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Abstract

Synthesis, Crystal Growth, and Characterization of Oxides, Phosphides, Selenides, and

Sulfides.

By

Chun-Min Feng

Advisor: Professor Glen Kowach

The desire to build smaller, faster, inexpensive electronics has prompted researchers
to exploit electron "spin” in transistors. Spin in semiconductors offers a pathway towards
integration of storage and processing in a single material. These "spintronic” transistors
could be highly energy-efficient and perform more computations than traditional
transistors in a smaller space. In addition, in optoelectronic applications, lasers and light-
emitting diodes that take advantage of electron spin could increase the data-carrying
capacity of light. But one of the key hurdles in this emerging field is that the magnetic
and semiconducting materials needed to make a spintronic device are notoriously
incompatible. We have focused on different oxides, phosphides and sulfides to study
crystal growth and properties of spintronics.

We have reported the synthesis of pure ZnO and Mn substituted ZnO crystals from
sodium hydroxide and potassium hydroxide flux for the first time. Various oxides,

including boron oxide (BZOB), vanadium oxide (V,0Os), tungsten oxide (WOj3) and



molybdenum oxide (MoO3), were also used for crystal growth. A non-uniform
distribution of Mn substitution was found in ZnO single crystals, and 3 at.% Mn
concentration was identified. In addition, polycrystalline Mn-substituted ZnO powder
samples exhibited solubility of Mn in the ZnO lattice. SQUID magnetic properties
investigation of Mn-substituted polycrystalline samples indicated paramagnetism down to
5K.

We have also investigated phosphides, selenides, and sulfides for spintronic
applications, based on the well-studied spintronic material, gallium arsenide (GaAs), with
a Curie temperature of 110K. GaAs has the zincblende structure with Ga in tetrahedral
coordination. ZnSiP,, CdSiP,, KGaS, and KGaSe, have metal atoms in tetrahedral
coordination with no localized spin. Localized spin will be present if transition metals are
substituted in. The synthesis of single phase ZnSiP, and CdSiP, were grown from two
different heat treatments. Also, potassium gallium selenide (KGaSe;) and potassium
gallium sulfide (KGaS;) were reported. Temperature dependence susceptibility data
revealed a ferromagnetic transition near 300 K followed by an antiferromagnetic
transition near 50 K. Hysteresis loops at room temperature were present in all Mn
substituted samples. Magnetic properties of Mn substituted samples are comparable with

the crystalline MnP sample; they remain unidentified in X-ray diffraction data.
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1.1.

Chapter 1 Introduction of Crystal Growth

History of Crystal Growth

Crystal growth is one of the foundations of material science. The word "crystal"
originates from the Greek kpiog (coldness) or kpiog (ice). "Crystal" creates a mental
picture of a transparent or clear solid with well defined shape. Crystals are ordered
arrangements of atoms (or molecules). In a natural process the shape of the crystal is
governed by these ordered arrangements of atoms (molecules). Materials in
crystalline form have special optical and electrical properties, and in many cases
improved properties over randomly arranged materials (also said to be amorphous or
glassy).'™ Several crystal growth methods occurring in nature have been adopted in
laboratory research and in industry applications. The oldest type of crystal growth is
the crystallization of salt from sea water by evaporation. The formation of sea salt
crystals has been occurring everywhere since prehistoric time. Crystallization
procedures are recorded in documents written before the Christian era. Plinius
mentioned the crystallization of number of salt like vitriols and the alchemist Geber
described the preparation and purification of various materials. The father of crystal
fabrication technology is A. Verneuil, who with his flame-fusion growth method
described growth of ruby crystal in 1902 and this was later extended by Nassau.” ¢ A
historical development of crystal growth has been reviewed in several references.”"”
The major theoretical account of crystal growth concepts and technologies was
developed by the rapid advancement of science and technology in the 20"

11-1
century. >



1.2.1 Mechanism of Crystal Growth

The developments in the physics and chemistry of crystal growth started from the
Newton era at the beginning of thel8" century. However crystal growth was just an
educational science in the early 20™ century. Its rapid development began mid century
with the applications of semiconductors and functional materials. Also, micro and
macroscopic understanding of the growth process of a crystal attracts thermodynamics
and kinetic aspects of the crystal growth.'" '*?' Early studies of mechanisms of the
crystal growth process from solution indicate the adherence of a thin but dense layer of
atoms at the surface of crystals during growing process. Thus, it has been postulated that
the atoms or clusters move further close to the crystal and permanently fix on the surface
of crystal, while the loss of atoms from the layer is compensated from the solution. Thus,
essentially the growth is controlled by the diffusion of the atoms though the dense
preformed (adsorbed) layer.'"?!

The thermodynamic understanding of the crystal growth indicates that the excess
energy at the surface of a crystal due to the unsaturated bonds of atoms at the surface is
lowered by formation of bonds with added atoms and thus the crystal structure expands.
The difference in growth rates of different faces dominates the crystal morphology. The
origin of the difference in growth rate of different faces is related to the amount of energy
released on the attachment of atoms to them.'"*' In general, the growth velocity of the
plane is inversely related to the atomic density of the plane. The driving force for
crystallization comes from the lowering of the potential energy of the atoms or molecules

when they form bonds with each other”?®. The crystal growth process starts with the

nucleation stage. Several atoms or molecules in a supersaturated vapor or liquid start



forming clusters; the bulk free energy of the cluster is less than that of the vapor or liquid.
The total free energy of the cluster is increased by the surface energy (surface tension);
however, this is significant only when the cluster is small."”?"** A cluster with a radius
smaller than a critical radius, r, will evaporate (or dissolve in the solution) while a
cluster of radius greater than r will become stable (Figure 1.1), will increase its size by
the addition of other atoms and is thus "growing". The critical radius, r', also defines a
critical energy barrier, AG, that we need to overcome in order to obtain a stable nucleus
that will keep growing, eventually becoming a large single crystal. Thermodynamics can
help us describe the process. Assuming a spherical shape for the nucleus the free energy

of its formation is:

AG =4 n1’ s+ [(4/3) n ]Gy (1.1)

Where AG is the total free energy; AG, is the free energy change per unit volume
forming the stable solidification from vapor or liquid. r is the radius of cluster; s is the
surface tension; The total free energy AG goes through a maximum AG ‘at a critical radius
r which can be obtained by derivation of total free energy as given above with respect to
radius and equating to 0, (i.e., (dAAG®°/dr) = 0) Thus, surface tension becomes an important
factor for the growth of crystals. However, this effect dominates only below certain
crystal dimensions. Therefore, it is very common to observe a crystal as an entity of
intimately linked small crystallites. The growth of the large crystals is thus driven by
thermodynamic stability of the crystalline state over the molten or super saturated

solution states.
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Figure 1. 1 Overall free energy for nucleation as a function of the nucleus size. The

critical value ~ G* for creating a nucleus of critical radius r* must be reached.



1.2. Development of Crystal Growth Methods

French chemist, Auguste Verneuil, is regarded as the pioneer of crystal growth. In
1902, he developed the first commercial crystal growth process for manufacturing
synthetic gemstones. His crystal principle nucleation control and crystal-diameter control
have been adapted in later growth methods from the melt, such as Stober Bridgman,
Czochralski, Stockbarger etc. The principles of the Verneuil method with nucleation,
growth rate and diameter control have been applied and described in many crystal growth
process such as Stockbarger 1925, Bridgman 1926, and in the Czochralski process 1918.
The crystal growth methods can be categorized into three broad categories, namely, solid
growth, solution growth and vapor growth'?.

Solid growth:  This growth process involves Solid-to-Solid phase transition. The
formation of crystallite in a common solid state reaction and the development of
crystallite dimension in sintering process are the causes of this growth. Furthermore, they
are also diffusion controlled and the precursor is usually heated at high temperatures
(below melting temperature) to achieve sizable crystals. However, the sizes of the
crystals are too small to be considered as single crystals for any practical applications.

Solution growth: This growth process involves Liquid-to-Solid phase transition.
This category is a widely used procedure for the growth of single crystals. The large
single crystals can be produced by this method. A liquid (solution) of a material is cooled
in an optimized rate to pass though solid-liquid phase transition reversibly. This
procedure also produces high quality and impurity-free crystals and thus is extensively
used for purification of crystals. Zone refining is an example of Solid-Liquid-Solid phase

transition. Crystallization from solution and hydrothermal methods in a broader sense can



be considered as subclasses of this, where the solute in solution state transforms to the
solid depending on the precipitation rate.

Vapor growth: The vapor to solid equilibrium drives the formation of crystal in the
vapor growth process. The condensation of vapor in a controlled manner forms the single
crystals. The sublimation and vapor transport are general procedures followed the
vapor-solid transformation. The source of the feed is heated at higher temperature to
evaporate atoms (molecules or clusters) and they are transported though diffusion or by a
carrier gas to a temperature where the vapors condense to crystal. In such a process, a
large number of nuclei is produced at a time and thus often ends with an agglomeration of
a large number of crystals. This method has been extensively used in semiconductor
industry for predation of films or coating®”*®. But, it is not a popular method for growing
large single crystals. Modern methods like molecular beam evaporation (sometimes
epitaxy) and flash evaporation takes the advantage of this solid-vapor equilibrium. In the
presence of carrier gas the growth is faster and vapors of the solute can be attained at
relatively lower temperature by the formation of volatile complexes with solute.

In general, melt growth involving the Solid-Liquid equilibrium is a widely used
commercial crystal growth procedure. As mentioned earlier, this procedure has a long
history and successive modification and development of experimental procedures, like
flame fusion, Bridgman, Czochralski, zone melting methods have evolved as industrial
methods. Further attention was made in solution growth, like isothermal precipitation or
hydrothermal, solvent evaporation, and flux methods are also commercially used
procedures for growing sizable single crystals. Salient details of these methods are

explained briefly in the subsequent section.



1.2.1 Flame Fusion

In this method the feed is heated with a flame and the molten drops are collected
over a seed crystal or allowed to crystallize on a support at lower temperature. Feed r
materials are continuously brought to the flame to supply a steady liquid drop at the
crystallization point. This method is the first commercially successful method to produce
gem crystals, in particular ruby and sapphire™®. A schematic of flame fusion method is

depicted below.

Al,0,+ 0,

L-X-

— Growing crystal

l = (rystal support

Figure 1. 2 Schematic of Verneuil’s flame fusion method for ruby crystal growth



1.2.2 Czochralski method™*°

The Czochralski process is named after a Polish scientist Jan Czochralski, the
most important method of fabrication of semiconductor and oxide crystals, which are
crystals from melts contained in crucibles (Figure 1.3). Jan Czochralski developed
this crystal growth technique in 1926 while investigating the crystal growth rates of
different metals® *°. This is a method of single crystal growth from a melt of the
same composition and therefore this technique can only be applied to congruently
melting materials. Unfortunately, high internal strain in the crystal is a significant
drawback. Another consideration for this crystal growth method is the convection of
the melt. The compositional inhomogeneity and morphological instability caused by
the melt convection influences the quality of the crystals. In order to reduce the
convection, double crucible for GaAs and stoichiometric LiNbOj is utilized, and
magnetic field are used to approach crystals with low displacement and large size'?.
Similar to the Verneuil process, the Czochralski process begins with a movable seed
crystal. The sample is heated just above the melting point in a crucible. A seed
crystal adhered to a pulling rod is kept at the melt surface. Sometimes during the
growth process both crucible and pulling rod are rotated constantly, usually in
opposite directions to maintain constant temperature and uniform melt. The pulling
rod is then moved upward at an optimized rate. The melt crystallizes at the surface of
seed and large cylindrical crystals with orientation of the seed crystal can be obtained
by this process. Crystals are grown in well controlled temperature gradients, pulling
rate and rotating speed in Czochralski technique. There are many theoretical models

that have assisted these developments to increase crystal size and quality: For



instance, the optimization of the crystal and crucible rotation rates and of the
temperature distribution and the design of heaters. A schematic of Czochralski
technique is shown in Figure 1.3. Large single crystals for semiconductors, like Si,
Ge etc. have been obtained by this method. The size of the crystal depends on the
amount of charge and size of the crucible. Often a protective environment is used to

maintain purity.

Pulling rod
Growing crystal
Crucible
Heater
i~

AN

Figure 1. 3 Schematic of Czochralski method.



1.2.3  Bridgman-Stockbarger Method™™

The Bridgman method is also a widely used technique for growing single crystals. In
this method a sample (melt) is passed though a temperature gradient, where the melt-solid
equilibrium is attained at the growth point of the crystal.

The Stockbarger method is a type of zone melting method but only a small part of
the feed is melted. Crystal synthesis occurs when the crucible moves toward the low
temperature zone of the furnace. In this method the polycrystalline material in a container
is heated above its melting point and slowly cooled from one end where a seed crystal is
placed. The temperature gradient is attained by either directional movement of the furnace
(as in Bridgman method) or directional movement of melt (as in Stockbarger method).
Single crystal material is progressively formed along the length of the container. The
process can be carried out in a horizontal or vertical geometry. The seed crystal may or may
not be required in this method as the seed can be formed by instantaneous nucleation of the
melt as it faces the temperature gradient. Also, a protective atmosphere may be used. This
has been a unique method producing certain semiconductor crystals, like, GaAs, where the

Czochralski process is more difficult’’.
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Figure 1. 4 Schematic of Bridgman-Stockbarger method (T3 <T2<T1)
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1.2.4  Solvothermal Crystal Growth Method***

The solvothermal method utilizes the isothermal and isobaric conditions to grow
crystals from an accelerated chemical reaction of materials. In this process a chosen
solvent helps the pressure transiting medium in liquid and vapor phase as well as partially
or fully dissolving the reacting solids. So the reaction proceeds in homogeneous reaction
medium. However, the cases of heterogeneous reaction are also known. Due to the
presence of the solvent as well as pressure the reaction usually occurs at much lower
temperatures compared to the same reaction in solid state. The reaction can lead to single
crystals under appropriate thermal or pressure gradient.

Solvothermal reactions are carried out in a closed enclosure called autoclave. The
system is heated below its critical temperature for crystal synthesis. Such process often
leads to metastable compounds which are unstable at high temperature. Typical solvents
used in solvothermal reaction vary from the reaction desired; however, the most
commonly used solvent is water. If water is used, the process is called hydrothermal
method™.

Hydrothermal crystal growth is another important solution crystal growth method
occurring in nature to grow large number of minerals. In laboratory, the German chemist
Robert Bunsen synthesized barium carbonate and strontium carbonate above 200 °C and
the pressure above 100 bar. The preparation of crystals of large numbers of phosphates,
silicates, vanadates as well as various oxides by hydrothermal reaction are known®*~°. It
can also be mentioned that the use of seed crystal in hydrothermal reaction usually favors

the growth of larger crystals. Crystallization of quartz in laboratory by the hydrothermal

method has been used for the fabrication of commercial products. The hydrothermal
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method of growth of microscopic size quartz crystals was reported by Schafhéult in 1845
and by de Sénarmont in 1851. G. Spezia, (1898-1908) published reports on the growth of
macroscopic (15mm) quartz crystals from solutions of sodium silicate, natural crystals as
seeds and supply in a silver-lined vessel in temperature gradient between to 320-350 °C
to 165-180 °C in a period of 200 day>**’

The major limitation of this procedure is due to the critical temperature of solvent.
The high temperature solvolthermal reactions are carried out with high boiling point
liquids. Also, corrosion of the reaction vessel due to solvent at high pressure and
temperature is accelerated. Hence, these methods are mainly used for selective materials,
like silicates and phosphates only. Solvothermal reaction using aq. or pure HF has been
used to produce crystals of various metastable and unusual structured fluorides.
Preparations of zeolites, mesoporous siliceous or silicophosphates are mainly prepared by

hydrothermal reaction.

1.2.5 Flux Crystal Growth

Growth of crystal from a flux is a closely similar technique adopted for the growth of
crystal from solution®®*'. The basic difference is that in the case of solution growth a
liquid medium is used while in the flux growth a solid which melts at a relatively lower
temperature is involved to dissolve the solute. Thus both the methods can be considered
as solution growth procedures. In such cases the crystal growth occurs well below the
melting point of the solid. Thus the risk of thermal decomposition and strained crystals
can be avoided. The crystals grow usually in their natural habit, thus aiding optical
identification of the crystallographic axes. Trapping/incorporation of the solvent into the

crystal is a disadvantage, which may sometimes be minimized by a careful choice of
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solvent.

In this method desired solids are mixed with low melting solids in appropriate ratio
(usually eutectic composition) and heated to a temperature where maximum solubility is
achieved. This molten mass is slowly cooled. Due to the decrease in solubility product
nucleation occurs instantaneously and then grows by further precipitation. The typical
solubility of materials shows an increase with a raise in temperature. For instance the
solubility of NaCl in water is 34.6 g/100ml at 0 °C. When the temperature heated to 350
°C, the solubility is 74 g/100g. (Figure 1.5) The higher solubility of precursor in the flux
the more crystal growth there is. A simple NaCl-H,O binary phase equilibrium diagram

reveals the NaCl phase available area above 25 wt% NaCl. (Figure 1.6)
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Figure 1. 5 Temperature dependence solubility of NaCl in water
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Figure 1. 6 NaCl-H,O phase equilibrium diagram

The supersaturated region (labile region or metastable) is obtained when the
solubility reaches the limits. As the temperature is lowered the solution prefers the
unsaturated state and the excess solute precipitates out as crystal feed. In this kind of
growth the solution chemistry is important due to its role in breaking the bond of the
solute. A general guide line is obtained by studying the solubility curve of the material in

a flux. A typical solubility curve is shown in Figure 1.7.
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Figure 1. 7 Typical Solubility curve.

As observed from the figure the growth of crystals is possible from both the labile
and metastable regions, while accelerated growth is possible in labile or supersaturated
region due to spontaneous nucleation. No crystal can be grown from the unsaturated
region. Flux evaporation often follows in the flux growth method so as to bring the
unsaturated state to super saturated or metastable state.

For optimum crystal growth, the compound should be moderately soluble under the
crystallization conditions. If the solubility is too high, the solvent incorporation becomes
more intense. If it is not soluble enough, then there is not enough solute around to supply
the growing crystal surface and one tends to get small crystals. To get the best solubility
one should carefully match the solute and solvent. Parameters like solvent polarity and
dielectric constant may be important in choosing the solvent. Knowledge of the density of

the solution is often needed for mass balance, flow rate, and product yield calculations.
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Since the growth of crystals from solution is mainly a diffusion-controlled process, the
medium must be less viscous to enable faster transference of the growth units from the
bulk solution by diffusion. Hence a solvent with less viscosity is preferable.
Fundamentally, the solvent can influence crystal structure, crystal size, morphology, and
purity by modifying solution properties (i.e., density, viscosity and component
diffusivities), solute solubility, as well as the structure of the crystal-liquid interface. A
large number of materials like, alkali halide, alkali carbonates, PbO, PbF,, B,O3, Bi,Os.
tungstates and molybdates are practically used as flux'"'*'*°. Low melting metals, like,
Sn. Pb, Bi, Na, Li etc have been used to grow crystal of various intermetalics and nitrides,
phosphides etc*.

Crucible selection is again an important limitation for the flux growth. Usually, the
material for crucible has low reactivity (i.e. platinum, tantalum, and niobium) and low
porosity ceramics (i.e. alumina, zirconia, boron nitride, and quartz) are preferred.
Crucibles are normally sealed in evacuated quartz ampoules or reactions take place in
controlled atmosphere furnaces.

Growing materials at lower temperature is most important benefit of this method.
Especially for the material have high melting temperature, metastability, and incongruent
melting. Crystals with natural morphology can be obtained. However, the availability of
suitable flux, suitable container and inclusion of the solution, are major limitation for

growth of large single crystals.
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Chapter 2 Introduction of Characterization Method

2.1 Introduction

X-rays are electromagnetic radiation which have the same properties as light, but

shorter in wavelength. Since 1912, Max von Laue discovered that crystalline substances
act as three-dimensional diffraction gratings for X-ray wavelengths similar to the spacing
of planes in a crystal lattice. Crystallography developed as a discipline of mineralogy,
which involved the crystal identification, description, and classification. Dorothy
Hodgkin, a Nobel Laureate in 1965, wrote “a great advantage of a X-ray analysis as a
method of chemical structure analysis is its power to show totally unexpected and

?71

surprising structure with, at the same time, complete certainty.” = X-ray diffraction is now
a common technique for the study of crystal structures and atomic spacing.

X-ray microanalysis is a powerful technique for demonstrating information from a
small area of a sample. The technique comprises of detecting the characteristic X-rays
generated from the interaction of accelerated electrons and specimen. An energy
dispersive spectrometer can apply for the detection of X-rays, called Energy Dispersive
Spectroscopy (EDS). Now an energy dispersive spectroscope is often attached to a

scanning electron microscope to reveal the surface three-dimensional topography and

chemical analysis.
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2.2 X-ray Diffractometer

2.2.1 The Development of X-ray

X-radiation is also called Rontgen radiation, which is a form of electromagnetic
radiation. It has wavelengths that range from 0.5 to 2.5 A which is shorter than UV
radiation, but longer than y-rays. The major use of X-rays is for diagnostic radiography
and crystallography. X-rays were first discovered in Crookes tubes. Cathodes rays were
created from electrons through the ionization of residual air in the tube by a high DC
voltage. This voltage accelerated the electrons coming from the cathode to a sufficient
velocity that created x-rays when the electrons struck the anode or tube wall. Many early
scientists did not realize the radiation from Crookes tubes until Wilhelm Rontgen gave
the first systematical investigation in 1895.

Diffraction is the phenomenon of bending light passing an obstacle through a small
slit. The diffracted waves can interfere with each other giving bright and dark fringes,
depending on the phase differences of the wave. To explain the behavior of radiation, a
Dutch physicist Christiaan Huygens wrote a treatise on the theory of light wave called
Huygen’s principle. Max Von Laue first demonstrated diffraction with X-rays in 1912.°
Since the crystal with the arrangement consists of parallel rows of atoms equivalent to the
parallel lines of the diffraction grating, the d-spacing could be successfully determined
from the separations of bright fringes of the diffraction pattern. The classical Bragg law
of diffraction relates the possibility of constructive interference to the inter-planar

separations.
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English physicists, Sir W.H. Bragg and his son Sir W.L. Bragg in 1913, derived
Bragg’s Law’. Some X-rays reflect off the first plane, but the rest subsequently are
reflected by succeeding planes (Figure 2.1).° In first order reflection, scattered X-rays
will have the difference in a whole number wavelength. The secondary X-rays, scattered
by atoms in all planes, are completely in phase and reinforce each other. This is described

as Bragg's Law:
2dSin6 = nA 2.1

A = wavelength of x-rays

0 = glancing angle (called as Bragg angle)
d = inter planar separations

n = order of diffraction

Later many theoretical and experimental investigations made the X-ray diffraction

(XRD) a powerful tool for crystallography.
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Figure 2. 1 Diffraction of X-rays by a crystal (Edit from West “Solid state Chemistry and
its Application)

The peaks (also known as reflections) in the XRD pattern correspond to a set of
parallel planes with inter-planar spacing, d. The d-values are calculated from the position
of the peaks. Thus, for a particular sample, a set of d-values giving constructive
interference is observed. The peak positions are related with the unit cell parameters of
the lattice. Also, a particular sample gives a characteristic a set of d-values. Thus, they
generally act as a fingerprint for the crystalline materials, and they can be used for
identification of materials. The intensity distribution of the reflections is governed by the
nature and kind of distribution atoms in the unit cell.

X-ray scattering is a phenomena caused by the interaction between the electron and
X-ray radiation. Coherent scattering happens with no X-ray energy loss, and is also called
elastic scattering. Another X-ray scattering is called inelastic scattering or Compton

scattering. This inelastic scattering was proposed by Arthur Holly Compton in 1923.° The
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change in momentum of the X-ray radiation is due to the change in its direction of the
scattering electron. The energy in the scattered electron is thus less than the energy in the
incident X-rays.

The scattering of X-rays from the electron of atoms is possible in all the directions.
The intensity of radiation scattered by an electron is discussed by the classical Thomson
equation and called scattering power of an electron (f;). The amplitude of wave scattered
by an atom is proportional to its atomic number (Z).”® The higher the atomic number, the
higher is the scattering power (f3). Also, atom scattering power, usually expressed as the
ratio of scattering of an atom factor to the scattering by a single electron under the same

7-12

conditions.”” “ Thus, the scattering factors is expressed as fa/fe= Zfe/fe. The mean position

of atoms in the unit cell is vibrating at any temperature. The scattering factor of an atom
decreases with their amplitude of atomic vibration. Also, the scattering factor decreases
with the increase of the diffraction angle due to the atomic size, showing the mutual
destructive interference of the X-ray scattered from the atoms. The scattering factor of an

atom is given as:

—BSin%0
f=fe #

(2.2)

fO “Scattering factor of an atom when it is rest and at 0°

A : Wavelength of x-ray
0 : Angle of diffraction

B : A constant (called isotropic temperature factor, which is related to the amplitude of

22 2
atomic vibration is given as B = 8w u , where U = mean of square displacement of the
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atom from the mean position) (The exponential term is called Debye-Waller factor)

A crystal lattice consists of atoms which form three-dimensional arrays. The
structure factor for a particular plane hkl, F(hkl) consistents angul part gjs and scattering

factor from the plan (hkl), Fp. The structure factor of a plane hkl is expressed as:

i=N _
F(hkl) _ Z g(j,e)eZm(hijrkijrlzj)
j=! (2.3)

Fhkl : Amplitude of scattered radiation from the plane hkl

g (j,0): Scattering factor of the atom j at the diffraction angle 6
In an X-ray diffraction experiment, the intensity is promotional to the square of the

amplitude of the wave.

1, (hkl) oc |F (hkl)[’ 04

or

1, (hkl) = 1 (hkD)|F (hkD)|* N 2.5)

I,(hkl): experimental observed intensity
I(hkl): a function of the experimental conditions, Lorentz-polarization factor,
polarization, and absorption correction

N: a scale factor associated with the amplitude of scattered radiation
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2.2.2 Powder X-ray Diffractometer

A powder x-ray diffractometer consists of an X-ray source and the detector for the
sensing of diffracted X-rays. The common diffractometer geometries are based on
Bragg-Brentano geometry. Although there are several types of X-ray sources available. A
sealed X-ray tube is the most common X-ray source used in a laboratory. A block sketch
of powder diffractometer is shown in the Figure 2.2."

There are several kinds of X-ray sources, but the most common laboratory
diffractometer uses a sealed tube X-ray source. The basic construction of the tube is
similar to the Coolidge tube. The X-rays are generally produced from electron collisions
with a metal target. A small fraction of electron energy is used for generating x-rays,
which are a combination of continuous radiation with wavelengths starting at the
short-wavelength limit (Agy1). There are several intense peaks from the target elements,
called characteristic radiation. Only a small fraction of electron energy is used for the
production of x-rays and the rest is lost in the form of heat.

X-rays are allowed to escape from a particular direction (usually from Be window)
for data collecting, although they are able to scatter in all the directions. The beam of
X-rays is passed through the antiscattering and divergence slits, and then allowed to fall
on the sample.

The fine grains of the sample are generally spread uniformly over an X-ray
exposed area of a slide. There are many different sample preparations for X-ray data
collection. For non-air sensitive samples, such as ZnO, KGaSe,, fine powder are mixed
with internal standard Si and applied on the sample slide. Air sensitive samples are

prepared on a microscopy slides or spinner sample holder sealed with grease and kapton.
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A flat sample surface is preferred.
The depth of X-ray penetration is another issue taken into consideration. Most
metallurgical specimens strongly absorb X-rays. The intensity of incident beam is

reduced to zero in a very short distance, about 80 um, below the sample surface.

o . Detector
Receiving slit \

Diverzence slit . ’
g Amnfiscatier shit

Secondary
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Horay tube o

Measunng circle

Figure 2. 2A typical X-ray diffractometer design with an X-ray tube, optics, and detector.

(Edit form KSA system)
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2.3 Scanning Electron Microscope

A microscope enables one to view images of objects that cannot be viewed by the
human eye. The technique is used extensively in the field of biology, material science and
agriculture, wherein a microscope can provide the surface information of the sample.
There are three types of microscopes: optical, electron and ion microscopes. Although the
classical optical microscope is still widely used for studying surface morphology and for
similar other applications, its resolution is limited to around 1um due to the wavelength
of optical light. Scanning Electron Microscopy (SEM) is one of the techniques that uses
electrons to measure these small size features even for nanoscale particle, since De
Broglie wavelength of electrons can be manipulated to very small values (much smaller

than the wavelength of optical light).

Scanning electron microscopy is an electron microscopic technique that provides
surface information, texture, and three-dimensional topography. Knoll proposed the
earliest concept of SEM in 1935."* Following, Von Ardenne built the first scanning
transmission electron microscopy and also discussed the detail in both theoretical and
practical aspects of his instrument."” Generally, a SEM contains electron source gun, high
vacuum sample chamber and optics (Figure 2.3). In a SEM, an accelerated beam is
focused on the surface of sample by a set of optical assembly and it scans over a small
area where from secondary electrons, backscattered electrons, X-rays, and other photons
that eventually fall on suitable detectors. For image investigation, secondary and
backscattering electrons are primary for the surface topography. The X-rays are important

for the chemical analysis (Figure 2.4).
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The brightness and contrast of image depends on the amplitude of signal current
which depends on the morphology and changes in the atomic number of element present
in the sample probed. The first SEM examination of thick specimens was described by V.
Zworykin et. al. in 1942.'° In their report, the authors realized that the secondary
electrons responsible for the topography. They also revealed the relationship of lens
aberrations, gun brightness, and spot size as function of beam current. After a few years a
SEM with resolution 50 nm was constructed by C.W. Oatley and D. McMullan."” The
signal process of this modern SEM was improved by introducing the signal amplification
(Smith 1956)."® A first prototype commercial product was built by R. Pease in 1963."
Since the first commercial instrument, many improvements were made, such as the
high-brightness electron source, LiBg, and filed emission electron source. These high
current electron sources made the improvement in the spot size, brightness and resolution.
Until today, a recent development of new SEM system is variable-pressure scanning
electron microscopy. G. D. Danilatos had reviewed the environment for this variable

20, 21

press microscope in his papers. This variable pressure system allows the

measurement of almost any wet or dry specimen.
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Figure 2. 3 Sketch of scanning electron microscope. Generally, a SEM contains electron

source gun, high vacuum sample chamber, optics, and detectors.
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Figure 2. 4Interaction volumes for secondary electron, backscattered electrons and
X-rays.
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2.4 Energy Dispersive Spectroscopy

Energy dispersive X-ray spectroscopy (EDS) is a technique developed for the
elemental analysis and chemical characterization of samples. It is a microanalysis
technique in which the X-ray produced form the interaction of electromagnetic radiation
and specimen is detected. The development of an EDS instrument for measuring the
chemical analysis was simaltaneous with SEM. James Hillier proposed the concept of
electron probe microanalyzer (EPMA).* Castaing described the first static electron beam
microprobe in his Ph.D. thesis; but it was not until 1956, the first instrument, built by R.
Castaing and A. Guinier, became a reality.> In general, SEM and EDS were maintained
separately, SEM used for high quality imaging, EDS for X-ray analysis. After all, the
combination of EDS and SEM for the analysis of X-ray signal and image has been

applied today.

