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Chapter 1 General introduction

Recent advancements in materials science have brought attention to multicomponent
materials that incorporate distinct element species within a single structure. The conventional
method of doping a small amount of an element into a base material has long been the standard
in material design and development. This approach of enhancing material property has made
significant contributions to the science community. Examples include the development of
InxGai.xAs or the In;xGaxAsyP1.y [1], derived from solid solution alloys GaAs, InAs, InP, and
GaP. Also, the design and research of superconducting copper oxide Laz.xSrxCuO4 (LSCO)
solid solution based on so called perovskite-related copper oxide LaxCuOs [2].

However, this methodology primarily focuses on the ‘corner’ of the phase diagram,
as illustrated in Figure 1-1. An alternative approach proposed by Cantor et al., involves moving
from the ‘corner’ toward the ‘center’ of the phase diagram, exploring a field that is relatively
less studied. This ‘unconventional’ composition region, i.e., the equimolar multicomponent
materials had been presented to be useful in synthesizing materials with outstanding properties.
Introduced by Cantor et al., the multicomponent alloy Cr20Co20Fe20Mn2oNizo demonstrate high
strength and high toughness properties superior to most conventional alloys [3], attributed to a
‘multicomponent effect’. This approach introduces a ‘new material design’ methodology by
combining an equimolar number of different elements. Yeh et al. attributed this design process
and phenomenon to an ‘entropy stabilized’ effect [4]. Despite ongoing debates about this

concept, this category of material is commonly referred to as either “high-entropy” alloy or



“entropy-stabilized” alloy.

Example ternary phase diagram
A
Equimolar
multicomponent
Traditional compound
material
refinement
C B

Figure 1-1 The example of a ternary phase diagram showing how ‘new materials design’ is

different from traditional material refinement.

Meanwhile, the alloy system is limited to the structure types of simple cubic, BCC,
and FCC structures. There has been significant interest in exploring the application of this
design concept to ceramic materials, given that ceramics can adopt various structures such as
rock-salt, spinel, and perovskite structures, etc. These diverse structures hold great potential
for scientific and engineering applications. In 2015, Rost et al. successfully demonstrate that
this idea of designing new alloy can be expanded to oxides [5]. Since then, there has been
extensive exploration of new compounds within the equimolar multicomponent ceramic family.

Within the extent of exploring multicomponent ceramics around the center of the
phase diagram, numerous synthesis processes have been established. Conventional sintering
process, spark plasma sintering, physical vapor deposition are some examples. However, the

synthesis method using high-pressure technique are less reported.
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High-pressure technique offers several advantages. Due to the nature of the process,

the sample is compressed to a high-density condition in which atoms are forced to get close

together that is effective for solid state reactions. The sample is sealed inside cell parts or

pressure chamber during synthesis, allowing reactions among starting materials with different

melting points. Additionally, this technique enables the synthesis of materials with high vapor-

pressure. Consequently, high-pressure technique favors chemical reactions among elements

with different characteristics, making it suitable for synthesizing multicomponent ceramics.

Nitrides and phosphides are particularly of interest due to their superior material properties and

the synthesis challenges under ambient pressure. Their details on these will be introduced in

later chapters.

Nevertheless, sample size in high-pressure experiments is limited, resulting in fewer

product amounts compared to ambient pressure synthesis. Consequently, analysis and

characterization of the product are confined to techniques that do not require a large sample.

At the same time, the search for multicomponent ceramic using high-pressure technique is an

area that is largely unexplored. The variable concerning pressure in the synthesis process makes

finding the optimal synthesis conditions more challenging, with no guarantee of synthesizing

single-phase multicomponent product. Given these challenges, an accurate evaluation

measurement method is required, with synchrotron X-ray diffraction (XRD) technique being

the most suitable.

Synchrotron XRD technique is capable of measuring small samples, including those



with low symmetry structures and impurity inclusion. For example, a sample with a main phase
of monoclinic symmetry is shown in Figure 1-2. Accurate lattice and volume information can
be retrieved from the XRD pattern. Furthermore, the measurement can be done at various
temperature and pressure conditions. /n-situ low-temperature and compression measurements

can be used to calculate thermal expansion and compression behaviors.
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Figure 1-2 Example in-situ low-temperature (left) and compression (right) synchrotron XRD
pattern of a monoclinic sample. Synchrotron XRD technique can measure complicated

structure even with the presence of impurity phase.

Thermal expansion and compression behavior are fundamental material properties
crucial for engineering applications. For instance, significant differences in thermal expansion
between materials joined together can lead to catastrophic failure in electronic components, jet

turbine engines, and other applications. The compressibility of materials is closely related to
4



hardness, a critical factor in the performance of hard materials such as drills and machining

tools.

