Bragg R index (Ri), and
goodness of fit (S) are defined as follows; Rup = [Z Wi(Yio—Yic)/Z WiYio’] and Ri= Z dlko—Ik//Z ko,
where yio and yic are the observed and calculated intensities, wi is the weighting factor, and Ik
and I¢ are the observed and calculated integrated intensities. S = Ruwp/Rexp- Rexp
= [(NV=-P)/Z wiyio?]"2, where N is the total number of yi, data when the background is refined,

and P is the number of adjusted parameters.
2.2.3 Neutron diffraction (NPD)

Neutron powder diffraction is a complementary to synchrotron X-ray powder diffraction
method, it is particularly useful for materials with light elements and for magnetic structure
analysis. Because of the weak absorption of neutrons, they can generalize information on bulk
materials and detect the lattice distortions and defects in a nondestructive way. In addition,
since neutrons possess spin ¥2 which provide the neutrons to interact with unpaired electrons
and consequently, neutrons are diffracted by both atomic nuclei and unpaired electrons. In this
way, neutron powder diffraction can detect the magnetic structure with priority of any other
methods.

The NPD experiments in this thesis were carried out using either the HRPT (High-
Resolution Powder Diffractometer for Thermal Neutrons) at PSI (Paul Scherrer Institute)® or
the high resolution powder diffractometer Echidna at OPAL (Open Pool Australian Lightwater
reactor) in ANSTO (Australian Nuclear Science and Technology Organizations)®, as shown in
Figure 2.3. The wavelength of the incident neutrons, which were monochromated with a Ge
335, was 1.622 A. The sample was sealed in a 6 mm diameter vanadium can and set in a cryostat.
The NPD data were collected in 0.125° increments over the range of 9° < 2¢6< 157° at several
temperatures between 3 to 300 K. Rietveld structural refinements were performed against both

NPD data using the programs FullProf’.
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Figure 2.3 (a) HRPT at PSI° and (b) ECHIDNA at OPAL in ANSTO®.

2.3 Magnetic properties measurement system (MPMYS)

e ————

Figure 2.4 Image of the MPMS-XL in NIMS Namiki-site

The magnetic properties of all the samples were measured by using MPMS-7T (Quantum

Design) as shown in Figure 2.4. The temperature dependent magnetic susceptibilities (y) and
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field dependent isothermal magnetizations of all the as prepared samples were measured. The
temperature dependent magnetic susceptibilities (y) were measured under both field cooling
(FC) and zero field cooling (ZFC) conditions in a temperature range 2-400 K under an applied
magnetic field of 10 kOe. The field dependence isothermal magnetizations were measured
between +70 kOe and —70 kOe. The ac susceptibility were measured under 50e over the range

of 1 Hz to 100 Hz.

2.4 Heat capacity measurement

Heat capacity or thermal capacity is a measurable physical quantity which refers to the
energy that is required to heat up or cool down of an object for a certain temperature change.
Heat capacity measurements were carried out at zero magnetic field using a relaxation
technique with a Physical Property Measurement System (PPMS, Quantum Design), as shown
in Figure 2.5. A hand-pressed pellet of sample was mounted on an aluminum plate with

Apiezon N-Grease for better thermal contact.

Figure 2.5 Image of the PPMS-7T in NIMS Namiki-site
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2.5 Diffuse-Reflectance Spectroscopy Measurements

Measurement was carried out at room temperature using a Varian Cary 500 UV-vis-near-
IR spectrophotometer equipped with a double-beam photomultiplier tube and a lead sulfide
detector. Reflectance measurement of the sample was made relative to poly
(tetrafluoroethylene): the reference material was used to establish a baseline, and the absolute
reflectivity of a sample was then calculated from that of the reference. Data were collected in
the wavelength range 260-3000 nm. The Kubelka-Munk function was used to convert diffuse-

reflectance data to absorbance spectra.

2.6 Band calculation

The ab initio calculations were performed on the basis of the plane-wave pseudopotential
strategy using the computer program VASP (Vienna Ab Initio Simulation Package)®. The
projector-augmented wave approach® and the generalized-gradient approximation (GGA) of
PBE-type were used®. An energy cutoff of 400 eV was utilized, and the lattice parameters and
atomic positions were optimized until the residual force was less than 0.02 eV/A. The k-point
grid of 16 x 16 x 4 was automatically generated according to the method by Monkhorst and
Pack!!. The density of state and chemical bonding analyses were calculated by the LOBSTER

code??,

2.7 Scanning electron microscope (SEM)

Scanning electron microscopy (SEM) is an electron microscope that uses electron beam
to scan the surface of a sample to obtain sample information. It can produce high-resolution
three-dimensional images on the surface of the sample. Besides, elemental analysis can also be
carried out.

In this thesis, the elemental analysis for the single crystal sample was conducted using a

scanning electron microscope (SEM, HITACHI-TM3000) equipped with an energy dispersive
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X-ray spectroscopy (EDX) analyser (Oxford Instruments, SwiftED3000). The accelerating

voltage was 15 kV.
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Chapter 3 High-Pressure Synthesis, Crystal Structure, and

Magnetic Properties of SroMnOgsF

3.1 Introduction

Perovskite-based manganese oxides expressed as AMnOs (A = alkaline earth and
lanthanide metals) have been extensively studied because of their interesting physical
properties, for example, metal-insulator transition, colossal magnetoresistance (CMR), spin-
driven ferroelectricity, and charge/orbital ordering’®. These phenomena are very sensitive to
the covalency between manganese and oxide ions and the Mn-O-Mn bond angle, which are
directly linked to super-exchange interaction, charge transfer energy, and double exchange
interaction”®. A rich variety of electronic phases involving strong correlation among spin,
charge, and orbital degrees of freedom has been revealed by fine tuning of chemical
compositions at cation sites’ % 10,

In comparison with a great deal of studies on cation substitution, the effects of anion
substitution on physical properties of manganese perovskite compounds have been investigated
to a less extent. In general, the stability of the metal-oxygen bond is high compared with the
case of other anions, which make it difficult to confine mixed anions to anion sublattices under
conventional high-temperature conditions. Nevertheless, much effort made to develop kinetic
reactions opens up doors for unprecedented mixed anion phases, for example, metal-hydride
reduction giving Srn+1VnOznstHa(n = 1, 2, and 3)* and BaTiOoeHo4!? and reductive
ammonolysis to produce NdVO2N*3 and EuNbO>N**. Oxyfluoride perovskites have been most
vastly explored among mixed anion systems, especially since the discovery of a
superconducting layered copper oxyfluoride SroCuO2F.+s'°. The low-temperature fluorination
generally involves a simple fluorine insertion into interstitial sites such as oxygen vacancy sites,

a substitution of fluorine for oxygen, or both'®. For manganese, the fluorination of the oxygen
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deficient phases SroMn20s and SroMnGaOs using XeF. as a fluorinating agent results in
SroMn20s.xF1+xand SrzMnGaOa.7sF1.22 with Mn®*/Mn** valence states through the filling of the
oxygen vacancy sites with fluorine and the partial substitution of fluorine for oxygen, as shown
in Figure 3.1(a)'" 8. Of layered manganese oxides adopting the Ruddlesden-Popper (RP) type
perovskite structure with general formula (AO)(AMnOs),, LaSrMnOs (n=1) and
Ln12Sr1.8Mn207(n = 2) accommodate fluorine in the interstitial sites of the (La/Sr)O rock-salt
layers, not in anion sites of the perovskite block layers, giving LaSrMnO4Fy (y =1, 1.7, and 2)
and Ln12Sr1sMn,O7Fy(y = 1 and 2; Ln = La, Pr, Nd, Sm, Eu, and Gd)**%2, as shown in Figure
3.1(b). On the other hand, the oxygen deficient phase SrsMn2Os, which has pseudo-square and
-hexagonal tunnels composed of corner-sharing MnOs square pyramids, exhibits a step-wise
fluorination: the fluorine atoms occupy the oxygen vacancies at the equatorial sites of MnOs
square pyramids, then interstitial sites in the rock-salt layers, with varying the fluorine content
in SrsMn06Fy (y = 1, 2, and 3)%. Thus, the fluorination of the manganese oxide described
above successfully resulted in the modification of coordination environments and valence
states for manganese; however, these fluorinated compounds did not exhibit either a magnetic

phase transition, metallic conductivity or magnetoresistance.
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Figure 3.1 Crystal structures of (a) Sr2MnGaO4.78F1.22 and (b) La1.2Sr1.8Mn207F2. MnOs and
Ga(O, F)e are octahedra.Gray, red, and green spheres represent Sr/La, O, and F atoms,
respectively.