The development of microbeam instrument and solid-state X-ray detector was
concurrent. A diode of lithium-drafted silicon, Si(Li), was used to detect X-ray photons
of different energies simultaneously. The high efficiency of X-ray detector and their
improving resolution made them attractive for application on a SEM.
Princeton-Gamma-Tech first instilled a silicon detector on a SEM in 1968. At times, high
purity germanium has been used for the high energy gamma-ray detection. Recently,
there was a report of the significant development in EDS. In this report, Mott revealed the
development of digital signal processing for producing higher quality spectra. In the

future the digital processing technology will play an important role in spectrum system.
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The characteristic X-rays in the EDS microanalysis is scanned and analyzed for their
energy and intensity. Energy is the signature of the emitting for elements and the
intensity indicates how much of it is present in a specimen. Thereby, not only to identify
qualitatively the different elements present in the sample, but also using suitable
correction provides their relative abundance in the sample. In the quantitative analysis,
matrix corrections are used for the correction of uncorrected concentration to get reliable
concentrations. There are some variations, related to sample composition that can affect
the X-ray spectrum produced in an electron microprobe analysis which is needed to be
corrected. These matrix corrections are named ZAF corrections, in reference to the three

components of matrix effects; atomic number (Z), absorption (A) and fluorescence (F).

Atomic Number Correction: The atomic number factor (Z factor) corrects the

amount of X-rays from specimen. The Z factor correction is directly related to the
backscattering coefficient and stop energy. The interaction between the sample and
accelerated electron beam generate the backscattering electrons. The reduced amount of
X-ray signal is due to the loss of backscattering electrons. Also, the X-ray loss due to the
inelastic scattering depends on the atomic number. P. Duncumb and S.J.B. Reed
proposed the Z factor is the function of atomic number, atomic weight, and accelerating

voltage.*!

Absorption Correction: Absorption factor, A, is the most significant one. This
factor corrects the X-ray generated in the sample but absorbed before falling into the
detector. At the same depth within a sample, the number of X rays generated increases as

the overvoltage increased. Also, the X-rays produced in the deep sample are more likely
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absorbed than those generated near the surface. Besides the overvoltage, the absorption is
also affected by the taking-off angle. The higher take-off angle makes the path length
shorter. The formulation of absorption was proposed by J. Philibert (1963). * He
revealed that absorption is function of acceleration voltage, critical excitation potential,

atomic number, atomic weight, mass absorption coefficient, and take-off angle.

Fluorescence Correction: Usually the fluorescence factor (F factor) is less
important. F factor corrects the X-ray signal which is not produced from the electron
beam. F factor correction is a function of fluorescence yield which is proposed by S.

Reed (1965).%°
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Chapter 3 Flux Growth of Pure and Mn-Substituted ZnO

Crystals

3.1 Introduction

Dilute magnetic semiconductors (DMS) have attracted attention of scientists in
recent years. There are some unique properties that enhance their potential for
applications in electronic devices. DMS materials are semiconductors with a small
fraction of their constituent ions replaced by transition metal ions. These materials
have similar properties with their host semiconductors. Ferromagnetic Mn-substituted
GaAs is one of the well known DMS materials. The discovery of Mn-substituted
GaAs by H. Ohno et al' in 1995 promoted numerous studies on DMS. At an
optimum low temperature, doped GaAs films with 3-5 at.% Mn have been grown by
molecular beam epitaxy (MBE).

Dilute ferromagnetic oxides with Curie temperatures (T.) exceeding room
temperature are attractive compounds”. Transition metal substituted compounds, such
as ZnO, GaN, and InN are promising materials for high Curie temperature
ferromagnetism®”. These frontier materials have novel applications in faster central
processing unit chips and high storage density hard drives. The importance of
spintronics materials has been explained in several review papers®®. A schematic of
possible applications is depicted in Figure 3.1. Such a wide expectation places
spintronic materials at the leading edge of microelectronics’. New DMS devices
exploit spin transistors in mobile phones, optical emitters and non-volatile,

semiconductor memories, which have very broad applications.
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Most of the initial work on DMS focused on II-VI semiconductors, in which a

%10 710 is one

fraction of group II elements were randomly substituted by Mn atoms
of the proposed spintronic materials, which has a wurtzite structure and Eg,, = 3.2 €V,
exhibits both semiconducting and piezoelectric properties. Due to these unique
properties, ZnO can be used in piezoelectric transducers, gas sensors and ultraviolet
light emitting diodes. An eventful paradigm shift in this field came with the Dietl’s
Zener model theoretical prediction; 5 at.% manganese substituted ZnO and GaN,
containing 3.5x10* holes per cm’, are promising to attain T. above 300 K''.
However, the synthesis of DMS materials with high Curie temperature and sufficient
hole carriers is difficult. Sato and Katayama-Yoshida predicted ferromagnetism by ab
initio calculation in n-type ZnO doped with various transition metals, including Co
and Cr, but no ferromagnetism exists in Mn substituted ZnO, which is consistent

with experimental results'> .
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3.2 Structure and Properties of Zinc Oxide

Zinc oxide, ZnO with formula weight (F.W.) 81.369 g/mole, is a metal-oxide
semiconductor. It is a multifunctional n-type material with a direct and wide band
gap energy (3.37 eV) at room temperature and a high free-exciton binding energy (60
meV).> '* These attractive properties make ZnO a versatile material with various
applications for UV-light emitters, piezoelectric transistors, solar cells, and gas
sensors. The tetrahedral coordination of ZnO is also a common indicator of sp’
covalent bonding; however, the Zn-O bond also possesses very strong ionic character.
Thus, ZnO lies on the borderline between being classed as a covalent and ionic
compound, with an iconicity of £=0.616 on the Phillips iconicity scale."> The lattice
parameters and atomic positions of the hexagonal unit cell are shown in Table 3.1."°
The peak positions and the corresponding atomic plan are list in the Table 3.2. Figure
3.2 shows the hexagonal ZnO lattice. In this structure, oxygen and zinc atom are in a
hexagonal close packed arrangement with space group P6smc (No. 186). Its non-
centrosymmetry gives rise to piezoelectric properties. The atomic coordination and

XRD peaks are listed in

3
x - T..'

Figure 3.2 Wurtzite crystal structure of ZnO with space group P6smc (a) polyhedral

representation (b) ball-and-stick representation showing hexagonal structure of ZnO
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Metal Zn (gray) is placed in the tetrahedral coordination and surround by four O

Table 3.2 A list of peaks position and corresponding atomic plans (h, k, ) from

Table 3.1 The unit cell parameters and atom coordinates.

atoms (red).

X y Z occ.
Zn 1/3 2/3 0 1
O 1/3 2/3 0.3821 1

a=3.2495A,¢c=5.2069 A, and y = 120°

JCPDS 36-1451.

20 (°) | Intensity | h k 1 20(°) | Intensity | h k 1
31.770 57 1 0 0 95.304 6 2 1 1
34.422 44 0 0 2 98.613 4 1 1 4
36.253 100 1 0 1 102.946 2 2 1 2
47.539 23 1 0 2 104.134 5 1 0 5
56.603 32 1 1 0 107.430 1 2 0 4
62.864 29 1 0 3 110.392 3 3 0 0
66.380 4 2 0 0 116.279 8 2 1 3
67.963 23 1 1 2 121.572 4 3 0 2
69.100 11 2 0 1 125.188 1 0 0 6
72.562 2 0 0 4 133.932 3 2 0 5
76.955 4 2 0 2 136.520 1 1 0 6
81.370 1 1 0 4 138.513 2 2 1 4
89.607 7 2 0 3 142.918 3 2 2 0
92.784 3 2 1 0
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3.3 Experimental Methods

The growing conditions of ZnO crystals from various fluxes, such as oxides
(V20s, MoOs, WOs3, and B,03;) and hydroxides (KOH, NaOH or both) will be
discussed. Like other oxide powders, ZnO powder is not air sensitive. For this reason,
all experiments were prepared at ambient conditions. The several experimental
conditions used for growing ZnO crystals are given in appendix I. A CM muffle
furnace with MoSi, heating elements was used. The reaction conditions, phase
diagrams and quantity of Mn substitution in the ZnO crystals were determined by X-
ray diffraction (PANalytical PW and PANalytical PW 3830) and scanning electron
microscopy (SEM) (Zeiss DSM 940 and Zeiss FESEM Supra 55 VP) with energy-
dispersive spectroscopy (EDS) (PGW and EDAX).The magnetic property was studied

by the Superconducting Quantum Interference Device (SQUID) magnetometer.

3.3.1 Pure ZnO Crystal Growth from ZnO-V,0s System

Pure ZnO crystals were synthesized by heating the mixture of ZnO powder
(99.0% Alfa-Aesar) and V,0s powder (99.2%) in an alumina crucible or iron crucible

at 1300 °C, and then slowly cooled to room temperature.

3.3.2 Pure ZnO Crystal Synthesis form ZnO-B,0; System

Pure phase crystals were carried out from the ZnO-B,O; system. The
precursor mixture of ZnO and B,03 (99.985% Alfa-Aesar) were mixed well using an
agate mortar and pestle. The ZnO-B,0Oj3 system, used for pure ZnO crystal growth, has

been reported in previous literature'’. The mixture, packed in a 110 ml platinum
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crucible, was heated at 1300 °C for 40 hours and then slowly cooled. The
solidification temperature was previously reported at 1160 °C. However, the reaction
showed the solidification temperature to be 1045 °C. After sintering, a powder X-ray

diffractometer was used for phase identification.

3.3.3 Mn-substituted ZnO Polycrystalline

Mn-substituted ZnO polycrystalline samples were prepared by solid state
reactions. Varying Mn concentrations from 1.7 at.% (reaction CMF 24 A) to 37. at.%
(reaction CMF 24 D) were added to ZnO. Mn,0; (powder 99% Alfa-Aesar), the Mn
source, was mixed and ground well in a mortar. After grinding, the mixture was
pelletized using a die plunger at 5000 psi. Four pellets, each with a different Mn
concentration, were place on platinum foil and left at the center of a muftle furnace.
The temperature reached the sintering temperature of 1300 °C at 220 °C/hr from room
temperature. Once the system reached 1300 °C, it dwelled for 10 hours and ramped

down to room temperature at 250 °C/hr.

3.3.4 Pure Hexagonal Prism ZnO Single Crystal from NaOH Flux

Our group had synthesized pure ZnO crystals from NaOH flux for the first
time in CMF 26C. Starting materials consisted of ZnO 1.01 g (0.0122 mole) and
NaOH 4.88 g (0.122 mole) (Spectrum) in a lidded alumina crucible. A muffle furnace
was used for the reaction. The mixture heated up to 750 °C in 7.25 hours and dwelled

at 750 °C for ten hours. The reaction temperature slowly cooled down to 600 °C
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within 136.4 hours and then dropped to room temperature with the furnace power shut

off.

3.3.5 Mn-substituted ZnO Single Crystal Synthesis from NaOH Flux

Mn-substituted ZnO single crystal synthesis (CMF 34 2), NaOH flux was
used for the crystal growth in a Pt crucible and sealed Ag tubes. For the growth in a Pt
crucible, host lattice material, ZnO 1.13 g (0.0137 mole), was mixed with Mn source
MnCOs 1.27 g (0.01 mole) in an agate mortar pestle, and then packed in a platinum
crucible with NaOH 5.48 g (0.137 mole). A pendulum type heating profile was
applied in this reaction. The reaction took place in a muffle furnace at peak
temperature of 500 °C and dwelled for 20 hours.

Nominal composition Zng9sMnyosO single crystal synthesis was carried out
from NaOH flux technique in sealed silver tubes. The starting material, Zny 9sMng 50O,
was previously sintered by solid state reaction at 1300 °C. It was heated to 1300 °C at
100 °C/hr, dwelled at this temperature for 60 hours and cooled down to room
temperature. NaOH flux was dehydrated at 500 “C under vacuum. All reaction tubes
were annealed at 750 °C under Ar gas for 6 hours. Precursors were placed in an
annealed silver tube, welded closed and then placed in a stainless steel bag. All
reaction tubes were placed in a furnace, heated to 500 °C and held at 500 °C for 60
hours, cooled down to room temperature at 8 “C/hr, and at room temperature, NaOH

flux was removed by water.
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3.3.6 SEM Sample Preparation

Due to non-uniform diffusion of manganese in the entire crystal, the crystal
was polished to study manganese distribution. We had cut 1/2 in. rubber tubing with a
1/2 in. inner diameter. The tube was filled in with epoxies, A and B, in a 1:1 ratio.
Crystals were spread in the center. A 20 um MD-Plaw Pad was used for flattening the
sample surface. Then it was roughly polished with 12 pm alumina polishing
compound. After this rough polishing, fine polishing was carried out using by Sum
alumina and 1pm diamond polishing compounds. The SEM sample was fixed on the
SEM sample pin. Silver paint was applied to the surface for good electrical contact

around the sample.
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3.4 Results and Discussions

3.4.1 Phase Diagram

The phase diagram is from an equilibrium pressure-temperature-composition
system. A two component, temperature versus composition phase diagram provides
information, such as composition, eutectic temperature and phase change to choose a
favorable reactive environment. Although a phase diagram is valuable, the boundary
conditions of phase diagrams are not reliable due to differences in the experimental

conditions or poorly characterized phase boundaries and liquidus temperature.

3.4.2 Pure ZnO Crystal Growth form ZnO- V,05 System

The ZnO - V,0s phase diagram (Figure 3.3) reveals crystal growing
conditions."® There is a ZnO phase area shown in the temperature versus composition
phase diagram. In this binary phase diagram, the ZnO crystal growth working area,
above eutectic temperature 910 °C and composition with greater 75 mol% ZnO, is
identified. Moreover, there were some limitations of having high vapor pressure, low
separability and reaction of V,0s with the porous ALLOs crucible (Figure 3.4)." These
reasons make the composition shift to the more ZnO rich region. An iron crucible had
also been tried, but vanadium oxide reacts severely with the iron crucible. Thus V,0s

is not a good flux for our ZnO crystal synthesis.
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Figure 3.3 Temperature vs. composition ZnO — V,0s binary phase diagram. The red
arrow indicates the starting composition of ZnO crystal growth. In order to investigate
the growth of ZnO crystals, 0.85 mol % ZnO and 0.15 mol% V,0s were utilized.

(Ref.18)
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Figure 3.4 Temperature vs. composition phase diagram of V,0s and Al,Os. It shows

that AIVOy is the compound of V,0s flux and Al,Os crucible. (Ref.19)
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In Wanklyn’s letter,”’ crystal growth was carried out within the ratio 3-ZnO:
V1,05 or 2.8:Zn0: V,0s using a platinum crucible at growing temperature of 1300 °C.
However, at the composition 3.2 ZnO:V,0s, the starting material ZnO was not
dissolved completely at 1300 °C. This indicates that the melting point of the mixture
is greater than 1300 °C. ZnO crystal growth didn’t occur when the composition
2.5:Zn0:V,0s was used. Comparing the previous report with currents observations,
crystal growth was not located at the optimal composition, and a different container
was used. A V,0s and Al,O3 temperature-composition phase diagram in Figure 3.4

reveals the reaction of V,0s5 with the crucible.

3.4.3 Pure ZnO Crystal Growth from ZnO- B,0O; System

Although B,Os3 is a good flux to grow oxide crystals, there are several
challenges and difficulties to work with this flux to grow ZnO. Similar to other oxide
fluxes, it may form one or more oxide phases. Most of these oxide compounds have
similar properties as the target ZnO crystal, so it is hard to separate ZnO crystals from
other oxide fluxes. From the ZnO- B,0; binary phase diagram (Figure 3.5), the phase
space available for ZnO crystal growth is a region with a composition greater than 77

mol% ZnO and temperatures above the peritectic temperature of 1045 °C '"-2"-22,
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starting composition for crystal growth. The mixture with 82 mol % ZnO heated up to

1300 °C and then slowly cooled down to 1045 °C. (modified from the Ref. 22)
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Figure 3.6 ZnO and B,03 temperature vs. composition binary phase diagram reveals

the minimum crystal growth temperature, 1045 °C. (Ref. 21)

53



While the temperature for ZnO crystal growth reported by Harrison'” (Figure
3.6) doesn’t match our observation, according to Leonov’s phase diagram (Figure
3.5), the phase transition temperature between ZnO+ liq. and ZnO+ 3ZnO. B,0s is
about 1080 °C. Kunihiko Oka et. al.” reveals the lowest growing temperature is 1045
°C. An initial mixture of ZnO: B,0; in the ratio of 4.56:1 was heated to 1300 °C and
cooled to 1165 °C. After pouring out most of the flux at 1165 °C, pale green, plate-
like ZnO crystals were observed at the bottom of the platinum crucible (Figure 3.6).
To remove the Zn3B,0¢ flux, the platinum crucible with ZnO and Zn3;B,0¢ crystals
were put in opposite position in the furnace at 1300 °C. After decanting, both plate-

like ZnO and Zn3B,0¢ (3Zn0:B,0¢) crystals were obtained.
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Figure 3.7 ZnO crystal growth with 18 mol % B,0; as a flux at 1300 “C. Two liquid
systems are shown. Due to density differences, the ZnO rich side settles down at the
bottom of the platinum crucible. The borate (Zn;B,Os JCPDS 37-1486) is found on

the top. (CMF 26C)

Figure 3.8 Magnified view of plate-like pure ZnO crystals grown from a ZnO-B,03

system. (CMF 26C)
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The product was examined by powder XRD, where ZnO was observed in
addition to a small amount of crystallized flux (Figure 3.7). The X-ray powder pattern
of the crystals (Figure 3.8) matched ZnO (JCPDS 36-1451) very well, while the
crystallized flux was identified as zinc borate (Zn3;B,0O¢). With the chemical and
physical properties of zinc borate and ZnO being similar, the different crystals are not
easily separated from this flux by chemical means.

Flux growth of ZnO has been previously demonstrated by many research
groups in V,0s, PbF,, B,03, and WO,!" 212425 Degirable fluxes, particularly in oxide
crystal synthesis, are those which significantly decrease the growing temperature.
These molten fluxes encourage crystal growth, but restrictions placed on vapor
pressure, solubility, and etching must be taken into account. None of the
aforementioned fluxes are ideal for such reasons: V,0s and WO; have high vapor
pressure, PbF, and B,O3; form low solubility fluxes and the ZnO crystal can not be

separated from PbF,.
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Figure 3.9 Powder XRD pattern of plate-like ZnO (JCPDF 36-1451) with Zn3;B,O¢

(JCPDF 37-1486) flux. (CMF 8)
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Figure 3.10 Powder pattern of flux Zn3;B,0¢ (3Zn0O: B,03) (JCPDF 37-1486) with a

small amount of ZnO (JCPDF 36-1451). (CMF 8)
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3.4.4 Pure ZnO Single Crystals from NaOH and KOH Fluxes

This study describes the NaOH flux method to grow ZnO crystals. Both in
terms of ease of separation of the flux from the crystals and the quality of the ZnO
morphology; the NaOH and KOH fluxes are superior to previously explored fluxes.
For this reason, Mn substituted ZnO crystals are also grown from the hydroxide flux.
Previously reported hydrous NaOH and hydrous KOH melts, in which the amount of
H,O was initially around 30 wt.%, were found to produce ZnO crystals with prismatic
or needle-like morphology”® *’. However, plate-like morphology was observed for
ZnO grown from ZnO:NaOH:LiOH:H,0O with molar ratios of 1:4.5:1.3:6**. For our
synthesis conditions, in order to confirm negligible role of water, we chose a
temperature above the dehydration temperature, but at a temperature with limited
decomposition of NaOH. The NaOH has a few weight percent of water present in the
pellets. Thermogravimetric analysis of NaOH with original mass 70.532 mg is shown
in Figure 3.11. The physisorbed and chemisorbed water dehydration starts when the
temperature reached 100 °C. After 400 °C, the NaOH starts to decompose. After 6
hours at 500 °C, nearly all adsorbed or dissolved water was lost forming anhydrous,
molten NaOH?. The process can be described as following: most of the adsorbed
water evaporates just above 100 °C; then the NaOH melts around 318 °C, which still
contains some dissolved water in molten NaOH; then it dissolves in the NaOH and
evaporates after a few hours at 500 °C.

The dehydration of NaOH involved two conjugated process:
NaOH'H,0 = H,0 + NaOH (dehydration)................... (1.1)

NaOH = Na;O (decomposition)...........cc.eevueeeneaninnnnn. (1.2)
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Figure 3.12 Time dependent NaOH dehydration rate at different temperatures (1) 750
K (2) 773 K (3) 823 K (4) 873 K (5) 906 K. Three lines indicate the incident
dehydration rate from our NaOH TGA data. The initial rate was 0.635 g/hr. When
heated to 500 °C and 750 °C, the rates became 0.127 g/hr and 0.0423 g/hr,

respectively. (modified from ref. 28)

In various mole ratios of NaOH: ZnO (1:1, 5:1, 10:1, 50:1) and KOH: ZnO

(3:1, 10:1, 20:1, 50:1), we found that the 10:1 composition gave the best crystal
morphology and size. The ZnO single crystals exhibited symmetrical, hexagonal
prismatic habit, which was observed by SEM imaging (Figure 3.12).*® The

dehydration rate at 200°C is roughly 0.03 g/hr. A pendulum temperature profile for
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reducing the number of seeds was used in some experiments. Based on 20
experiments with various dwelling times varying from 1 to 48 hr, and temperatures of
500 °C and 750 °C, we found that crystal size and morphology are not correlated to
the variables in the pendulum heating profile. Although the crystal dimensions show
no significant change, thin hexagonal prisms were aggregated into bundled needles in

a pendulum heating profile.

Figure 3.13 Needle like ZnO single crystal in the NaOH flux growth shows wurtzite

ZnO structure. There is no adhered NaOH observed after water washing. (CMF 26C)
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3.4.5 Mn-substituted ZnO single crystal from NaOH flux

In order to substitute Mn in the ZnO crystal, an initial mixture of ZnO and
MnCOs; was used as a Mn source. The starting material for the manganese substitution,
MnCO;, decomposes around 200 °C to form MnO™. The oxygenation of MnO at
moderate temperature, 500 °C-1050 °C, gave rise to a mixed valence Mn compound,
Mn,Os, which has been discussed by Zaki et al.>'. The Mn (II) and Mn (III) are the
predominated species of the substituent. Short hexagonal prisms of ZnO, exhibiting
yellowish orange color, were observed. Various colors, including green, orange and
transparent Mn- substituted ZnO crystals, are demonstrated here (Figure 2.13).
Because of manganese distribution, manganese does not separate uniformly.

From the EDS spot analysis on Mn-substituted ZnO, there is no preferential
trend of Mn distribution crossing over the crystal. Mn concentration was detected in a
light orange crystal from 0 at.% to 5 at.% (Figure 3.14, 3.15 and 3.16) for an initial
Mn concentration of 35 at.%. The average Mn concentration in 130 EDS data points
is 1.54 at.% (Figure 3.14 A). Figure 3.15 showing no preference Mn distribution, a
small dark area has a higher Mn concentration above 5 at.%. It is due to the higher
Mn inclusion.

Mn-substituted ZnO single crystals were also synthesized in a sealed sterling
silver tube. The precursor, Zng9sMng osO powder sample was synthesized at 1300 °C.
NaOH was dehydrated at 200 °C overnight. The orange color single crystals were
obtained when the NaOH flux was removed. The average of crystal size is 10 pm,
which is shown by the FESEM image (Figure 3.17) and optical microscope photo

(Figure 3.17). Investigation of Mn concentration in Mn-substituted ZnO crystals is
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exhibited by EDS data. The mean Mn ratio among 4 EDS spot analysis is 4.11 at.%

with original 5 at.% Mn. (Table 3.3)

Table 3.3 EDS spots analysis for CMF 91 ( Figure 3.17).

Spot position | Mn (at.%) | Zn (at.%)
1 5.20 94.80
2 2.63 97.37
3 4.09 95,91
4 4.51 95.49
Average 4.11 95.89

Diffusion of impurities in the semiconductor melt extensively affects crystal
growth process. The dopant distribution depends on the dopant concentration in the
melt around the materials. According to previous publications about the impurity in
the semiconductor melt.”> The dopant concentration in the melt near the crystal
surface decreases with reaction time. There are some other factors to affect the dopant
diffusion such as crystal melting speed and the diffusion coefficient of impurity in the
melt. These are significant features for the dopant diffucient in the crystals. After the
dopants diffuse into the materials from the melt, the diffusion in the solid become a

significant.
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Figure 3.14 Mn-substituted ZnO single crystals (CMF 34 2) prepared by NaOH flux
technique. (A) SEM and (B) optical image Orange ZnO are the desired crystals. There

were many various color distributions.
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Figure 3.15 A Mn-substituted ZnO single crystal. The circle indicates the area with

higher Mn concentration due to an inclusion, presumably of ZMn,O4. (CMF 34 2)
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Figure 3.16 The EDS data of Mn-substituted ZnO orange single crystal reveals mostly

uniform Mn distribution except for inclusion and edge effects. The average Mn

concentration is about 0.5 at.%. (CMF 34 _2)
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Figure 3.17 FESEM image of Mn-substituted ZnO single crystals. The EDS data

reveals the average of Mn concentration is 4.11 at.%. (CMF 91)

Figure 3.18 Optical microscope image of Mn-substituted ZnO single crystals

(CMF 91) from NaOH flux synthesis. The average crystal size is 10 pm.
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3.4.6 Manganese-substituted ZnO polycrystalline powder

Polycrystalline samples of ZnO containing different proportions of Mn were
prepared by solid state reaction of Mn,O3; and ZnO at 1300 °C. The products were of
reddish-brown color, and the color is enhanced from light to dark with the increase in
Mn concentration. The powder XRD patterns of the prepared sample are shown in
Figure 3.18. The powder XRD pattern, containing higher than 5.46 at.% Mn, shows
an additional identified phase of ZnMn,0O4 (JCPDS 18-1484). The peaks due to this
phase are further enhanced in XRD patterns of increased Mn,O3; concentrations
(Figure 3.18). This indicates that the saturation limit for Mn substitution is around
5.46 at.%. The spinel structures, ZnyMns3Os and ZnMnOj;, were also previously
observed in Mn-substituted ZnO***°. For Mn concentrations below 5 at.%, the unit
cell parameters a and c of polycrystalline ZnO increase with an increasing manganese
ratio from 3.2528 A and 5.2113 A (ZnO starting material) to 3.2614 A and 5.2209 A
(Zng4 54Mns 460), respectively (Figure 3.19). The unit cell volume exhibits a similar
increasing trend from 47.753 A® (ZnO starting materials powder) to 48.093 A’
(Zng4 54Mns 460). Unit cell parameters for various Mn substituted compositions are
shown in Table 3.4. Similar unit cell parameter variations in Mn substituted ZnO have
been reported in earlier literature’®®, Common reported unit cell variations for Mn
substituted ZnO, prepared by such high temperature reactions, are: (0 at.% Mn a =
3.2486 A ¢ = 5.2045 and 5 at.% Mn, a = 3.2552 A ¢ = 5.2115 A), (0 at.% Mn a =
3.249 A, ¢ =5.206 A and 6 mol.% Mn, a=3.250 A, c=5.224 A) and (0 at.% Mn a =
3.2501 A ¢ =5.2065 A and 5 at.% Mn a = 3.2556 A ¢ = 5.2095 A)**>*. The present
observed unit cell parameters are in agreement with these previous investigations. In

such substituted solid solutions, the unit cell volumes were increasing with further
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increasing nominal Mn concentration. However, the maximum unit cell volume was
48.093 A’ (5.46 at.% Mn), which was higher than previous results of 47.82 A’ (8 at.%

Mn), 47.82 A® (5 at.% Mn) and 47.79 A* (6 at.% Mn).

A A A A

JMJLW

c b
H | IR

Figure 3.19 ZnO-MnCOj polycrystalline sample XRD powder pattern. (A) 1.72 (B)
5.46 (C) 18.36 (D) 37.13 at.% Mn. Peak shift is observed with increasing Mn
concentration. When the Mn concentration is above 5 at.%, the secondary phases,
spinel ZnMn,04 (JCPDS-18-1484), separated beside ZnO. (CMF 24A, CMF 24B,

CMF 24C, and CMF 24D)
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Figure 3.20 Unit cell parameters and volume ( y%a, Oc, and V V) of starting
materials, ZnO and polycrystalline samples of Mn-substituted ZnO, versus nominal
Mn at.% on metal site. The solid markers indicate natural zincite lattice parameters

and volume. (CMF 24A, CMF 24B, CMF 24C, and CMF 24D)

Table 3.4 Unit cell parameters for various Mn substituted ZnO compositions.

Reaction Hexagonal a(A) c(A) Volume
Starting material Zn0O 3.2528 5.2113 47.753
CMF 24A | ZngosxMng o170 | 3.2556 5.2152 48.871
CMF 24B Znp9sMng o530 | 3.2614 5.2209 48.093
CMF 24C Znp g3Mng 170 3.2612 5.2209 48.086
CMF 24D Znp 63Mng 370 3.2611 5.2198 48.075




3.4.7 Naturally occurring Mn-substituted ZnO crystal

Sedimentary deposits form in an aqueous medium (seawater, lake water, or a
hot spring) with temperatures in the range of 70 to 350 °C, and sometimes higher’.
Zinc ore, such as franklinite ((Zn)(Fe,Mn),04), willemite (Zn,SiO4), and zincite
(ZnO), from Franklin and Furnace-Sterling Hill, New Jersey are notable examples of
hydrothermally grown Mn substituted minerals*’. Here, we investigated the natural
zincite mineral from the Ogsdenburg district, near Franklin, New Jersey.