Given these considerations, the objective of this thesis is to synthesize equimolar

multicomponent ceramics using high-pressure techniques and establish the optimal synthesis

conditions. Furthermore, in evaluating the synthesized multicomponent ceramics, the

multicomponent effect is explored by comparing the experimental values with the weighted

average values of the constituent endmembers. The multicomponent effect on lattice

parameters, coefficient of thermal expansion (CTE), and bulk modulus is examined.



Chapter 2 Experimental procedure
2.1 High-pressure technique
In this thesis, high-pressure synthesis was conducted using a 250-ton DIA-type cubic
multi-anvil large volume press (LVP), as depicted in Figure 2-1. The LVP has a height of about
2 meters. The sample container, or cell part, is illustrated in Figure 2-2, with dimensions of
about 8x8x8 mm?®. It is hand-crafted for each experiment. The BN capsule serves as the
container for the sample. Insulated heating was achieved using carbon. Finally, the cell part is

compressed by anvils in six directions simultaneously.

Figure 2-1 250-ton DIA-type cubic multi-anvil large volume press.



DIA-type multi-anvil press
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Figure 2-2 Schematic view of the DIA-type multi-anvil press with the handcraft cell-parts for
the high-pressure experiment. The cell-parts are being compressed by the anvils from 6-
directions simultaneously. The picture in the bottom left is the actual experiment before
compression (left) and after compression (right). The cell-part is constructed by (1) sample
chamber, (2) A-BN, (3) carbon resistance heater, (4) ZrO; thermal insulation, (5) R-type

thermocouple, (6) pyrophyllite pressure medium, and (7) Mo foil electrode.



In the compression experiments, a diamond anvil cell (DAC) was used (Figure 2-3).
The sample chamber used a SUS gasket with a pre-indented hole (~160 um in diameter). The
diamonds used had a culet size of 350 um. The pressure medium was liquid mixture of
methanol/ethanol (4:1) which enables quasi-hydrostatic conditions up to 10 GPa [6]. Ruby was

employed for pressure determination [7].

DAC

Diamond /

g
= %
Ruby Sample
50 um

Figure 2-3 The schematic figure of diamond anvil cell.



2.2 Starting materials

As will be introduced in the later chapters, the starting materials involved in this
study are separated into multicomponent oxide, nitride, and phosphides for discussion. The
starting materials are made using the following commercial chemical products as listed in Table

2-1, Table 2-2, and Table 2-3.

Table 2-1 The chemicals used in multicomponent oxide experiments.

Chemical  Maker Purity Form

MgO Rare Metallic Co., Ltd. 99.99% Powder
NiO Wako Pure Chemical Industries Ltd. 99.90% Powder
CuO Kojundo Chemical Laboratory. Co., Ltd. 99.99% Powder
CoO Kojundo Chemical Laboratory. Co., Ltd. 99.90% Powder
ZnO Rare Metallic Co., Ltd. 99.999%  Powder

Table 2-2 The chemicals used in multicomponent nitride experiments.

Chemical  Maker Purity Form
A% Mitsuwa Chemicals Co., Ltd. 99.90% Piece
Cr Nilaco Co. 99.90% Chunk
Nb Hiranoseizaemon Shoten Co., Ltd. 99.90% Piece
Mo Nilaco Co. 99.95% Chunk
Ta Kojundo Chemical Laboratory. Co., Ltd. 99.90% Chunk
NH4Cl Sigma-Aldrich 99.99% Powder




Table 2-3 The chemicals used in multicomponent phosphide experiments.

Chemical Maker Purity Form
A% Japan Metal Service Co., Ltd. 99+% Powder
Cr Kojundo Chemical Lab. Co., Ltd. 99.9% Powder
Mo Kojundo Chemical Lab. Co., Ltd. 99.9% Powder
Mn Kojundo Chemical Laboratory. Co., Ltd. 99.9%  Powder
A% Mitsuwa Chemicals Co., Ltd. 99.90%  Piece
Cr Nilaco Co. 99.90%  Chunk
Mo Kojundo Chemical Lab. Co., Ltd. 99.90%  Chip
Mn Nilaco Co. 99.999% Chunk
Red phosphorus Kojundo Chemical Laboratory. Co., Ltd. 99.99%  Powder
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2.3 Characterizations
2.3.1 XRD and SEM-EDS

The synthesized products were first characterized by powder X-ray diffraction
(XRD) pattern taken at Nagoya University. RINT-2500, RIGAKU Corp., with Cu radiation
was used. The voltage of X-ray tube and current are 50 kV, and 160 mA, respectively. Due to
the sample size, part of the product was determined using RAXIS VII, RIGAKU Corp., with a
Cu radiation. The voltage of X-ray tube and current are 45 kV, and 45 mA, respectively. The
two-dimensional patterns were converted to one-dimensional profiles using Fit2D program
[8,9].