Another useful approach toward mixed anion compounds is the high-pressure method, by
which two new perovskite manganese compounds, i.e. PbMnO2F?* and MnTaO2N?® were
obtained. Recently, our research group have successfully extended to RP-type layered
oxyhalide series by using this technique. SraNiO3zX (X = F and CI) with the high oxidation state
of Ni** were synthesized at 6 GPa and 1500°C for X = F and 3 GPa and 1300°C for X = CI?,
The nickel oxyhalides crystallize in the so-called KaoNiF4 type structure belonging to then =1
RP, but have highly distorted octahedra around the nickel centers with the fluorine (chlorine)
atom being disordered (ordered) at the apical sites with one apical oxygen atom (see Figure

3.1 (a) and (b)). Specifically, the nickel cation forms strong covalent bonds with five
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surrounding oxygen anions and a significantly weak bond with the halogen anion, leading to
the low-spin configuration of S = 1/2. Thus, the nickel-centered coordination can be effectively
viewed as a square pyramid rather than an octahedron. In addition to the nickel oxyhalides,
Sr,CoOsF was synthesized under high-pressure condition?” 28 in contrast to Sr.CoOsCl that can
be synthesized at ambient pressure®® *°. These cobalt oxyhalides were found to exhibit the O/X-
site ordered patterns and coordination environments similar to those of SraNiO3sX.

So far, several layered oxyhalide compounds expressed as A2BOsX (A = alkaline and alkali
earth metal; B = In, Sc, Nb, Co, and Fe, and Ni, X = F and CI) have been reported?® 3% To
our knowledge, however, the manganese oxyfluoride, namely, A2MnOsF, has never been
obtained. Actually, Hagenmuller et al. synthesized Ca2MnQOa.yFy by conventional solid state
reaction, but the fluorine content range in which the homogeneous sample could be obtained,
was limited to 0 <y< 0.3%. On the other hand, Greaves et al. attempted fluorine insertion into
SroMnOss+with a complex oxygen vacancy ordered structure, using fluorine gas as a
fluorinating agent?®. But it resulted in inhomogeneous phases corresponding to an average
chemical composition SroMnOszs3Fg39, wWhich consists of the slightly fluorinated phase
maintaining the SroMnOss+x structure and the highly fluorinated phase with a KoNiFs
structure®*,

In this chapter, we have demonstrated the successful synthesis of Sr.MnOsF by high-
pressure and high-temperature reaction. The product adopts the KoNiF4 type structure with
octahedral coordination around Mn and with O/F site disordered at the apical sites. An
antiferromagnetic phase transition takes place at 133 K., which is the first observation of a

long-range magnetic order among perovskite based manganese oxyfluoride compounds.

3.2 Experimental details

SroMnOsF was prepared by solid-state reaction under high pressure and high temperature.

A stoichiometric amount of SrF, (99.9%, Rare Metallic Co., Ltd.), SrO prepared by heating
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SrCOs in flowing Oz gas, and Mn2O3 prepared by heating MnCO3 at 800 °C overnight was
thoroughly ground in an agate mortar in an argon-filled glovebox, sealed in a platinum capsule,
and then set in a high-pressure cell. This was then heated to temperatures ranging from 1700
to 2000 °C at 6 GPa using a belt-type high-pressure apparatus. After heating for the prerequisite
time, the sample was cooled to 1200 °C for 30 min and then quenched to room temperature by
switching off the heater before pressure release. Of the reaction conditions we examined, we

found that heating at 1800 °C for 45 min gave the best sample quality.

3.3 Results and discussion
3.3.1 Synthesis and Structure

Figure 3.2 shows the SXRD profile collected from SroMnOgzF that was prepared by
heating at 6 GPa and 1800 °C and subsequently slowly cooled down to 1200°C while keeping
the pressure. The main reflections could be readily indexed on a simple body-centered
tetragonal cell in the space group 14/mmm, which are common to related layered oxyfluorides
such as SroNiO3F? and Sr,CoOsF!® 2" with n = 1 RP structure. Some very tiny and broad peaks
were visible which can be characterized as impurity phases such as SrO, SrF; and MnO3, as
seen in Figure 3.3. The lattice parameters calculated on Sr,MnOsF are a = 3.79009(1) A and ¢
= 13.28974(6) A. The c axis length significantly expands compared with those of Sr2MnQ4 (a
=3.787 A and ¢ = 12.496 A)*” and Sr.MnQO3s3Fo.39 (a = 3.82069(5) A and ¢ = 12.6309(4) A)%,
while the a axis length remains almost unchanged. In contrast, both of the lattice parameters of
the product are comparable to those of the isovalent compound LaSrMnO4 (a = 3.786 A and ¢
=13.163 A) with a Janh-Teller active Mn®*, which strongly suggests that the manganese center

in the oxyfluoride phase is subject to the Jahn-Teller effect, too.

49



e

(T | WEE R 0 T merwnr ww e muen
o 1 1 . 1 . 1 o, 1 o, 1 . 1 . 1 . 1 ,
30 32 34 36 38 40 42 44 46 48 50

2theta (deg)

Intensity (arb. unit)

). =0.65298 A

1 1 [ AT A T AN

N | i3 ey + I
1 - aa ) y

5 10 1 5 20 2.5 3I0 3.5 4IU 4.5 50
2theta (deg)

Figure 3.2 Synchrotron XRD patterns for SroMnO3zF measured at room temperature. Obtained,
calculated and difference are presented with cross marks, upper and bottom solid lines,
respectively. The vertical lines mark represent the Bragg peak positions.
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Figure 3.3 Synchrotron X-ray diffraction patterns collected from SroMnOsF at room
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temperature. SrO, SrF,, and MnO; were detected as minor phases while several peaks could
not be characterized.

Determination of fluorine site in the anion lattices is of a major concern in oxyfluoride
materials because X-ray and neutron scattering cannot distinguish between O and F atoms?”: 2
38,39 However, related layered oxyhalides with the anion site ordered at the apical sites are
generally subject to symmetry lowering. For example, Sr.FeOsF*%and SraNiOsCI?® adopt the
space group P4/nmm. There was no evidence for O/F site order in the present sample, a model
based on the SroMnQs-type structure where the O/F atoms are randomly distributed over the
apical sites 4e (0 0 z) was initially examined by Rietveld structural refinement. The site
occupancies (g) of Sr, Mn, and the equatorial oxygen (Oeq) Were fixed at unity while the oxygen
(Osp) and fluorine occupancies at the apical site were 50%, respectively, according to the
nominal composition. All the atomic coordinates and isotropic displacement parameters (Biso)
of Oap/F atoms were constrained to the same values during the refinement. The refinement gave
a satisfactory result with reliable factors, Rwp = 2.211% and Rs = 3.96%. The relatively large
atomic displacement parameters of Oa/F sites (Biso = 1.88(8) A?) is attributable to a statistical
50:50 O4p/F mixture at the 4e site, as in SroNiOsF?®. In fact, the introduction of site deficiency
or splitting to more general positions such as 16m (x, x, z) did not improve the refinements.
Details of the refined crystallographic data are tabulated in Table 3.1. The crystal structure is
illustrated in Figure 3.5(c) with the local coordination environment around Sr and Mn atoms

in Figure 3.4.
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Table 3.1 Crystallographic Parameters Refined from SXRD Data Collected from SroMnOgzF at
Room Temperature.

Atom Site o° X y z Biso/ A2
Sr de 1 0 0 0.36036(5) | 0.823(19)
Mn 2a 1 0 0 0 0.97(3)
Oeq 4c 1 0 0.5 0 0.52(8)
OuqF 4e 0505 |0 0 0.1722(2) | 1.88(8)

The space group is 14/mmm (no. 139), a = 3.79009(1) A, ¢ = 13.28974(6) A. R indices are Rup
=2.211%, Rp = 1.135%, Rg = 3.96%, and Rr = 2.025%.

Figure 3.4 Local coordination environment around Sr and Mn atoms for Sr-MnOzF.

Bond-valence-sum (BVS) calculation is a useful technique to compare possible
distribution patterns of mixed anions on the basis of refined crystallographic data*'. The BVS
values for Sr, Mn and Ogq using the obtained crystallographic data were 1.95, 3.22, and 2.33,
respectively. In addition, the calculation of BVS for Oap/F was 1.23 on average. These results

are consistent with values expected from the nominal composition. In contrast, a model where
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one fluoride ion occupies the equatorial sites at random with three oxide ions resulted in a
significantly lower value of 1.39 for O4p than that expected from full occupation of the apical
sites by oxide ions. Therefore, the model with random distribution of both oxide and fluoride

ions at the apical sites describe better the structure of Sr-MnOsF.
3.3.2 Coordination geometry of the Mn center

The structural refinements revealed that the manganese cation is located at the center
position of an octahedron comprising of four oxide ions at the equatorial sites and oxide and
fluoride ions at the apical sites. The Mn-(O4p/F) and Mn-Ogq bond lengths are 2.274(6) A and
1.89506(0) A, respectively, thus the bond ratio of the former to the latter is 1.20. The anisotropic
bond lengths indicate that the Mn centered octahedron is heavily distorted along the ¢ axis
because of the Jahn-Teller effect, which is commonly observed in trivalent Mn cations. The
bond ratio for Sr2MnOgzF is comparable to 1.20 of the Mn-Oap/Mn-Ogq bond ratio for then =1
RP LaSrMnQ4 with isoelectronic manganese cation®.