The natural Mn-substituted ZnO mineral exhibited 3.5 at.% Mn substitution by
EDS, and no additional elements were substituted into the zincite, as observed by
EDS. The XRD pattern of Mn-substituted zincite mineral is similar to that of the Mn-
substituted ZnO polycrystalline samples. However, the unit cell parameters: a =
3.2568 A, ¢ =5.2153 A and volume = 47.907 A’ demonstrate a significant difference
with ¢ being smaller and a being larger for the natural zincite mineral. In our Mn-
substituted ZnO samples, the Mn concentration reached the maximum around 5.46
at.%. The concentration of Mn, in natural zincite mineral from Franklin N.J. and
Sterling N.J, has been presented by previous chemical analysis, giving Mn ratios of
7.28 at.%, 6.87 at.% (Franklin N.J.), 7.4 at.% and 6.3 at.% (Sterling N.J.) *"*%. The
results indicate that the maximum Mn concentration in Mn-substituted ZnO powder

samples is higher than the concentration in natural zincite mineral.
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Figure 3.21 Optical microscopic image of polished natural zincite from NJ.

Figure 3.22 EDS data on the surface of polished nature zincite mineral. It has an

average Mn concentration of 3.5 at.%.
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3.4.8 Magnetic Susceptibility

Many reports suggested that the substitution of Zn*" in ZnO by magnetic
transition ions especially, Mn®" can effect in samples with room temperature Curie
temperature (shown in Table 3.4); however, there were several research papers which
doubt on this long range order magnetic interaction. The recent experimental results
have the favorite on the discovery of non intrinsic ferromagnetism in Zn; \MnsO. The
possible secondary phases are responsible for the magnetic properties. (Table 3.4)

In order to clear this ambiguous situation, the polycrystalline samples prepared
by the solid state reactions were used for the investigation. The magnetic properties of
Znog 2sMn 7,0 and Znogs s4Mns 460 samples had been determined using a SQUID

magnetometer with various temperatures from 5 K to 370 K.
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Figure 3.23 Susceptibility of polycrystalline Zng ¢9s3Mnyg 91720 (hollow triangle) (CMF
24A) and Zng 9454Mny 5460 (solid triangle) (CMF 24B) plotted from 5 K to 370 K. The

red connecting line shows the fit to Curie-Weiss law.
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Figure 3.24 Field dependent magnetization of Zng4 s4Mns 46O polycrystalline pellet

under (A) 15 K and (B) 300 K with paramagnetic behavior. (CMF 24B)

The applied magnetic field was 0.1 Tesla (1 T = 1000 Oe). As in the -T
curves, Zngg,sMn; 720 and ZnggssMns 460 (Figure 3.23) show the paramagnetic
behavior as low as 15 K. The susceptibility is plotted from 5 to 370 K, and fitted by

the non-linear Curie-Weiss law to obtain the values for xo, C, and 0. (Note: y is
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susceptibility, o is temperature independent term, C is Curie constant, and 0 is Curie-

Weiss constant)

C

Xo

The Curie constant is related to the magnetic moment (p) of ions present in the

substance. We derive the relationship between  and p from the Curie Law:

XZ?

where

_ XNt
3k

C

The spin moment of each magnetic element with an unpaired electron is estimated by:

R = ZyS(S+1)

The Curie and Curie-Weiss constants were estimated from varying susceptibility with
temperature.
For Znog 23Mn; 7,0:

C=0.04878, 0 =0.10321 and x = -0.00006
and for Zng4 54Mns 460

C=0.167,® =-10.42446 and ¢ =-0.00013.

The Curie constant, C, is proportional to the square of the magnetic moment,

1. Due to the large initial particle size of starting materials, there may be small
amount of impurities lead to high observed moments. The Zngg,sMn; 7,0 sample

demonstrates a moment of 4.7608 uB/Mn atom, and Zng4 54Mns 460 has a moment of
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4.944 uB/Mn. Divalent manganese ions, Mn”", have S=5/2 and g ~ 2.00, yielding a
spin only moment of p = 5.92 uB/Mn*" and for trivalent manganese ions p = 4.89
uB/Mn’". Base on the initial assumption, the oxidation state for the Mn impurity is +2.
Base on the magnetic, Mn’" is the predominated. Deoxygenation of MnO, between
630 °C and 1100 °C gives a reasonable explanation of the presence of manganese
oxide species in the samples.*” The mixed oxidation state compound Mn,O3 appears
when the temperature heated to 1050 °C in air. Magnetic properties of Mn-substituted
ZnO have been discussed in previous literature for both bulk and thin film samples
(Table 3.4). Small magnetic moments on the order of 1.05 uB/Mn, for a Zny 9sMng 04O
thin film, and 0.36 uB/Mn, for a ZnjsMn 0,0 bulk sample, have been reported43’ M
The authors attribute these small moments to the competition of antiferromagnetic
and ferromagnetic interaction. On the other hand, Lawes et al. found high magnetic
moments for various Mn concentrations for the polycrystalline ZnO. (2 at.% Mn, uB

= 4.6/Mn; 4 at.% Mn, uB = 4.5/Mn; 8 at.% Mn, uB = 3.9/Mn; and 15 at.% Mn, uB =

5.9/Mn. Phase separated out in the higher doped sample. )*".

76



Table 3.5 List of several reported magnetic properties of ZnO-based DMS materials.

Dopant concentrations, Curie temperatures (T.), and corresponding magnetisms are

listed. > #4353

Compound | TM (at.%) Synthesis Growth Magnetism T, (K)
method Temperature
(C)
Zn Mn,O | <0.35 PLD 600
Zn; Mn,O | 0.36 PLD 600 Spin glass
Zn;  Mn,O | 0.01~0.36 PLD 610 Paramagnetic
Zn Mn,O | 0~0.3 PLD 0.15-0.17 > 30-
us/Mn 45
Zn;  Mn,O | <0.04 solid state 500-700 0.16 ps/Mn >425
reaction
Zn 1 Mn,O | 0.0221 PLD 400 0.05 emu/g >425
Zn;  Mn,O | 0.04~0.09 Reactive 200-380 3 us/Co >400
sputtering
Zn; Mn,O | 0.07 Sputtering 400 Paramagnetic
(ZnO:Mn, | 0~0.3 Implantation Ferromagnetic | 250
Sn)
(ZnO:Mn, | 0.1 (Mn) PLD 650 0.1 ug/Mn 400
Cu)
<0.05 (Cu)
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Table 3.6 Possible secondary phases observed in TM-substituted ZnO and their

. . 38,45,55-59
magnetic properties.”

Phase Magnetism T, or Tx (K)
MnO Antiferromagnetic 116

MnQO, Antiferromagnetic 92

Mn,0;3 Antiferromagnetic 76

Mn;04 Ferromagnetic 43

Mn;0y4 (distorted spinel) Ferromagnetic 46

Mn;04 (Hausmannite) Ferromagnetic 40
(Zn,Mn)Mn,04 Ferromagnetic 40

ZnMnOj (cubic) Spin glass

Zn3MnOQOg (hexagonal)




3.5 Conclusions

Experiments in the various oxide systems, using B>O3, MoO3;, WO3; and V,0s,
produced green color ZnO crystals. However the secondary phases appeared on the
product surface was a major challenge. According to the results of ZnO-V,0Os system,
the high vapor pressure led to difficult ZnO crystal growth. Moreover, the insoluble
phases on the ZnO crystal surface made the separation difficult. In the ZnO-KPF and
Zn0O-Na3AlFg reactions, hollow pellets were produced after heating process. The ZnO
phase from B,0; system was identified by powder X-ray pattern matching with the
JCPDS database card number: 36-1451. The secondary phase Zn3;B,0O¢ was also found
in the products.

Based on the study on the growth of ZnO single crystals using KOH and NaOH
melts as fluxes, green color ZnO from NaOH flux and colorless crystals from KOH
were synthesized successfully for the first time. Beautiful hexagonal morphology
samples were obtained. The high solubility of hydroxides enables the flux to be easily
separated out from the ZnO crystals. Also, comparing the crystal growth temperatures
of oxide fluxes to hydroxide fluxes, hydroxides allow the growth proceed at lower
temperatures.

The Mn-substituted ZnO samples were carried out by NaOH flux technique in a
Pt crucible and sealed Ag tubes. In a Pt crucible, crystals with less than 1 at.% Mn
incorporation with a original Mn concentration up to 80 at.% was identified. A even
orange color distribution in Mn-substituted ZnO crystals were found in a sealed Ag
tube. There were 4.11 at.% Mn concentration was observed by EDS data with the

original 5 at.% Mn concentration.
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ZnO based DMS polycrystalline samples with Mn substitution were also
synthesized. According to the lattice parameter refinement for the powder samples,
Mn was found to be dissolved in wurtzite host materials and lattice constants
increased with increasing Mn concentration. The solubility of Mn in ZnO was found
to be 5 at.%. Secondary phases, spinal ZnMn,O4 (JCPDS 18-1484) when the Mn
concentration was above 5 at.%. Investigation on carefully characterized bulk samples
of Mn substituted ZnO seems to suggest the absence of long range magnetic order.
Paramagnetism is determined base on the M-H and ¥-T curves. The previous reports
of ferromagnetism were rather weak. They were much smaller than the expected Mn®**

spin-only moments, 5.92 pg/Mn.
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Chapter 4 Origin of Ferromagnetism in Mn substituted

11-1V-V, Ternary Phosphide Semiconductors

4.1 Metal Phosphides

Almost all metallic elements will react with phosphorus to form phosphides.
Numerous reports of metal phosphides have been published in previous literatures, and the
identity of these compounds was confirmed by X-ray diffraction methods. Table 4.1 lists
unit cell and space group data. The various phosphides differ greatly in their physical and
chemical properties. These differences can be associated with the differences of crystal
structure and bond type. Several review papers have discussed in detail of the properties
and structures of binary transition metal phosphides.l'5

Transition metal phosphides are the largest and most studied group of phosphides due
to their interesting chemical and physical properties. Base on the stoichiometry, metal
phosphides can be classified into three types: metal-rich phosphides, monophosphides, and
phosphorus-rich phosphides. The metal-rich varieties are often formed by the transition
metal borides, silicides, nitrides, and carbides. These materials have similar properties,
such as hardness, high melting point, high thermal and electrical conductivity and the
resistance of chemical attack. The bonding is usually regarded as metallic, but the
metal-metal bond distances are greater than those found in corresponding pure metals due
to the presence of P, Si, B, N, or C.

Another group of phosphides are those that contain partial ionic bonding. These

phosphides, which seem to be confined to group I and group II metals, have a much lower
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melting point than transition metal phosphides. Also, these alkali (group I) and alkaline
earth (group II) phosphides have no metallic luster, and decompose in water to form
phosphine.* ®7 The LisP and NasP have been reported to have NasAs type (hexagonal)
structure.® In these compounds, phosphorus (P) atoms are surrounded by five mental atoms.
These metal phosphides have dsp’ covalent bonding. The arrangement of Na in the
structure resembles metallic packing. The average distance of Na-Na bond is 3.24 A with a
radius of 1.62 A, which is smaller than the metallic radius of 1.91 A. This is suggests
considerable ionic or covalent character in these structures. Zinc and cadmium phosphides,
Zn3P; and CdsP,, have a tetragonal structure in which the metal atoms are coordinated by P

atoms; the P atoms are surrounded by six metal atoms.’

Tabel 4.1 Unit cell and space group data for phosphides.> *'®
Phosphide | Structure type | Space group a b c z
Li;P NasAs C6/mmc 4.264 7.579 2
NasP C6/mmc 4.98 8.797 2
Mg;P, Mn,05 la3 12.01 16
Zn3P2 Zn3A52 P42/nmc 8.09 11.45 8
Cd;P, P4y/nmc 8.74 12.28 8
InP ZnS F-43m 4.538 4
ZnSiP, Chalcopyrite | I-42d 5.398 10.440 |4
ZnGeP, 1-42d 5.46 10.76 4
CdGeP, 1-42d 5.738 10.776 | 4
Mn;P Fe;P 1-4 9.181 4.568 8
MnP MnP Pnma 5.258 3.172 5918 4
Mn,P Fe,P P-62m 6.059 3.440 3
7nP, Monoclinic P2;/c 9.28 7.68 8.03 4
CdP, Tetragonal P4;322 5.28 19.70 8
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4.2 Semiconducting Metal Phosphides and Mn-Substituted Compounds

Semiconducting phosphides play an important role in many electronics-based
applications. For instance, InP is a popular semiconductor in telecommunications and
optical computing.'” There are many isomorphous, cubic phosphides which have
zinc-blend structure: GaAs, GaP, InAs, InP, and AIP. In these phosphides, each P atom is
tetragonally coordinated. Each tetrahedron shares a corner with the next tetrahedral unit;
this stacks up in a three-dimensional direction, forming a crystal structure. The isomorphs,
ZnGeP,, ZnSiP,, and CdGeP; have tetragonal chalcopyrite type structure in which each P
atom is in a tetrahedral coordination with other atoms, forming a zinc blende-type structure.
These compounds form an ordered structure with tetrahedrally bonded atoms that are
arranged as two stacked unit cells of the zinc blende structure (Figure 4.1) with
stoichiometric ratio of 1Cd:1Si:2P (CdSiP;). The chalcopyrite-structured (Figure 4.2)
semiconductors consist of the elements found in group II (Be, Mg, Zn, Cd), group IV (C, Si,
Ge, Sn), and group V (N, P, As, Sb).?’ These three groups compose the II-IV-V, system.

Semiconductors and magnetic materials are important constituents in modern industry.
Most semiconductor devices use electron-hole pairs to manipulate information, while
magnetic materials use electron spin to transmit information. Although the applications of
semiconductor and magnetic devices have developed independently, in spintronic logic
devices, it appears to coalesce both properties in order to increase functionality.?!**

Among the possible adamantine ternary compounds, the II-IV-V, compounds with a
wide energy gap, including phosphorus as a constituent, are of interest because of their

possible application as new optical materials.”> The development of wide band gap

semiconductors has procured attention because it attains a high Curie temperature (Tc).**
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The desired ternary chalcopyrites, such as ZnSiP, and CdSiP, with band gaps of 2.2 and 2.1
eV, respectively, are not able to exhibit intrinsic ferromagnetism without substitution of
magnetic ions. A recent approach to practical ferromagnetic semiconductors was the dilute
magnetic semiconductor (DMS), where transition metal ions substitute the cations of the
host semiconductor. The zinc blende or sphalerite type semiconducting materials have
been considered as most promising host lattices.>> *® Furthermore, long range
ferromagnetic behavior in Mn-substituted InAs and GaAs has been investigated due to

their wide application in industry.”” **

The existing III-V semiconductors, including
Mn-substituted GaAs having sphalerite type structure, have been well studied for
ferromagnetism in dilute magnetic semiconductor (DMS) materials.”’ Ferromagnetism,
with T, ~ 110 K, has been observed for Mn-substituted GaAs. Similar to zinc blende
structure, the chalcopyrite group has drawn lots of attention since the discovery of III-V
based ferromagnetic semiconductors.

Crystallizing in the tetragonal chalcopyrite structure is derived directly from the cubic

zinc blende lattice by arranging the cations.? % 3!

In this chapter, the detailed results of
preparation and crystal growth of Mn substitution in CdSiP, and ZnSiP, chalcopyrites are
explained.

In such lattices, Mn can easily substitute group II elements without creating structural
32

defects; therefore, high Mn concentrations can be obtained in equilibrium conditions.

This offers a novel design principle for obtaining both high Mn solubility and intrinsic

33
defect-induced high T, ferromagnetic semiconducting systems.
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Figure 4.1 Zinc blende Structure (Unit Cell).

Figure 4.2 Chalcopyrite structure.
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4.3 Experimental Methods

Elemental reactants, Zn powder (3 N), Si powder (5 N), P lump (6 N), Cd powder
(99.5%), and Mn powder (99.95%) (all purchased from Alfa Aesar) were used for

polycrystalline and single crystal preparations.

4.3.1 Single Phase Powder from Constituent Elements

Well homogenized starting materials were pressed into pellets with a stainless
steel die plunger with a diameter 0.75 inch and sealed in fused silica ampoules under
vacuum. In order to increase the fraction of desired phases, and to avoid excess P vapor
pressure, stepwise heat treatment was adopted. An optimized, two-stage heating
procedure (Figure 4.3) was used to retrieve a single phase of the desired product.
During the first heat treatment, the samples dwelled at temperatures of 450 °C for 24
hours, 900 °C for 24 hours, and 1000 °C for 24 hours. After the first heat treatment, both
ZnSiP; and CdSiP; samples showed three layers in the quartz tubes. In the second heat
treatment, the samples dwelled at 1130 °C for 72 hours and then at 500 °C for 24 hours.
For the transition metal-substituted polycrystalline sample, similar heat treatments
were applied, and the concentration of Mn varied from 2 at.% to 30 at.%. MnP was
prepared by heating mixtures of Mn powder and red P in an evacuated fused quartz

ampoule at 1130 °C.
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4.3.2 Crystal Growth from Metal Flux

Crystal growth experiments of ZnSiP, and CdSiP, were also carried out using
sodium flux techniques. Mixtures of constituent elements were placed in stainless steel
tubes. Different proportions of Na metal were added to the tubes and sealed under argon
atmosphere in an arc melting furnace. Subsequently, the tubes were placed inside quartz
tubes and sealed under vacuum. Experiments of crystal growth were carried out by heating
the tubes at 900°C, 1000 °C and 1130 °C.

In a similar manner, crystal growth of ZnSiP, was carried out in Sn flux. However,
this time, the graphite crucibles were used. Appropriate amounts of elements, along with
Sn granules, were placed in graphite crucibles, quartz tubes, and sealed under vacuum.
These tubes were heated up to 1150 °C for 12 hours, and then cooled down to 400 °C. The
crystals were washed with mercury between 100 °C and 150 °C to remove excess tin flux.

According to the Hg-Sn binary phase diagram, 60 wt.% of Sn was removed.
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4.3.3 Characterization Methods

To identify phases of polycrystalline samples, X-ray powder diffraction (XRD) data
were collected with a PANalytical X-ray diffractometer (PW3830) with Cu Ka radiation
(A=1.54178 A). Unit cell parameters were determined by profile refinement of the X-ray
diffraction data using Fullprof-2000 software package with Winplotr interface. Si was used
as internal standard for the determination of accurate unit cell parameters. Crystal images
and elemental analysis were obtained through digital scanning electron microscopy (Zeiss
DSM-940) and energy dispersive spectroscopy (EDS) (Princeton Gamma Tech). Samples
for XRD and SEM were prepared in an argon filled glove box. The powder X-ray sample
used an agate mortar pestle to homogeneously mix the sample with Si powder. The ground
powder sample was mixed with grease and placed on a microscopic slide. A piece of
kapton was used to cover it in order to avoid sample decomposition. Sintered powder was
spread out on a SEM specimen mounted with carbon tape. A zip-lock bag was used to

prevent air exposure.

96



4.4 Results and Discussions

4.4.1 The Synthesis of ZnSiP, and CdSiP,

ZnSiP, and CdSiP; crystals were synthesized in both solid state synthesis and flux
techniques. Solid state reaction to form ZnSiP, and CdSiP, was demonstrated in both
quartz and stainless tubes. To reduce the vapor pressure effects, the system dwelled at a
relatively lower temperature, viz. 450 °C. During this step, Zn or Cd reacted with
phosphorus to produce binary zinc or cadmium phosphides.*® This can be presented by the
Zn-P and Zn-Si binary phase equilibrium phase diagrams. Both phase diagrams show the
eutectic points at the temperature close to the Zn rich side (> 99 at.%) (Figure 4.4 and
4.5).*** The mutual solubility of Zn and Si is extremely low. Therefore the reaction of Zn
and P is prevailing at the first dwelling temperature, 450 °C. The further reaction occurred
when the temperature increased. According to the Zn-P binary phase diagram, the possible
binary phosphides of zinc are Zn3;P, and ZnP,; both have been discovered. The importance
of two different heat treatments to achieve the reaction in the II-IV-V, family and crystal
growth is discussed. The analysis of the products at different stages reveals the course of
reaction. Different phases in various heat treated samples were analyzed by powder XRD

patterns and Rietveld refinements.
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After the first heat treatment (maximum temperature 1000°C), phases in distinct
three layers were observed. The XRD patterns of the powdered product after this heat
treatment showed different phases: ZnP,, Zn;P, and Si along with ZnSiP,. They were
found at the bottom as bright, silver luster crystals. The fraction of the ZnSiP,, estimated
from the powder XRD data (Figure 4.6), is about 65 wt.%. However, after the second heat
treatment, the fraction of desired ZnSiP, phase was scaled up to 97 wt.%. In the first heat
treatment, three different phases, CdSiP,, CdP,, and Si secondary phases were observed in
the following quantities: 53.3 wt.%, 38.7 wt.%, and 8 wt.%, respectively. Pure CdSiP, was
formed at the end of second heat treatment. (Figure 4.7) The details of the phase formation

after the first heat treatment are given in Table 4.2.
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Tabel 4.2 Details of phase analysis of various studied compositions after the first heat

treatment. (Tetragonal unit cell parameters of the chalcopyrite type phase are given.)

Reaction Name a(A) c(A) Volume (A)’ Phases
710 9sMno 02SiP5 53991(11) | 10.4398(40) | 304.3(1) Si, ZnSiP,, Zn;P»,
(AIMn2)
Z119.95Mng 05SiP> 54068(1) | 10.4454(5) | 30535(2) | ZnSiPy, Si, ZnsP,
(AJMn4)
Zl’lo_g()Mno_losiPz 54059(2) 104447(6) 30522(2) Zl’lSiPz, Zn3P2, Sl
(AJMn4)
7119 50Mng 20SiP 54048(2) | 104377(7) | 30491(2) | ZnSiPs, ZnsPy, Si
(AJMn5)
Cdy.9sMng ,SiP; 5.6849(4) 10.4317(10) | 337.13(4) CdSiP,, Cd;Po,
(AJMn7) MnP, Si
Cdy.9sMng ¢sSiP, 5.6814(4) 10.4325(11) | 336.74(5) CdSiP,, Cd;Pqg
(AJMn8)
CdooMnoosSiPs | 5.6792(3) | 10.4207(7) | 336.11(3) | CdSiP,, CdiPyo
(AJMn9)
Cdo oMo 10SiP2 | 5.6795(2) | 10.4237(7) | 336.23(3) | CdSiP,, Si, MnP,
(AIMn10) Cd7Pyo
Cdo oMo 208iP, | 5.6741(2) | 10.4127(5) | 33524(2) | CdSiP,, Si, MnP
(AIMn11)
Cdo oMo 20SiP2 | 5.6727(3) | 10.4106(7) | 335.013) | CdSiPs, Si

(AIMn12)
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4.4.2 Crystal Growth of ZnSiP, from Metal Flux

Comparison of the product formed in the crystal growth experiments with Na or Sn
flux showed that Sn is a better flux to synthesize phosphide crystals under relative low
temperatures. The desired chalcopyrite phase crystals and their Mn substituted analogue,
DMS material grown from Sn flux, were also displayed. Two different phases, ZnSiP, and
Zn3P,, were identified in the powder XRD pattern. EDS data showed only small amounts
of Mn appearing in the original 5 at.% Mn-substituted ZnSiP,. Tin-rich matrix crystals
commonly use hydrochloric acid to eliminate extra tin flux; however, the acid attack was
notorious for these particular examples.*® In search of an alternative to remove flux from
crystals, Hg was selected. According to the tin-mercury (Sn-Hg) binary phase diagram
(Figure 4.8), the solubility of tin in mercury is 60 wt.% at 150 °C.*” It is interesting to note
the crystal shows no obvious solvent attack after Hg washing as seen in SEM images
(Figure 4.9). Conclusively, mercury is a feasible candidate to clean tin flux without solvent

attack of ZnSiP».
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Figure 4.9 SEM image of pure ZnSiP, with an extra Sn flux coating. After Hg washing,

there is no obvious solvent attack (Bas-3).
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The characterizations, XRD and SEM/EDS analyses, for the products obtained
from crystal growth experiments in molten Na flux at 900°C and 1000 °C indicate no
signature of chalcopyrite type ZnSiP, or CdSiP; phases. All compounds decomposed in
these heat treatments. The products show a dominant phase of sodium phosphide (NasP).
In CdSiP,, only polycrystalline powders of Si, sodium phosphide (NasP), and binary

cadmium phosphide (CdP,, Cd;P,, and Cd;P,¢) appeared.

4.4.3 Lattice constants of Mn-Substituted Chalcopyrites

The lattice parameters of pure materials and Mn-substituted compounds are listed in
the Table 4.2 and Table 4.3 list the compounds from previous reports and our experimental
values. The variation of unit cell parameters with Mn concentration in ZnSiP, and CdSiP,

are depicted in Figure 4.10 and Figure 4.11, respectively. The unit cell volume of

3 3
Mn-substituted ZnSiP, was increased from 304.241 A (for 0 at.% Mn) to 305.35 A (for 5

at.% Mn), after which no significant variation is seen. However, the unit cell volume of

Mn-substituted CdSiP, decreased from 336.506 A3 (for 0 at.% Mn) to 335.01 A3 (for 30
at.% Mn) when the Mn concentration increased. The increase in ZnSiP, and decrease in
CdSiP; are expected as per the ionic radii of Mn. The unit cell parameters of CdGeP, with
Mn replacing group II site coincided with our results. Although the substitution is possible
on either group II or group IV, based on these results, substitution of group II elements is a
major possibility. The quantitative analysis from EDS analysis were also summarized in

the Table 4.4.
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Tabel 4.3 Unit cell parameters for ZnSiP, and CdSiP,.”**

A A . . . Space | Volume

Compounds | <@ | B | a0 | O |0 | o
ZnSiP, 5.399 10.43 90 90 90 142d | 304.17
CdSiP, 5.680 10.43 90 90 90 142d | 336.26

Tabel 4.4 EDS data for ZnSiP, andCdSiP; crystals with various starting Mn concentration.

Reaction name Zn (at.%) Si(at.%) P(at.%) Mn (at.%)
Zng9sMng 02SiP; (AJMn2) | 20.47 25.59 53.59 0.35
Znj.9sMng 0sSiP, (AJMn4) | 18.40 27.05 54.55
Zny. 3oMny 20SiP; (AJMnS5) | 29.34 23.75 46.69 0.21

Reaction name Cd (at.%) Si(at.%) P(at.%) Mn (at.%)
Cdo9sMny 0,SiP, (AJMn7) | 28.08 19.55 51.81 0.56
Cdy9sMnyg ¢sSiP, (AJMn8) | 26.27 19.87 52.50 1.35
Cdj.92Mny ¢sSiP> (AJMn9) | 23.79 19.89 53.70 2.62
Cdo.9oMny_ 19SiP; (AJMn10) | 26.85 19.27 50.70 3.19
Cdy. soMny 20SiP; (AJMnll) | 23.41 20.19 53.01 3.39
Cdo.70Mny_ 30SiP; (AJMn12) | 25.03 19.32 51.10 4.55
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4.4.4 Magnetic properties of Mn-substituted 11-1V-V, phosphides

The temperature dependent susceptibility curves of CdygoMng20SiP, and
7Zn¢.9sMng 05SiP; have been studied by the SQUID magnetometer from 5 K to 370 K with
an external applied field of 1000 Oe. The temperature dependent magnetization of various
samples shows a sharp increase in magnetization at 317 K, indicating a ferromagnetic
transition. Magnetization decreases around 50 K in all the samples, indicating the onset of
an antiferromagnetic interaction. Typical traces of temperature dependent susceptibilities
of CdygoMng20SiP2, ZnggsMngsSiP, and MnP are shown in Figure 4.12. The
ferromagnetic behavior is further confirmed from the hysteresis loop (Figure 4.13). No
coercivity and remanence were observed at 350 °C, indicating typical paramagnetic
behavior. The sufficient carriers in the Mn 3d band stabilize the ferromagnetism. This is
because the magnetic state is mainly determined by the competition between
double-exchange and super-exchange interactions. In the present case, the substitution of
Mn in group II site does not lead to any extra carriers in the unit cell. Thus, the magnetic
interaction should originate from the interaction of the intrinsic carrier of the host lattice

with Mn.
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The magnetic behavior of studies of Mn substituted II-IV-V, phosphides are quite
similar to that of MnP in both ferromagnetic and antiferromagnetic states. In the case of
MnP, the ferromagnetic Curie point is ~ 300 K and the Néel temperature is ~ 50 K. This is
in agreement with earlier reported values. The susceptibility of MnP, along the ¢ direction
from previous research, coincided with this observation, which processes ferromagnetism

at high temperature and antiferromagnetic interaction at low temperature.*” *'

The typical remanence of 0.004 emu is observed even in such heavily substituted
samples. A comparison of ferromagnetic saturation magnetization of CdygoMng 0P, with
that of MnP indicates almost all the Mn remains as MnP phase. Usually, the MnP does not
scatter X-ray significantly in comparison to CdSiP, or ZnGeP,. Thus, they remain as
hidden phases in the XRD background. The variation of the unit cell parameter may be
attributed to either intermixing of Zn or Cd with Si in the chalcopyrite structure or Si
substitution in Zn/Cd sites. MnP appeared in the samples due to phase segregation, which
is a major obstacle in DMS materials. These results are in agreement with the earlier

reported secondary phase, MnP and in other Mn-substituted II-IV-V; chalcopyrites.*! **

In the case of Mn-substituted ZnGeP,, ferromagnetic behavior is observed up to room
temperature. This observation of the magnetic curves is similar to our product and the MnP

precipitates predominates magnetic properties in these chalcopyrites.
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4.5 Conclusions

The II-IV-V;, chalcopyrites, CdSiP,, ZnSiP,, and their DMS materials with Mn
substition, grown in both single crystal layers and polycrystalline bulks, were
demonstrated in flux synthesis and solid state reactions. Tin flux was utilized for the
synthesis of ZnSiP,. The tin flux was washed out by Hg at 150 °C. The ZnSiP, single
samples demonstrate typical crystallographic behavior as those in previous reports, and
there was no solvent attack observed on the sample surface.

Solid state reactions and two different heat treatments were brought in our powder
samples synthesis. Large peaks corresponding to binary phosphides were observed in the
XRD powder patterns. Nearly single phase ZnSiP, and CdSiP, were obtained after the
second heat treatment. Both ZnSiP, and CdSiP; polycrystalline samples with various

concentration of Mn, 2 at.% to 30 at. %, were synthesized. Unit cell volumes of

3 3
Mn-substituted CdSiP, samples were decreased from 336.506 A to 335.01 A . For the

Mn-substituted ZnSiP, powder samples, unit cell volumes increased below 5 at.% Mn

incorporation, and then saturated at around 305.35 A3. The SQUID magnetometer data
revealed that the temperature dependence susceptibility curves of both ZngosMng ¢sSiP;
and CdygoMng20SiP, showed MnP like behavior. The field dependence magnetization
curves of ZngosMnysSiP, and CdysoMng0SiP, displayed well defined ferromagnetic

hysteresis with a saturation behavior in the magnetization curve above room temperature.