Synchrotron XRD patterns were taken at Aichi Synchrotron Radiation Center. The
ambient condition (room temperature and ambient pressure) patterns were taken at BL5S2,
with a monochromatic wavelength of A = 1.127 A pre-calibrated using CeO; standard before
measurement. The in-situ low-temperature XRD patterns were also taken at BL5S2. The In-
situ cooling and heating were done using a cooling system (airflow of nitrogen gas). The
sampling temperature was pre-calibrated using thermal couple and determined from the
relationship between gas flow nozzle point and the sampling point. The sample was first cooled
down to 113 K and data were collected at intervals of 20 K from 113 K to 333 K. The heating
speed was 50 K/min, and the sample was kept at the temperature for 120 seconds before each
data measurements.

In-situ compression experiments were mainly conducted in Aichi Synchrotron

11



Radiation Center, BL2S1 (A = 0.72 A) [10]. Compression experiments were performed using
LVP synthesized products and reloaded into a DAC (setup described in Chapter 2.1). The
measurement time was set to # = 300 s. Camera length was calibrated by using CeO, standard.
Two-dimensional diffraction profiles were converted to one-dimensional profiles using
[PAnalyzer [11].

Part of the in-situ high-pressure experiments were conducted using laboratory in-situ
Mo-radiation X-ray with voltage of X-ray tube and current of 60 kV, and 300 mA, respectively.
The measurement time was about 12 hours per pattern. The camera length was calibrated using
CeO> standard. The two-dimensional patterns were converted to one-dimensional profiles
using Fit2D program [8,9].

XRD pattern peak fittings were performed by using PDIndexer software [11]. Crystal
structures refinements were done by Rietveld analysis using the RIETAN-FP program [12].
Crystal structures are illustrated with VESTA [13].

Product surface morphology and element constituents were analyzed by scanning
electron microscopy and energy dispersive X-ray spectroscopy (FlexSEM 1000 II, Hitachi
High-Tech Corporation, accelerating voltage: 15 kV). A scanning transmission electron
microscope (JEM-ARM200 STEM, accelerating voltage: 200 kV) was used to study the crystal

structure as well as the atomic-scale homogeneity of the products.

12



2.3.2 Weighted average method

The weighted average method is employed for the discussion of the individual
constituent effect in the multicomponent compounds. The lattice parameter of multicomponent
compounds can be approximated by following equation:

Acomp. = Xie1 Ces,iQidividual compound Equation 1

Where the individual component ¢ (constituent) has a contribution to the total lattice parameter

13



233 Coefficient of thermal expansion

When calculating the coefficient of thermal expansion (CTE), it is typical for most
metals and ceramics at elevated temperatures (e.g., above 298 K) to exhibit a linear behavior
that can be effectively estimated using straightforward linear equations. At low temperatures
(e.g., below 298 K) the CTE tends to change more and follows a curved trend because
theoretically the CTE will become 0 at 0 K [14,15]. Thus, in this study, the coefficient of
thermal expansion (CTE) is calculated by using a second-degree polynomial [16]:

V(T)=V (1+ a;T + a,T?) Equation 2
Where parameters V, a;, and a2 can be determined by fitting experiment volume-temperature
data. Then, from the definition of thermal expansion, a(7) (CTE) is:

a(T) = % (Z—;) Equation 3

From Equation 2 and Equation 3, the volumetric CTE at each experiment temperature can be

calculated, and similarly, the CTE for each axis and bond angle can be calculated in the same

way.

14



2.34 Bulk modulus

The zero-pressure bulk modulus is calculated by fitting the second-order Birch-
Murnaghan equation of state (BM-EOS, Equation 4). The fitting parameters are evaluated
using the relation between zero-pressure bulk modulus (Kj) and its zero-pressure derivative,
the normalized pressures F in Equation 5 as a function of Eulerian strain f'in Equation 6 are

calculated and plotted for each compression experiment.

5 2
_ 3o (V)T [(V)TE -
P = . (Vo) l(Vo) 1] Equation 4
F=—2L K1+, - df] Equation 5
3f(2f+1)2 z

f=-2 Equation 6
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Chapter 3 NaCl-type multicomponent compounds
3.1 Introduction

As a starting point in the synthesis of multicomponent ceramics, a simple NaCl-
type multicomponent nitride is selected. Binary transitional metal nitrides are famous for their
high hardness and ultrahigh bulk modulus (e.g., VN, NbN) [17,18], chemical inertness (e.g.,
CrN) [19], super- and semi- conductivity (e.g., MoN, Ta3Ns) [20,21], or ferromagnetism (e.g.,
Fe4N) [22]. Therefore, it is anticipated that by combining multiple components, nitrides could
exhibit even enhanced material properties.