The coordination environment around the Mn center is unique compared with those in
related oxyfluoride compounds. For example, Sr.MOsF (M = Fe, Co, and Ni) exhibits a square-
pyramid MOs which is loosely linked by a fluoride ion with the apical O/F anions being ordered
for M = Fe and disordered for Co and Ni, as shown in Figure. 5(a) and (b)?-. Sr,ScOsF* and
K2NbO3F3 with the non-magnetic transition metals apparently take a coordination geometry
of the metal center similar to that of the Mn cation in SroMnOsF: the ScOsF or TiOsF
octahedron with the O/F anions disordered at the apical sites. However, the ratio of the apical
bond to the equatorial bond is 1.075 Sr.ScOsF and 1.043 for K> TiOsF, indicating that the bond
anisotropy is much smaller than for Sr.MnOsF. The slight elongation of the octahedra is
attributable to 2nd Jahn-Teller effect*® 4. The influence of the Jahn-Teller distortion in Mn3*
ion on the phonon energy is manifested by comparing the heat capacity with that of Sr.ScO3sF,

as will be discussed later.
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Figure 3.5 Comparison among metal centered coordination and anion-ordered patterns in
layered oxyhalide system with general formula SroMO3zX (M = transition metal, X = halogen).
(a) Square pyramidal coordination with anion disorder, (b) square pyramidal coordination with
anion order, and (c) octahedral coordination with anion disorder. Each types of structural
features are adopted by SroMOsF (M = Co and Ni), Sr.MOsCI (M = Mn, Co, and Ni), and
SraMOsF (M = Sc and Mn), from left to right.

It is interesting to compare the structure of SroMnOzF with the manganese oxychloride
analogue, SroMnOsCl, with a square-pyramidal coordination around Mn and with O/CI order
at the apical sites®® **. The reduction in the coordination number for the manganese oxychloride
results from the Coulomb repulsion between oxide and chloride ions or steric effect by chloride
ion much bigger in size than oxide ion (roz- = 1.40 A and rci. = 1.81 A)*. On the other hand,
there are two important factors to cause anion disorder, as discussed previously for related
layered oxyfluorides with non-d® based transition metals?®2% 38, One is the relative size of
halide and oxide ions: the ionic radius of oxide is close to that of fluoride (rr.= 1.33 A)*, but
significantly smaller than that of chloride. The other is high reaction temperature associated
with entropic effects, which favors a random distribution of mixed anions. The reaction
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temperatures required for the syntheses of Sro.CoOsF, SroNiOsF, and SroMnOsF with O/F site
disordered are 1900, 1500, and 1800°C, respectively, which are much higher than those for
related oxyfluorides synthesized by conventional solid state reaction, for example, 900°C for
SroFeOsF* and 1050 °C for Sr.ScOsF®. The anion-site ordering patterns have yet to be
controlled in SroMOsF (M = Co, Ni, and Mn), but we recently observed a partial O/F site
disorder in SroFeOsF single crystals synthesized at 1800°C and 6 GPa, which is in contrast to
the full anion-ordered Sr.FeOsF prepared by conventional solid state reaction*®. The high-
pressure effect may be ruled out for the anion-site disordering, because the density of the anion-

disordered SroFeOsF was lower than that of the ordered one.
3.3.3 Magnetic susceptibility and heat capacity

Figure 3.6 shows the temperature dependence of the magnetic susceptibility x (= M/H)
and its inverse in magnetic field H = 1kOe for SroMnOzF. The x(T) data showed a smooth
increase with decreasing temperature, following the Curie-Weiss law, 1/ y = (T -6)/C, in the
range of 350 <T< 400 K, where C and & stand for the Curie constant and Weiss constant,
respectively. The large negative value of 6 = -526(23) K suggests that a strong
antiferromagnetic interaction is present in the MnO- plane. The estimated value of the Curie
constant was 3.90(10) (emu K)/mol, which is comparable to those of SroMnOsCl and LaSr;-
«BaxMnOswith a trivalent manganese cation®® 3% 47, On further cooling from 350 K, the
susceptibility curve started to deviate from the Curie-Weiss law because of short-range spin
correlation in the MnO; plane and exhibited a broad maximum at Tmax = 178 K. This behavior
is typically seen in low-dimensional antiferromagnets. In addition, we observed a clear
inflection point associated with an antiferromagnetic ordering at Ty = 133 K. The Curie tail
below 50 K should be due to free spins of impurities. It is noting that the Tmax and @ values for
the manganese oxyfluoride are much larger than Tmax = 95 K and € = -284 K for the

oxychloride counterpart?® *, indicating stronger magnetic coupling in the MnO plane in the

55



former. This is attributed to stronger hybridization between Mn and O orbitals on the MnO>
plane in the oxyfluoride than that in oxychloride with the corrugated Mn-O-Mn bond angle
(163.2°) in the basal plane?® ®. Figure 3.7 shows the field dependence of magnetization at 5
K. The M(H) increased almost linearly in proportion to applied magnetic fields and reached

0.05 g at 50 kOe. No hysteresis was observed as shown in the inset of Figure 3.7.
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Figure 3.6 (a) The temperature dependence of the magnetic susceptibility at H= 0.1 kOe for
SroMnOgsF. The red line on the data points between 300 and 400 K is a fit to a S = 2 square-
lattice Heisenberg antiferromagnetic spin (SLHAS) model obtained by high-temperature series

expansion. (b) The inverse susceptibility vs T plot where the solid lines represent Curie -Weiss
fit.
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Figure 3.7 Isothermal magnetizations at 5 K for SroMnOsF. The inset is an expansion of the
plots.

The electronic configuration of the Jahn-Teller active Mn®" ion is described as (d,
dyz)2(dxy) (d32-+?) 1 (dx?42)°. In & square lattice system composed of corner-shared MnOs squares,
not only the exchange interactions along the edges (J1) in a MnO2 square net but also ones
along the diagonal direction (J2) should be considered. However, the magnitude of the J>
derived mainly from the direct dx-dxy bond is smaller than that of Ji. Laroochelle et al.
estimated Ji/ks = 39.7 K and J»/J1 = 0.11 on the isoelectronic LaSrMnQO4 by neutron scattering
technique®®. We evaluated roughly the exchange coupling constant on Sr2MnOsF by employing
a high-temperature series expansion for the square-lattice Heisenberg antiferromagnetic
spin(SLHAS) model taking only the nearest neighbor interaction into consideration,* which is

described as follows,
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x n=1 (3.1)

Where N is the Avogadro constant, J is the nearest neighbor exchange constant, kg is the
Boltzmann constant, & = ksT/JS(S+1), the C coefficients are C1 = 4, C> = 1.5, C3 = 0.252, C4
=0.258, Cs = 0.134, and Cs = 0.015. As shown in Figure 3.6(a), we obtained a reasonable fit
in the range of 120 <T< 400 K, resulting in J/ks = 32.62(2) K, which is somewhat smaller than
J1in LaSrMnOsa.

The heat capacity C, of SroMnOsF, which was measured between 2 and 250 K in zero
magnetic field, is presented in Figure 3.8. A A-type anomaly in the data was detected at around
140 K. This result is consistent with the antiferromagnetic phase transition observed in the x(T)
curve. To estimate the magnetic entropy of the manganese oxyfluoride, one have to subtract
the phonon contribution from the total heat capacity. Simple Debye model as the phonon part
is not applicable because the low-dimensional magnetic correlation persists even at high
temperatures. Therefore, we employed Sr.ScOsF as a non-magnetic reference material, which
was prepared by conventional solid-state reaction according to Ref. 35. However, as shown in
the inset of Figure 3.8, the heat capacity curve of Sr.ScOsF crossed that of Sr,MnOsF at around
60 K, thus it was not possible to precisely subtract the phonon contribution of the manganese
oxyfluoride, especially in the low temperature region. It is likely that these behaviors mainly
resulted from different coordination environments between manganese and scandium centers:
the driving force of Jahn-Teller effects is by first order for Mn and by 2nd order for Sc*3. At

present, we cannot extract the magnetic contribution from the total heat capacity.
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Figure 3.8 Specific heat of SroMnOsF. The inset shows the comparison with the diamagnetic
reference compound SroScOsF. The Cp(T) curves crosses at around 50 K, indicating quite
different phonon spectra between each other.