114



4.6 Chapter 4 References

1. Hansen, M.; Anderko, K., Constitution of binary alloys. McGraw-Hill New York:
1958.

2. Pearson, W., Latice Spacings and Structure of Mal Aloys. Pergamon: New York,
1958.

3. Samsonov, G.; Vereikina, L., Phosphides. AN USSR, Kiev 1961.

4. Van Wazer, J., Phosphorus and Its Compounds: Technology, Biological Functions,
and Applications. Interscience Publishers: 1958.

5. Rundqpvist, S., Binary Transition Metal Phosphides (and Crystal-Chemical
Relations Between Them and Transition Metal Compounds With Other Nonmetals of
Small Atomic Radius). Arkiv Kemi 1962, 20, 67.

6. Pleskov, V.; Monoszon, A., Activity of Ammonium Ions in Liquid Ammonia
Solutions. Acta Physica et Chimica. URSS 1935, 1, 725.

7. Zintl, E.; Woltersdorf, G., Gitterstruktur von LiAl. Zeitschrift fur Elektrochemie
1935, 41, 877.

8. Brauer, G.; Zintl, E., Metals and Alloys. XXIII. Phosphides, Arsenides,
Antimonides, and Bismuthides of Li, Na, and K. Zeitschrift fur Physikalische Chemie, B
1937, 37, 323.

9. Von Stackelberg, M.; Paulus, R., Phosphides and Arsenides of Zinc and Cadmium.
The ZnsP, Lattice. Zeitschrift fur Physikalische Chemie 1935, 28, 427

10. Iandelli, A., Modifications of Sesquioxides of the Rare Earths. Gazzetta Chimica
Italiana 1948, 71, 58.

11. Folberth, O.; Pfister, H., Die Kristallstruktur von ZnSnAs;. Acta Crystallographica

115



1960, 13, 199.

12. Folberth, O. G.; Pfister, H., New Ternary Semiconducting Compounds Having
Chalcopyrite Structure. Semiconductors and Phosphors, Proc. Intern. Collogs.,
Garmisch-Partenkirchen 1958, 474.

13.  Goodman, C., A New Group of Compounds with Diamond type (Chalcopyrite)
Structure. Nature 1957, 179, 828.

14. Arstsd, O.; Nowotny, H., X-ray Investigation of The System
Manganese-phosphorus. Zeitschrift fur Physikalische Chemie B 1937, 38, 356.

15.  Rundgqvist, S., X-ray Investigations of Mn3P, Mn,P, and Ni,P. Acta Chemica
Scandinavica 1962, 16, 1.

16. Rundqpvist, S., X-ray Investigations of the Ternary System Fe-BP. Acta Chemica
Scandinavica 1962, 16, 287.

17. Rundgqvist, S.; Hassler, E.; Lundvik, L., Refinement of the NisP Structure. Acta
Chemica Scandinavica 1962, 16, 212.

18. Rundgqvist, S.; Jellinek, F., The Structures of NisSi,B, Fe,P and Some Related
Phases. Acta Chemica Scandinavica 1959, 13, 3.

19. Streit, D.; Oki, A.; Gutierrez-Aitken, A.; Grossman, P.; Block, T.; Chin, P.; Lai, R.;
Chen, Y.; Grundbacher, R., Indium Phosphide Microelectronics Revolutionary
Technology for Advanced Telecommunications. Technology Review 2000, 1.

20.  Erwin, S., Tailoring Ferromagnetic Chalcopyrites. Nature Materials 2004, 3, 410.
21. Wolf, S. A.; Awschalom, D. D.; Buhrman, R. A.; Daughton, J. M.; von Molnar, S.;
Roukes, M. L.; Chtchelkanova, A. Y.; Treger, D. M., Spintronics: A Spin-Based

Electronics Vision for The Future. Science 2001, 294, 1488.

116



22. Prinz, G. A., Hybrid Ferromagnetic-Semiconductor Structures. Science 1990, 250,
1092.

23. Cho, S.; Choi, S.; Cha, G. B.; Hong, S. C.; Kim, Y.; Zhao, Y. J.; Freeman, A. J.;
Ketterson, J. B.; Kim, B. J.; Kim, Y. C., Room-Temperature Ferromagnetism in (Zn;.x Mny)
GeP;, Semiconductors. Physical Review Letters 2002, 88, 257203.

24, Dietl, T.; Ohno, H.; Matsukura, F.; Cibert, J.; Ferrand, D., Zener Model Description
of Ferromagnetism in Zinc-Blende Magnetic Semiconductors. Science 2000, 287, 1019.
25. Dietl, T.; Ohno, H.; Matsukura, F.; Cibert, J.; Ferrand, D., Zener Model Description
of Ferromagnetism in Zinc-blende Magnetic Semiconductors. Science (Washington, D. C.)
2000, 287, 1019.

26. Dietl, T.; Ohno, H.; Matsukura, F., Hole-mediated Ferromagnetism in
Tetrahedrally Coordinated Semiconductors. Physical Review B 2001, 63, 195205.

27. Ohno, H.; Munekata, H.; Penney, T.; Vonmolnar, S.; Chang, L. L.,
Magnetotransport Properties of p-type (In,Mn)AS Diluted Magnetic III-V Semiconductors.
Physical Review Letters 1992, 68, 2664.

28. Ohno, H.; Shen, A.; Matsukura, F.; Oiwa, A.; Endo, A.; Katsumoto, S.; Iye, Y.,
(Ga,Mn)As: A New Diluted Magnetic Semiconductor Based on GaAs. Applied Physics
Letters 1996, 69, 363.

29. Kamatani, T.; Akai, H., The Magnetic Properties in Transition Metal-doped
Chalcopyrite Semiconductors. Materials Science in Semiconductor Processing 2003, 6,
389.

30. Mughal, S. A.; Payne, A. J.; Ray, B., Preparation and Phase Studies of The Ternary

Semiconducting Compounds ZnSnP,, ZnGeP,, ZnSiP,, CdGeP,, and CdSiP,. Journal of

117



Materials Science 1969, 4, 895.

31. Krivosheeva, A. V.; Shaposhnikov, V. L.; Lyskouski, V. V.; Borisenko, V. E.;
d'Avitaya, F. A.; Lazzari, J. L., Prospects on Mn-doped ZnGeP, for Spintronics.
Microelectronics and Reliability 2006, 46, 1747.

32. Mahadevan, P.; Zunger, A., Room-Temperature Ferromagnetism in Mn-Doped
Semiconducting CdGeP,. Physical Review Letters 2002, 88, 47205.

33. Kanatzidis, M. G.; Pottgen, R.; Jeitschko, W., The Metal Flux: A Preparative Tool
for The Exploration of Intermetallic Compounds. Angewandte Chemie International
Edition 2005, 44, 6996.

34. Olesinski, R. W.; Abbaschian, G. J., The Si-Zn (Silicon-Zinc) System. Journal of
Phase Equilibria 1985, 6, 545.

35. Dutkiewlcz, J., The P-Zn (Phosphorus-Zinc) System Journal of Phase Equilibria
1991, 12, 435.

36. Massalski, T. B., Binary Alloy Phase Diagrams. 2 ed.; The Materials Internation
Society: Vol. 3, p 2168.

37.  Huber Jr, E. E.; Ridgley, D. H., Magnetic Properties of a Single Crystal of
Manganese Phosphide Physical Review 1964, 135, A1033.

38. Abrahams, S. C.; Bernstein, J. L., Crystal Structure of Luminescent Silicon Zinc
Phosphide. Journal of Chemical Physics 1970, 52, 5607.

39. Abrahams, S. C.; Bernstein, J. L., Luminescent Piezoelectric Cadmium Silicon
Phosphide. Normal Probability Plot Analysis, Crystal Structure and Generalized Structure
of the AIIBIVC2V Family. Journal of Chemical Physics 1971, 55, 796.

40. Paduan-Filho, A.; Becerra, C. C., Critical Fluctuations in MnP Near the Curie

118



Temperature. Journal of Magnetism and Magnetic Materials 2003, 261, 161.

41. Aitken, J. A.; Tsoi, G. M.; Wenger, L. E.; Brock, S. L., Phase Segregation of MnP
in Chalcopyrite Dilute Magnetic Semiconductors: A Cautionary Tale. Chemistry of
Materials 2007, 19, 5272.

42. Hwang, T.; Shim, J. H.; Lee, S., Observation of MnP Magnetic Clusters in
Room-temperature Ferromagnetic Semiconductor Zn; \MnyGeP, Using Nuclear Magnetic

Resonance. Applied Physics Letters 2003, 83, 1809.

119



Chapter 5 Pure and Mn substituted KGaS, and KGaSe,

Synthesis and Characterization

5.1 Introduction

Pure semiconductors with a large bandgap energies have intrinsic properties
that include high electrical resistivity, thus making the material an insulator.!
Computer devices, spintronics, optoelectronics, and photovoltaic devices are areas
that exploit the application of semiconductors. Dilute magnetic semiconductor (DMS)
have the magnetic character that is regulated by the transition metal substituent in
quantities of five to six percent? Substitution can permit the control of
ferromagnetism in the material. Gallium arsenide (GaAs) is currently a
semiconductor that has been substituted with Mn. It performs at the highest known
Curie temperature of 150 K. However, this high temperature ferromagnetism is not
retained above room temperature (298 K). The solubility limits of transition metals
in 111-V semiconductors is relative low, generally ~ 10'” cm™.2 Due to solubility
restrictions, phase segregation will often occur.

Ternary I-111-1V, chalcopyrites, a large group of semiconductors, possess
various structural, electrical and optical properties* >. Examples of group I include Li,
Na, K, Cs, Cu, Au and Ag; group II: Al and Ga; and group IV: O, S, Se and Te.

Potassium gallium sulfide (KGaS;) and potassium gallium selenide (KGaSe,),
I-111-VI, group semiconductors, are examples for host materials for DMS

applications. The title compounds are similar in structure of tetrahedral coordination
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stacking in unit cells with GaAs. The single crystal structures of ternary
chalcogenides, KAITe, and KGaTe, have been reported in Hugbanks’s paper.®
Similarly, the isostructural compound, KGaS,, has adamantine-like supertetrahedra,
GaySi0, Which consists of four GaS, tetrahedrons. (Figure 5.1) Each GaySeyp forms
two-dimensional GaSe, layers by sharing corner chalcogen atoms with neighboring
GaySep. The unit cell parameters for both KGaSe, and KGaS; are listed in Table

5.1.%7

Fighre 5.1 Monoclinic structure of KGaS, with GasS;o layer structure.
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Our motivation in this project is to produce high quality host lattices and high T,
ferromagnetic materials. The synthesis of binary polychalcogenides, KGaS, and
KGaSe; was described bellow.

Table 5.1 Structure and fractional atomic positions for both KGaS, and KGaSe;.

Atom X y y Wyck
Gal 1 1 0.1876 43
Ga?2 0.5011 0.7482 0.0649 4a
Ga3 -0.1735 0.4578 | -0.0627 4a
Ga4 0.3258 0.7039 0.3099 4a
K1 0.7743 0.8190 0.0688 4a
K2 0.0517 0.6387 0.3152 4a
K3 -0.2299 0.5672 0.3094 4a
K4 0.0537 0.3889 0.0556 4a
S1 0.4111 0.6062 0.4395 4a
S2 0.5903 0.9051 | -0.0593 4a
S3 0.5966 0.6458 0.1854 4a
S4 0.9141 0.6067 0.0700 4a
S5 0.2318 0.8134 0.4353 4a
S6 0.4186 0.8601 0.1915 4a
S7 0.2331 0.5552 0.1898 4a
S8 -0.0817 0.8496 0.3117 4a

KGaS;: a =14.791(5) A, » =10.425(3) A, ¢ =10.424(2) A

Space group: Aa (9)

a=90°, f=90°, y = 100.16(2) °

Atom X y z Wyck
Gal 0.6029 0.6860 0.1608 8f
Ga?2 0.1470 0.4400 0.3380 8f
K1 0.4670 0.3132 0.1135 8f
K2 0.2860 0.0610 0.3876 8f
Sel 0 0.5710 0.2500 4e
Se 2 0 0.0540 0.2500 4e
Se 3 0.2037 0.0624 0.0635 8f
S4 0.2600 0.3124 0.2480 8f
S5 0.0468 0.3125 0.4356 8f

KGaSey:a =10.945(4) A, b =10.947(3) A, ¢ =15.314(6) A
a=90°, #=90°, y=100.22(5) °

Space group: C2¢ (15)
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5.2 Alkali Metal Polychalcogenides

Alkali metal polychalcogenides, such as K,Sy, have been studied in previous
literature.®*® Phase diagram investigations have demonstrated the existence of six
different compounds (x=1, 2....6) and five eutectics shown in Figure 5.2.* For the
potassium sulfides, K,Sy, (x=2, 3 4, and 5) are well defined. However when the
sulfur composition is over 75 at.%, a two liquid region had been reported.® ° The
monosulfide has a melting point of 948 °C, and the tetrasulfide shows the lowest
melting point of 120 °C. Generally alkali metal polychalcogenides have a low
melting point. Melting points of some known alkali metal polychalcogenides are

listed in Table 5.2.10- 1216

Weight Percent Sulfur
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g
|

200
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Figure 5.2 K-S binary phase diagram.
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Table 5.2 Melting Points ("C) for alkali metal polychalcogenides. (A2Byx where A=

alkali metal and B is chalcogenide atom)

X=1 X=2 X=3 X=4 X=5 X=6
les Li 282
(1372) (369.5)
Na,S Na,S2 Na,S3 Na,Sy Na,Ss
(1200) (490) (261) (300) (252)
Na,Se Na,Se; Na,Ses Na,Sey Na,Ses
(>875) (495) (313) (290) (221)
Na,Te Na,Te; Na,Teg
(953) (348) (436)
K,S K>S, K2S;3 K2S, K3Ss K>S
(948) (487) (302) (120) (206) (183)
K,Se K,Se, K,Se; K,Se, K,Ses
(800) (460) (375) (205) (195)
K,Te K,Te, KoTes
(920) (432)
szS szSz szSg Rb284 Rb285 szSe
(530) (420) (213) (160) (225) (201)
Cs,S Cs,S, CSQS3 CsoS4 C5255 CSQSB
(460) (217) (160) (210) (186)
Cs,Se Cs,Ses Cs,Ses
(770) (338) (242)
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5.3 Experimental Methods

The synthesis of ternary alkali metal polychalcogenides was carried out in a
lower alkali metal chalcogeide melt. An appropriate amount of high purity gallium
was added in binary chalcogenides; the gallium reacted the chalcogenide at high
temperature to form a ternary compound.

High purity elemental starting materials, germanium (7N), potassium (99.95%
Alfa), and selenium (Aldrich), was used for preparation of KGaS, and KGaSe,.
Phase identification was characterized by the PANalytical powder X-ray
diffractometer (PW 60/40 and PW 3830). A Field Emission Scanning Electron
Microscopy (Zeiss DSM 940) and an Energy Dispersive Spectroscope detector (EDS,
Apollo 40) were utilized for crystal examination and elemental composition,
respectively. All preparation for the starting materials was carried out in an argon

filled glove box. Table 5.3 lists the starting materials and reaction conditions.

Table 5.3 The list of reaction conditions.

Solid state Reaction | KSe; () Ga (g) Mn(g) | Tmax (°C)| tgwen (D)
SA5 0.960 0.689 0.020 600 24
SA6 1.051 0.704 | 0.061 600 24
SA7 0.966 1.291 0.072 600 24
SA8 0.997 0.824 | 0.169 600 24
Flux Growth K2Ss (9) Ga(9) Mn(g) | Tmax (°C) | tgwen (h)
ON 3 1.20 0.005 0.0005 600 48
QN4 0.635 0.003 0.0007 600 48
QN5 0.555 0.002 0.0004 600 48
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5.3.1 Synthesis of the Potassium Selenides (KSe,), Potassium Gallium

Selenides (KGaSe,) and its Mn-substituted Compounds

The synthesis of KSe, (SA2): The reaction of potassium selenium (KSe,)
took place in a quartz crucible and an argon filled glove box. Potassium (K) was
placed in a quartz crucible and was heated to its melting point, 63.38 °C. Selenium
(Se) powder was then added into the K melt. To avoid an exoethermic event that
leads to an explosion, 0.502 g Se powder was added slowly into preheated 2.065 g K
melt. Dark brown colored KSe;, crystals were in the quartz crucible after the end of
the reaction.

The synthesis of pure and Mn-substituted KGaSe, (SA3, SA4, SA5, SAG,
SA7, SA8). KGaSe, polycrystalline samples were synthesized from the
stoichiometric melt, KSe,. The starting materials, KSe, and Ga with molar ratio of
1:1, were placed in a quartz reaction ampoule. However, the difficulty in weighting
liquid Ga precisely needed to be taken into account. Layer packing was brought out
to vary the mass of KSe, as Ga concentration. First, 1 g of KSe, powder was added
in the tube and then 0.778 g Ga was added into the reaction tube. In order to
mainatin the stoichiometric ratio, the mass of KSe, powder was regulated as the
mass of Ga. The quartz ampoule was sealed under vacuum. After sealing, the
ampoule was placed in a muffle furnace. The maximum reaction temperature was
600 °C, and the system dwelled at the maximum temperature for 24 hours. The
quartz ampoules slowly cooled down to 300 °C by 5 °C/hr.

KGaSe, DMS materials with Mn substitution were also synthesized.
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Mn-substituted KGaSe, were prepared by solid state reactions with a stoichiometric
ratio. Various concentrations of Mn, from 4 at.% to 20 at.%, were added to the
mixture of KSe,and Ga to grow Mn-substituted KGaSe, crystals. The mixtures were
then placed in quartz reaction tubes, and the samples were heated to 600 °C in 6
hours and then held for 24 hours. The system temperature was lowered to 300 °C in

60 hours, and then it was drastically decreased to room temperature

5.3.2 The Synthesis for Potassium Selenides (K,Ss), Potassium Gallium

Selenides (KGasS,) and its Mn-substituted DMS materials

The synthesis of K;Ss (QN1): The precursor, K;Ss was synthesized in the
mixture of K and S. Similarly due to the large enthalpy release, the S powder was
added slowly into the molten metal K. A proper amount of 4.637 g (0.1446 mole)
sulfur  was sprinkled gently into the system with 2.827 g (0.0723 mole) potassium.
When S powder was added into the quartz crucible, a violent reaction came with a
flame, without oxygen surrounding. The brownish K,Ss powder sample was sitting
in the crucible when the reaction finished.

The synthesis of pure KGaS, (QN2): The KGaS, single crystals were
synthesized in self-flux crystal growth. Starting materials, a mixture of K,Ss 1.222 g
and Ga 0.505 g , were placed in a quartz ampoule. The reaction occurred in a
vacuum sealed quartz ampoule at 600 °C. The same heating profile as KGaSe,
crystal growth was used to synthesize KGaS,. When room temperature was reached,
crystals were observed in the reaction tube.

The synthesis of Mn-substituted KGaS, (QN4, QN5): Manganese substituted
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Potassium gallium selenide (KGa;.xMnySe) single crystal were grown from the K,Ss

self-flux technique. For the single crystal synthesis of Mn-substituted KGaS, with 15

at.% and 20 at.% Mn, K,Ss, Ga, and metal Mn were packed in the quartz tubes and

were sealed under vacuum. The same muffle furnace and heating profile were used

for the synthesis. Mn-substituted KGaS; single crystals were synthesized when room

temperature was reached.

5.3.3 Purification of as Grown Crystals

Non-hygroscopic KGaS; and KGaSe, crystals were cleaned using suction

filtration (Figure 5.3). As grown crystals were cleaned by suction filtration technique

with a Bichner funnel using filter paper and DW (deionized water).

Buchner
funnel

moistened
filter paper

porous plate

rubber bung

flask

Figure 5.3 Suction filtration set up.

(plate with holes in)

rubber tubing
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5.4 Results and Discussions

5.4.1 The Crystal Growth of Pure KGaSe, and Mn-substituted KGaSe,

Synthesis of pure KGaSe; (SA3): In order to synthesis KSe,, selenium was
added wisely into the K melt. Two steps were used to achieve KSe, crystals to
reduce the risk avoiding an explotion. One mole of Se powder was added in liquid K
to make K,Se first.

The mechanism for the K,Se synthesis is shown in below:

2K + Se > K,Se (5.1)
Comparing to the XRD powder pattern of K,Se sample to the JCPDS database, the
XRD powder pattern reveals K,Se (JCPDS 47-1703)(Figure 5.4). Afterwards the rest
of Se powder was mixed with K,Se to form KSe..

K,Se + 3Se=> 2KSe, (5.2)

This highly exothermic reaction came with the presence of anoxycausis when the
reaction took place.

The heat released from this reaction brought K and Se together and formed
potassium selenide products. Then the high purity metal Ga was added in KSe;
within a 1:1 stoichiometric ratio to grow KGaSe, crystal.

KSe; + Ga - KGaSe, (5.3)
When room temperature was reached, the non-air sensitive sample was identified

from the XRD powder pattern. (Figure 5.4)
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Figure 5.4 Powder XRD pattern of K,Se from reaction SA2.
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Figure 5.5 Powder X-ray pattern for the pure KGaSe; from the reaction SA3.

Synthesis of Mn-substituted KGaSe, (SA4, SA5, SA6, SA7, SA8): For

Mn-substituted polyatomic selenide crystals, traditional solid state reactions were
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used. Various Mn concentration from 4 at.% to 20 at.% was added to the KGaSe,
reaction. The KGaggoMno10Se, single crystal, 230 um x 340 pm is shown in the

SEM image. (Figure 5.6)

Figure 5.6 The SEM image of KGag.goMng 10Se2 (SAT7).

The KGaSe, crystals with Mn substituents were identified via XRD. The major
peaks in the powder pattern correspond to KGaSe, (compared to the Hugbank
report). (Figure 5.7) The secondary phase is identified as MnSe (JCPDS 73-1741)
The peak shift toward lower angles,as Mn concentration increased, was observed.
(Figure 5.8) In order to further study the Mn-substituted KGaSe,, an EDS
quantitative analysis was utilized. The EDS data of Mn concentration in various
samples with original concentrations of 4 at.% to 20 at.% are listed in Table 5.4. For
all the Mn-substituted compounds, less than 1 at.% of Mn concentration was

detected in the EDS quantitative analysis data.
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Figure 5.7 X-ray powder diffraction patterns of KGaSe, (SA3),, KGaggMng 10Se>,
KGag 94Mno g6Se2(SAB), and KGag goMng 10Se2 (SAT). The peaks are labeled with (*),
which correspond to K GaSe; and those peaks labeled with (+) are from MnSe

(JCPDS 73-1741).
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Figure 5.8 The peak shift of X-ray powder diffraction patterns for Mn-substituted

KGaSe; are observed. (SA5, SA6, SA7, SA8)

Table 5.4 The EDS observation Mn compositions and the original Mn fractions.

Reactions Original Mn (at.%) |Observed Mn (at.%)
SA5-KGag gsMng 04S€> 4 0.01
SAB-KGag g4Mng peSEs 6 0.61
SA7-KGaggoMng.10S€7 10 0.59
SA8-KGag goMng.20Ses 20 0.39
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5.4.2 The Crystal Growth of Pure KGaS, and Mn-substituted KGas,

Synthesis of pure KGaS, (QN2): The yellow KGaS, single crystals were
prepared by the self-flux technique. (Figure 5.12) The flux, K;Ss, was grown
previously in the dry box. Dark purple K,Ss crystals were synthesized by adding S
powder in the liquid K. Due to the same aforementioned reason, a two-step synthesis
was proposed.

There are some other preparations of K,Ss, including the reaction in aqua
solution, organic solvent and dry chemical synthesis routes. In addition, K;Ss
polycalcogenide compound can be prepared by the reaction of K,S with S in ethanol
(solvent); the desulfurization of K,Ss in water."” The reaction of K and S may also be
carried out under boiling toluene or in liquid ammonia to obtain K,Ss.** *° There are

other dry chemical reactions of S with binary potassium sulfide, K5S; and K3S,.%*"

20
K,Ss, a congruent melting compound, is a promising candidate for this sulfide
crystal growth because of its low congruent melting point of 206 °C, which has been

reported in the previous investigation of the K-S equilibrium system (Figure 5.2).*" 2"

22
Yellowish KGaS, crystals were obtained from K,Ss self-flux synthesis. (Figure
5.9) The KGaS, was a predominant phase in XRD powder pattern. (Figure 5.10)
Synthesis of Mn-substituted KGaS, (QN4, QNb5): Single crystal,
Mn-substituted KGaS, was synthesized with K,Ss polysulfide flux in a quartz tube.

Phase identification was performed via XRD. (Figure 5.11) The powder X-ray
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pattern confirmed the presence of KGaS, (JCPDS 04-010-1520) as major component.
Beside KGaS; peaks, MnS (JCPDS 72-1534) peaks in both KGaggMng S, (QN4)

and KGag gsMng 15S, (QN5) samples were observed.

Figure 5.9 The optical image for the yellow KGaS, polycrystalline sample. (QN2)
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Figure 5.10 The XRD powder pattern of pure KGaS, (QN2) crystals with internal

standard Si. The major phase is pure KGas,.
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Figure 5.11 Powder X-ray diffraction patterns of Mn-substituted KGaS, samples
(QN4, QNS5) show the peaks of KGaS, (JCPDS 04-010-1520), Si (JCPDS 27-1402),

and MnS (JCPDS 72-1534). The Si phase is the internal standard. The secondary

phase, MnS, was observed in both KGag gMng S, and KGag gsMng 15S, samples.
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Figure 5.12 SEM image of KGas; single crystal (QN2). Single KGasS; crystal
surface information and morphology was determined by a field emission scanning

microscope.
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5.5 Conclusions

Polychalcogenide crystals have been prepared from exothermic reactions, and
the products were characterized by powder XRD analysis. An interesting
phenomenon, anoxycausis, was observed when the K and Se or S bonded together.
These ionic interactions were formed along with the enthalpy release.

The layered compounds, KGaS, and KGaSe,, have been synthesized from the
reactions of binary polychalcogenides and Ga. These desired ternary chalcogenide
semiconductors were indentified by powder XRD.

Crystal growth of Mn-substituted KGaSe, was demonstrated from solid state
synthesis with seal quartz ampoules. In the X-rays pattern, peaks shift as Mn
concentration was observed. Several samples with Mn, 4 at.% to 20 at.%, exhibited
less than 1 at.% Mn signals in the EDS investigation.