However, among multicomponent ceramics, multicomponent nitrides are less
reported. The majority of them have been synthesized in thin film forms with a NaCl-type
structure, such as (Ti,Hf,Zr,V,Nb)N [23], (Ti,V,Cr,Zr,Hf)N [24], and (Al,Cr,Mo,Ta,Ti,Zr)N
[25]. The synthesis of bulk multicomponent nitrides remains largely unexplored [26]. This is
primarily due to the fact that nitrides typically require extended synthesis duration at elevated
temperature for nitrogen molecules to undergo decomposition and react with the metals. But
such high-temperature conditions can lead to the decomposition of the resulting nitrides.

Recently, high-pressure synthesis technique has proven to be feasible for
synthesizing novel transitional metal nitrides [27-30], providing a fast and safe route for
nitride synthesis. Consequently, there is considerable interest in synthesizing novel bulk
multicomponent nitrides. In the meanwhile, high-pressure experiment using NH4Cl as a

nitrogen source and solvent have reported successful synthesis of nanowire tantalum nitride

16



[31] and single crystal tungsten nitride [32].

For comparison and examination of multicomponent compounds, the well-known
multicomponent NaCl-type oxide (MgCoNiCuZn)O (i.e. (Mgo.2C00.2Nip.2Cuo2Zno2)0) [5] was
firstly synthesized under ambient pressure to compare with the NaCl-type multicomponent
nitride. Thermal expansion and compression behaviors are discussed. Subsequently, the
synthesis of multicomponent NaCl-type nitride (V,Cr,Mo,Nb,Ta)N using high-pressure
technique is re-examined with additional composition adjusted experiment and compression,
as well as thermal expansion experiments, to investigate the multicomponent effects between

different ceramic systems.

17



3.2 Multicomponent oxide
3.21 Synthesis of NaCl-type (MgCoNiCuZn)O

The synthesis of NaCl-type (MgCoNiCuZn)O was conducted by weighting and
mixing the equimolar amounts of MgO, NiO, CuO, CoO, and ZnO powders. The mixed
powders were then pressed into pellets and fired in the air using a muffle furnace. The firing
process involved heating to 1000 °C, maintaining the temperature for 12-16 hours, and
quenching by immediately depositing the pellet onto a copper plate. This firing-and-quenching
process was repeated three times, with each repetition involving powdering the sample pellet,
mixing it with ethanol, and recompressing it into a pellet for firing.

Figure 3-1 shows the synchrotron XRD pattern of the (MgCoNiCuZn)O. Previous
reports on the lattice constant of the NaCl-type (MgCoNiCuZn)O have provided values of a =
4.1993 (5) A [5], a = 4.2307 (2) A [33], a = 4.235 A [34], a = 4.241 A [35]. The synthesized
(MgCoNiCuZn)O can be well explained by a cubic rock-salt structure. The lattice constants
and cell volume are a = 4.23689(3) A and V = 76.057(2) A3, which are consistent with the
previous research. The SEM image of the sample is presented in Figure 3-2, and EDS images
in Figure 3-3 confirm uniform dispersion of Mg, Co, Ni, Co, and Zn. According to EDS point

analysis, the composition is (Mgo.18C00.19N10.18Cu10.22Zn023)O and is nearly equimolar.

18
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Figure 3-1 The synchrotron X-ray pattern of the (MgCoNiCuZn)O synthesized at 1273 K and

ambient pressure. The marker corresponds to NaCl-type structure, and the peaks are indexed.

Figure 3-2 The scanning electron microscopy images of the (MgCoNiCuZn)O. The sample

powders were pressed into pellet for SEM-EDS characterizations. The numbers represent EDS

point mapping, and the data are shown in Table 3-1.
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Table 3-1 The point analysis result of (MgCoNiCuZn)O correspond to Figure 3-2.

Point Mg/at.% Co/at.% Ni/at.% Cu/at.% Zn/at.%

1 17.20 19.82 19.35 21.20 22.43
2 18.12 18.59 17.71 22.09 23.49
3 18.51 18.94 17.81 21.85 22.89
4 18.04 18.34 17.56 22.38 23.68
5 18.10 18.25 17.99 22.18 23.48
6 18.15 18.49 18.75 21.55 23.06
7 17.54 18.79 18.14 22.08 23.45

Avg. 17.95 18.75 18.19 21.90 23.21
Std. Dev. 0.40 0.49 0.59 0.38 0.41

O Kal Zn Lal,2

10pm Ni Ka1 Wy Cu Lal,2

10pm Co Kal 10um Mg Kal 2

Figure 3-3 The Energy-dispersive X-ray spectroscopy images of the (MgCoNiCuZn)O. From

the result of EDS mappings, it has homogeneous distribution of the elements.
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The cell volume of the endmembers of (MgCoNiCuZn)O is also listed in Table 3-2.
Since not all endmembers of (MgCoNiCuZn)O are NaCl-type structure, the multicomponent
effect in (MgCoNiCuZn)O is compared among the volume of the endmembers. The cell
volume of the (MgCoNiCuZn)O is almost the same as the weighted average calculated from

the endmember oxides.