Finally, we compare the halogen-site dependence of the magnetic properties of SroMO3X
(M = Mn, Co, and Ni; X = F and CI). As described above, both of the manganese oxyhalide
compounds take a long-range magnetic ordered state at low temperatures, which is remarkably
different from the situation in SroNiOsX. Both of the nickel oxyhalide compounds exhibit a
low-spin configuration of Ni* with S = 1/2 as well as similar positive Weiss temperatures close
to 20 K2, However, the oxyfluoride undergoes a spin-glass like transition at Tsg = 11 K in
contrast to a long-range magnetic ordering at 33 K for the oxychloride. It has been assumed
that the unpaired electron in the nickel cation occupies a dyy orbital, giving antiferromagnetic
Jiand ferromagnetic J2 on a NiO4 square. Thus, it is likely that the spin-glassy behavior in the
nickel oxyfluoride originates from a bond randomness of J> whose magnitude varies depending
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on the direction of NiOs square pyramids or fluorine sites. In light of the situation in the nickel
oxyhalides, it is likely that two factors favor the long-range magnetic ordered state in the
manganese oxyfluoride with a dxy orbital being half-filled. One is no bond randomness along
the diagonal direction unlike the nickel oxyfluoride, since the Mn center sits on the center
position of a MnOsF octahedron. Second is concerning the magnitude and sign of Jz. If Jz as
well as J; is antiferromagnetic, the two magnetic interactions are competing between each other:
spin frustration which suppresses a long-range magnetic order occurs and a novel quantum spin
liquid state is theoretically predicted at Jo/Ji~ 1/2%®%0, Given the small value of J»/J; = 0.11 for
LaSrMnOs, the Jz2 or spin frustration in SroMnOsF would be quite weak, too. This is actually
consistent with the magnetic ordering observed in the manganese oxyfluoride. ForSr,CoOsX
(X = F and CI) with square-pyramidal coordination, the dxy orbital is fully occupied and
magnetically non-active against O/X site ordered patterns?” 28 34 5152 Therefore, it is

reasonable that both compounds exhibit antiferromagnetic ordered states.

3.4 Summary of Chapter 3

In this chapter, we have demonstrated the high-pressure synthesis of another member of
layered oxyfluoride family, Sr-MnOsF, at 6 GPa and 1800 °C. The manganese oxyfluoride
exhibits unique structural features that have never been observed in any other related layered
oxyhalides: the coexistence of anion disorder between O and F at the apical sites and the
octahedral coordination subject to the 1st order Jahn-Teller effect. The MnO: planes separated
by non-magnetic Sr(O/F) rock-salt layers result in low-dimensional magnetic correlations with
Tn =133 K, which is totally different from paramagnetic behaviors observed in known RP type

layered manganese oxyfluorides.
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Chapter 4 A Layered Wide-Gap Oxyhalide Semiconductor with

an Infinite ZnO2 Square Planar Sheet: Sr.ZnO:Cl;

4.1 Introduction

The coordination geometry of the transition metal is closely linked to the physical or
chemical properties through charge transfer between the metal and ligands and the ligand field
energy in the metal center. In condensed matter science, there has been great interest in the
study of square planar coordination since high-Tc superconductivity and ideal two-dimensional
magnetism arise from CuQ4 square units. The square planar coordination, however, is generally
limited to Jahn-Teller active ions (e.g. Cu?* and Ti**) and 4d/5d metals with a large crystal field
energy (e.g. Pd®* and Pt?*). Therefore, properties and electronic states of the transition metals
at which the square planar coordination is not thermodynamically favoured have not been well-
characterized.

There have been recently great interests in the study of mixed anion systems such as
oxyhalides'™® and oxypnictides’° because accommodation of more than one anion with
different bonding natures in one structure can allow us to design new anion lattices and unusual
coordination environment around the metal center. For example, A2Zn02A’>Ch; (A = Sr, Ba; A’
=Cu, Ag; Ch =S, Se)* 12 adopt alternate stacking of [A’2Ch2]? layer with anti-fluorite structure
and [A2Zn0;]?" layer with ZnO; square lattice network as in high Tc cuprate superconductors,
as shown in Figure 4.1. The Zn center is also loosely bound to two sulphide ions at the apical
sites, but the bond lengths are significantly larger than typical ones expected from ionic model.
Thus, the pseudo square-planar geometry can be realized for zinc, in contrast to the exclusively
stable tetrahedral geometry. Stabilization of such a rare coordination for zinc provides an
important playground to study the unexplored properties which differ from those in
tetrahedrally coordinated zinc compounds, which is commonly seen in hexagonal wurzite
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ZnO*3, as shown in Figure 4.2. However, the relationship between the electronic structures and
properties related to the Zn-centered square-planar coordination has not been adequately
understood yet. Sr.Zn02Cu.S; was reported as a possible p-type transparent semiconductor4,
but the electrical properties are mainly derived from a hybridized Cu 3d and S 3p orbitals
comprising the top of the valence bands®®. Thus, this phase was discussed in terms of copper

sulphide chemistry?®.

Figure 4.1 Crystal structure of Sr.CuZn0,S, blue, black, grey, yellow and red spheres stand
for Zn, Cu, Sr, S and O atoms, respectively.

In this chapter, we report the high-pressure synthesis of the new layered perovskite zinc
oxychloride with ZnO2 square planar sheets, Sr.ZnOCl.. The oxychloride exhibited an indirect
band gap of 3.66 eV in contrast to wurzite ZnO with a direct band gap of 3.37 eV. First
principles calculation revealed that the Zn(3d)-O(2p) antibonding state and Zn(4s) dominate
the valence band maximum (VBM) and the conduction band minimum (CBM), respectively,
with the CI(3p) derived states being located in lower valence bands. Thus, Sr.ZnO2Cl, provides

a direct counterpoint to zinc-based compounds with tetrahedral coordination.
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Figure 4.2 Crystal structure of wurzite ZnO, grey and yellow spheres are O atoms and Zn

atoms, respectively*®,

4.2 Experimental Details

Sr2Zn0Cl2 was synthesized from a stoichiometric mixture of SrO, SrCl», and ZnO. SrO
was obtained by heating SrCOs at 1100 °C in flowing oxygen gas. The mixture enclosed in a
Pt capsule was heated in a belt-type high-pressure apparatus at 6 GPa and 1500 °C. After
heating for 1 h, the sample was quickly quenched to room temperature by switching off the
heater. Then the pressure was slowly released. The sample colour was white, which is
consistent with the d° electronic configuration of Zn?*. Synchrotron X-ray powder diffraction
(SXRD) measurement was performed at room temperature on BL15XU at SPring-8''. The
wavelength was A = 0.65298 A. Because the product was highly hygroscopic, the powder
sample was sealed into capillary in an Ar-filled glovebox for the measurement. Neutron powder
diffraction (NPD) measurements were carried out at various temperatures with a high-
resolution diffractometer ECHIDNA at ANSTO (A = 1.622 A). The SXRD and NPD data were
analysed by the Rietveld method using the programs RIETAN-FP8 and FullProf®®, respectively.

Diffuse-reflectance spectra were measured at room temperature using a UV-Vis-NIR
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spectrophotometer (JASCO, V-570). Elemental analysis for the single crystal sample was
conducted using a scanning electron microscope (SEM, HITACHI-TM3000) equipped with an
energy dispersive X-ray spectroscopy (EDX) analyser (Oxford Instruments, SwiftED3000).
The accelerating voltage was 15 kV.

The ab initio calculations were performed on the basis of the basis of the plane-wave
pseudopotential strategy using the computer program VASP (Vienna Ab Initio Simulation
Package)®. The projector- augmented wave approach?: ? and the generalized-gradient
approximation of PBE-type were used?. An energy cutoff of 400 eV was chosen, and the lattice
parameters and atomic positions were optimized until the residual force was less than 0.01
eV/A. The k-point grid of 16 x 16 x 4 was automatically generated according to the method by
Monkhorst and Pack?*. The density of state and chemical bonding analyses were calculated by

the LOBSTER code?®.