Mn-substituted KGaS; crystals were grown from the K,Ss flux technique. In the
XRD investigation, the peaks matching MnS (JCPDS 04-003-1892) as a secondary
phase in the Mn-substituted KGaS, were identified. The water washed crystals

exhibited less than 1 at.% Mn incorporation in the host lattices.
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Appendix A

[474"

: ZnO Crystal Growth Reaction List

Reaction Reaction Tmax | Cooling Rate D_welling Zn0O Zn0O V7,05 V7,05 Crucible
Name System (°C) (°C/hour) | Time (hr) (9) (mole) (9) (mole)

CMF 1 Zn0-V;,05 1300 1.2 40 24.42 0.3000 10.14 0.0558 Al,O3

CMF 2 Zn0-V;,05 1300 1.2 40 16.84 0.2069 7.7 0.0423 Al,O3

CMF 3 Zn0-V;,05 1300 1.2 40 5.5 0.0676 41 0.0225 Al203

CMF 4 Zn0-V;,05 1300 1.2 40 16.95 0.2082 7.19 0.0395 Al,O3

CMF 10 Zn0-V;,05 1300 500 0 5.5 0.0676 41 0.0225

Reaction Reaction Tmax | Cooling Rate D_welling ZnO ZnO B,O3 B,Os Crucible
Name System (°C) (°C/hour) | Time (hr) (9) (mole) (9) (mole)

CMF 7 Zn0-B,03 1300 100 0 71.34 0.8763 13.4 0.1925 Pt

CMF 8 Zn0-B,03 1300 3.2 2 230.2 2.8277 43.19 0.6204 Pt

CMF 9 Zn0-B,03 1300 100 0 0.0000 0.0000

CMF 11 Zn0-B,03 1300 800 0 8 0.0983 1.5 0.0215 Al,O3

CMF 18 Zn0-B,03 1300 250 10 4.72 0.0580 0.21 0.0030 Pt foil




evt

Reaction

Reaction

Tmax

Cooling Rate

Dwelling

Zn0O

Zn0O

WO3

WO3

Name System ©C) | (Clhour) | Time(hr)| (g) | (mole) ) (mole) Crucible
CMF12A ZnO- WO; 1350 800 0 511 0.0628 6.31 0.0003 Al,O3
CMF12B ZnO- WO, 1350 800 0 3.1 0.0381 3.83 0.0002 Al,0;
CMF 13 ZnO- WO, 1350 800 2 3.11 0.0382 3.83 0.0002 Quartz

Reaction Reaction Tmax | Cooling Rate | Dwelling ZnO ZnO NazAlFs | NazAlFg Crucible
Name System (°C) (°C/hour) Time (hr) (9) (mole) (9) (mole)
CMF 14 ZnO-NazAlFg | 1350 500 0 5.1 0.0626 3.29 0.0157 Pt foil
CMF 15 ZnO-NazAlFg | 1450 500 0 51 0.0626 3.29 0.0157 Pt foil
CMF19A | ZnO- NasAlFs | 950 250 10 1.88 0.0231 0.15 0.0007 Pt foil
CMF19B ZnO-NazAlFs | 950 250 10 1.5 0.0184 0.43 0.0020 Pt foil
Reaction Reaction Tmax | Cooling Rate | Dwelling ZnO ZnO NazAlFs | NasAlFg Crucible
Name System (°C) (°C/hour) Time (hr) (9) (mole) (9) (mole)
CMF19C | ZnO-NasAlFs | 950 250 10 1.2 0.0147 3.09 0.0147 Pt foil
CMF19D | ZnO-NazAlFs | 950 250 10 0 0.0000 0.62 0.0030 Pt foil
CMF20A | ZnO-Na3AlFs | 950 250 10 0.46 0.0057 0.04 0.0002 Pt foil
CMF20B | ZnO-NasAlFs | 950 250 10 0.39 0.0048 0.11 0.0005 Pt foil
CMF20C | ZnO-NasAlFs | 950 250 10 0.14 0.0017 0.36 0.0017 Pt foil
CMF20D | ZnO-NasAlFs | 950 250 10 0 0.0000 0.5 0.0024 Pt foil
CMF20E | ZnO-NasAlFg | 950 250 10 0.5 0.0061 0 0.0000 Pt foil




vl

Reaction Reaction Tmax | Cooling Rate D_Wdling ZnO ZnO | MoO3 MoO; Crucible
Name System (°C) (°C/hour) Time (hr) (9) (mole) (9) (mole)
CMF 16 Zn0O-Mo0O3 1300 100 1 6.11 0.0751 5.82 0.0404 Al,O4
CMF 17 Zn0-Mo0O3 1300 1 2 4.24 0.0521 0.76 0.0053 Al;04
Reaction Reaction T max Cooling Rate D_welling Zn0O Zn0O KPF¢ KPF¢ Crucible
Name System (°C) (°C/hour) Time (hr) (9) (mole) (9) (mole)
CMF21 A | ZnO-KPFs 500 250 15 143 | 00176 | 0.1 0.0005 Pt foil
CMF21B | ZnO-KPFs 500 250 15 123 | 00151 | 031 | 0.0017 Pt foil
CMF21C Zn0O-KPFg 500 250 15 0.52 0.0064 1.18 0.0064 Pt foil
CMF 21D ZnO-KPFg 500 250 15 0 0.0000 | 0.52 0.0028 Pt foil
CMF 22A Zn0O-KPFg 1000 250 10 0.46 0.0057 0.04 0.0002 Pt foil
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Reaction

Reaction

Tmax

Cooling Rate

Dwelling

Zn0O

Zn0O

KPFe

KPFg

Name System ©C) | (Cihour) |Time(n)| (g | (mole) | (g | (mole) | CrUciPle
CMF22B Zn0O-KPFg 1000 250 10 0.4 0.0049 0.1 0.0005 Pt foil
CMF22C | ZnO-KPFg pellet | 1000 250 10 0.15 0.0018 0.35 0.0019 Pt foil
CMF22D Zn0O-KPFg 1000 250 10 0.36 0.0044 0.14 0.0008 Pt foil
CMF22E Pure ZnO pellet | 1000 250 10 0.5 0.0061 0 0.0000 Pt foil

Reaction Reaction Tmax | Cooling Rate Qwelling ZnO ZnO NaF NaF Crucible
Name System (°C) (°C/hour) Time (hr) (9) (mole) (9) (mole)
CMF23A ZnO-NaF 900 250 7 0.49 0.0060 0.01 0.0001 Pt foil
CMF23B ZnO-NaF 900 250 7 0.47 0.0058 0.03 0.0002 Pt foil
CMF23C ZnO-NaF 900 250 7 0.33 0.0041 0.17 0.0009 Pt foil
CMF23D Pure NaF 900 250 7 0 0.0000 0.5 0.0027 Pt foil
Reaction Reaction Tmax | Cooling Rate D_Wdling ZnO ZnO Mn,O3; | Mn,03 Crucible
Name System (°C) (°C/hour) Time (hr) (9) (mole) (0) (mole)
CMF24A Zn0-Mn,03 1300 250 10 2.8 0.0344 0.05 0.0003 Pt foil
CMF24B Zn0O-Mn,03 1300 250 10 1.65 0.0203 0.09 0.0005 Pt foil
CMF24C Zn0-Mn,03 1300 250 10 1.53 0.0188 0.3 0.0016 Pt foil
CMF24D Zn0-Mn,03 1300 250 10 1.51 0.0185 0.67 0.0036 Pt foil
CMF26D Zn0O-Mn203 750 11 10 4.48 0.0550 0.08 0.0005 Al;,O3




T

Reaction Reaction Trmax Cooling Rate | Dwelling ZnO ZnO NaCl NaCl Crucible
Name System (°C) (°C/hour) Time (hr) (9) (mole) (9) (mole)
CMF28A ZnO-NaCl 500 2 48 0.37 0.0045 13.29 | 0.2274 Al,O3
CMF28B ZnO-NaCl 500 2 48 0.84 0.0103 12.06 | 0.2064 Al,O3
CMF28C ZnO-NaCl 500 2 48 2.81 0.0345 10.09 | 0.1726 Al,O3
Reaction Reaction T max Cooling Rate | Dwelling ZnO ZnO KOH KOH Crucible
Name System (°C) (°C/hour) Time (hr) (9) (mole) (9) (mole)
CMF27C ZnO-KOH 750 1.1 10 1.27 0.0156 | 43.95 | 0.7833 Al,O3
CMF27D ZnO-KOH 750 1.1 10 1.27 0.0156 8.8 0.1568 Al;O3
CMF29A ZnO-KOH 500 2 48 12.5 0.1535 25.89 | 0.4615 Al,O3
CMF29B ZnO-KOH 500 2 48 5.08 0.0624 | 35.09 | 0.6254 Al,O3
CMF29C ZnO-KOH 500 2 48 2.46 0.0302 | 34.01 | 0.6062 Al;,O3
Reaction Reaction T max Cooling Rate | Dwelling ZnO ZnO NaOH | NaOH Crucible
Name System (°C) (°C/hour) Time (hr) (9) (mole) 9) (mole)
CMF25A ZnO-NaOH 750 5 1 4.1 0.0504 2 0.0500 Al,O3
CMF25B ZnO-NaOH 750 5 1 1 0.0123 24 0.0600 Al,O3
CMF26A ZnO-NaOH 750 1.1 10 4.12 0.0506 2.02 0.0505 Al;,O3
CMF26B ZnO-NaOH 750 1.1 10 1.71 0.0210 4.2 0.1050 Al;,O3
CMF26C ZnO-NaOH 750 1.1 10 1.01 0.0124 4.88 0.1220 Al,O3
CMF27A ZnO-NaOH 750 1.1 10 5.25 0.0645 25.38 | 0.6345 Al,O3




LT

Reaction Reaction Tmax | Cooling Rate Qwelling ZnO ZnO NaOH NaOH Crucible
Name System (°C) (°C/hour) Time (hr) (9) (mole) (9) (mole)
CMF 27B ZnO-NaOH 750 11 10 2 0.0246 48 1.2001 Al,O3
CMF 27E ZnO-NaOH 750 11 10 1 0.0123 12 0.3000 Al,O3
CMF 31A ZnO-NaOH 750 1.1 10 13.55 0.1664 66.67 1.6669 Al,0;
CMF 31B ZnO-NaOH 750 1.1 10 2.99 0.0367 14.64 0.3660 Al,O;
CMF 31C Zn0O-NaOH 750 1.1 10 1.81 0.0222 8.89 0.2223 Al,O3
CMF 31D ZnO-NaOH 750 11 10 1.01 0.0124 4.88 0.1220 Al,O3
CMF 31E ZnO-NaOH 750 1.1 10 0.0000 3.48 0.0870 Al,O;3
Reaction Reaction System Tmax Qwelling Zn0O Zn0O NaOH | NaOH KPFe KPFg Crucible
Name (°C) | Time (hr) (9) (mole) (9) (mole) (9) (mole)
CMF30A | ZnO-NaOH-KPFg 650 5 9 0.1106 4.44 0.1110 | 20.45 | 0.1111 Al,04
CMF30B | ZnO-NaOH-KPFg 650 5 4.07 0.0500 20 0.5000 9.26 0.0503 Al,O3
Reaction . Tmax | Dwellin ZnO ZnO NaOH | NaOH | Mn;O3 | Mn,O .
Name | REactionSystm | ooy | Time (hl(::]) @ | moe) | @ |mole)| (@ | (moiey | Crucible
CMF32A | ZnO-NaOH-Mn,03 | 500 48 13.5616 | 0.1666 | 66.6519 | 1.6664 | 0.1918 | 0.0012 Al,04
CMF32B | ZnO-NaOH-Mn,03 | 500 48 13.5617 | 0.1666 | 66.6597 | 1.6666 | 0.096 | 0.0006 Al,O3
CMF32C | ZnO-NaOH-Mn,03 | 500 48 5498 | 0.0675 | 27.052 | 0.6763 | 0.0238 | 0.0002 Al,O3
CMF32D | ZnO-NaOH-Mn,03 | 500 48 2.7123 | 0.0333 | 13.4542 | 0.3364 | 0.0767 | 0.0005 Al,O3
CMF32E | ZnO-NaOH-Mn,03 | 500 48 2.7128 | 0.0333 | 13.4001 | 0.3350 [ 0.01912 | 0.0001 Al,O3
CMF94 | ZnO-NaOH-Mn,03 | 500 60 3.016 5.504 | 0.1376 silver tube
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Reaction Reaction System T max D_welling Zn0O Zn0O NaOH | NaOH | MnCO3; | MnCOs; Crucible
Name (°C) | Time (hr) (9) (mole) (9) (mole) (9) (mole)

CMF33A | ZnO-NaOH-MnCO; | 500 48 5.4238 | 0.0666 | 26.6 | 0.6650 | 0.7665 | 0.00667 | Al,O3
CMF33B | ZnO-NaOH-MnCO; | 500 48 5.4245 | 0.0666 | 26.63 | 0.6658 | 1.1491 0.01 Al,O;
CMF33C | ZnO-NaOH-MnCO; | 500 48 5.4247 | 0.0666 | 26.68 | 0.6670 | 1.5324 | 0.01333 | Al,0;
CMF33D | ZnO-NaOH-MnCOg3 [ 500 48 5.4246 | 0.0666 | 26.71 | 0.6678 | 0.7661 0.00666 Al;,O3
CMF34A | ZnO-NaOH-MnCO3 [ 500 48 5.0858 | 0.0625 25 0.6250 | 5.7477 0.05 Al;,O3
CMF34B | ZnO-NaOH-MnCO; | 500 48 5.086 | 0.0625 | 25.02 | 0.6255 [ 3.593 0.03126 | AlO3
CMF34_2 | ZnO-NaOH-MnCOg3 [ 500 48 1.13 0.0139 5.48 0.1370 1.27 0.01105 Pt
CMF34_3 | ZnO-NaOH-MnCOg3 | 500 48 1.13 0.0139 5.48 0.1370 0.78 0.00679 Al;,O3
CMF34E | ZnO-NaOH-MnCO3 [ 500 48 1.13 0.0139 5.48 0.1370 1.27 0.01105 Al;,O3
CMF34F | ZnO-NaOH-MnCOs [ 500 48 1.13 0.0139 5.48 0.1370 0.78 0.00679 Al;,O3
CM 35A | ZnO-NaOH-MnCOg3 [ 500 48 10.1728 | 0.1250 [ 50.03 | 1.2508 | 11.4967 | 0.10002 Al,O3
CMF 35B | ZnO-NaOH-MnCO3 | 500 48 1.1297 | 0.0139 | 558 | 0.1395 [ 1.5975 0.0139 Al,O;




Appendix B: ZnSiP, and CdSiP; Crystal Growth Reaction List

6vT

Reaction Reaction Svstem Cd Cd Ge Ge P P T max Reaction
Name y 9) (mole) Q) (mole) (9) mole) (°C) Container
AJ3 Cd-Ge-P 1.1241 | 0.0100 | 0.7261 | 0.0100 | 0.6119 | 0.0198 1000
AJ3-2 Cd-Ge-P Second heat treatment 1130
. . Mn Mn Si Si P P Tmax
Reaction Name Reaction System

Y (9 |(mole) | (99 |(mole) | (g9) | (mole) (°C)

Al4 Mn-Si-P 0.5494 | 0.0100 | 0.2809 | 0.0100 | 0.6195 | 0.0200 1000 »

D

@D

Al4-2 Mn-Si-P Regrind pellet from first heat treatment 1130 g

[

QD

AJ5 Mn-Si-P 0.5494 | 0.0100 | 0.2808 | 0.0100 | 0.6195 | 0.0200 1000 _

=

AJ5-2 Mn-Si-P Grind pellet from first heat treatment 1130 3
. . Mn Mn Ge Ge P P T max

Reaction Name Reactin System

Y (9 |(mole) | (99 |(mole) | (g9) | (mole) (°C)
AJ6 Mn-Ge-P 0.5494 | 0.0100 | 0.7261 | 0.0100 | 0.6195 | 0.0200 1000
AJ6-2 Mn-Ge-P Regrind pellet from first heat treatment 1130




0ST

Reaction | Reactin Zn Zn Mn Mn Si Si P P Tmax
Name System 9) (mole) (9) (mole) (9) (mole) 9) (mole) (°C)
AJ-1-u_0 1.3081 | 0.0200 0.5618 | 0.0200 | 1.2416 | 0.0401 1000
AJ-1-2 Regrind pellet from AJ-1-u_0 1130
AJ-Mn-1h 0.6408 0.0098 0.0151 0.0003 0.2809 0.0100 0.6194 0.0200 1130
AJ-Mn-2h 0.6212 0.0095 0.0378 0.0007 0.2809 0.0100 0.6194 0.0200 1130
AJ-Mn-3h
AJ-Mn-4h N 0.5885 | 0.0090 | 0.0756 | 0.0014 | 0.2809 | 0.0100 | 0.6194 | 0.0200 1130
AJ-Mn-5h z’ 0.5231 0.0080 0.1512 0.0028 0.2809 0.0100 0.6194 0.0200 1130
AJ-Mn-6h ”
CMF 63 2.6172 | 0.0400 | 0.0000 | 0.0000 | 1.1232 | 0.0400 | 2.4832 | 0.0802 1130
CMF 65 2.6161 | 0.0400 | 0.0000 | 0.0000 | 1.1240 | 0.0400 | 2.4832 | 0.0802 1130
CMf 67 2.6165 0.0400 0.0000 0.0000 1.1239 0.0400 2.4841 0.0802 1130
CMF 69 2.6161 0.0400 0.0000 0.0000 1.1235 0.0400 2.4832 0.0802 1130
CMF 71 0.4220 | 0.0065 0.1812 | 0.0065 | 0.4005 | 0.0129 1000
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Reaction Reaction Cd Cd Mn Mn Si Si P P T ax Reaction

Name System (9) (mole) (9) (mole) [ (g) | (mole) (9) (mole) [ (°C) Container

AJ-2 1.1241 | 0.0100 0.2809 | 0.0100 | 0.6210 | 0.0200 | 1000 Quartz Tube
) . 1130

AJ-2-2 Regrind pellet from first heat treatment
AJ-Mn-7h 1.1016 | 0.0098 | 0.0151 | 0.0003 | 0.2809 | 0.0100 | 0.6194 | 0.0200 | 1130 Quartz Tube
AJ-Mn-8h 1.0679 | 0.0095 | 0.0378 | 0.0007 | 0.2809 | 0.0100 | 0.6194 | 0.0200 | 1130 Quartz Tube
AJ-Mn-9h 1.0342 | 0.0092 | 0.0604 | 0.0011 | 0.2809 | 0.0100 | 0.6194 | 0.0200 | 1130 Quartz Tube
AJ-Mn-10h o 1.0117 | 0.0090 | 0.0756 | 0.0014 | 0.2809 | 0.0100 | 0.6194 | 0.0200 [ 1130 Quartz Tube
AJ-Mn-11h i 0.8999 | 0.0080 | 0.1512 | 0.0028 | 0.2809 | 0.0100 | 0.6194 | 0.0200 | 1130 Quartz Tube
AJ-Mn-12h - 0.7869 | 0.0070 | 0.2267 | 0.0041 | 0.2809 | 0.0100 | 0.6194 | 0.0200 | 1130 Quartz Tube
CMF 64 4.4970 | 0.0400 | 0.0000 | 0.0000 | 1.1240 | 0.0400 | 2.4843 | 0.0802 | 1130 Quartz Tube
CMF 66 49673 | 0.0442 | 0.0000 | 0.0000 | 1.1242 | 0.0400 | 2.4843 | 0.0802 | 1130 Quartz Tube
CMF 68 4.4968 | 0.0400 | 0.0000 | 0.0000 | 1.1243 | 0.0400 | 2.4827 | 0.0802 | 1130 Quartz Tube
CMF 70 4.4964 | 0.0400 | 0.0000 | 0.0000 | 1.1241 | 0.0400 | 2.4844 | 0.0802 | 1130 ng:;;rt]l:tt;e
CMF 72 0.5551 | 0.0049 | 0.0000 | 0.0000 | 0.1387 | 0.0049 | 0.3670 | 0.0118 | 1000 Quartz tube

Graphite




[4)

Reaction Reaction Zn Zn Mn Mn Si Si P P T nax Reaction
Name System (9) (mole) (9) (mole) 9) (mole) (9) (mole) | (°C) Container
AJ-1-u 0 1.3081 | 0.0200 0.5618 | 0.0200 | 1.2416 | 0.0401 | 1000 | Quartz Tube

AJ-1-2 Regrind pellet from AJ-1-u_0 1130
AJ-Mn-1h 0.6408 | 0.0098 | 0.0151 | 0.0003 | 0.2809 [ 0.0100 | 0.6194 | 0.0200 | 1130 | Quartz Tube
AJ-Mn-2h 0.6212 | 0.0095 | 0.0378 | 0.0007 | 0.2809 [ 0.0100 | 0.6194 | 0.0200 | 1130 | Quartz Tube
AJ-Mn-4h 0.5885 | 0.0090 | 0.0756 | 0.0014 | 0.2809 [ 0.0100 | 0.6194 | 0.0200 | 1130 | Quartz Tube
AJ-Mn-5h n | 05231 [ 0.0080 | 0.1512 [ 0.0028 | 0.2809 | 0.0100 | 0.6194 | 0.0200 | 1130 [ Quartz Tube
CMF 63 ¢ | 2.6172 | 0.0400 | 0.0000 | 0.0000 | 1.1232 | 0.0400 | 2.4832 | 0.0802 | 1130 | Quartz Tube
CMF 65 © [ 26161 | 0.0400 | 0.0000 [ 0.0000 | 1.1240 | 0.0400 | 2.4832 | 0.0802 | 1130 | Quartz Tube
CMf 67 2.6165 | 0.0400 | 0.0000 | 0.0000 | 1.1239 | 0.0400 | 2.4841 | 0.0802 | 1130 | Quartz Tube
CMF 69 2.6161 | 0.0400 | 0.0000 | 0.0000 | 1.1235 | 0.0400 | 2.4832 | 0.0802 | 1130 Q‘g‘rr;;;‘:tze
CMF 71 0.4220 | 0.0065 0.1812 | 0.0065 | 0.4005 | 0.0129 | 1000 | Quartztube
Graphite




Reaction | Reaction Cd Cd Si Si P P Na Na Tmax Reaction Container

Name System (9) (mole) (9) (mole) (9) (mole) (9) (mole) | (°C)

DM 5 Cd-Si-P | 0.3380 | 0.0030 | 0.0849 | 0.0030 | 0.1866 | 0.0060 | 0.6890 | 0.0300 [ 900 Stainless tube + quartz tube
DM 6 Cd-Si-P | 0.3370 | 0.0030 | 0.0847 | 0.0030 | 0.2787 | 0.0090 | 0.6899 | 0.0300 [ 900 Stainless tube + quartz tube
DM 7 Cd-Si-P | 0.3377 | 0.0030 | 0.0851 | 0.0030 | 0.3722 | 0.0120 | 0.6892 | 0.0300 [ 900 Stainless tube + quartz tube
DM 8 Cd-Si-P | 0.1127 | 0.0010 | 0.0286 | 0.0010 | 0.1246 | 0.0040 | 0.4598 | 0.0200 [ 900 Stainless tube + quartz tube
DM 9 Cd-Si-P | 0.1111 | 0.0010 | 0.0304 | 0.0011 | 0.0611 | 0.0020 | 0.2290 | 0.0100 [ 1000 Stainless tube + quartz tube
DM 10 Cd-Si-P | 0.1096 | 0.0010 | 0.0345 | 0.0012 | 0.0901 | 0.0029 | 0.2242 | 0.0098 [ 1000 Stainless tube + quartz tube
DM 12 Cd-Si-P | 0.4335 | 0.0039 | 0.1166 | 0.0042 | 0.2408 | 0.0078 0 0 1000 Stainless tube + quartz tube
DM 13 Cd-Si-P | 0.4330 | 0.0039 | 0.1090 | 0.0039 | 0.4043 | 0.0131 0 0 1000 Stainless tube + quartz tube
DM 14 Cd-Si-P | 0.4332 | 0.0039 | 0.1022 | 0.0036 | 0.5290 | 0.0171 0 0 1000 Stainless tube + quartz tube
DM 15 Cd-Si-P | 0.4335 | 0.0039 | 0.1082 | 0.0039 | 0.2389 | 0.0077 0 0 1000 Stainless tube

DM 20 Cd-Si-P | 1.1235 | 0.0100 | 0.2822 | 0.0100 | 0.6203 | 0.0200 0 0 1000 Stainless tube

DM 21 Cd-Si-P | 1.1244 | 0.0100 | 0.2804 | 0.0100 | 0.7735 | 0.0250 0 0 1000 Stainless tube + quartz tube
DM 22 Cd-Si-P | 1.1251 | 0.0100 | 0.2812 | 0.0100 | 0.9291 | 0.0300 0 0 1130 Stainless tube + quartz tube
DM 23 Cd-Si-P | 1.1235 | 0.0100 | 0.2822 | 0.0100 | 0.6203 | 0.0200 0 0 1000 Stainless tube

DM 24 Cd-Si-P | 1.1244 1 0.0100 | 0.2804 | 0.0100 | 0.7735 | 0.0250 0 0 1000 Stainless tube + quartz tube
DM 25 Cd-Si-P | 1.1251 | 0.0100 | 0.2812 | 0.0100 | 0.9291 | 0.0300 0 0 1000 Stainless tube + quartz tube
DM 26 Cd-Si-P | 1.1235 | 0.0100 | 0.2822 | 0.0100 | 0.6203 | 0.0200 0 0 1000 Stainless tube

DM 27 Cd-Si-P | 1.1244 | 0.0100 | 0.2804 | 0.0100 | 0.7735 | 0.0250 0 0 1130 Stainless tube + quartz tube
DM 28 Cd-Si-P | 1.1251 | 0.0100 | 0.2812 | 0.0100 | 0.9291 | 0.0300 0 0 1130 Stainless tube + quartz tube
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Reaction | Reaction | Zn Zn Si Si P P Na Na T max Reaction Container
Name System (@) | (mole) (9) (mole) | (g) | (mole) (9) (mole) | (°C)

DM 1 Zn-Si-P | 0.0660 | 0.0010 | 0.2840 | 0.0101 | 0.0631 | 0.0020 | 0.1155 [ 0.0050 | 900 | Stainless tube + quartz tube
DM 2 Zn-Si-P | 0.0655 | 0.0010 | 0.2820 | 0.0100 | 0.6300 | 0.0203 | 0.2303 [ 0.0100 | 900 | Stainless tube + quartz tube
DM 3 Zn-Si-P | 0.0667 | 0.0010 | 0.2910 | 0.0104 | 0.0924 | 0.0030 | 0.1153 [ 0.0050 | 900 | Stainless tube + quartz tube
DM 4 Zn-Si-P | 0.0656 | 0.0010 | 0.2770 | 0.0099 | 0.1240 | 0.0040 | 0.1156 | 0.0050 | 900 | Stainless tube + quartz tube
DM 11 | Zn-Si-P |0.2618 | 0.0040 | 0.1123 | 0.0040 | 0.2480 | 0.0080 | 0.4653 [ 0.0202 | 1000 | Stainless tube + quartz tube




Appendix C: KGaSe, and KGasS, Crystal Growth Reaction List

Reaction Reaction KSe; | KSe; Ga Ga Mn Mn Mn fraction T max
Name System (9) (mole) (@) | (mole) (9) mole) (°C)
SAS K-Ga-Se 0.9600 | 0.0049 | 0.6890 | 0.0099 | 0.0200 | 0.0004 0.0355 600
SA 6 K-Ga-Se 1.0510 | 0.0053 | 0.7040 | 0.0101 | 0.0610 | 0.0011 0.0991 600
SA7 K-Ga-Se 0.9660 | 0.0049 | 1.2910 | 0.0185 [ 0.0720 | 0.0013 0.0661 600
SAS8 K-Ga-Se 0.9970 | 0.0051 | 0.8240 | 0.0118 | 0.1690 | 0.0031 0.2065 600
SA9 K-Ga-Se 5.0970 [ 0.0259 | 2.4700 | 0.0354 600
Reaction Reaction KSe; | KSe; Ga Ga Mn Mn Zn Zn T max
Name System (9) (mole) (@) | (mole) (9) (mole) (9) (mole) (°C)
SA 10 K-Ga-Se-Zn | 3.0730 | 0.0156 | 1.0010 | 0.0144 | 0.0470 | 0.0009 0.0099 0.0002 600
SA 11 K-Ga-Se-Zn | 3.2680 | 0.0166 | 1.0510 | 0.0151 | 0.0670 | 0.0012 0.0110 0.0002 600
SA 12 K-Ga-Se-Zn | 3.0420 | 0.0154 | 0.9480 | 0.0136 | 0.0840 | 0.0015 0.0110 0.0002 600
SA 13 K-Ga-Se-Zn | 3.6700 | 0.0186 | 1.0130 | 0.0145 | 0.2260 | 0.0041 0.0110 0.0002 600
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Reaction | Reaction K K Se Se Products
Name System (@) | mole) (@) | (mole)
SA1l K-Se 0.6300 | 0.0161 | 0.6077 | 0.0077 K,Se
SA?2 K-Se |0.8550 [ 0.0219 | 0.7896 | 0.0100 | KSe
Reaction | Reaction | kySes | K;Ses | Ga Ga T max Dwelling time
Name System (9) [ (mole) (9) | (mole) (°C) (hour)
SA3 K-Ga-Se | 4.3000 | 0.0091 | 1.1000 | 0.0158 600 24
Reaction | Reaction | kSe; KSe; Ga Ga T max Dwelling time Reaction
Name System (9) (mole) (9) | (mole) (°C) (hour) Container
SA4 K-Ga-Se | 2.4190 | 0.0123 | 0.7780 | 0.0112 600 24 Quartz Tube
Reaction | Reaction | K;Ss K3Ss Ga Ga Mn Mn T max Dwelling time
Name System (9) mole) () | (mole) (9) (mole) (°C) (hour)
QN 2 K-S
QN3 K-Ga-S | 1.2000 | 0.0050 | 0.0050 | 0.3507 | 0.0006 | 0.0304 600 48
QN4 K-Ga-S | 0.6350 | 0.0027 | 0.0027 | 0.1856 | 0.0007 | 0.0366 600 48
QNS K-Ga-S [ 0.5550 | 0.0023 | 0.0023 | 0.1622 | 0.0004 ( 0.0225 600 48




Appendix D: NazAlP, related compound reaction list

LST

Reaction | Reaction | Na Na P P T max Dwelling time Products

Name System (@) | (mole) (@) | (mole) (°C) (hour)

TC1 = 0.6889 | 0.0300 | 0.3108 | 0.0100 800 48 NasP

TC5S % 0.6889 | 0.0300 | 0.3097 | 0.01 800 48 NazP

Reaction | Reaction [ Na Na P P Ga Ga Mn Mn T max Dwelling time
Name System (@) | (mole) (@) | (mole) (@) | (mole) (@) | (mole) (°C) (hour)
TC?2 0.6897 | 0.0300 | 0.6195 | 0.0200 | 0.6972 | 0.0100 0 0 800 48
TC6 0.3458 | 0.0150 | 0.3100 | 0.0100 | 0.3500 | 0.0050 0 0 800 48
TC9 - 0.3453 | 0.0150 | 0.3097 | 0.0100 | 0.3385 | 0.0049 | 0.0083 | 0.0002 800 48
TC10 :@ 0.3449 | 0.0150 | 0.3096 | 0.0100 | 0.3339 | 0.0048 | 0.0136 | 0.0002 800 48
TC11 K 0.3448 | 0.0150 | 0.3097 | 0.0100 | 0.3139 | 0.0045 | 0.0276 | 0.0005 800 48
TC12 0.3455 | 0.0150 | 0.3098 | 0.0100 | 0.2796 | 0.0040 | 0.0546 | 0.0010 800 48
TC13 0.3459 | 0.0150 | 0.3106 | 0.0100 | 0.2456 | 0.0035 | 0.0824 | 0.0015 800 48

All the reaction were took place in a sealed stainless tube and quartz tube




Reaction | Reaction | Na Na P P Al Al Mn Mn Tmax Reaction Container
Name System (9) mole) (@) | (mole) (@) | (mole) (@) | (mole) (°C)

TC3 0.6897 | 0.0300 | 0.6195 | 0.0200 | 0.2698 | 0.0100 800 Stainless tube + quartz tube
TC7 0.3449 | 0.0150 | 0.3090 | 0.0100 | 0.1347 | 0.0050 800 Stainless tube + quartz tube
TC 14 0.3453 | 0.0150 | 0.3098 | 0.0100 | 0.3443 | 0.0128 | 0.0083 | 0.0002 800 Stainless tube + quartz tube
RB 0.3425 | 0.0149 [ 0.2924 [ 0.0094 | 0.1285 | 0.0048 | 0.0129 | 0.0002 800 Stainless tube

RB 1 z 0.3331 | 0.0145 | 0.3107 | 0.0100 | 0.1353 | 0.0050 | 0.0000 | 0.0000 800 Stainless tube

RB 2 2 0.3343 | 0.0145 [ 0.2950 | 0.0095 | 0.1020 | 0.0038 | 0.0543 | 0.0010 800 Stainless tube

RB 3 © 0.3403 | 0.0148 [ 0.2974 [ 0.0096 | 0.1203 | 0.0045 | 0.0283 | 0.0005 800 Stainless tube

RB 13 0.3426 | 0.0149 | 0.3053 | 0.0099 | 0.1304 | 0.0048 | 0.0000 | 0.0000 1000 Stainless tube

RB 14 0.3449 | 0.0150 | 0.2972 | 0.0096 | 0.1281 | 0.0047 | 0.0130 | 0.0002 1000 Stainless tube

RB 15 0.3396 | 0.0148 [ 0.3006 | 0.0097 | 0.1223 | 0.0045 | 0.0262 | 0.0005 1000 Stainless tube

RB 16 0.3378 | 0.0147 | 0.3082 | 0.0100 | 0.1065 | 0.0039 | 0.0546 | 0.0010 1000 Stainless tube
Reaction | Reaction | Na Na P P Al Al Cr Cr Tmax Reaction Container
Name System (9) mole) (9) | (mole) (9) | (mole) (9) | (mole) (°C)

RB 4 0.3449 | 0.0150 [ 0.3097 | 0.0100 | 0.1322 | 0.0049 | 0.0051 | 0.0001 800 Stainless tube
RB5 0.3413 | 0.0148 [ 0.3002 | 0.0097 | 0.1270 | 0.0047 | 0.0120 | 0.0002 800 Stainless tube

RB 6 z 0.3431 | 0.0149 [ 0.3042 | 0.0098 | 0.1202 | 0.0045 | 0.0274 | 0.0005 800 Stainless tube

RB 7 > 0.3396 | 0.0148 | 0.3003 | 0.0097 | 0.1074 | 0.0040 | 0.0498 | 0.0009 800 Stainless tube

RB 17 © 0.3437 | 0.0149 | 0.3010 | 0.0097 | 0.1231 | 0.0046 | 0.0122 | 0.0002 1000 Stainless tube