Table 3-2 The cell volume of the (MgCoNiCuZn)O and its endmember oxides.

Volume / A3
MgO [36] 75.14
CoO [37] 77.31
NiO [38] 73.03
CuO [39] 80.37
ZnO [40] 95.62%
Exp. value 76.057(2)

(MgCoNiCuZn)O
Weighted avg. 80.29

* The structure of ZnO is hexagonal with Z=2 and has a volume of 47.81 A3. For comparison

with other oxider (Z=4) the volume of ZnO is doubled.
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3.2.2 Thermal expansion and compression behavior

The low-temperature XRD patterns of (MgCoNiCuZn)O and the constituent oxides
(MgO, CoO, NiO, Cu0, ZnO) were taken and shown in Figure 3-4, and Figure 3-5. Throughout
the experimental temperature range, (MgCoNiCuZn)O exhibited no additional peaks and
remained stable down to 113 K. Notably, CoO underwent a temperature-induced phase
transformation from a cubic structure to tetragonal/monoclinic symmetry just below room
temperature (T = 289K) [41,42]. The low-temperature peak fittings of CoO were done using
the tetragonal phase, and data above 273K were excluded from the comparison. Figure 3-6a
illustrates the temperature-dependent volume ratio changes for the constituent oxides and
(MgCoNiCuZn)O. The volume of the (MgCoNiCuZn)O changed smoothly. No discontinuity
in the volume-temperature curve was observed during cooling, indicating no phase
transformation in this temperature range. Figure 3-6b displays the normalized change in axis
ration with respect to temperature, with CoO exhibiting the largest change. Further details will

be discussed later.
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Figure 3-4 Temperature-dependent synchrotron XRD pattern of the (MgCoNiCuZn)O from

low (113 K, bottom) to high temperature (333 K, top).
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Figure 3-5 Low-temperature synchrotron XRD pattern taken on mixed constituent oxide

powders from 113 K (bottom) to 333 K (top).
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respect to the temperature. b) Normalized change of axis ratio with respect to the temperature.
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From the low-temperature XRD pattern, the volume of (MgCoNiCuZn)O at each

temperature can be derived. The coefficient of thermal expansion (CTE) was calculated from

the volume-temperature data using the equations described in Chapter 2.3. The CTE has a

linear relationship with temperature, which can be expressed by a general equation. The CTE

at each temperature are summarized in Table 3-3 and plotted in Figure 3-7. The general

equations are summarized in Table 3-4. Throughout the experimental temperature range,

(MgCoNiCuZn)O exhibits higher CTE values than the average. Above 133 K, CoO has the

highest CTE, which is related to the Jahn-Teller effect as mentioned below. However, below

133 K, it should be noted that the (MgCoNiCuZn)O has the highest CTE among all the

constituent oxides. These results indicate that (MgCoNiCuZn)O has a smaller temperature

dependency than all endmember binary oxides.
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Table 3-3 The result of calculated thermal expansion at each experimental temperature.

CTE, av (K!) x10°
Temperature (K)

(MgCoNiCuZn)O CoO NiO MgO CuO ZnO
113 2.28 1.95 1.52 1.55 1.14 0.34
133 2.40 231 1.69 1.71 1.32 0.45
153 2.52 2.67 1.85 1.87 1.49 0.55
173 2.65 3.04 2.02 2.03 1.67 0.66
193 2.77 3.40 2.18 2.19 1.85 0.77
213 2.89 3.76 2.35 2.35 2.03 0.88
233 3.01 4.12 2.51 2.51 221 0.99
253 3.14 4.48 2.68 2.67 2.39 1.10
273 3.26 4.84 2.84 2.83 2.56 1.20
293 3.38 - 3.01 2.99 2.74 1.31
313 3.50 - 3.17 3.14 2.92 1.42
333 3.62 - 3.33 3.30 3.10 1.53

Table 3-4 General volumetric CTE equation based on the experiment data.