4.3 Results and Discussion
4.3.1 Crystal Structure

A photograph of a hand-picked crystal is shown in the inset of Figure 4.3. Elemental
analysis by SEM-EDX displayed in Figure 4.3 resulted in an average atomic ratio of Sr: Zn :
Cl=1.90:1:1.45. The CI content is somewhat small relative to the nominal composition.
Figure 4.4(a) shows the SXRD patterns collected from Sr.ZnO,Cl,, which could be readily
indexed by a simple body-centered tetragonal cell with the space group 14/mmm. The calculated
lattice constants are a = 4.06981(2) A and ¢ = 15.20076(8) A?. These values are very close to
those for Sr.CuO,Cl, with the n = 1 Ruddlesden-Popper (RP) type structure (a = 3.9716 A, ¢
= 15.6126 A). Rietveld structural refinement was performed on the basis on a model of
SroCuO2Cly, with Sron 4e (0, 0, ), Zn on 2a (0, 0, 0), O on 4c (0, 0.5, 0), and Cl on 4e (0, O,

z). The refinement converged well with reasonable reliability factors (Rwp = 1.15%, R =
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1.45%). No site deficiencies were found for all chemical species. However, the Rietveld
refinement against the room-temperature NPD data shown in Figure 4.4(b), which is more
sensitive to the scattering of the oxide and chloride ions than X-ray data, revealed deficiencies
at the chloride site as well as the zinc site, giving a refined composition formula of
Sr2Zno.96202Cl1.92. The oxidation state of the Zn ion is 1.97, which is consistent with the white
sample colour associated with the closed shell electronic configuration of Zn?*. The crystal
structure and refined structural parameters including selected bond lengths are displayed in
Figure 4.6 (a) and Table 4.1 and 4.2, respectively. The bond-valence-sum calculation resulted
in 2.00 for Sr and 1.83 for Zn. These values agree well with the oxidation number expected
from the estimated chemical composition. In addition, there is no phase transition down to 3

K, suggesting the persistence of the 14/mmm space group, as seen in Figure 4.5.

012 3 456 7 89 10111213 14
Energy (eV)
Figure 4.3 Energy dispersive X-ray spectrum collected from a typical Sr2ZnO2Cl2crystal of.
The inset shows a photograph of a white transparent crystal of the oxychloride compound. (b)

Crystal structure of Sr.ZnO-Cl,. White, blue, red, and green spheres represent Sr, Zn, O, and
Cl atoms.
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Figure 4.4 Rietveld structural refinements against (a) synchrotron X-ray diffraction (SXRD)
and (b) neutron powder diffraction (NPD) patterns collected from Sr.ZnO,Cl,. Obtained,
calculated, and difference are plotted by cross marks, upper solid lines, and bottom solid lines,
respectively. Vertical lines represent the Bragg peak positions.
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Figure 4.5 Rietveld structural refinement against the neutron diffraction patterns collected

from Sr.ZnO.Cl, at 3 K. The zinc oxychloride adopts the 14/mmm space group with a =
4.057723(1) A and ¢ = 15.114116(4) A. Sr on 4e (0, 0, 0.39208(8)), Zn on 2a (0, 0, 0), O on 4c
(0, 0.5, 0), and Cl on 4e (0, 0, 0.18225(7)). The site occupancy factors (g) were fixed at those
obtained from the refinements using the 300 K data, namely, g(zZn) = 0.962 and g(CI) = 0.950.
Isotropic atomic displacement parameters (Biso) were 0.204(3) A? for Sr, 0.03(5) A? for zn,
0.408(1) A? for O, and 0.2150(4) A? for Cl. Reliability factors were Rwp = 8.88% and Rg =

3.83%, and Goodness-of-fit = 1.8.
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Figure 4.6 Crystal structure of (a) Sr.ZnO2Cl and (b) Ba2ZnO2Ag2Se2. The ZnO> sheets in (c)
Sr2Zn0O2Clz and (d) Ba2Zn0O2Ag2Se
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Table 4.1 Crystallographic Parameters Refined from Neutron and SXRD Data Collected from
Sr2ZnO,Cl, at Room Temperature.

atom | Wyckoff | x y z Biso/ A2 BVS

positions

occupancy

NPD, a = 4.06877 (9) A, ¢ = 15.19680(3) A. R Indices were Rup = 10.0%, Rs = 4.93%, S =
1.8%.

Sr 4e 0 |0 0.39219(11) |1 0.64(2) |2.04
Zn 2a 0 |0 0 0.962(9) 053(5) |20

0 4c 0 |05 0 1 073(2) |1.83
cl 4e 0 |0 0.18176(9) | 0.950(5) 084(2) |1.12

SXRD, a = 4.06981 (2) A, ¢ = 15.20076(8) A. R Indices were Rup = 1.154%, R, = 0.854%,
Rs = 1.451%, and Rr = 0.584%.

Sr 4e 0 |0 0.39328(5) |1 0.526(23) | 2.04
Zn 2a 0o |0 0 1 0.250(48) | 1.89
0 4c 0 |05 0 1 0.90(13) | 1.90
cl 4e 0o |0 0.18260(12) |1 0.287(57) | 1.09

Table 4.2 Selected bond lengths of the refined data from Neutron and SXRD Data Collected
from Sr.ZnOCl, at Room Temperature.

Bond length/ A | Zn-O x4 Zn-Cl x2 Sr-O x4 Sr-Cl x4 Sr-Cl x1
NPD 2.03438(5) |2.7622(14) |2.6121(11) |3.0888(8) | 3.0888(8)
SXRD 2.03490(0) | 2.7757(19) |2.6024(5) |3.1003(8) | 3.202(2)
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The local coordination environment around the Zn center is very similar to those seen
from related layered oxychlorides and the layered oxychalcogenides described above: the zinc
ion is surrounded with four oxide ions at the equatorial sites and two chloride ions at the apical
sites. The Zn-O bond length is 2.03439(1) A, which is in good agreement with the sum of ionic
radii of 4-coordinate Zn®* (0.74 A) and O% (1.26 A)?". This indicates that the zinc center forms
covalent bonds with four surrounding oxide ions in the basal plane. In contrast, the Zn-Cl bond
distance is 2.762(1) A, much larger than the sum of ionic radii of Zn?* and CI? ions (1.67 A)?'.
Thus, the chloride ions are out of the first coordination sphere, and the interaction between Zn
and CI would be very weak. The effective coordination number (ECoN) computed by the
program VESTA? is 4.03, which is comparable to those for Sro.CuO2Cl, (ECoN = 4.00) with a
pseudo square planar coordination.

Several zinc-centered oxyhalide compounds have been reported, but the pseudo square
planar geometry observed in the present compound is quite unique. In Zny(SeOs3)Cl; and
Zny(TeO3)Br, with the sophiite structure® *, zinc atoms are pyramidally coordinated by four
equatorial oxygen atoms at 1.996-2.184 A and one sufficiently hybridizing apical X atom at
2.394 A for Cl and 2.531 A for Br, as shown in Figure 4.7, ZnO2Br; tetrahedra is also formed.
In Zn2(Se03)Cly, this corner sharing ZnOCl> tetrahedra also links the ZnO4Cl pyramid. The
zinc-halogen boracite, Zn3B7013X (X = Cl, Br) contains zinc atoms in square pyramidal
coordination by four oxygen and one halogen atoms, but the Zn-Cl bond is intermediate in
length (2.515 A)%L %2, NazZn(SO4)F has been reported in which the zinc center is octahedrally
coordinated by four O atoms at 2.194 A or 2.212 A and two F atoms at 1.961 A%,

The ZnO4 square unit in Sr.Zn0O,Cl, was found to be free from distortion down to 3 K,
unlike Ba2ZnO,Ag.Se, (orthorhombic cell, Cmca) which exhibits a rhombic distortion with
two short and two long Zn-O bond lengths?. The ZnO4 square unit in Sr.ZnOCl- is a regular
square planar, while the one in Ba2ZnO2Ag.Se> has discrete ZnO> linear units, which can be

clearly seen in Figure 4.6(d). The lattice constants, volume and Zn-O/Zn-Cl bond lengths
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smoothly decreased with lowering temperature as shown in Figure 4.8. The observed distortion
of the ZnO4 square in Ba,Zn0,Ag,Se; has been assumed to be due to the large Ba?**, Ag* and
Se?* ions'?. To examine a possibility of similar polyhedral distortion in related oxychloride
family, we synthesized Ba>ZnO>Cl> under 6 GPa and 1800 °C. However, as shown in Figure
4.9. The preliminary structural analysis using a laboratory XRD machine did not detect a
deviation from 14/mmm, although the Zn-O bond length (= 2.128 A) estimated from the a axis

length was very close to the average Zn-O bond length (= 2.141 A) in Ba,ZnO2AgzSex*.
ZnO4Br ZnO:Br:

* |

o6 oa

. |
K77 N
.. 0 o 0 O ] ©

Figure 4.7 Crystal structure of Zn»(TeOz)Br2, two zinc coordination environment exist, i.e,
Zn04Br square pyramidal and ZnO2Br- tetrahedra.
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Figure 4.8 Temperature evolution of the lattice constants, volume, Zn-O/Zn-ClI bond lengths,
and Sr-O/Sr-Cl bond lengths, which were obtained by Rietveld structure refinements.
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Figure 4.9 Laboratory X-ray diffraction (Cu-K radiation) patterns collected from Ba>ZnO>Cl;
at room temperature, which was synthesized at 1800 °C and 6 GPa. Due to the hygroscopic
nature, the powder sample was suspended in liquid paraffin for the measurement. The XRD
data were readily assigned by the 14/mmm space group with a = 4.2570(2) A and ¢ = 15.969(1)
A. In the XRD patterns, wurtzite ZnO and unidentified peaks were detected as impurities.
Vertical lines represent expected Bragg peak positions for Ba,ZnO2Cl> (14/mmm) and wurtzite
ZnO0.