RB 18 0.3420 | 0.0149 | 0.3094 | 0.0100 | 0.1214 | 0.0045 | 0.0277 | 0.0005 1000 Stainless tube

RB 19 0.3403 | 0.0148 | 0.3100 | 0.0100 | 0.1101 | 0.0041 | 0.0616 | 0.0011 1000 Stainless tube

The reaction dwelling time are 48 hours

84T




Appendix E: NbNiP Reaction List
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Reaction Reaction Nb Nb Ni Ni P P Na Na Crucible
Name System (9) (mole) (9) (mole) (9) (mole) (9) (mole)
CMF 39A Nb-Ni-P-Na | 0.082 | 0.000883 | 0.0521 | 0.0009 | 0.02789 | 0.0009 | 0.3068 | 0.0133
CMF 39B Nb-Ni-P-Na | 0.083 | 0.000893 | 0.0525 | 0.0009 | 0.0273 | 0.000881 | 0.2052 | 0.0089
CMF 42 Nb-Ni-P 0.648 | 0.006975| 0.4111 | 0.0070 0.217 | 0.007006 | 0.0000 | 0.0000
CMF 43 Nb-Ni-P-Na | 0.1612 | 0.001735 | 0.1015 | 0.0017 | 0.0539 | 0.00174 | 0.8111 | 0.0353 0
CMF 44 Nb-Ni-P 1.062 |0.011431 | 0.0840 | 0.0014 | 0.0454 | 0.001466 | 0.0000 | 0.0000 %;
CMF 45 Nb-Ni-P-Na | 0.4383 | 0.004718 | 0.0357 | 0.0006 | 0.0191 | 0.000617 | 0.6797 | 0.0296 é
CMF 46 Nb-Ni-P-Na | 0.6194 | 0.006667 | 0.0497 | 0.0008 | 1.0774 | 0.034784 | 0.4045 | 0.0176 g
CMF 47 Nb-Ni-P | 0.3087 | 0.003323 | 0.7057 | 0.0120 | 0.1247 | 0.004026 | 0.0000 | 0.0000 &
CMF 48 Nb-Ni-P-Na | 0.0719 | 0.000774 | 0.1357 | 0.0023 | 0.0289 | 0.000933 | 0.8850 | 0.0385
CMF 49 Nb-Ni-P 0.311 |0.003347 | 0.1960 | 0.0033 | 0.8271 |0.026703 | 0.0000 | 0.0000
CMF 50 Nb-Ni-P-Na | 0.0663 | 0.000714 | 0.0426 | 0.0007 | 0.1779 | 0.005744 | 0.8230 | 0.0358
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Reaction Reaction Nb Nb Ni Ni P P NasP NasP Crucible

Name System (9) (mole) (9) (mole) (9) (mole) (9) (mole)
VC-1 Nb-Ni-P 0.619373 | 0.006667 | 0.3913 0.0067 0.6194 | 0.019998 [ 0.0000 0.0000
VC-2 Nb-Ni-P 1.083903 | 0.011667 | 0.2250 | 0.0038 | 0.552298 | 0.017831 | 0.0000 | 0.0000
VC-3 Nb-Ni-P 1.083903 | 0.011667 | 0.4695 | 0.0080 | 0.423257 | 0.013665 | 0.0000 | 0.0000
VC-4 Nb-Ni-P 0.154843 | 0.001667 | 0.2935 0.0050 | 0.825867 | 0.026663 | 0.0000 0.0000
VC-5 Nb-Ni-P 0.603889 | 0.0065 0.1076 0.0018 | 0.77425 | 0.024997 | 0.0000 0.0000
VC-6 Nb-Ni-P 0.294202 | 0.003167 | 0.5967 | 0.0102 | 0.6194 |[0.019998 | 0.0000 | 0.0000 ®
VC-7 Nb-Ni-P 0.309687 | 0.003333 [ 0.4891 | 0.0083 |0.671017 | 0.021664 | 0.0000 | 0.0000 %
VC-8 Nb-Ni-P 0.619373 | 0.006667 | 0.5869 0.0100 | 0.516167 | 0.016665 | 0.0000 0.0000 é
VC-9 Nb-Ni-P 0.46453 0.005 0.2935 0.0050 | 0.722633 | 0.023331 | 0.0000 0.0000 g
VC-10 Nb-Ni-P 0.851638 | 0.009167 | 0.1956 | 0.0033 | 0.645208 | 0.020831 | 0.0000 | 0.0000 &
VC-11 Nb-Ni-P 0.294202 | 0.003167 | 0.5967 | 0.0102 | 0.6194 |[0.019998 | 1.8597 | 0.0186
VC-12 Nb-Ni-P 0.309687 | 0.003333 | 0.4891 0.0083 | 0.671017 | 0.021664 | 1.8597 0.0186
VC-13 Nb-Ni-P 0.619373 | 0.006667 | 0.5869 0.0100 | 0.516167 | 0.016665 | 1.8597 0.0186
VC-14 Nb-Ni-P 0.46453 | 0.005 0.2935 | 0.0050 |0.722633|0.023331| 1.8597 | 0.0186
VC-15 Nb-Ni-P 0.851638 | 0.009167 | 0.1956 | 0.0033 | 0.645208 | 0.020831 | 1.8597 | 0.0186
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Reaction Name Reaction Ni Ni Nb Nb P P Na Na Crucible
System (9) (mole) (9) (mole) (9) (mole) (9) (mole)
CMF 40-7 Ni-Nb-P 0.1176 0.0020 0.1853 0.0020 0.0621 0.0020 0.9193 0.0400 Nb tube
CMF 40-8 Ni-Nb-P 0.1189 0.0020 0.3711 0.0040 0.0624 0.0020 0.9197 0.0400 ss tube
CMF 40-9 Ni-Nb-P 0.2345 0.0040 0.1845 0.0020 0.0629 0.0020 0.9196 0.0400 ss tube
CMF 40-10 Ni-Nb-P 0.2525 0.0043 0.2658 0.0029 0.0437 0.0014 0.6571 0.0286 ss tube
CMF 40-11 Ni-Nb-P 0.0843 0.0014 0.3992 0.0043 0.0435 0.0014 0.6574 0.0286 ss tube
Reaction Name Reaction Ni Ni Nb Nb P P Na Na Crucible
System (9) (mole) (9) (mole) (9) (mole) (9) (mole)
CMF 41-7 Ni-Nb-P 0.0451 0.0008 0.0715 0.0008 0.1191 0.0038 0.8842 0.0385 Nb tube
CMF 41-8 Ni-Nb-P 0.0391 0.0007 0.1239 0.0013 0.1032 0.0033 0.7663 0.0333 ss tube
CMF 41-9 Ni-Nb-P 0.0783 0.0013 0.0619 0.0007 0.1033 0.0033 0.7663 0.0333 ss tube
CMF 41-10 Ni-Nb-P 0.0978 0.0017 0.1032 0.0011 0.0860 0.0028 0.7663 0.0333 ss tube
CMF 41-11 Ni-Nb-P 0.0931 0.0016 0.1858 0.0020 0.1032 0.0033 0.7663 0.0333 ss tube




Appendix F: NiGeNbP Reaction List
Reaction | Reaction Ni Ni Ge Ge Nb Nb P P Na Na Crucible
Name System (9) (mole) (9) (mole) (9) (mole) (9) (mole) (9) (mole)
CMF 51 [ Ni-Ge-Nb-P | 0.3521 | 0.0060 | 0.0073 | 0.0001 | 0.6503 | 0.0070 | 0.1858 | 0.0060 0 0 ss tube
CMF 52 [ Ni-Ge-Nb-P | 0.1956 | 0.0033 | 0.2423 | 0.0033 | 0.6194 | 0.0067 | 0.1032 | 0.0033 0 0 ss tube
CMF 53 | Ni-Ge-Nb-P | 0.4633 | 0.0079 | 0.3826 | 0.0053 | 0.2445 | 0.0026 | 0.0815 | 0.0026 0 0 ss tube
CMF 54 | Ni-Ge-Nb-P | 0.1012 | 0.0017 | 0.6266 | 0.0086 | 0.3204 | 0.0034 | 0.1068 | 0.0034 0 0 ss tube
CMF 55 | Ni-Ge-Nb-P | 0.2445 | 0.0042 | 0.1512 | 0.0021 | 0.3871 | 0.0042 | 0.3226 | 0.0104 0 0 ss tube
CMF 56 | Ni-Ge-Nb-P | 0.1761 | 0.0030 | 0.0363 | 0.0005 | 0.3252 | 0.0035 | 0.0929 | 0.0030 | 0.5750 | 0.0250 ss tube
CMF 57 | Ni-Ge-Nb-P | 0.0451 | 0.0008 | 0.0559 | 0.0008 | 0.1429 | 0.0015 | 0.0238 | 0.0008 | 0.8846 | 0.0385 ss tube
CMF 58 | Ni-Ge-Nb-P | 0.1174 | 0.0020 | 0.0969 | 0.0013 | 0.0619 | 0.0007 | 0.0206 | 0.0007 | 0.7666 | 0.0333 ss tube
CMF 59 [ Ni-Ge-Nb-P | 0.0326 | 0.0006 | 0.2019 | 0.0028 | 0.1032 | 0.0011 | 0.0344 | 0.0011 | 0.6389 | 0.0278 ss tube
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Reaction Reaction Ni Ni Ge Ge Nb Nb P P Na Na Crucible
Name System (9) (mole) (9) (mole) (9) (mole) (9) (mole) (9) (mole)
CMF 40-1 | Ni-Ge-Nb-P | 0.2351 | 0.0040 | 0.0965 | 0.0013 | 0.2447 | 0.0026 | 0.1234 | 0.0040 | 0.7679 | 0.0334 ss tube
CMF 40-2 | Ni-Ge-Nb-P | 0.1953 | 0.0033 | 0.0968 | 0.0013 | 0.3091 | 0.0033 | 0.1241 | 0.0040 | 0.7677 | 0.0334 ss tube
CMF 40-3 | Ni-Ge-Nb-P | 0.1473 | 0.0025 | 0.0603 | 0.0008 | 0.3714 | 0.0040 | 0.0775 | 0.0025 | 0.9589 | 0.0417 Nb tube
CMF 40-4 | Ni-Ge-Nb-P | 0.1953 | 0.0033 | 0.0490 | 0.0007 | 0.3725 | 0.0040 | 0.1243 | 0.0040 | 0.7655 | 0.0333 ss tube
CMF 40-5 | Ni-Ge-Nb-P | 0.1565 | 0.0027 | 0.0973 | 0.0013 | 0.3094 | 0.0033 | 0.1245 | 0.0040 | 0.7673 | 0.0334 ss tube
CMF 40-6 | Ni-Ge-Nb-P | 0.2356 | 0.0040 | 0.0486 | 0.0007 | 0.1500 | 0.0016 | 0.1240 | 0.0040 | 0.7665 | 0.0333 ss tube
CMF 41-1 | Ni-Ge-Nb-P | 0.1467 | 0.0025 | 0.0605 | 0.0008 | 0.1548 | 0.0017 | 0.3872 | 0.0125 | 0.4709 | 0.0205 ss tube
CMF 41-2 | Ni-Ge-Nb-P | 0.1174 | 0.0020 | 0.0581 | 0.0008 | 0.1858 | 0.0020 | 0.3717 | 0.0120 | 0.4598 | 0.0200 ss tube
CMF 41-3 | Ni-Ge-Nb-P | 0.1174 | 0.0020 | 0.0290 | 0.0004 | 0.2230 | 0.0024 | 0.3717 | 0.0120 | 0.4598 | 0.0200 Nb tube
CMF 41-4 | Ni-Ge-Nb-P | 0.1409 | 0.0024 | 0.0290 | 0.0004 | 0.1858 | 0.0020 | 0.3717 | 0.0120 | 0.4598 | 0.0200 ss tube
CMF 41-5 | Ni-Ge-Nb-P | 0.0978 | 0.0017 | 0.0608 | 0.0008 | 0.2320 | 0.0025 | 0.3872 | 0.0125 | 0.4790 | 0.0208 ss tube
CMF 41-6 | Ni-Ge-Nb-P | 0.1174 | 0.0020 | 0.0290 | 0.0004 | 0.1858 | 0.0020 | 0.3717 | 0.0120 | 0.4598 | 0.0200 ss tube




Appendix G: MnNaP Reaction List

Reaction Reaction Mn Mn P P Na Na Crucible
Name System (9) (mole) (9) (mole) (9) (mole)

CMF 40-12 Mn-P-Na 0.0546 0.0010 0.0007 2E-05 0.3600 0.0157 Nb tube
CMF 40-13 Mn-P-Na 0.1097 0.0020 0.0013 4E-05 0.5000 0.0217 ss tube
CMF 41-12 Mn-P-Na 0.0458 0.00083 0.1291 0.0042 0.9579 0.0417 NDb tube
CMF 41-13 Mn-P-Na 0.0845 0.00154 0.1191 0.0038 0.8842 0.0385 ss tube
CMF 41-14 Mn-P-Na 0.5494 0.01 0.3097 0.01 0.2299 0.0100 ss tube
CMF 41-15 Mn-P-Na 0.2747 0.005 0.7744 0.025 0.2295 0.0100 ss tube
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Appendix H : Detail Reaction List

Cooling
Reaction Reaction Tnax Rate Dwelling ZnO ZnO V,05 V,05 . SEM
Name System ©C) | ccmour | Time (hn) @ (mole) © (mole) | Crucible | XRD | jne [ SQUID | Photos Page Date
)
CMF 1 Zn0-V,0s 1300 1.2 40 24.42 0.3000 10.14 0.0558 cﬁjlé%e 73 (CMF B1) 2005/3/7
CMF 2 Zn0-V,0s 1300 1.2 40 16.84 0.2069 7.7 0.0423 Cﬁj'é%e CMF 2 73 (CMF B1) 2005/3/7
CMF 3 Zn0-V,0s 1300 1.2 40 55 0.0676 4.1 0.0225 cfut%e 73 (CMF B1) 2005/3/7
CMF 4 Zn0-V,0s 1300 12 40 16.95 0.2082 7.19 0.0395 ceruléi?Jie 73 (CMF B1) 2005/3/7
CMF 10 Zn0-V,0s 1300 500 0 55 0.0676 4.1 0.0225 97 (CMF B1) 2005/4/12
Cooling
Reaction Reaction Tnax Rate Dwelling ZnO ZnO B,03 B,0; .
Name System (°C) (°C/hour Time (hr) Q) (mole) (9) (mole) Crucible Page Date
)
CMF 7 Zn0-B,0; 1300 100 0 71.34 0.8763 134 0.1925 Pt crucible C'\7AF CMF 7 79 (CMF B1) 2005/3/25
CMF8 Zn0-B,0; | 1300 3.2 2 2302 28277 4319 | 06204 | Prerucible C’;"F CMF8 79 (CMF B1) 2005/3/25
CMF 9 Zn0-B,0; 1300 100 0 0.0000 0.0000 96 (CMF B1) 2005/4/9
CMF 11 Zn0-B,0, | 1300 800 0 8 0.0983 15 0.0215 cﬁ;lc%e mF 108 (CMF B1) 2005/4/15
Pellet
CMF 18 Zn0-B,0; 1300 250 10 4.72 0.0580 0.21 0.0030 placed on 26 (CMF B2) 2005/6/14
Pt foil
Cooling
Reaction Reaction Tnax Rate Dwelling ZnO ZnO WO; WO; .
Name System (°C) (°C/hour Time (hr) ) (mole) 9) (mole) Crucible Page Date
)
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Al;,04

CMF

CMF 12A ZnO-WO, 1350 800 0 511 0.0628 6.31 0.0003 crucible 12 110 (CMF B1) 2005/4/20
Al,O3 CMF
CMF 12B ZnO-WO, 1350 800 0 31 0.0381 3.83 0.0002 crucible 12 111 (CMF B1) 2005/4/23
CMF 13 Zno-wo, | 1350 800 2 311 0.0382 383 | 00002 C?L;J;Ltlze Cl’\gF 116 (CMF B1) 2005/4/29
Cooling
Reaction Reaction Tma Rate Dwelling ZnO ZnO NaszAlFg NaszAlFg .
Name System «(°C) (°C/hour Time (hr) Q) (mole) 9) (mole) Crucible Page Date
)

Zn0- Pellet

CMF 14 1350 500 0 51 0.0626 3.29 0.0157 placed on 118 (CMF B1) 2005/5/2
NagAlFs Pt foil
zZno- Pellet | cvF

CMF 15 1450 500 0 51 0.0626 3.29 0.0157 placed on 120 (CMF B1) 2005/5/13
NazAlFg Pt foil 15
ZnO- Pellet

CMF 19 A NazAlFg 950 250 10 1.88 0.0231 0.15 0.0007 placed on 34 (CMF B2) 2005/6/16
pellet Pt foil
ZnO- Pellet

CMF19B NazAlFs 950 250 10 15 0.0184 0.43 0.0020 placed on 34 (CMF B2) 2005/6/16
pellet Pt foil
ZnO- Pellet

CMF19C NazAlFs 950 250 10 12 0.0147 3.09 0.0147 placed on 34 (CMF B2) 2005/6/16
pellet Pt foil
ZnO- Pellet

CMF 19D NazAlFs 950 250 10 0 0.0000 0.62 0.0030 placed on 34 (CMF B2) 2005/6/16
pellet Pt foil
ZnO- Pellet

CMF20 A NasAlFs 950 250 10 0.46 0.0057 0.04 0.0002 placed on 38 (CMF B2) 2005/6/17
pellet Pt foil
ZnO- Pellet

CMF20B NazAlFs 950 250 10 0.39 0.0048 0.11 0.0005 placed on 38 (CMF B2) 2005/6/17
pellet Pt foil
ZnO- Pellet

CMF20C NasAlFs 950 250 10 0.14 0.0017 0.36 0.0017 placed on 38 (CMF B2) 2005/6/17
pellet Pt foil
ZnO- Pellet

CMF20D NasAlFs 950 250 10 0 0.0000 0.5 0.0024 placed on 38 (CMF B2) 2005/6/17
pellet Pt foil
ZnO- Pellet

CMF20E NazAlFg 950 250 10 0.5 0.0061 0 0.0000 placed on 38 (CMF B2) 2005/6/17
pellet Pt foil

Reaction Reaction Tnax Cooling Dwelling ZnO ZnO MoO; MoO; .
Name System (°C) Rate Time (hr) ) (mole) @) (mole) Crucible Page Date

991




(°C/hour
)

Zn0O- Al,O3
CMF 16 MoO; 1300 100 1 6.11 0.0751 5.82 0.0404 crucible 1 (CMF B2) 2005/5/6
Zn0O- Al,O,
CMF 17 MoO; 1300 1 2 4.24 0.0521 0.76 0.0053 crucible CMF 17 4 (CMF B2) 2005/5/8
Cooling
Reaction Reaction Tmax Rate Dwelling ZnO ZnO KPFg KPFg . SEM
Name System ©C) | cclhour | Time (hr) © (mole) @ | (moley [ Crucible | XRD [ epg | SQUID | Photos Page Date
)
ZnO-KPE. Pellet
CMF21 A no- 6 500 250 15 1.43 0.0176 0.1 0.0005 placed on 42 (CMF B2) 2005/6/18
pellet Pt foil
ZnO-KPF. Pellet
CMF21B no- 6 500 250 15 1.23 0.0151 0.31 0.0017 placed on 42 (CMF B2) 2005/6/18
pellet Pt foil
ZnO-KPF Pellet
CMF21C no- 6 500 250 15 0.52 0.0064 1.18 0.0064 placed on 42 (CMF B2) 2005/6/18
pellet Pt foil
ZnO-KPF, Pellet
CMF 21D . 6 500 250 15 0 0.0000 0.52 0.0028 placed on 42 (CMF B2) 2005/6/18
pellet Pt foil
ZnO-KPF, Pellet
CMF 22A pelle_t 6 1000 250 10 0.46 0.0057 0.04 0.0002 placed on 46 (CMF B2) 2005/6/19
Pt foil
ZnO-KPF pellet
CMF 22B 6 1000 250 10 04 0.0049 0.1 0.0005 placed on 46 (CMF B2) 2005/6/19
pellet Pt foil
ZnO-KPF, Pellet
CMF 22C 6 1000 250 10 0.15 0.0018 0.35 0.0019 placed on 46 (CMF B2) 2005/6/19
pellet Pt foil
ZnO-KPF pellet
CMF 22D ellet 6 1000 250 10 0.36 0.0044 0.14 0.0008 placed on 46 (CMF B2) 2005/6/19
P Pt foil
Pure ZnO Pellet
CMF 22E 1000 250 10 0.5 0.0061 0 0.0000 placed on 46 (CMF B2) 2005/6/19
pellet .
Pt foil
Cooling
Reaction Reaction Tmax(°C Rate Dwelling ZnO ZnO NaF NaF . SEM
Name System ) (°C/hour Time (hr) ()] (mole) ) (mole) Crucible XRD IEDS SQUID Photos Page Date
)
ZnO-NaF Pellet
CMF 23A pellet 900 250 7 0.49 0.0060 0.01 0.0001 placed on 50 (CMF B2) 2005/6/20
Pt foil
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ZnO-NaF

Pellet

CMF 23B 900 250 7 0.47 0.0058 0.03 0.0002 placed on 50 (CMF B2) 2005/6/20
pellet Pt foil
ZnO-NaF Pellet
CMF 23C 900 250 7 0.33 0.0041 0.17 0.0009 placed on 50 (CMF B2) 2005/6/20
pellet Pt foil
Pure NaF Pellet
CMF 23D 900 250 7 0 0.0000 0.5 0.0027 placed on 50 (CMF B2) 2005/6/20
pellet Pt foil
Cooling
Reaction Reaction Tmax(°C Rate Dwelling ZnO ZnO Mn,0; Mn,03 " SEM
Name System ) (°C/hour Time (hr) Q) (mole) 9) (mole) Crucible XRD IEDS SQUID Photos Page Date
)
ZnO- Pellet CMF
CMF 24A Mn,05 1300 250 10 2.8 0.0344 0.05 0.0003 placed on 24 CMF 24 56 (CMF B2) 2005/6/21
pellet Pt foil
ZnO- Pellet CME
CMF 24B Mn,03 1300 250 10 1.65 0.0203 0.09 0.0005 placed on 24 CMF 24 56 (CMF B2) 2005/6/21
pellet Pt foil
ZnO- Pellet CME
CMF 24C Mn,05 1300 250 10 1.53 0.0188 0.3 0.0016 placed on 24 56 (CMF B2) 2005/6/21
pellet Pt foil
ZnO- Pellet CMF
CMF 24D Mn,03 1300 250 10 1.51 0.0185 0.67 0.0036 placed on 24 56 (CMF B2) 2005/6/21
pellet Pt foil
Zn0O- Al,O4
CMF 26D Mn,0; 750 11 10 4.48 0.0550 0.08 0.0005 crucible 67 (CMF B2) 2005/6/24
Cooling
Reaction Reaction Tmax(°C Rate Dwelling ZnO ZnO NaCl NaCl . SEM
Name System ) (°C/hour Time (hr) Q) (mole) 9) (mole) Crucible XRD IEDS SQUID Photos Page Date
)
CMF 28A ZnO-NaCl 500 2 48 0.37 0.0045 13.29 0.2274 c'rAuléict)Jie CMF 28 100 (CMF B2) 2005/7/11
CMF 28B ZnO-NaCl 500 2 48 0.84 0.0103 12.06 0.2064 c/rAuléi?Jie CMF 28 100 (CMF B2) 2005/7/11
CMF 28C ZnO-NaCl 500 2 48 281 0.0345 10.09 0.1726 cﬁjlé%e CMF 28 100 (CMF B2) 2005/7/11
Cooling
Reaction Reaction Tmax(°C Rate Dwelling ZnO ZnO KOH KOH . SEM
Name System ) (°C/hour Time (hr) ()] (mole) ) (mole) Crucible XRD IEDS SQUID Photos Page Date

)
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Al,04

CMF27C | ZnOo-KOH | 750 11 10 127 0.0156 395 | o783 | AED 88 (CMF B2) 2005/7/1
CMF27D | zno-KoH | 750 11 10 127 0.0156 8.8 0.1568 Al CMF 88 (CMF B2) 2005/7/1
crucible 27
CMF20A | zno-koH | 500 2 48 125 0.1535 2589 | 04615 Cﬁj'é%e 9 (CMF B3) 2005/7/16
Al CMF | cmF
CMF20B | ZnO-KOH | 500 2 48 5.08 0.0624 3500 | 0624 | D P - 9 (CMF B3) 2005/7/16
Al CMF
CMF20C | ZnO-KOH | 500 2 48 2.46 0.0302 a0 | o6z | AlD: " 9 (CMF B3) 2005/7/16
Cooling
Reaction Reaction Tmax(°C Rate Dwelling ZnO ZnO NaOH NaOH . SEM
Name System ) (°C/hour Time (hr) Q) (mole) 9) (mole) Crucible XRD IEDS SQUID Photos Page Date
)
Zn0O- Al,03
CMF25A | S0 750 5 1 41 0.0504 2 00500 | A2 CMF25 | 50 (CMFB2) 2005/6/22
cMF258 | 21O 750 5 1 1 0.0123 24 0.0600 Al0s CMF cMF25 | 59 (CMFB2) 2005/6/22
NaOH crucible 25
cMF26a | 21O 750 11 10 412 0.0506 2.02 0.0505 Al 67 (CMF B2) 2005/6/24
NaOH crucible
Zn0- Al,03
cMFasB | 2O 750 11 10 171 0.0210 42 01050 | A2 67 (CMF B2) 2005/6/24
Zno- Al CMF | cMmF
cMF26C | 21O 750 11 10 1.01 0.0124 488 01220 | AlD: " o CMF26 | 67(CMFB2) 2005/6/24
Zno- Al,O,
CMF 27A 750 11 10 5.25 0.0645 2538 | 06345 ( cMF27 | 88(CMFB2) 2005/7/1
NaOH crucible
Zn0- Al,03
cMFare | B0 750 11 10 2 0.0246 48 12001 | AR CMF27 | 88(CMFB2) 2005/7/1
Zno- Al
CMF27E | 1O 750 11 10 1 0.0123 12 03000 | D cMF27 | 88(CMFB2) 2005/7/1
cMF31A | 21O 750 11 10 1355 0.1664 66.67 | 16669 Al0s 43 (CMF B3) 2005/8/22
NaOH crucible
cMF3e | 2O 750 11 10 2.99 0.0367 1464 | 0.3660 Al 43 (CMF B3) 2005/8/22
NaOH crucible
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ZnO-

Al,04

CMF31C NaOH 750 11 10 1.81 0.0222 8.89 0.2223 crucible 43 (CMF B3) 2005/8/22
CMF 31D Zn0- 750 11 10 1.01 0.0124 4.88 0.1220 AI2.03 43 (CMF B3) 2005/8/22
NaOH crucible
CMF 31E ﬁggH 750 11 10 0.0000 3.48 0.0870 silver tube 43 (CMF B3) 2005/8/22
Cooling KPF
Reaction Reaction Tmax(°C Rate Dwelling ZnO NaOH NaOH KPFg 6 SEM/E
Name System ) (°C/hour Time (hr) Zno (9) (mole) 9) (mole) (9) (mol XRD DS SQUID Photos Page
) e)
Zno- 0.111
CMF 30A NaOH- 650 35 5 9 0.1106 4.44 0.1110 20.45 '1 31 (CMF B3)
KPFq
Zno- 0.050
CMF 30B NaOH- 650 35 5 4.07 0.0500 20 0.5000 9.26 '3 31 (CMF B3)
KPFq
Cooling Mn,
Reaction Reaction Tmax(°C Rate Dwelling ZnO ZnO NaOH NaOH Mn,0; (g) O3
Name System ) (°C/hour | Time (hr) (@) (mole) (9) (mole) 20s (@ (mol
) e)
Zno- 0.001
CMF 32A NaOH- 500 2 48 13.5616 0.1666 66.6519 1.6664 0.1918 '2 CMF 32 CMF 32 52 (CMF B3)
Mn,05
Zno- 0.000
CMF 32B NaOH- 500 2 48 13.5617 0.1666 66.6597 1.6666 0.096 '6 CMF 32 CMF 32 52 (CMF B3)
Mn,05
Zno- 0.000
CMF 32C NaOH- 500 2 48 5.498 0.0675 27.052 0.6763 0.0238 '2 CMF 32 CMF 32 52 (CMF B3)
Mn,05
Zno- 0.000
CMF 32D NaOH- 500 2 48 2.7123 0.0333 13.4542 0.3364 0.0767 '5 CMF 32 CMF 32 52 (CMF B3)
Mn,05
Zno- 0.000
CMF 32E NaOH- 500 2 48 2.7128 0.0333 13.4001 0.3350 0.01912 '1 CMF 32 CMF 32 52 (CMF B3)
Mn,03
ZnO- 3.016
CMF 94 NaOH- 500 8 60 (ZnO+Mn 5.504 0.1376 74 (CMF B8)
Mn,0s 203)
Cooling MnC
Reaction Reaction Tmax(°C Rate Dwelling ZnO ZnO NaOH NaOH MnCO; O; SEM/E
Name System ) (°C/hour Time (hr) Q) (mole) 9) (mole) Q) (mol XRD DS SQUID Photos Page
) €)
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ZnO-

0.006

CMF

CMF33A | NaoH- 500 2 48 5.4238 0.0666 26.6 0.6650 0.7665 7 e CMF 33 53 (CMF B3)
MnCO,
Zno- 0.010

CMF33B | NaOH- 500 2 48 5.4245 0.0666 2663 | 06658 1.1491 . CMF 33 53 (CMF B3)
MnCO,
Zno- 0013 | cmrF

CMF33C | NaoH- 500 2 48 5.4247 0.0666 2668 | 06670 1.5324 9 e CMF 33 53 (CMF B3)
MnCO,
Zno- 0.006

CMF33D | NaOH- 500 2 48 5.4246 0.0666 2671 | 06678 0.7661 o CMF 33 53 (CMF B3)
MnC03
Zno- 0.050

CMF34A | NaOH- 500 2 48 5.0858 0.0625 25 0.6250 5.7477 o CMF 34 54 (CMF B3)
MnCO,
Zn0- 0.031

CMF34B | NaOH- 500 2 48 5.086 0.0625 2502 | 06255 3503 3 CMF 34 54 (CMF B3)
MnCO;
Zn0- 0.011

CMF34 2 | NaOH- 500 2 48 113 0.0139 5.48 0.1370 1.27 " CMF 34 CMF 34 54 (CMF B3)
MnCO,
Zn0- 0.006

CMF34.3 | NaoH- 500 2 48 113 0.0139 5.48 0.1370 0.78 p CMF 34 54 (CMF B3)
MnCO,
Zno- 0.011