(MgCoNiCuZn)O a =1.5901(11) X 1075 + 6.105(5) X 108 x T
CoO a=-87(3)x 1077 + 1.8043(15) x 107 X T
NiO a = 5.8990(14) X 107° + 8.246(6) X 108 X T
MgO a = 6.555(13) X 1076 + 7.952(6) X 108 X T
CuO a =1.321(13) x 1076 + 8.907(5) X 108 x T
ZnO a = —2.748(3) X 1076 + 5.4174(15) x 108 x T
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Figure 3-7 Temperature-dependent volumetric CTE change of the (MgCoNiCuZn)O and all

constituent oxides. The line is the average volumetric CTE value calculated from the binary

oxides.
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The crystal structures of (MgCoNiCuZn)O, CoO, ZnO, and CuO are depicted in
Figure 3-8 and the f-angle of CuO is summarized in Table 3-5. The axis ratios of the
(MgCoNiCuZn)O, ZnO, CuO, and CoO with respect to the temperature are shown in Figure
3-6, enabling a comparison of the axis anisotropic relationship among these oxides. A small
negative slope is observed for the a- axis of CoO, and the c- axis of CoO showed a significant
change (large positive slope) even compared to other oxides. This substantial anisotropy arises
from the fact that CoOs octahedra undergo Jahn-Teller distortions, as reported in papers [41—
43]. Although it remains unclear how the Jahn-Teller effect in the CoOs octahedra can impact
the structure of (MgCoNiCuZn)O at low temperatures, at higher temperatures (293-1273 K),
it has been reported that CuOs octahedra can induce a local lattice distortion in
(MgCoNiCuZn)O due to the Jahn-Teller effect [44,45]. Thus, it is plausible that the Jahn-Teller
effect in the CoOs octahedra may also affect the structure of (MgCoNiCuZn)O at low

temperatures.
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Figure 3-8 The crystal structures of (MgCoNiCuZn)O, CoO, ZnO, and CuO at 113 K.
(MgCoNiCuZn)O is a NaCl-type structure, CoO is tetragonal, CuO is monoclinic, and ZnO is
hexagonal. The Jahn-Teller elongation in the c- axis of CoO caused a phase transformation in

CoO from cubic above room temperature to tetragonal below room temperature.
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Table 3-5 The f-angle of CuO from 113 K to 333 K.

Temperature (K) B
113 99.640(7)
133 99.634(6)
153 99.605(8)
173 99.610(5)
193 99.596(8)
213 99.560(10)
233 99.536(3)
253 99.521(5)
273 99.496(3)
293 99.480(5)
313 99.466(8)
333 99.436(3)
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A compression experiment was also conducted, and the bulk modulus of synthesized

(MgCoNiCuZn)O was derived. The normalized volume with respect to pressure data is plotted

in Figure 3-9, with the inset showing the normalized pressure F vs. Eulerian strain f plot. The

bulk modulus obtained from the fitting using the Birch-Murnaghan EOS result in a value

(142(7) GPa) lower than the one obtained from the F-f plot (174(18) GPa). While there are

points that deviate largely from the fitting equation, the high-fregion in the F-fplot is constant.

Thus, the value of 174(18) GPa (with K¢'= 4.0 fixed) obtained from the F-f plot, is used for

comparison. This value is also close to the value reported in previous study of 176 GPa [33].

The bulk modulus of endmember oxides is summarized in Table 3-6. (MgCoNiCuZn)O has

almost the same value of bulk modulus as the weighted average of its endmembers.
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Figure 3-9 The compression behavior of (MgCoNiCuZn)O from pressures of 0 to 10 GPa. It
should be noted that the compression behavior was taken using a laboratory Mo radiation X-
ray, and the cell volume was calculated by fitting 3 peaks in the X-ray pattern. The bulk
modulus of the (MgCoNiCuZn)O determined by fitting the second-order Birch-Murnaghan
equation of state result in a zero-pressure bulk modulus of Ko= 142(7) GPa (Ko'= 4.0 fixed, red-
line). The red-square markers represent compression data, and the blue-circle markers
represent decompression data. The inset is the plot of the relation between normalized pressure
F vs. Eulerian strain f. The fitting with Ko'= 4.0 fixed is shown in red line. The high-f region

is constant, and the result gives a value of 174(18) GPa.
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Table 3-6 The bulk modulus of the (MgCoNiCuZn)O and its endmember oxides.