4.3.2 UV-vis Spectrum Study

Figure 4.10 shows the UV-Vis-NIR absorption spectrum for SroZnO.Cl,, which was
converted from the diffuse reflectance by the Kubelka-Munk function, f(R) = (1 - R)%/2R, where
R is the reflectance. The absorption curve exhibited a steep increase below 300 nm, which is a
typical optical response of wide-gap semiconductors. The weak absorption shoulder observed
in the range of wavelength from 300 to 450 is probably caused by the hygroscopic nature of
the oxychloride. It was not able to fully avoid deliquescence because samples were exposed to
air during the spectroscopic measurements. The optical band gap of the zinc oxychloride was

estimated by equation of (f(R)hv)"= A(hv - Eg), where h = Planck’s constant, v = light
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frequency, Eg = band gap, A = proportional constant, n = 1 or 1/2 depending on whether the
transition is direct or indirect. We chose n = 1/2 because theoretical calculation described later
predicted the indirect band gap. The Tauc plot shown in the inset of Figure 4.10 gave an
indirect band-gap value of 3.66 eV, which is somewhat larger than those of ZnO and
Sr2Cu2Zn02S; (2.7 eV)™ with a direct band gap. It should be noted that the indirect band gap

for our compound originates from the square planar geometry for Zn, as discussed below.

N
T

Absorption (arb. unit)

—
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SroZn0O5Clo
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Figure 4.10 UV-vis-NIR diffuse reflectance spectrum of Sr.ZnO>Cl, measured at room
temperature. Inset shows the Tauc plot obtained on the basis of the equation (f(R)hv)"= A(hv
- Eg) for band gap estimation, where f(R), A, and Eq represents the Kubelka-Munk function,
proportional constant, and band gap. The n = 1/2 suggests an indirect gap of 3.66 eV in the
oxychloride compound.
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4.3.3 Band Structure

Band structures for SroCuO.Cl, were calculated at the computationally optimized and
stoichiometric crystal structure with lattice parameters a = 4.090 A and ¢ = 15.20 A, which are
in accordance with the experimentally determined lattice parameters. The total and partial
density-of-states (pDOS) for Sr.ZnO,Cl, are shown in Figure 4.11, and band dispersions in
several symmetry directions are shown in Figure 4.12. These results clearly show a
semiconducting state with an indirect band gap between the valence band maximum (VBM) at
M point and the conduction band minimum (CBM) at I" point, which is different from the direct
gap at I point in ZnO. The calculated band gap energy is 1.8 eV, which is much smaller than
the experimental one. This is a typical error in using GGA-PBA calculation. The O 2p band is
highly dispersive ranging from -8 to 1 eV. The Zn 3d band is mainly located in the energy range
from -8 and -6 eV, resulting in a strong hybridization with O 2p orbitals in comparison with the
Cl 3p orbitals with the band located between -6 and -4 eV. The VBM is derived from the O 2p
orbitals hybridized with the Zn 3d«%,? orbitals. The crystal orbital Hamiltonian population
(COHP) analysis for the Zn-O interactions shown in Figure 4.13 indicates that the VBM is
Zn(3dx?y?)-0(2p) antibonding. Similar antibonding state was observed in Sr.CuOCl, with the
Cu (3dx%,?)-0(2p) antibonding subbands within the top of valence bands®** *. The CBM is
mainly composed of a dispersive Zn 4s band, forming an antibonding state with O 2p band.
The higher energy regions are occupied by Sr 4d/5s and Zn 4p states. As a result, the indirect

gap is attributed to a transition between O 2p and Zn 4s energy bands.
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Figure 4.11 Diagrams of total and partial density of states (DOS) for Sr, Zn, O, and Cl in
Sr2ZnO2Cly. Blue, green, red lines stand for s, p, and d orbitals, respectively. Black line
represents the total DOS. The inset figures correspond to the partial DOS for Zn and O orbitals

on a different scale.
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Figure 4.12 Band dispersions for Sr.ZnO>Cl> calculated along high symmetry lines within the
GGA framework.
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Figure 4.13 Crystal Orbital Hamiltonian Population (COHP) for Zn-O interaction in
Sr2ZnO2Cl,. The COHP curve shows bonding state between Zn 3d and O 2p orbitals in the
energy range from -8 to -6 eV, but antibonding states in the valence band maximum.

The reason for the indirect gap in the zinc oxychloride can be explained by considering
the point group at the Zn site, as discussed in other reports®®-®, For zinc blende ZnO with the
Tq symmetry, as well as wurtzite, a hybridization between the anion p and the cation d states is
symmetry allowed throughout the Brillouin zone, leading to an upward shift of the O 2p-like
states of the VBM at I" point through mixing of antibonding character into the VBM. In contrast,
such a p-d repulsion for the Dsn symmetry is symmetry forbidden at the point, but occurs at
other points away from point. As a result, the band gap of Sr.ZnO2Cl, becomes indirect. Similar
indirect band gap caused by the p-d repulsion, but at L point and at the X line between K and
I points, was observed in rock-salt ZnO (high-pressure polymorph) with the octahedral

symmetry (On)3"*°. The rock-salt phase exhibits much smaller Zn-O bond length (at ambient
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pressure) and band gap than those for our present compound3® %, This likely results from
stronger hybridization between Zn 3d and O 2p orbitals on the square planar geometry. Such a
well-hybridized band would enhance the mobility parallel to the ab plane and the antibonding
bonding valence maximum is expected to bring defect tolerant. Thus, Sr.ZnO.Cl; is a potential
candidate for transparent semiconductor with high mobility. We preliminarily investigated
carrier doping by Na® ions into Sr.ZnO.Cly, but up to 5 at% Na doping, namely
Sr19Nag.1Zn0,Cly, the electrical resistance was too high to be measured. Further study on

carrier doping toward transparent conductivity is in progress.

4.4 Summary of Chapter 4

In this chapter, a new layered perovskite zinc oxychloride, Sr.ZnO2Cl», with an infinite
Zn0; square planar sheet has been successfully synthesized by high pressure method. The
oxychloride possesses an indirect band gap of Eq = 3.66 eV, corresponding to a transition
between O 2p and Zn 4s energy bands. These results result from the electronic nature of the

square planar geometry for zinc.
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Chapter 5 Crystal structure and magnetic properties of layered
oxychloride SroMnO2Clz: a possible ideal two-dimensional

antiferromagnet

5.1 Introduction

According to Mermin-Wagner theorem?, there is no long-range order in one- or two
dimensional isotropic antiferromagnetic systems at finite temperatures. Most of real
compounds, however, give rise to a long-range magnetic order at low temperature because of
non-negligible interchain/interlayer interactions, dipole—dipole interactions, single-ion
anisotropy, and exchange interaction anisotropy?. For RP-type layered perovskite compounds,
K2NiF4 and KoMnF4 with nearly isotropic AFM interactions were investigated as the best
candidates of 2D AFM systems, but they undergo an antiferromagnetic ordering (3D ordering)
at 97 K and 38 K, respectively due to the mechanism described above®®.