CMF34E | NaOH- 500 2 48 113 0.0139 5.48 0.1370 127 ° CMF 34 54 (CMF B3)
MnCO,
Zn0- 0.006

CMF34F NaOH- 500 2 48 113 0.0139 5.48 0.1370 0.78 p CMF 34 54 (CMF B3)
MnCO,
Zno- 0.100

CMF35A | NaoH- 500 2 48 101728 | 0.1250 5003 | 1.2508 11.4967 R CMF 35 67 (CMF B3)
MnCO,
Zno- 0.013

CMF35B | NaOH- 500 2 48 1.1297 0.0139 5.58 0.1395 1.5075 " CMF 35 67 (CMF B3)
MnCO,

Cooling MnC
Reaction Reaction Tmax(°C Rate Dwelling ZnO ZnO K,CO4 K,COs3 MnCO, O; SEM/E
Name System ) (Chhour | Time (hr) @ (mole) @ (mole) @ mol | XRP | g SQUID Photos Page
) e)

ZnO-

CMF36A | K,COs 1050 5 12 0.7397 00001 | 125697 | 0.3143 0 0 68 (CMF B3)
MnCO3
Zno- 0.008

CMF36B | K,COs 1050 5 12 0.6786 00083 | 115172 | 0.2880 0.9584 g 68 (CMF B3)
MnCO3

Reaction Reaction Tmax(°C Cooling Dwelling ZnO ZnO KOH KOH K,COs; K,C SEM/E
Name System ) Rate Time (hr) 9) (mole) (9) (mole) (9) O; XRD DS SQUID Photos Page
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(°C/hour (mol
) e)
Zno-
cMrara | KOH- 500 2 48 0.8136 00100 | 56238 | 0.1002 6.o106 | 0050 | CMF 78 (CMF B3)
K2COs- 0 37
MnCO,
Zno-
cmrare | KOH- 500 2 48 0.7395 00001 | 62816 | 0.1120 62816 | 0% | CMF [ cppay 78 (CMF B3)
K>COs- 5 37
MnCO,
Cooling K,C
Reaction Reaction Tmax(°C Rate Dwelling ZnO ZnO KOH KOH K,COs; O3 SEM/E
Name System ) (°C/hour Time (hr) ()] (mole) ) (mole) Q) (mol XRD DS SQUID Photos Page
) €)
Zno-
CMF38A | KOH- 500 2 48 0.49 0.0060 333 | 0.0504 41 0029 1 CMF CMF 38 80 (CMF B3)
KoCO;
Zno-
CMF38B | KOH- 500 2 48 489 00601 | 3302 | os885 aves | O [ MF | cmrs CMF 38 80 (CMF B3)
K,CO;
Cooling Z10 oM H.0
Reaction Reaction Tmax(°C Rate Dwelling ZNg.esMng 005 0 I NaOH NaOH H,O 2 SEM/E
Name System ) (°C/hour Time (hr) 00 (9) 05 ) (mole) (9) (mol | XRD DS SQUID Photos Page
) (mole) €)
ZnggsMng,
050- 0.030
AF4 500 8 60 3 4932 | 01233 0.5408 AF4 | AF4 AF 4
NaOH- 0
H,0
ZNosaMing
050- 0.011
CMF 90 . 500 2 48 1.179 1936 | 00484 0.215 o 46 (CMF BS)
H,0
Zng gsMng,
AF5 Hesbon | 50 8 60 3 548 | 01370 AF5 | AFs AF5
ZnggsMng,
00- CMF
CMF 91 o . 500 2 48 1.119 2046 | 00512 o 46 (CMF B8)
H,0
Zng.gsMng, CMF
CMF 93 Hoon | 500 8 60 2,919 5502 | 01376 o 74 (CMF BS)
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. . Ge P
Reaction Reactin . Cd Cd Ge P Tmax . .
Name System Cd:Ge:P © (mole) © (m)ole © (m)ole ©C) Reaction Container Pellet XRD SEM/EDS Page Date
AJ3 Cd-Ge-P 11241 0.01 07261 | 001 o619 [ %9 | 1000 | sealed fused silica Yes AR 39 (A) BL) 2005/9/6
ampoules
AJ3-2 Cd-Ge-P Second heat treatment 1130 sealed fused silica Yes AJ3-2
ampoules
Si P
Reaction Reactin (;n or - Mn Mn Si P Tax . .
Name System Cd).l\éln.Sl. © (mole) © (mole © (mole ©C) Reaction Container Pellet XRD SEM/EDS
) )
Al Mn-Si-P 0.5494 0.01 0.2809 0.01 0.6195 0.02 1000 sealed fused silica Yes Al4 39 (AJB1) 2005/9/6
ampoules
Al4-2 Mn-Si-P Regrind pellet from first heat treatment 1130 sealed fused silica Yes Al4-2
ampoules
Al5 Mn-Si-P 0.5494 0.01 0.2808 0.01 0.6195 0.02 1000 sealed fused silica Yes AJ5 39 (AJBl) 2005/9/6
ampoules
AJ5-2 Mn-Si-P Grind pellet from first heat treatment 1130 sealed fused silica Yes AJ5-1
ampoules
Reaction Reactin Cd();m‘rsr Mn Mn Ge > P . Tmac | Reaction Container Pellet XRD SEM/EDS
Name System . P = Q) (mole) 9) (mole Q) (mole (°C)
) )
AJ6 Mn-Ge-P 0.5494 0.01 0.7261 0.01 0.6195 0.02 1000 sealed fused silica Yes AJ6 39 (AJB1) 2005/9/6
ampoules
AJ6-2 Mn-Ge-P Regrind pellet from first heat treatment 1130 sealed fused silica Yes AJ6-2 AJ6-2

ampoules
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Rea

Reac . zn: .
. ctio . Zn Mn : Si P ; Pe SQ
tion n SI.. Zn (mo Mn (mol Si (mol P (mol ‘I;,r.ax React_lon lle Prodycts a c v XRD SEM ul Pho Page Date
Nam P: (9) 9) Q) (9) (°C) Container (Ratios) IEDS to
Sys le) e) e) e) t D
e Mn
tem
A | oz | o | 1308 0.561 1241 | 0040 sealedfused | Ye | znsip2:si 39(A) | 2008/
u 0 Si-P 1:2 1 0.02 8 0.02 6 1 1000 silica ampoules s (65%:35%) Al B1) 9/6
1130
A2 | 2 Regrind pellet from AJ-1-u_0 d heat Ye [ Znsip2si AJ2 39(A | 2005/
Si-p grind p - s (97%:3%) B1) 9/6
treatm
ent
0.98 539 | 104
Al- Zn- :0.0 0.0 0.0 0.280 0.619 sealed fused Ye ZnSiP2/Zn3P ; . 304. AJMn AJMn 81 (AJ 2005/
Mn-th | sip | 2:2: | 06498 | g [ 151 | 00003 | T 001 4 002 | 1130 | Gicaampoules | s 2ISi 951 3‘?05;( 3(1) 1 1 B) | 11/20
2
a | | e 00 | 00 0.280 0.619 sealedfused | Ye | znsip2iznae | 540 | 124 | z0s. | amvn [ awm | A 81(AJ | 2008/
Mnzh | sip | 51 | 96%2 | oos | 378 | O0007 | g 001 4 002 | 1130 | Gicaampoules | s 2ISi 68(1) 42;‘( ) | 2 2 M B) | 11720
2
a- | oz ZnsiP21zn3p 81(AJ | 2005/
Mn3h | sip 2ISi B) | 11720
0.90 10.4
Al- Zn- 0.1 0.0 0.0 0.280 0.619 sealed fused Ye ZnSiP2/Zn3P 5.40 . 305. AJMn AJMn 81 (AJ 2005/
Mnsh | sip | o1 | 09885 | o [ 756 | 00024 9 0.01 4 002 | 1130 | Giicaampoules | s 2ISi 59(2) 42)7( 202 | 4 4 B | 11120
2
0.80 10.4
Al- Zn- 0.2 0.0 0.1 0.280 0.619 sealed fused Ye ZnSiP2/Zn3P 5.40 - 304. AJMn AJMn 81 (AJ 2005/
Mnsh | sip | o1 | 09 | 1 | 512 | 00028 9 0.01 4 002 | 1130 | Giicaampoules | s 2ISi #0) 3;)7( a@ | s 5 B | 11120
2
A- | oz 81(AJ | 2005/
Mnsh | sip B) | 11720
67
CMF Zn- 1:0: 0.0 1.123 2.483 0.080 sealed fused Ye CMF CMF 2008/
63 | sip | 12 [ 2672 4 | O 0 2 0.04 2 2 30 Glicaampoules | s 63 63 (CB“S")F 512
oM | 2 | 1o | 2616 | 00 2.483 | 0.080 sealed fused | cm | 2% | 2008/
65 Si- 12 1 4 0 0 1.124 0.04 2 2 1130 silica es F 65 (™M 63
P ) ampoules F B5)
Zn- . sealed fused 107
ML s | A9 220000 o | o [ M| ooa | 2] 000 ) 1130 silica o | exploded cm | 2%
P i ampoules F B5)
Zn- 2
CMF . 1:0: 2.616 0.0 1.123 2.483 | 0.080 Quartz tube + Y CM 2008/
6o | S| 12| 1 4 |0 0 5 | 004 2 | 10 Graphite es | exploded Feo | (CM | “7p
P F B6)
2 0.0 3
CMF Si- 1:0: 0.422 06 0.181 | 0.006 0.400 | 0.012 1000 Quartz tube + Y CM ™M 2008/
71 P 1:2 ’ 5 2 5 5 9 Graphite es F71 F B6) 8/25
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Rea

(Zn

Cd

Reac : or Mn Si
tion Ctnlo Cd) Cd (m l;/l Si P (rrF:oI Tiax Reaction ﬁs Products a c v XRD SEM ?J? Pho Page Date
Nam ‘M @) (mole ) (mol 9) (°C) Container (Ratios) IEDS to 9
Sys . ole | (g) e) t D
e tem n:s ) ) e)
i:P
CasiP,iCaP
Cd- A sealed fused . 39
A2 | sio | B0 | 124 ] 00 0280 | 901 | 0621 | 0.02 | 1000 silica M #Si o | 20
12 | 1 9 ampoutes | & | (©3:3%038. i | e
79/8%)
1130
secon
cd- . 39
ar2- | & . . d v | cdsip, 2005/
2 Si- Regrind pellet from first heat treatment heat es (100%) (AJ o6
P B1)
treat
ment
09 —
A | ca | O 00 | 00 | 00 sealed fused casipysii | 5.68 | 104 | 337. 101
- | sio | 801 M o9 | 15 | 00 | o2s09 | oor [ %8| 002 | 1130 silica o[ wnpicap, | agca | aar( [ 1z | A A @ | 200
7h P 1_2' 8 1 3 ampoules 0 ) 10) ) B1)
0.9
A | ca | © 00 | 00 | 00 sealed fused . 568 | 104 | 336. 101
Mn- | si- %g 1.%67 09 | 37 | oo | 02809 | 001 0'319 002 | 1130 silica :S CdS'PPZ’Cd7 144 | 325( | 745 A;]Jg" (A ig/og
8h P 19 5 8 7 ampoules 10 ) 11) ) B1)
0.9
A | ca | O 00 | 00 | 00 sealed fused . 567 | 104 | 336. 101
Mn- | si- %g 1234 09 | 60 | o1 | 02800 | 0oz 0'319 002 | 1130 silica ;/S Cds,'f?’ Cdr | oo | 207¢ | 113 A;]Jg" (AJ i(z)?g
9h P 17 2 4 1 ampoules 1 ) 7) ) B1)
0.9 —
A | ca | O 00 | 00 | 00 sealed fused cdsipysit | 5.67 | 104 | 3. 101
M- | sio [ 90 | O o9 [ 75 [ o1 [ 02809 | 001 [ %6 [ 002 | 1130 silica Y | mnprcap, | 952 | 237( | 233 | AM o | 200
10 | 7 4 es n10 12119
10h P 12 0 6 4 ampoules 0 ) 7 ) B1)
08
A | ca | O 00| 01| 00 sealed fused | 567 | 104 | 33 Al 101
Mn- | si- gg 0'%99 08 | 51 | 02 | 02800 | 001 0'319 002 | 1130 silica ; Cdﬁ/'lﬁzpls" a1 | 1270 | 240 '?]‘Jl'\l" Mn (A igfg
11h P 1_2' 0 2 8 ampoules ) 5) ) 11 B1)
0.7
A | ca | O 00 | 02| 00 sealed fused 567 | 104 | 33s. Al 101
Mn- | si- %8 0'286 07 | 26 | 04 | 02809 | 001 0'319 002 | 1130 silica o | casipasi | 273 | 208 | 013 [ AN Mn (A ig/og
12h P 1_2‘ 0 7 1 ampoules ) 7 ) 12 B1)
Cd- . 0.0 sealed fused 67
Cgff sio | 1% [ aa97 |40 [ o [ 0| 1124 | 004 2";84 09801 1130 silica g/s Cgf'f 521 ™M 25(;(1’2/
P ) 0 ampoules F B5)
Cd- . 0.0 sealed fused 105
FE s (35 [ | o | o | 11242 | 0oa [ 254|090 ) 1130 silica M M| cm | 20
P i 2 ampoules F B5)
Cd- . 0.0 sealed fused 107
CMF L g | 105 4496 | g | o | o | 11243 [ o004 | 2482 | 0080 | 4459 silica Y| exploded cm | 2008/
68 12| 8 7 2 es 6/9
P 0 ampoules F B5)
ovr | S | no: | 4406 | ©0 2.484 | 0.080 Quartztube + | v cm | 2. | 2008/
Ol S N i I O O IS G %01 1130 Crohite o | exploded o é%l\él) o
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Cd- 0.0 37
: :0: . . X +
DE s 1550 ] s o [ oser | %% | 0ze7 | P9 [ 2000 | Q22 ‘hulfee ™M 28(;22/
P : 9 P F B6)
. Reacti K
Rea;]ctm n K Se Se Reaction Produc XRD SEM/E Phot Pag Date
N Syste (9) (mol (9) (mole) Container ts DS o] e
ame
m e)
SA1l K-Se 0.63 0'(116 0'307 0.0077 Quartz Crucible K,Se
saz | kse |osss [ ©% | 0T oo | quatzcrucible | Kkse | sa2
. K;Se
: Reacti .
Reactio n KaSe 5 Ga Ga Dwellin Reaction XR SEM/E Pag
n Syste 5 Q) Tmax (°C) g time Container D DS Photo e Date
Name m (9) (mol (mole) (hour)
e)
- 3
SA3 K& | as [ %99 11 | oomss 600 240000 | sealedfusedsilica | g 4 A | 20081215
e 1 ampoules B2)
. Reacti KSe, .
Reactio n KSe, Ga Ga Dueellin Reaction xR | seEmE Pag
n Syste (9) (mol (9) Tmax (°C) g time Container D DS Photo e Date
Name m ) (mole) (hour)
11
SA4 Ko | 2a19 [ 0912 | 0778 | o112 600 2 sealed fused silica | SA4 ©A | 20081312
ampoules B2)
. Reacti KSe,
Rea:]ctlo n KSe, Ga Ga Mn Mn fr';/lr;io T (°C) Dwelling time Reaction XRD SEM/E Photo Pag Date
N Syste Q) (mol @) @) (mole) max (hour) Container DS e
ame m o) (mole) n
27
SA5 K'Sia' 0.96 0%04 0689 | 0.0099 | 0.0200 | 0.0004 | 0.0355 600 24 sealed fused SA5 SA5 (SA 200@’3’2
silica ampoules B2)
27
SA6 Ko | vost [ %9° | o704 | o0t0n [ o0er0 | 00011 | o000 600 2 sealed fused SAG6 SA6 (sA | 2008372
silica ampoules B2)
27
SA7 Ko | ooss [ %% | 1201 [ o01ss [ 00720 | 00013 [ 00661 600 2 sealed fused SA7 SA7 (sA | 200832
silica ampoules B2)
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43
sag | K& | ogo7 | @9 | o824 | oous | 0690 | 00031 | 02065 600 2 sealed fused SAB SAB (sA | 209872
silica ampoules B2)
43
SA9 Ko | soor | %% | 247 | o035 600 2 sealed fused SA9 (sA | 200872
silica ampoules B2)
. Reacti KSe, Zn
Reactio Ga Lo
n KSe, Ga Mn Mn Zn 0 Dwelling time . . Produc XR SEM/E Phot Pag
n Syste © (mol © © (mole) © (mol Pellet Tmax (°C) (hour) Reaction Container ts D DS o e Date
Name (mole)
m e) e)
K-Ga- | 3073 | 0015 0.000 sA sa | 2| 200872
SA 10 Se-zn '0 .6 1.001 0.0144 0.0470 0.0009 0.0099 '2 Yes 600 24 sealed fused silica 10 10 (SA 3
ampoules B2)
43
SA11 geran 3'%68 0'0616 1051 | 00151 | 0.0670 | 0.0012 | 00110 0'200 Yes 600 24 sealed fused silica Sl{f Sl/f (SA zoog/ 712
ampoules B2)
43
SA12 geGZan 3'%42 0'315 0948 | 00136 | 0.0840 | 00015 | 00110 0'200 Yes 600 24 sealed fused silica sl,g (SA 2002/7/2
ampoules B2)
43
SA13 geri] 3'%70 0'%18 1.013 | 00145 | 0.2260 | 0.0041 | 0.0110 0200 Yes 600 24 sealed fused silica Sl’; (sA zoog/ 712
ampoules B2)
. Reacti K;Ss
Reactio n K,Ss Ga Ga Mn Mn Dwelling time Reaction SEM/E Pag
n Syste (9) (mol (9) (9) (mole) Tmax (°C) (hour) Container XRD DS Photo e Date
Name m ) (mole)
24
K-Ga- ) Q 2008/10/
QN2 S 1.48 0.006 0.431 30049 0 600 48 Quartz Crucible QN 2 QN2 N 9
2 3 0 B1)
32
K-Ga- Q 2008/10/
QN3 S-Mn 0.005 0.0005 600 48 sealed fused silica N 23
1.20 0 0.005 0.3507 5 0.0304 ampoules B1)
33
K-Ga- @ 2008/10/
QN4 S-Mn 0.002 0.002 0.0006 0.0365 600 48 sealed fused silica QN4 QN4 N 23
0.635 7 7 0.1856 7 6 ampoules B1)
33
K-Ga- Q 2008/10/
QNS S-Mn 0.002 0.002 0.0004 0.0224 600 48 sealed fused silica QN5 QNS5 N 23
0.555 3 3 0.1622 1 96 ampoules B1)

LLT




Na
. . P N
Reactio Reactin Na P o Dwelling time . -
1 Name System © (mole © (m)ole Tmax (°C) (hour) Reaction Container Products XRD Page Date
)
TCc1 Na-p 0.68 0.03 0.31 001 800 8 Stainless tube + quartz NagP 10 (TC BL) 2006/11/1
9 1 tube 6
TC5 Na-P 0681 oo | oz | oo 800 48 Steinless tbe + Quartz —{ ap TCs 16(TcBy) | 20092
Na P Ga Mn
Reactio Reactin Na P Ga Mn o Dwelling time . .
1 Name System © (mole © (m)ole © (m)ole © (mole Tmax (°C) (hour) Reaction Container XRD Page Date
) )
TC2 Na-Ga-P 069 [ o003 | %8| 002 | %) om 0 0 800 48 Stainless tabe +quartz | 7 w0(rcey | 200
TC6 Na-Ga-P 032 ] ooss | oz | oon | o3s | %% 0 0 800 a8 Stainless tube rquarz | 1 16(TcBy) | 2002
Tco Na-Ga-P- 0.34 0015 031 0.01 0.33 0.004 0.008 0.000 800 48 Stainless tube + quartz 18 (TC B1) 2006/12/7
Mn 5 9 9 2 tube
Tc10 Na-Ga-P- 0.34 0015 031 0.01 0.33 0.004 0014 0.000 800 8 Stainless tube + quartz 18 (TC B1) 2006/12/7
Mn 5 4 8 2 tube
TC1L Na-Ga-P- 0.34 0.015 031 0.01 0.31 0.004 0.028 0.000 800 8 Stainless tube + quartz 18 (TC BY) 2006/12/7
Mn 5 4 5 5 tube
TC12 Na-Ga-P- 0341 o015 | o3t | oo1 | o28 | %0% | ooss | 001 800 48 Stainless tube + quartz 18(TCBY) | 20081127
Mn 6 0 0 tube
Tc13 Na-Ga-P- 0.34 0015 0.31 0.01 0.24 0.003 0.082 0.001 800 48 Stainless tube + quartz TC 13 18 (TC B1) 2006/12/7
Mn 6 1 6 5 5 tube
Na P Al Mn
Reactio Reactin Na P Al Mn o Dwelling time . . SEM_ED
n Name System © (mole © (m)ole © (mole © (mole Tmax (°C) (hour) Reaction Container XRD S Page Date
) )
TC3 Na-Al-P oso | o003 [ %% ooz [ o027 | OO0 800 48 Stainless pube + quartz w(rcey | 20
TC7 Na-Al-P 0.3451 0015 0.38 0.01 O.lg 0.00(5) 800 48 Stalnlessttlzjgee + quartz TC7 16 (TC B1) 2006/11/§

7A




tc1a | Neare-mn | %% | o015 | o1 | oo [ O34 [ 0012 f 0008 1 0000 800 a8 Stainless tube + quartz 19(TCBY | 200611278

5 4 8 3 2 tube
RB Na-alP-Mn | 0% | oois | 0% | ooog | 012 | 0003 | 002 f 0009 800 48 Stainless tube 53(RBB1) | 20083531
RB1 Na-alP-Mn | %% | oot | O3 oor [ O] 0005 0 0 800 48 Stainless tube RB1 53(RBB1) | 2008/3/31
RB2 Na-AL-Mn | % | 0015 0'22 oo | 049 0-002 0.05431 0.00(1) 800 8 Stainless tube RB2 RB2 53(RBB1) | 2008/3/31
RB 3 Ne-ALP-Mn 034 | o015 [ O | oo1 [ osa | OF | 0028 0009 800 48 Stainless tube RB 3 53(RBBL) | 2008/3/31
RB 13 Na-AlP-Mn | O3 | oos [ %% | o001 | o1 | O0% 0 0 1000 48 Stainless tube RB 9 (RB 2008/9/9

3 5 8 13 B1)

0.34 0.29 012 | 0004 0.000 ! RB 79 (RB
RB 14 Na-Al-P-Mn 7| oo > oo : 2| oo S 1000 a8 Stainless tube vy . 2008/9/9
RB 15 Na-Al-P-Mn | 034 | oois [ O30 | oon | 012 [ 00041 ggp | 0000 1000 48 Stainless tube RB 9 (RB 2008/9/9
1 2 5 5 15 B1)
0.33 0.30 010 | o.003 0.001 ' RB 79 (RB
RB 16 Na-Al-P-Mn | oo 5| oo ; 5| ooss ) 1000 48 Stainless tube s B 2008/9/9
Na P Ti
Reactio Reactin Na P Ti o Dwelling time . -
n Name System © (mole © (m)ole © (m)ole Tmax (°C) (hour) Reaction Container Products XRD Page Date
)
TC4 Na-Ti-P 0.46 0.02 0.69 0.022 0.47 0.010 800 8 Stainless tube + quartz 13 (TC BL) 2006/11/1
5 9 0 tube 7

TCs Na-Ti-P 0.46 0.02 0.36 0.012 0.34 0.007 800 48 Stainless tube + quartz TCs 16 (TC B1) 2006/11/2

5 5 2 tube 8

Na P Al Cr
Reactio Reactin Na P Al Cr o Dwelling time . .
1 Name System © (mole © (m)ole © (mole © (mole Tmax (°C) (hour) Reaction Container XRD Page Date
) )

RB 4 Na-alp-cr | % | oo | oa | oo | O3] 0% | o005 [ 009 800 48 Stainless tube RB 4 53(RBBL) | 2008331
RBS Na-arpcr | %] oos | o3| oo | %12 00001 oo [ 0099 800 48 Stainless tube RB5 53(RBBL) | 2008331
RB6 Na-arpcr | % | oos | % | oo | o1z | %% | ooz [ 00 800 4 Stainless tube RB6 53(RBB1) | 20083731
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RB7 Na-AlP-Cr [ 0aa | oos [ 03| oor [ 19| %% | 05 | 0009 800 48 Stainless tube RB7 53(RBB1) | 2008/3/31
RB 17 Na-alpcr | 93| oois [ O30 | oon | 012 [ 00041 ggpp | 0000 1000 48 Stainless tube RB 9 (RB 2008/9/9
4 1 3 6 2 17 B1)
RB 18 Na-alpcr | 93| oois [ O30 oon | 012 [ 00041 ggpg | 0000 1000 48 Stainless tube RB 9 (RB 2008/9/9
2 9 1 5 5 18 B1)
RB 19 Na-alP-cr | 034 | oos | o3| oo | oxr | %% | ooe [ 09 1000 48 Stainless tube Re g"l)(RB 2008/9/9
: Cooling " . .
Reaction . o Dwelling Nb Nb Ni Ni P Na Na .
Name Reaction System Tmax (°C) (°CR/ﬁ:)eur) Time (hr) © (mole) © (mole) © |mole)| (@ (mole) Crucible XRD | SEM/EDS | Photos Page Date
CMF 39A Nb-Ni-P-Na 900 41 72 0.082 | 0.0009 | 0.0521 | 0.0009 |0.028]0.0009 | 0.3068 | 0.0133 | Stainless tube CMF 39 89 (CMFB3) | 2006/5/18
CMF 398 Nb-Ni-P-Na 900 41 72 0.083 | 0.0009 | 0.0525 | 0.0009 |0.027|0.0009 | 0.2052 | 0.0089 Stainless tube 89 (CMFB3) | 2006/5/18
CMF 42 Nb-Ni-P 900 41 72 0.648 | 0.0070 | 04111 | 0.0070 |0.217]0.0070 | 0.0000 | 0.0000 | Stainless tube CMF 42 83 (CMFB3) | 2007/6/21
CMF 43 Nb-Ni-P-Na 900 41 72 | 01612 | 00017 | 0.1015 | 0.0017 |0.054]0.0017 | 0.8111 | 0.0353 | Stainless tube CMF43 83 (CMFB3) | 2007/6/21
CMF 44 Nb-Ni-P 900 41 72 1062 | 00114 | 0.0840 | 0.0014 |0.045]0.0015 | 0.0000 | 0.0000 | Stainless tube CMF 44 83(CMFB3) | 2007/6/21
CMF 45 Nb-Ni-P-Na 900 41 72 | 04383 | 0.0047 | 0.0357 | 0.0006 |0.019 |0.0006 | 0.6797 | 0.0296 | Stainless tube CMF 45 83(CMF B3) | 2007/6/21
CMF 46 Nb-Ni-P-Na 900 41 72| 06194 | 0.0067 | 0.0497 | 0.0008 |1.077|0.0348 | 0.4045 | 0.0176 | Stainless tube CMF 46 83(CMF B3) | 2007/6/21
CMF 47 Nb-Ni-P 900 41 72| 03087 | 00033 | 0.7057 | 0.0120 |0.125]0.0040 | 0.0000 | 0.0000 | Stainless tube CMF 47 84 (CMFB3) | 2007/7/4
CMF 48 Nb-Ni-P-Na 900 41 72| 00719 | 00008 | 0.1357 | 0.0023 |0.029]0.0009 | 0.8850 | 0.0385 | Stainless tube CMF 48 84 (CMFB3) | 2007/7/4
CMF 49 Nb-Ni-P 900 41 72 0311 | 0.0033 | 0.1960 | 0.0033 |0.827]0.0267 | 0.0000 | 0.0000 | Stainless tube CMF 49 84 (CMFB3) | 2007/7/4
CMF 50 Nb-Ni-P-Na 900 41 72 | 00663 | 0.0007 | 0.0426 | 0.0007 |0.178]0.0057 | 0.8230 | 0.0358 | Stainless tube CMF 50 84 (CMFB3) | 2007/7/4
: Cooling " . .
Reaction . o Dwelling Nb Nb Ni Ni P P NazP NazP .
Name Reaction System Tmax (°C) (°CR/ﬁ:)eur) Time (hr) © (mole) © (mole) © |mole)| (@ (mole) Crucible XRD | SEM/EDS | Photos Page Date
Vel Nb-Ni-P 900 41 72 | 06194 | 00067 | 0.3913 | 0.0067 |0.619] 0.02 | 0 0 | Stainless tube Vel 49(VCBL) | 2000/172
vC-2 Nb-Ni-P 900 41 72| 10839 | 00117 | 02250 | 00038 |0ss2| %% o 0 | Stainlesstube | vC-2 49(VCBL) | 2000/1/2
vC-3 Nb-Ni-P 900 41 72 | 10839 | 00117 | 04695 | 00080 |0423| %% o 0 | Stainlesstube | vC-3 49(VCBL) | 2000/1/2
VC-4 Nb-Ni-P 900 41 72| 01548 | 00017 | 02035 | 00050 |0826|®%%| o 0 | Stainlesstube | vC-4 49(VCBL) | 2000/1/2
VC5 Nb-Ni-P 900 41 72 | 06039 | 00065 | 0.1076 | 0.0018 |0.774] 0.025 | 0 0 | Stainlesstube | VC-5 49 (VCBL) | 2000/1/2
VC6 Nb-Ni-P 900 41 72 | 02942 | 00032 | 05967 | 0.0102 |0.619] 0.02 | 0 0 | Stainlesstube | VC-6 49(VCBL) | 2000/1/2
ve7 Nb-Ni-P 900 41 72| 03097 | 00033 | 04891 | 00083 |0671| %% o 0 | Stainlesstube | vC-7 49(VCBL) | 2000/1/2
vC8 Nb-Ni-P 900 41 72 | os194 | 00067 | 05869 | 00100 |0516|®%%| o 0 | Stainlesstube | vC-8 49(VCBL) | 2009172
VC-9 Nb-Ni-P 900 41 72 | 04645 | 00050 | 02035 | 00050 |0723| %% o 0 | Stainlesstube | vC-9 49(VCBL) | 2000/1/2
VC-10 Nb-Ni-P 900 41 72| 08516 | 00092 | 01956 | 00033 |06as|®%%® | o 0 | Stainless tube VC-10 49(VCBL) | 2009172
Vel Nb-Ni-P-NazP 900 41 72 | 02942 | 00032 | 05967 | 0.0102 |0.619| 0.02 | 1.8507 | 0.0186 | Stainless tube Vel 49 (VCBL) | 2000/172
VC12 Nb-Ni-P-NazP 900 41 72| 03097 | 0.0033 | 0.4891 | 0.0083 |0.671]0.0216 | 1.8507 | 0.0186 | Stainless tube VC12 49(VCBL) | 2000/1/2
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6
vC-13 Nb-Ni-P-NasP 900 41 72| 06194 | 00067 | 05869 | 00100 |0516|®%° | 1857 | 0.0186 | Stainless tube VC-13 49(VCBL) | 2009172
VC-14 Nb-Ni-P-NagP 900 41 72 0.4645 0.0050 | 0.2935 | 0.0050 |[0.723 0'0§33 1.8597 | 0.0186 | Stainless tube VC-14 49 (VC B1) 2009/1/2
VC-15 Nb-Ni-P-NazP 900 41 72 | 08516 | 00092 | 0.1956 | 00033 |0.645|%%2% | 18507 | 0.0186 | Stainless tube VC-15 49(vCBl) | 2000172
. . Cooling Dwelling " .
R’s‘actlon Reaction T,’“a* Rate Time Ni Ni Ge Ge Nb Nb P P Na Na Crucible XRD SEM/EDS | Photos Page Data
ame System (°C) (°Clhour) (hr) (9) (mole) (9) (mole) ) (mole) 9) (mole) (9) (mole)
Ni-Ge- Stainless 84
CMF 51 900 4.1 72 0.3521 0.006 0.0073 0.0001 0.65 0.007 0.1858 0.006 0 0 (CMF 2007/7/4
Nb-P tube B4)
Ni-Ge- Stainless 84
CMF 52 Nb-P 900 41 72 0.1956 | 0.0033 | 0.2423 | 0.0033 | 0.619 | 0.0067 | 0.1032 | 0.00333 0 0 tube (CMF 2007/7/4
B4)
Ni-Ge- Stainless 84
CMF 53 Nb-P 900 4.1 72 0.4633 0.0079 0.3826 0.0053 0.245 0.0026 0.0815 0.00263 0 0 tube (CMF 2007/7/4
B4)
Ni-Ge- Stainless 84
CMF 54 900 4.1 72 0.1012 0.0017 0.6266 0.0086 0.32 0.0034 0.1068 0.00345 0 0 (CMF 2007/7/4
Nb-P tube B4)
Ni-Ge- Stainless 84
CMF 55 Nb-P 900 41 72 0.2445 0.0042 0.1512 0.0021 0.387 0.0042 0.3226 0.01042 0 0 tube (CMF 2007/7/4
B4)
Ni-Ge- Stainless 85
CMF 56 900 41 72 0.1761 0.003 0.0363 | 0.0005 | 0.325 | 0.0035 | 0.0929 0.003 05750 | 0.0250 (CMF 2007/7/5
Nb-P-Na tube B4)
Ni-Ge- Stainless 85
CMF 57 900 4.1 72 0.0451 0.0008 0.0559 0.0008 0.143 0.0015 0.0238 0.00077 0.8846 0.0385 (CMF 2007/7/5
Nb-P-Na tube B4)
Ni-Ge- Stainless 85
CMF 58 N 900 4.1 72 0.1174 0.0020 0.0969 0.0013 0.062 0.0007 0.0206 0.00067 0.7666 0.0333 (CMF 2007/7/5
b-P-Na tube B4)
. . 85
Ni-Ge- Stainless
CMF 59 Nb-P-N 900 41 72 0.0326 0.0006 0.2019 0.0028 0.103 0.0011 0.0344 0.00111 0.6389 0.0278 (CMF 2007/715
-P-Na tube B4)
. . Cooling Dwelling " .
Reaction Reaction 1;max Rate Time Ni Ni Ge Ge Nb Nb P Na Na Crucible XRD SEM/EDS Photos
Name System (°C) (°Clhour) (hr) (9) (mole) ) (mole) (9) (mole) (9) (mole) (@) (mole)
CMF 40- Ni-Ge- Stainless CMF 9%
900 4.1 72 0.2351 0.004 0.0965 0.0013 0.245 0.0026 0.1234 0.00398 0.7679 0.0334 CMF 40-1 (CMF 2006/7/6
1 Nb-P-Na tube 40-1 B3)