Oxides Bulk modulus / GPa
MgO [46] 179.0
CoO [47] 270
NiO[48] 187
ZnO [49] 183(7)
CuO [46] 81.0
Exp. value 174(18)
(Mgo.18C00.19N10.18Cu0.22Zn0.23)O | ref. [33] 176
Weighted avg. 177
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33 Multicomponent nitride
3.3.1 High-pressure synthesis of multicomponent (VCrMoNbTa)N

A multicomponent nitride was synthesized using a high-pressure technique
combined with the use of NH4Cl as the nitrogen source. The alloy starting material of
multicomponent nitride was prepared by mixing equimolar amount of bulk V, Cr, Mo, Nb, and
Ta using an arc-melting process. The SEM-EDS characterization of the alloy is shown in Figure
3-10.The elements are uniformly distributed, with an XRD pattern showing a single BCC phase
(Figure 3-11). The alloy was then powdered and mixed with NH4Cl inside a glove box for 1
hour at a ratio of alloy to NH4CI =1: 2. The final product was synthesized using a large volume

press mentioned in Chapter 2.1.
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Figure 3-10 The SEM and EDS mapping of VCrMoNbTa alloy. The constituents have an

average of V=24.14 at.%, Cr = 15.29 at.%, Mo = 21.13 at/%, Nb = 21.00 at.% and Ta = 18.44

at.%.
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Figure 3-11 Powder XRD pattern of V-Cr-Mo-Nb-Ta alloy. The pattern shows single phase

BBC-type alloy.
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The high-pressure synthesized sample under the conditions of P =6 GPa, 7= 1200 °C,
and ¢ = 1 hour is presented in Figure 3-12. The main phase is a NaCl-type nitride with a minor
phase of WC -type nitride and an impurity of Ta,Os. The presence of the Ta oxide impurity
may result from a reaction with moisture (H2O) in NH4Cl. Despite the careful preparation of
the sample inside a glovebox, small amounts of oxide impurity were formed. The lattice
parameter and cell volume of NaCl-type nitride have been determined to be a = 4.3087(2) A
and V' =80.06(2) A3,

SEM characterization results are shown in Figure 3-13, revealing many micrometer-
sized crystals. The cubic morphology of the crystals aligns with the NaCl-type structure
observed in the XRD pattern (Figure 3-12). The EDS point analysis result of the sample is
shown in Figure 3-14 and Table 3-7. It should be noted that V and Cr are less included in the
structure, and the calculated constituent are (Vo.087Cro.005Nbo.321M00.344Tao.243)N. These results
indicate that NH4Cl is quite useful for growing multicomponent metal nitride crystals under

high pressure, similar to the reported binary ones such as W-N and Ta-N nitrides [31,32].
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Figure 3-12 Synchrotron X-ray diffraction (XRD) pattern of the product synthesized at high

pressure.

Figure 3-13 The SEM images of the synthesized nitride reveal a cubic crystal habitus. The

constituent of the cubic crystal were calculated to be (V0.087Cr0.00sNbo.321M00.344Ta0.243)N from

EDS characterization.

37



10 pym

Figure 3-14 The SEM image with the EDS analysis point marked red in the figure. The point

analysis results are show in Table 3-7.

Table 3-7 The EDS point analysis result correspond to Figure 3-14.

Point V/at.% Cr/at.% Nb/at.% Mo/at.% Ta/at.%

1 9.48 0.49 35.59 28.68 25.76
2 8.33 0.39 34.23 32.29 24.75
3 9.86 0.51 31.29 34.58 23.75
4 9.32 0.46 34.11 31.77 24.34
5 11.35 0.23 33.51 27.72 27.18
6 6.76 1.42 31.46 37.69 22.67
7 8.79 0.55 29.37 35.81 25.48
8 9.30 0.48 29.58 37.36 23.28
9 7.72 0.45 30.86 37.44 23.52
10 6.57 0.45 29.26 42.68 21.05
11 6.88 0.17 31.47 37.39 24.10
12 10.16 0.03 33.50 30.57 25.75
13 8.64 0.43 33.06 33.72 24.15
Avg. 8.70 0.47 32.10 34.44 24.29
Std. Dev.  1.65 2.12 1.55 1.14 0.83
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Assuming the cubic crystals are a NaCl-type nitride, the individual binary nitride
endmembers reported with NaCl -type structure are summarized in Table 3-8. Using the
weighted average method, the calculated value a = 4.30 A is consistent with the experimental

XRD result of a = 4.3087(2) A for the synthesized multicomponent NaCl -type nitride.

Table 3-8 The lattice parameters of V, Cr, Nb, Mo, Ta binary nitrides.

NaCl -type nitrides ~ Lattice parameter / A ref.