Recently, mixed anion systems such as oxyhalides have been extensively studied,
especially since the discovery of superconductivity in Na-doped Ca,CuO.Cl,. Accommodation
of more than one anion with different bonding natures in one structure can allow us to design
new anion lattices and unusual coordination environments around the metal center. In the case
of Sro.CuO-Cly, chlorine substitution for oxide ions at the apical sites changes the coordination
from octahedron to square plane. As a result, the two dimensionality of CuO2 magnetic layers
is enhanced. Based on inelastic neutron scattering experiment, Sro.CuO2Cl, can be described
best as an ideal 2D square-lattice Heisenberg AFM system®. However, the copper oxychloride
also exhibit a long-range magnetic ordering at Tn = 250 K.°! The ordered copper spin moment
was determined to be 0.34(4) us at 10 K from the neutron study*?**. Isostructural Sr.CoOCl,

was also reported to be synthesized by C. S. Knee and M. T. Weller in 2002. The neutron
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diffraction study on this cobalt oxychloride revealed an antiferromagnetic ordering at 215 K
with complex magnetic structures. The ordered spin moment of Co?" was determined to be
3.22 ug at 20 K, suggesting the presence of a significant orbital contribution in Co ions.
Recently, Tsujimoto et al. successfully extended the oxychloride family to SraNiO2Cl,
SroMnO.Cl,, and BazPdOCl. by high-pressure technique®®. In particular, the discovery of the
nickel and manganese oxychlorides is of importance because Jahn-Teller inactive Ni?* and
Mn?* with a high spin state, which do not prefer a square planar geometry, could be stabilized
by chlorine substitution. In the previous work, Sr.NiO2Cl, was found to undergo a long-range
magnetic ordering at Tn =210 K while the Mn counterpart did not show an anomaly associated
with a magnetic phase transition but a spin-glass behavior below 16 K (Figure 5.4). Tsujimoto
et al. claimed that the spin-glass behavior may not be derived from the intrinsic magnetic state
in the following reason. Firstly, the Curie constant was estimated to be 3.24 (emu K)/mol which
is smaller/larger than that expected from the high spin (S = 5/2) /intermediate spin state (S =
3/2). Secondly, the Weiss temperature was 1.5 K, suggesting that the magnetic interactions
between Mn ions are unusually small. Thirdly, the magnetic susceptibility curve did not show
a broad maximum typical of low-dimensional Heisenberg antiferromagnets. Finally, the SXRD
patterns detected minor impurity phases including uncharacterized peaks, which possibly mask
the intrinsic susceptibility. Therefore, reexamination of the magnetic properties of Sro-MnO-Cl;

should be made with a high-quality sample.

5.2 Experimental details

In the previous report, Sr,MnO2Cl» was synthesized from a stoichiometric amount of SrO»,
Mn, and SrCl; at 1500 °C and 6 GPa. In my study, MnO was used as the manganese source:
SrO (in-house synthesized), MnO (99.9%), and SrCl, (99.9%) in a stoichiometric ratio were
reacted under high temperature, high pressure conditions. The mixture enclosed in a Pt capsule

was heated for 2 h in a belt-type high-pressure apparatus at 6 GPa and 1600 °C. After the
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treatment, the sample was quickly quenched to room temperature, and then the pressure was

slowly released. The sample colour was black.

5.3 Results and Discussion

5.3.1 Crystal Structure

Figure 5.1 shows the neutron powder diffraction pattern for Sr-MnOCl. at 150 K, which
could be readily indexed to a simple body-centered tetragonal cell. No site deficiencies were
observed for each element. Compared with the previous reported sample which contained a lot
of impurity phases, the sample quality got much improved. Only a small amount (2.42%) of
tiny additional peaks could be assigned as MnO impurity phases. The lattice parameters of the
product are a = 4.09239(6) A, ¢ = 14.9380(2) A. Based on a model of Sr.CuOCl; (space group
14/mmm), structural refinements converged very well. The refined crystallographic data
including the atomic coordinates and isotropic atomic displacement parameters are presented

in Table 5.1.

93



Intensity (arb. unit)

+

RN
\

WE T e
I i |l

IIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIII!III]IIIIIIII[!III'IIIIIIII

150 K

| .
\ |

vertical lines mark represent the Bragg peak positions.

Table 5.1 Crystallographic Parameters Refined from NPD Data Collected from SroMnOCl; at
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Figure 5.1 NPD patterns for SroMnO2Cl> measured at 150 K. Obtained, calculated and
difference are presented with cross marks, upper and bottom solid lines, respectively. The

150 K.
Atom Site X y z Uso(A?)
Sr de 0 0 0.38883(19) 0.0319(7)
Mn 2a 0 0 0 0.0270(17)
0 4c 0 0.5 0 0.0112(7)
cl de 0 0 0.18219(11) 0.0172(5)

The space group is I14/mmm (no. 139), a = 4.09239(6) A, ¢ = 14.9380(2) A. R indices are Rg =

10.4%, and Rr = 6.83%.
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Figure 5.2 Crystal structures of SroMnOCl,. Gray, blue, red, and green spheres represent Sr,
Mn, O, and CI atoms, respectively.

Common to the previous sample reported by Tsujimoto et al.® the Mn center is
surrounded by four oxide ions at the equatorial sites and two chloride ions at the apical sites,
as shown in Figure 5.2. However, the 1st coordination sphere could be regarded as a square
planar coordination. The in-plane Mn—O bond length (2.05 A) agrees well with the sum of the
ionic radii of 0% (r = 1.4 A) and Mn?* in four-fold coordination (r = 0.66 A)*®, rather than in
six-fold coordination (r = 0.83 A). The Mn-ClI bonds (2.7216 A) along the ¢ axis are much
longer than those expected from the sum of Mn?* and CI" (r = 0.181 A) in the simple ionic
model. The Mn—CI/Mn-0O bond ratio is 1.33, comparable to the corresponding value of 1.35
for Sro.Co0,Cl>'", but smaller than 1.44 for Sr.CuO.Cl, with a strong J-T active Cu®* center*®.
Bond valence sums (BVS) for manganese site is calculated to be 2.25, which is consistent with

the nominal oxidation state of Mn(Il). Contribution of the Mn—ClI bonds to the total BVS is
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only 18%. Therefore, we can conclude that the manganese coordination is effectively square

planar.
5.3.2 Physical Properties

Temperature dependence of y for Sr,MnO.Cl, is shown in Figure 5.3(a). A broad maximum
occurs at around 42 K, which is a typical behavior in the low dimensional antiferromagnets, in
contrast with the paramagnetic behavior of the previous sample. Figure 5.3(b) shows the
Curie-Weiss fitting which is conducted to the high temperature region (200K-400K). It was
estimated that the Curie constants 4.187(9) (emu K)/mol which is consistent with the high spin
state of Mn?*, and the Weiss temperature (6) is —34.9(6) K, indicating that antiferromagnetic
interaction is dominant. The field dependence of the magnetization is linear at 100K which
could be expected for paramagnetism, as shown in Figure 5.5(a). At 10K, At 10K, a very small
hysteresis loop was observed, which may be attributable to impurity phases. The field
dependence of susceptibility is shown in Figure 5.6. The round curve becomes flat with applied

magnetic field, which indicate the absence of field-induced phase transition in this compound.
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Figure 5.3 (a) Temperature dependence of magnetic susceptibility y (b) Curie-Weiss fitting for
the inverse of susceptibility of Sr,MnO2Cl..
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Figure 5.4 Temperature dependence of magnetic susceptibility y of Sr,MnO.Cl,, hollow and
solid ball represent sample from previous and this study, respectively.

It is interesting to compare SroMnO2Cl, with isostructural SraNiO2Cl2, whose Ty = 210K,
Tmax ~400K. The large values indicate very strong superexchange interactions between the
nearest neighbor nickel ions. It may be due to the shorter Ni-O in-plane distance exhibited by
Sr2NiO2Cl» that leads to the increase of the orbital overlap between nickel and ligands. In
Sro,MnOCly, the relatively small Tmax suggests the much smaller magnetic interactions between
Mn ions, but no sign of a magnetic phase transition appears down to 2 K.

It should be noted that divergence of the ZFC and FC curves in the susceptibility y data is
discernible below Tmax. Such a divergence is commonly observed in spin glass materials. To
investigate if the magnetic ground state of Sr-MnO-Cl; is spin glass, the frequency dependence
of the ac susceptibility was measured in the range of 1-100Hz. The real part of the magnetic
susceptibility shown in Figure 5.7 is consistent with the dc magnetic susceptibility and does

not show any dispersion over the frequency range. This behavior is different from that expected
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from spin glass states, indicating that the magnetic ground sate of the manganese oxychloride
is not a simple spin glass material. However, the imaginary part of the susceptibility ”” exhibits
a clear peak at 30 K, although %’ is frequency independent, too. Therefore, the possibility of

spin glass is excluded, but some magnetic state likely exists at low temperatures.
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Figure 5.5 The field dependence of the magnetization, inset is the magnified susceptibility of
the magnetization in the range of H -1T to 1T.
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Figure 5.7 Upper frame shows the temperature dependence of the real part of the ac magnetic
susceptibility at different frequencies from 1 Hz to 100 Hz . Lower frame shows the imaginary
part of the ac magnetic susceptibility at the same frequencies as real part.
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versus temperature, the inset shows the temperature dependence of the magnetic entropy for
SroMnOClo.
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To further characterize the anomaly observed below 40 K, the heat capacity C, was
measured as shown in Figure 5.8. The Cp vs T plot exhibited a Schottky anomaly centered at
40 K, corresponding to Tmax in the magnetic susceptibility. No magnetic phase transition was
detected down to 2K. A small peak at about 115 K was due to the antiferromagnetic ordering
of MnO impurity®®. To estimate the magnetic entropy (AS), the lattice contribution (Cphonon)
was roughly subtracted from C, using the data of isostructural compound Sr.ZnOCl» prepared
in Chapter 4. By the subtraction and integration of (Cp—Cphonon)/T, AS was estimated to be
approximately 10.53 J/mole-K. Rise of AS with temperature increasing is associated with a
transition from ordered state to a disordered state. The associated entropy change is expected
to be RIn (25+1) = 14.897 J/mole-K, where R is the universal gas constant 8.314 J/mole-K and
S is the spin of the magnetic ions. The AS is somewhat smaller than the expected value, which
is consistent with the absence of a long-range magnetic order. It is noteworthy that the short-
range magnetic correlations start to develop at 150 K, which is also consistent with the result