18T




Ni-Ge-

Stainless

CMF

96

CMF 40- 900 4.1 72 0.1953 0.0033 0.0968 0.0013 0.309 0.0033 0.1241 0.00401 0.7677 0.0334 CMF 40-2 (CMF 2006/7/6
2 Nb-P-Na tube 40-2 B3)
CMF40- | NiGe- 9
3 Nb-P-Na 900 4.1 72 0.1473 0.0025 0.0603 0.0008 0.371 0.0040 0.0775 0.0025 0.9589 0.0417 Nb tube (CMF 2006/7/6
B3)
CMF 40- Ni-Ge- Stainless CMF 9%
900 4.1 72 0.1953 0.0033 0.0490 0.0007 0.373 0.0040 0.1243 0.00401 0.7655 0.0333 CMF 40-4 (CMF 2006/7/6
4 Nb-P-Na tube 40-4 B3)
CMF 40- Ni-Ge- Stainless CMF 9%
900 4.1 72 0.1565 0.0027 0.0973 0.0013 0.309 0.0033 0.1245 0.00402 0.7673 0.0334 CMF 40-5 (CMF 2006/7/6
5 Nb-P-Na tube 40-5 B3)
CMF40- | Ni-Ge- Stainless | CMF %
900 4.1 72 0.2356 0.004 0.0486 | 0.0007 0.15 0.0016 0.124 0.004 0.7665 | 0.0333 CMF 40-6 (CMF 2006/7/6
6 Nb-P-Na tube 40-6 B3)
. . Cooling Dwelling " .
Reaction | Reaction | Tmac | “pape Time Ni Ni Nb Nb P Na Na crucible | xRD | SEM/EDS | Photos
Name System (°C) (°Clhour) (hr) (9) (mole) () (mole) (9) (mole) (9) (mole)
CMF40- | Ni-Nb-P- CMF o7
900 4.1 72 0.1176 0.002 0.1853 0.002 0.062 0.002 0.9193 0.04 Nb tube (CMF 2006/7/7
7 Na 40-7 B3)
CMF40- | Ni-Nb-P- Stainless | CMF o7
900 41 72 0.1189 0.002 0.3711 0.004 0.062 0.0020 0.9197 0.04 (CMF 2006/7/7
8 Na tube 40-8 B3)
CMF40- | Ni-Nb-P- Stainless | CMF o7
900 4.1 72 0.2345 0.004 0.1845 0.002 0.063 0.0020 0.9196 0.04 (CMF 2006/7/7
9 Na tube 40-9 B3)
CMF 40- Ni-Nb-P- Stainless CMF o
900 4.1 72 0.2525 0.0043 0.2658 0.0029 0.044 0.0014 0.6571 0.0286 (CMF 2006/7/7
10 Na tube 40-10 B3)
CMF 40- Ni-Nb-P- Stainless CMF CMF 40- o
900 41 72 0.0843 0.0014 0.3992 0.0043 0.044 0.0014 0.6574 0.0286 (CMF 2006/7/7
11 Na tube 40-11 11 B3)
. . Cooling Dwelling
R:lactlon Reaction -I;"‘ax Rate Time Mn Mn P P Na Na Crucible XRD SEM/EDS | Photos
ame System (°C) (°Clhour) (hn) 9) (mole) (9) (mole) (9) (mole)
CMF 40- CMF CMF 40- o
Mn-P-Na 900 4.1 72 0.0546 0.00 0.0007 2E-05 0.36 0.0157 Nb tube (CMF 2006/7/7
12 40-12 12 B3)
CMF 40- Stainless CMF 40- o
Mn-P-Na 900 4.1 72 0.1097 0.00 0.0013 4E-05 0.5 0.0217 (CMF 2006/7/7
13 tube 13 B3)
. . Cooling Dwelling " .
R;actlon Reaction 'I;max Rate Time Ni Ni Ge Ge Nb Nb P P Na Na Crucible XRD SEM/EDS Photos
ame System (°C) (°Clhour) (hn) (9) (mole) (9) (mole) (9) (mole) (9) (mole) @) (mole)
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Ni-Ge-

Stainless

CMF

15

CMF 41- 900 41 72 0.1467 | 0.0025 | 0.0605 | 0.0008 | 0.155 | 00017 | 0.3872 | 0.0125 | 04709 | 0.0205 (CMF [ 2006/9/16
1 Nb-P-Na tube 411 By
_ i 15
CMP4L- [ Ni-Ge- | gq4 41 72 01174 | 00020 | 00581 | 0.0008 | 0.186 | 0002 | 03717 | 0012 | 04598 | 0.0200 | Stainless | CMF (CMF [ 2006/9/16
2 Nb-P-Na tube 41-2 B4)
cMF41- | Ni-Ge- i
A o | 900 41 72 01174 | 00020 | 00290 | 00004 | 0223 | 0.0024 | 03717 | 0.012 | 04598 | 0.0200 | Nb tube (%rr) F | 2006096
» ) 15
CMP4L- | NI-Ge- g5 41 7 0.1409 | 0.0024 | 0.0200 | 0.0004 | 0.186 | 0002 | 03717 | 0012 | 04508 | 0.0200 | Stainless | CMF (CMF [ 2006/9/16
4 Nb-P-Na tube 41-4 B4)
_ ] 15
CME4l- | NiGe ] g4 41 72 00978 | 00017 | 0.0608 | 0.0008 | 0.232 | 0.0025 | 0.3872 | 00125 | 04790 | 0.0208 | Stainless | CME (CMF | 2006/9/16
5 Nb-P-Na tube 415 B4)
_ i 15
CMP4L- | Ni-Ge- 01174 | 0.0020 | 00290 | 0.0004 | 0186 | 0002 | 03717 [ 0012 | 04508 [ 00200 | Stéinless | CME (CMF | 2006/9/16
6 Nb-P-Na tube 41-6 B4)
Reaction | Reaction | Ty [ C20N9 | DWelling | Ni Nb Nb P Na Na Crucible | XRD | SEM/EDS | Photos
Name | System | €C) | ogoun | o | @ | o) | @ | moe) [ @ |moe | @ | mol
_ 16
CMPaL- | NP 00 41 7 0.0451 | 0.0008 | 00715 | 0.0008 | 0119 | 0.0038 | 0.8842 | 0.0385 Nb tube (CMF | 2006/9/6
B4)
_ i 16
CMP4L- [ NiND-P- - gqq 41 72 0.0391 | 0.0007 | 01239 | 00013 | 0103 | 0.0033 | 0.7663 | 0.0333 Stainless (CMF | 2006/9/6
8 Na tube B4)
_ ) 16
CMPaL- | NENDP- | g0 41 7 00783 | 00013 | 0.0619 | 00007 | 0.103 | 0.0033 | 0.7663 | 0.0333 stainless CMF 41-9 (c™MF [ 2006/9/6
B4)
. . 16
CMF 41- ] NEND-P- ] g5 41 72 | 00978 | 0.0017 | 01082 | 00011 [ 0.086 | 0.0028 | 0.7663 | o0.0333 Stainless CMF 41- (CMF | 2006/9/6
10 Na tube 10 B4)
_ i 16
CMF 41- | NiND-P- ] g4 41 72 00931 | 0.0016 | 01858 | 0.002 | 0203 | 0.0033 | 0.7663 | 0.0333 Stainless (CMF | 2006/9/6
11 Na tube B4)
. . Cooling Dwelling
Reaction Reaction Tiax N Mn Mn P Na Na .
o System P (acsﬁ;ir) 1(—;],1;)5 i (mole) @ (mole) @ (mole) Crucible XRD SEM/EDS | Photos
16
CMlFZ41‘ Mn-P-Na | 900 41 72 0.0458 | 0.0008 | 0.1201 | 0.0042 | 0.958 | 0.0417 Nb tube (CMF 2006/9/6
B4)
) 16
CMEAL | mnpna | 00 41 7 0.0845 | 0.0015 | 01191 | 00038 | 0884 | 0.0385 Stainjess (CMF | 2006/9/6
B4)

€8T




h 16
CM;“' Mn-P-Na | 900 41 72 05494 | 0.0100 | 03007 | 001 | 023 | 0.0100 Stainless (CMF 2006/9/6
tube B4)
h 16
CMEAL | mnpNa | 900 41 72 02747 | 00050 | 07744 | 0025 | 023 | 00100 Stainjess ™MF | 20060976
ube B4)
. . . Sn Maximum .
Reacti . . Si P Reacti . Dwelling
on Seggm 'EA? (nl:/cl)?e) (S') (mol (P) (mol on ?n) (mole Te(ranm::{!lgre time Reaction Container XRD SE'\g/ED Photo
Name Y g g €) 9 €) Name 9 ) ?"C) (hour)
Bas-SS Mg-Si-P- Bas-SS 1150 20 Stainless Steel + Quartz Bas-ss
Sn tube
. . ; Sn Maximum .
Reacti Reactin Mg Mg Si Si P P Reacti Sn Growing Dw_elllng . . SEM/ED
on System @ (mole) © (mol © (mol on © (mole | Temperature time Reaction Container XRD S Photo
Name 4 e) e) Name ) E’C) (hour)
Bas-Nb | Mg-Si-P Bas-Nb 1150 20 Niobium + Quartz tube B,\?g'
. . . Sn Maximum .
Reacti | peactin | Mg | Mg si |8 P P | Reacti o Growing Dwelling . . SEM/ED
on System © (mole) © (mol © (mol on © (mole | Temperature time Reaction Container XRD S Photo
Name 4 e) e) Name ) (°C) (hour)
. AI203 crucible + Bas- Bas-
Bas-Al Mg-Si-P Bas-Al 1150 20 Quartz tube Al Al
. . . Sn Maximum .
Reacti : - Si P Reacti : Dwelling
on }ge;c;m 'EA? (nl:/tl)?e) (S') (mol (P) (mol on ?n) (mole Te%rogglgre time Reaction Container XRD SE'\g/ED Photo
Name Y g g e) 9 e) Name 9 ) E’C) (hour)
Bas-1 | Mg-Si-P O'S“ 0.002 o.gs 0.002 0'611 0004 | Bas-1 | 2000 | 0017 1150 20 Graphite + Quartz tube | Bas-1 Bas-1
. Ge ; Sn Maximum .
Reacti . P Reacti . Dwelling
Reactin Mg Mg Ge P Sn Growing . . . SEM/ED
on (mol on time Reaction Container XRD Photo
Name System Q) (mole) ) (rg)ol 9) ¢ Name (9) (m)ole Tem%ecr;atu re (hour) S
0.04 0.13 0.11 .
Bas-2 Mg-Ge-P 6 0.002 6 0.002 5 0.004 Bas-2 2.004 0.017 1150 20 Graphite + Quartz tube Bas-2 Bas-2
. . . Sn Maximum .
RZE;CII Reactin Zn Zn Si (ns'ulol P (rr'?ol Ri?:)tl Sn Growing thviem”:ang Reaction Container XRD SEM/ED Photo
Name | System (@ | (mole) | (9) ¢) @ ) Name (9) (m)ole Tem;(aoeé)atu re (hour) S
Bas-3 | zn-si-P 0'39 0'%‘;14 0'33 0.001 0'?8 0003 | Bas-3 | 1498 | 0013 1150 20 Graphite + Quartz tube | Bas-3 Bas-3
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Reacti Ge P Reacti Sn Maximum Dwellin
Reactin Zn Zn Ge P Sn Growing elling . . SEM/ED
on System @ (mole) © (mol © (mol on © (mole | Temperature time Reaction Container XRD s Photo
Name Y 9 g 0) 9 e) Name 9 ) ?"C) (hour)
Bas-4 | zn-Ge-P 0'5’9 0'%214 0'120 0.003 0'38 0003 | Bas-a | 1.501 | 0.013 1150 20 Graphite + Quartz tube | Bas-4 Bas-4
. . As . Sn Maximum .
Reacti . . Si Reacti . Dwelling
Reactin Mg Mg Si As Sn Growing . . . SEM/ED
on (mol on time Reaction Container XRD Photo
Name System ) (mole) ) 0 Q) (r:)ol Name (@) (m)ole Tem%ecr;atu re (hour) S
Bas5 | Mgsi-as | O | o001 | %% | oo [ °Z' | 0.003 [ Bass | 1500 | 0.013 1150 20 Graphite + Quartz tube Bas-5
. Ge As } Sn Maximum .
Reacti Reactin Mg Mg Ge As Reacti Sn Growing Dw_elllng . . SEM/ED
on on time Reaction Container XRD Photo
System 9) (mole) 9) (mol ) (mol ) (mole | Temperature S
Name Name o (hour)
€) €) ) ()
Bas-6 M%;e‘ 0'23 0.001 0'210 0.001 0'121 0003 | Bas-6 | 1502 | 0.013 1150 20 Graphite + Quartz tube | Bas-6 Bas-6
. . As . Sn Maximum .
Reacti Reactin Mg Mg Si Si As Reacti Sn Growing Dw_ellmg . . SEM/ED
on System © (mole) © (mol © (mol on © (mole | Temperature time Reaction Container XRD S Photo
Name Y g g €) g ¢) Name 9 ) ?"C) (hour)
Bas-7 | Mg-Si-As 0'23 0'83 0.001 Ogl 0.003 | Bas7 | 1.500 | 0.013 1150 20 Nb tube + Quartz tube Bas-7
. Ge As } Sn Maximum .
Reacti Reactin Mg Mg Ge As Reacti Sn Growing Dw_elllng . ; SEM/ED
on on time Reaction Container XRD Photo
System 9) (mole) Q) (mol Q) (mol (@) (mole | Temperature S
Name Name o (hour)
e) e) ) Q)
Bas-8 M%&Se‘ 0'23 0.001 0'210 0.001 0'121 0003 | Bas8 | 1.502 | 0.013 1150 20 Nb tube + Quartz tube Bas-8
. . . Mn Sn Maximum
Reacti Reactin Mg Mg Si St P P Reacti Mn Sn Growing Dwelling time Reaction SEM/E
on (mol (mol on - XRD Photo
System (9) (mole) (9) (9) ) (mole @) (mol Temperat (hour) Container DS
Name e) e) Name ) ¢) ure (°C)
Bas-3- . 0.03 0.04 0.08 Bas-3- 0.003 | 0.000 1.50 Graphite + Quartz Bas- Bas-
1 Mg-Si-P 2 0.001 0 0.001 7 0.003 1 9 07 3 0.013 1150 20 tube 31 31
. . . Mn Sn Maximum
Reacti Reactin Zn Zn Si Si P P Reacti Mn Sn Growing Dwelling time Reaction SEM/E
on S (mol (mol on - XRD Photo
ystem ) (mole) 9) 9) (9) (mole (9) (mol Temperat (hour) Container DS
Name e) e) Name o
) €) ure (°C)
Bas-3- ai 0.08 0.0013 0.08 Bas-3- 0.003 0.000 1.50 Graphite + Quartz Bas- Bas-
2 Zn-Si-P 7 3 0.04 | 0.001 7 0.003 2 9 07 3 0.013 1150 20 tube 3. 3.
. Ge : Mn Sn Maximum
Rf;c“ Reactin Zn Zn Ge P (rr'?ol Riicu Mn Sn Growing Dwelling time Reaction XRD SEM/E Photo
System ) (mole) 9) (mol (9) ) (mole @) (mol Temperat (hour) Container DS
Name ¢) e) Name ) ¢) ure (°C)
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Bas-3- 0.08 | 0.0013 | 0.10 0.08 Bas-3- | 0.003 | 0.000 Graphite + Quartz Bas-
3 Zn-Ge-P 7 3 5 0.001 7 0.003 3 9 07 15 | 0.013 1150 20 tube 33
Reacti Si As Reacti Mn sn Maximum
on Reactin Mg Mg Si (mol As on Mn Sn Growing Dwelling time Reaction XRD SEM/E Photo
System ) (mole) Q) Q) (mol (9) (mole @) (mol Temperat (hour) Container DS
Name e) Name
e) ) e) ure (°C)
Bas-3- . 0.03 0.03 Bas-3- 0.003 | 0.000 Graphite + Quartz Bas- Bas-
4 Mg-Si-As 2 0.001 9 0.001 | 0.21 | 0.003 4 9 07 15 ] 0.013 1150 20 tube 3.4 3.4
: Ge As . Mn Sn Maximum
Rf;m Reactin Mg Mg Ge As Rzz;ctl Mn Sn Growing Dwelling time Reaction XRD SEM/E Photo
System 9) (mole) 9) (mol ) (mol ) (mole @) (mol Temperat (hour) Container DS
Name Name
€) e) ) e) ure (°C)
Mg-Ge- 0.03 0.10 0.21 0.003 | 0.000 1.50 Graphite + Quartz Bas- Bas-
3-5 As 2 0.001 2 0.001 1 0.003 3-5 9 07 5 0.013 1150 20 tube 35 35
CuF2 Cur2 Zrr4 Zrea Maximum Growing C;Oaltigg Dwelling Reaction Container XRD SEM/EDS | Photo Page Date
(9) (mole) 9) (mole) Temperature (°C) (°C/hour) Time (hr) g
3.0451 101.543 1.6734 0.010008 700 2.2 4 Pt tube CMF 60 3 (CMF B5) | 2008/2/26
3.0457 101.543 1.6685 0.009978 650 10 4 Au sealed Pt tube CMF 61 4 (CMF B5) | 2008/2/26
3.0464 101.543 1.673 0.010005 700 10 10 Au sealed Pt tube + Quartz tube | CMF 62 6 (CMF B5) | 2008/2/28
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Rﬁl?;crlr::n E;?fetm Zn;\‘sai:P: (Zgr; (n%)gle (Sg') (ms)tile (g) (mole) Z‘S (n'ln\flle) '\ql'aexninrg:r?tfr?gci?)g Reaction Container Pellet XRD S;D'\g/ Photo
DM 1 Zn-’\?;-P- 1:1:2.5 0.066 0.001 0.284 0.01 0.063 0.002 0.116 0.005 900 Stainless tube + quartz tube No
DM 2 Zn-,\?;-P- 1:1:2:10 0.066 0.001 0.282 0.01 0.63 0.02 0.23 0.01 900 Stainless tube + quartz tube No
DM 3 Zn-’\?;-P- 1:1:3:5 0.067 0.001 0.291 0.01 0.092 0.003 0.115 0.005 900 Stainless tube + quartz tube No
DM 4 Znﬁ;_P_ 1:1:4:5 0.066 0.001 0.277 0.01 0.124 0.004 0.116 0.005 900 Stainless tube + quartz tube No
DM 11 Z”ﬁ;'P‘ 1125 | 0262 | 0004 | 0112 | 0004 | 0248 0.008 0.465 0.02 1000 Stainless tube + quartz tube No
Reaction Reactin Cd:Si:P: Cd cd Si Si P P Na Na Maximum Growing ] - SEM/
Name System Na @ (m)ole © (m)ole © (mole) © (mole) Temperature (°C) Reaction Container Pellet XRD EDS Photo
DM 5 Cdﬁ;-P" 1:1:2:10 0.338 0.003 0.085 0.003 0.187 0.006 0.689 0.03 900 Stainless tube + quartz tube No
DM 6 Cdﬁ;-P" 1:1:3:10 0.337 0.003 0.085 0.003 0.279 0.009 0.69 0.03 900 Stainless tube + quartz tube No
DM 7 Cd',\?ai-P' 1:1:4:10 0.338 0.003 0.085 0.003 0.372 0.012 0.689 0.03 900 Stainless tube + quartz tube No
DM 8 Cd_,\?;-P_ 1:1:4:20 0.113 0.001 0.029 0.001 0.125 0.004 0.46 0.02 900 Stainless tube + quartz tube No
DM 9 Cd_,\?;-P_ 1:1:2:10 0.111 1E-03 0.03 0.001 0.061 0.002 0.229 0.01 1000 Stainless tube + quartz tube No
DM 10 Cdﬁ’;‘P' 11320 | o011 | 1603 | ooss | 000z | o009 0.003 0.224 0.01 1000 Stainless tube + quartz tube No
DM 12 Cdﬁ;-P" 1:1:2:0 0.434 0.004 0.117 0.004 0.241 0.008 0 0 1000 Stainless tube + quartz tube No
DM 13 Cdﬁ;-P" 1:1:3.0 0.433 0.004 0.109 0.004 0.404 0.013 0 0 1000 Stainless tube + quartz tube No
DM 14 Cdﬁ;-P" 1:1:4:.0 0.433 0.004 0.102 0.004 0.529 0.017 0 0 1000 Stainless tube + quartz tube No
DM 15 Cd_,\?ai-P_ 1:1:2.0 0.434 0.004 0.108 0.004 0.239 0.008 0 0 1000 Stainless tube No
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DM 18 Cd-P Cd:2P 1000 Stainless tube No

DM 19 DC 18-Si DM 18:Si 1000 Stainless tube No

DM 20 Cd-Si-P 1:1:2.0 1.124 0.01 0.282 0.01 0.62 0.02 0 0 1000 Stainless tube No

DM 21 Cd-Si-P 1:1:2.5:0 1.124 0.01 0.28 0.01 0.774 0.025 0 0 1000 Stainless tube + quartz tube No

DM 22 Cd-Si-P 1:1:3.0 1.125 0.01 0.281 0.01 0.929 0.03 0 0 1130 Stainless tube + quartz tube No

DM 23 Cd-Si-P 1:1:2:0 1.124 0.01 0.282 0.01 0.62 0.02 0 0 1000 Stainless tube No

DM 24 Cd-Si-P 1:1:2.5:0 1.124 0.01 0.28 0.01 0.774 0.025 0 0 1000 Stainless tube + quartz tube No

DM 25 Cd-Si-P 1:1:3:.0 1.125 0.01 0.281 0.01 0.929 0.03 0 0 1000 Stainless tube + quartz tube No

DM 26 Cd-Si-P 1:1:2.0 1.124 0.01 0.282 0.01 0.62 0.02 0 0 1000 Stainless tube No

DM 27 Cd-Si-P 1:1:2.5:0 1.124 0.01 0.28 0.01 0.774 0.025 0 0 1130 Stainless tube + quartz tube No

DM 28 Cd-Si-P 1:1:3.0 1.125 0.01 0.281 0.01 0.929 0.03 0 0 1130 Stainless tube + quartz tube No
Reaction Reactin Cd:Si:P: Zn Zn Mn Mn Si Si P Maximum Growing . . SEM/
Name System Mn © (m)ole © (m)ole © (mole) © (mole) Temperature (°C) Reaction Container Pellet XRD EDS Photo
DM 16 Cd;vslri{P' 0'9%12:2:0 1000 Stainless tube No

DM 17 Cd-Si-P- [ 0.95:1:2:0 1000 Stainless tube No

Mn .05
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R?\“a;:rtri]oen Reaction system C?S;)‘ ?n?é% CBE;:)OS ((:r?fo:gf Ca(‘;:)lz coct Tmax (°C) COR‘?';llti;1 0 DVTvierITI1ieng crucible XRD SEM_EDS | SQUID | Photo Page Date
(mole) (°C/hour) (hr)

CMF 73 Co30,-CaCo;-CaCl, 2.021 0.008 6.369 0.0636 850 quench in air 24 Al,04 CMF 73 4 (CMF B7) 2008/12/10
CMF 74 C030,4-CaCo;-CaCl, 2.021 0.008 6.369 0.0636 850 quench in air 24 Al,03 CMF 74 5 (CMF B7) 2008/12/12
CMF 75 Co40,-CaCo;-CaCl, 2.021 0.008 6.369 0.0636 900 quench in air 24 AlL,O, 7 (CMF B7) 2008/12/12
CMF 76 Co30,-CaCo;-CaCl, | 16.378 0.068 15.615 0.1560 3.201 900 quench in air 24 Al,04 CMF 76 CMF 76 26 (CMFB7) | 2008/12/16
CMF 77 C030,4-CaCo;-CaCl, 5.856 0.024 6.143 0.0614 23.993 900 quench in air 24 Al,03 CMF 77 CMF 77 27 (CMF B7) 2008/12/16
CMF 78 Co30,-CaCo;-CaCl, 3.071 0.013 2.931 0.0293 6.000 900 quench in air 24 Pt CMF 78 CMF 78 28 (CMFB7) | 2008/12/16
CMF 79 Co40,-CaCo;-CaCl, 4.095 0.017 3.903 0.039 3.999 900 quench in air 24 Al203 CMF 79 CMF 79 27 (CMFB7) | 2008/12/16
Reaction ! Cos0s | Cos0, | cacos | cacos ) Cooling Dwelling

Name Reaction system © (mole) © (mole) crucible Tmax (°C) (°C’7ﬁ<t>eu ) Time (hr) XRD SEM_EDS SQUID Photo Page Date
CMF 80 Co30,-CaCo; pellet 4.096 0.017 3.905 0.039 Pt foil 900 quench in air 24 30 (CMFB7) | 2008/12/19
CMF 81 Co30,-CaCo; pellet 4.905 0.02 3.903 0.039 Pt foil 900 quench in air 24 CMF 81 30 (CMFB7) | 2008/12/19
CMF 82 C0304-CaCo; pellet Pt foil 900 quench in air 24 CMF 82 34 (CMF B7) 2008/12/22
CMF 83 C0304-CaCo; pellet Pt foil 900 quench in air 24 CMF 83 34 (CMF B7) 2008/12/22
CMF 84 Co304-CaCo; pellet Pt foil 900 quench in air 24 CMF 84 41 (CMF B7) 2009/1/1
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CMF85 | Co;0,-CaCo; pellet Pt foil 900 quench in air 24 CMF85 | CMF8s CMF85 41(CMFB7) | 2000/1/1

Ri\la:gz” Reaction system C?é;l' ?n?g% Ca(g)og ?;Eg)s Sr(g)lz srct: “é?ﬁ'vrﬂﬁ? C;?altig o 'ﬁ‘g}i’ '(';‘E) crucible XRD SEM_EDS | SQUID | Photo Page Date
(mole) Temperature (°C) (°C/hour)

CMF86 | Co;0,-CaCoysrCl, | 1638 | 0068 | 15618 | 0.1561 16 0.101 900 quench in air 24 AlLO; CMF 86 CMF 86 89 (CMFB7) | 2009/2/12

CMF87 | Cos0,-CaCoySiCl, | 6143 | 0026 | 5856 | 0.0585 24 0.151 900 quench in air 24 AlLO, CMF 87 CMF 87 89 (CMFB7) | 2000/2/12

CMF88 | Coj0,-CaCoySrCl, | 3071 | 0013 | 2937 | 00203 | 6001 | 0.038 900 quench in air 24 Pt CMF 88 CMF 88 89 (CMFB7) | 2009/2/12

CMF89 | Coj0,-CaCoysSrCl, | 2731 | o011 | 2602 | o0.026 1067 | 0067 900 quench in air 24 AlLO; CMF 89 CMF89 | cmFs9 90 (CMFB7) | 2009/2/12
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