of the magnetic susceptibility measurements.
5.3.3 Neutron Study

Figure 5.9 depicts the temperature dependence of the NPD patterns below 150 K. From
the expanded figure, it is found that a sharp peak at about 21.5° appears below 125K, which
can be attributed to the onset of long range antiferromagnetic order of MnO impurity?® On
further cooling, only a broad peak at 19° appears a 100 K and the intensity gradually increases
with lowering temperature. This peak could be assigned to (100)mag ON the basis of the super
cell of V2a x~2a, indicating that the nearest neighbor spin are aligned antiparallel. However,
close inspection of the peak revealed diffuse scattering even at 2 K: the peak shape is
asymmetric and extending to higher angles. This type of the peak shape, which is termed

Warren type peak shape?!, occurs when the 2D spin-spin correlation is developing within only
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the magnetic layers. Thus, this observation gives evidence for the realization of no long-range
magnetic order. As seen in Figure 5.10, similar magnetic Bragg peak associated with (100)mag
was observed in KzNiFs, Sr2CuO2Cly, and related layered compounds above T, but the diffuse
scattering disappeared at Tn, followed by the appearance of additional sharp magnetic Bragg
peaks such as (011)mag and (102)mag, corresponding to a long-range magnetic order including
the spin arrangement between interlayers* 22, The correlation length £ at 2 K calculated for
Sr,MnO2Cl using the Warren function was approximately 88 A, corresponding to 22 chemical
unit cells (Figure 5.11). The &value is even smaller than that for Sr,CuOCl; just above Tn (&
~ 200 A)?%. The difference of &£ can be taken into account by considering the stronger quantum
fluctuations in Cu®* ion with S = 1/2.
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Figure 5.9 NPD patterns and expanded figure of range 10°- 30°. At 70 K, magnetic diffuse
scattering at 19°, corresponding to (100)m reflection.
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Figure 5.10 Temperature evolution of KoNiF4 powder neutron diffraction pattern.
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Figure 5.11 Fit of diffuse scattering of Sr2.MnO2Cl> to the Warren function. The sharp peak at
21.5° is a magnetic Bragg peak from MnO.

5.3 Summary of chapter 5

In this chapter, high-quality Sr.MnO.Cl> was successfully synthesized by high pressure
method. The sample quality was improved compared with the previous study, which allowed
us to investigate the intrinsic magnetic properties. It was found that Sr.MnO2Cl; has a high-
spin state of Mn?* with S = 5/2. The magnetic susceptibility and heat capacity measurements
exhibited a short-range magnetic order below 150 K. Furthermore, the neutron diffraction study
revealed a Warren-type magnetic peak at 19° corresponding to (100)mag On the basis of V2a
x~2a. Surprisingly, the short-range magnetic ordered state did not develop to the 3D magnetic
ordered state down to 2 K. This is the first square-lattice antiferromagnet without a long-range
magnetic order. At present, the mechanism of the absence of a long-range magnetic order is

unclear. Understanding the spin dynamics of the compound will shed light on the mechanism.
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Chapter 6 General Conclusions and Future Prospects

6.1 General Conclusions

The topic of this dissertation is the manipulation of layered perovskites by anion
substitution. Much effort has been made to control the synthesis of new compounds by high
pressure techniques. Anion substitution can effectively affect the coordination geometry or
environment around the metal centers, which are closely correlated with the electronic
structures of the compounds. Anion lattice modification also provides good advantage of
understanding the role played by each anion in the structural, physical and chemical properties
as a result of accessibility to anion-site ordered states. The structural variety obtained within
RP type structure compounds through anion lattice manipulation makes these compounds so
important. In turn, the additional promise of new intriguing properties, is also an important
consideration.

Perovskite-based manganese oxides expressed as AMnOs (A = alkaline earth or lanthanide
metals) have been extensively studied because of their interesting physical properties. In
comparison with a great deal of studies on cation substitution, the effects of anion substitution
on physical properties of manganese perovskite compounds have been investigated to a lesser
extent. High-pressure method was proved to be a very useful approach toward mixed anion
compounds. Another member of layered oxyfluoride family SroMnO3zF with an =1 Ruddlesden
—Popper type structure, was successfully synthesized by the high-pressure method at 6 GPa
and 1800 °C. Structural refinements against synchrotron X-ray diffraction data collected from
manganese oxyfluoride demonstrated that it crystallizes in a tetragonal cell with the space
group 14/mmm, in which the Mn cation is located at the octahedral center position. This is in
stark contrast to the related oxyhalides that have square pyramidal coordination such as
SroMO3X (M = Fe, Co, Ni; X =F, Cl) and SrMnOsCl. There was no evidence of O/F site order,
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but close inspection of the anion environment centered at the Mn cation on the basis of bond-
valence-sum calculation suggested preferential occupation of the apical sites by the F ion with
one oxide ion in a random manner. Magnetic susceptibility and heat capacity measurements
revealed an antiferromagnetic ordering at 133 K (=Tn), which is much higher than that of the
chloride analogue with corrugated MnO: planes (Tn = 80 K).

In condensed matter science, there has been great interest in the study of square planar
coordination since high-Tc superconductivity and ideal two-dimensional magnetism arise from
CuOg4 square units. The square planar coordination, however, is generally limited to Jahn-Teller
active ions (e.g. Cu?* and Ti**) and 4d/5d metals with a large crystal field energy (e.g. Pd?* and
Pt>*)16. From the viewpoint of local coordination, the Zn?* center exclusively takes a
tetrahedral or octahedral coordination and it is rather rare to have a square planar coordination.
In this study, a new layered perovskite zinc oxychloride, Sr2ZnO,Cl,, with an infinite ZnO-
square planar sheet has been successfully synthesized by high pressure method. The
oxychloride possesses an indirect band gap of Eq = 3.66 eV, corresponding to a transition
between O 2p and Zn 4s energy bands. These results result from the electronic nature of the
square planar geometry for zinc, which is distinct from tetrahedrally coordinated ZnO.

Two dimensional antiferromagnets, such as KoNiFs, KoMnFs, RboMnF4 and RboMnCl,
have attracted great attention both in experimental and theoretical studies’*'. According to
Mermin-Wagner theorem®2, there is no long-range order in one- or two dimensional isotropic
antiferromagnetic systems at finite temperatures. Most of real compounds, however, give rise
to a long-range magnetic order at low temperature because of certain reasons. Sr-MnQOCl,
analogy with Sr.CuO.Cl> and Sr2NiO2Cly, was expected to show two dimensionality, but
previous study haven’t access to a good sample'®. Herein, we synthesized SroMnO2Cl, sample
with high pressure method which showed a broad maximum of the 2D antiferromagnetic
interaction. The sample quality was improved. It takes a high-spin state with S = 5/2. Neutron

studies showed that short range order develops at 80K, no long-range magnetic order down to
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2 K, which is different with the KaNiFs series. Sr-MnO2Cl, may be viewed as an ideal 2D

antiferromagnet.

6.2 Future Prospects

There are still some work to do to supplement my thesis, for example, for Sr.ZnO.Cl;
compound, since it is a semiconductor, doping could be carried out to study the influence to
the conductivity. And for SroMnOCl, compound, other measurements should be conducted to
investigate the magnetic ground state. In addition, for related oxychlorides, doping induced
some novel properties, thus we can imagine that doped SroMnO2Cl> may also show some
interesting properties. These works are remained to be completed. My ongoing studies will be
focused on synthesizing new mixed anion compounds with RP type structure and searching for
new exotic physical properties.

Substitution of anions with different bonding nature, valence state or ionic radius from
oxygen in a metal oxide can enhance the original physical properties or induce new exotic
phenomena. The structure and properties of Sr.BOsF and A2BO2X: families have already been
studied. Some interesting phenomenon were reported due to the anion substitution. Further
work about the cationic substitution to these series will be conducted to explore interesting
phenomenon. In addition, | will try to synthesize other new oxyhalides with different physical
properties or with different methods. These oxyhalides, besides the intriguing properties, some
are promising candidates for spintronics, memory devices and sensors, etc. In a word, this area

still remains mysterious and provides a lot of possibilities.
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