VN 4.28 [50]

CrN 4.1499(7) [51]

NbN 4.3934 [52]

MoN 4212 [53]

TaN 4.32 [54]
4.3087(2) Exp. value

(V,Cr,Nb,Mo,Ta)N
4.30 Weighted avg.
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The relatively lower content of V and Cr in the crystals may be attributed to the

formation of chlorides during the high-pressure and high-temperature reaction with NH4CL

Figure 3-15 shows the SEM and the EDS mapping of the synthesized product before washing

with distilled water. Three separate areas can be observed: the area that is rich in Nb, Mo, and

Ta; the area enriched in V, Cr, and Cl; and the area with Cl along. The area enriched in Nb, Mo,

and Ta is expected to be the nitride phase, and the Cl-enriched area is the NH4Cl residuals. The

area of V, Cr, and Cl has barely any inclusion of Nb, Mo, and Ta, suggesting that this area is

the phase of V- and Cr-chlorides. Since transitional metal chlorides can be readily removed by

distilled water, the V- and Cr-chlorides were washed away during the process. This led to fewer

V and Cr inclusions in the SEM-EDS results presented earlier (Figure 3-13).
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Figure 3-15 The SEM and EDS mapping of synthesized product prior to being washed with

distilled water.
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From the results mentioned above, it indicates that the addition of an excess amount

of V and Cr may be required to achieve equimolar multicomponent product. Hence, another

experiment was done to confirm this idea. The transition metal ratio of V: Cr: Mo: Nb: Ta = 3:

3: 1: 1: 1 was made into alloy. The polished fracture surface of the alloy was examined by

SEM-EDS and shown in Figure 3-16. In the examined sample part, V and Cr is in excess. The

alloy was then mixed with NH4Cl at a ratio of alloy to NH4CI = 1:2. The synthesis was done

under the same conditions described previously.

V Kol

Figure 3-16 The SEM and EDS mapping of the V- and Cr-rich VCrMoNbTa alloy. The

characterization was taken on a polished fracture surface of the alloy ball.
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Table 3-9 The EDS point analysis result that corresponds to the points shown in Figure 3-16.

Point V/at.% Cr/at.% Mo/at.% Nb/at.% Ta/at.%

1 43.02 37.38 7.89 5.04 6.67
2 37.81 41.04 4.87 8.34 7.93
3 39.01 38.83 6.25 8.06 7.86
4 40.8 33.72 10.29 6.63 8.56
5 39.65 35.22 8.49 7.82 8.82
6 38.51 37.85 6.95 8.1 8.6

7 41.11 34.07 9.57 6.33 8.92
8 40.86 37.8 7.61 6.39 7.34
9 38.08 39.37 541 8.48 8.66
10 39.02 36.41 7.58 7.33 9.65
11 37.2 37.39 7.03 9.11 9.27
Avg. 39.55 37.19 7.45 7.42 8.39
Std. Dev. 1.65 2.12 1.55 1.14 0.83
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Figure 3-17 and Figure 3-18 present the XRD results of the synthesized product
before and after being washed with distilled water. Peaks around 32 and 40° that greatly
decrease in intensity after washing may be the chlorides. The SEM-EDS characterizations
before and after washing are shown in Figure 3-19 and Figure 3-20, respectively. The
corresponding EDS point analysis results are presented in Table 3-10 and Table 3-11. From
Figure 3-18, the product can be described as a NaCl-type nitride with a lattice parameter of a
=4.226(6) A close to the result discussed in Figure 3-12 (a=4.3087(2) A). However, from the
SEM-EDS characterization shown in Figure 3-20, no cubic crystal habitus was observed. The
EDS mapping before washing (Figure 3-19) shows that the sampling area is rich in Cl, V, and
Cr. After washing (Figure 3-20) some Cl rich areas remained (point 5 and 6), and these areas
are also rich in V and Cr. The rest (point 1, 2, 3, and 4) are rich in Mo, Nb, and Ta. After
washing, most V and Cr disappear, meaning that even with the excess amount of V and Cr

inclusions, most V and Cr had formed chlorides and washed away.
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Figure 3-17 The XRD pattern of the V- and Cr-rich multicomponent nitride product, the

pattern was taken before washed with distilled water.
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Figure 3-18 The XRD pattern of the V- and Cr -rich multicomponent nitride, the pattern was

taken after washed with distilled water.
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Figure 3-19 SEM and EDS mapping of the V- and Cr-rich multicomponent nitride before

washed with distilled water.

Table 3-10 The EDS point analysis result. The points correspond to Figure 3-19.

Point V/at.% Cr/at.% Mo/at.% Nb/at.% Ta/at.% Cl/at.%

1 8.31 22.05 0.10 0.02 0.36 69.16
2 6.39 23.30 0.03 0.04 0.10 70.14
3 9.69 23.86 0.08 0.14 0.07 66.16
4 5.69 18.22 0.16 0.09 0.14 75.69
5 7.33 20.72 0.08 0 0.11 71.76
6 6.62 22.12 0.04 0 0.10 71.12
7 9.81 26.19 0.08 0.20 0.87 62.86
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Figure 3-20 SEM and EDS mapping of the V- and Cr-rich multicomponent nitride after washed

with distilled water.

Table 3-11 The EDS point analysis result. The points correspond to Figure 3-20.

Point V/at.% Cr/at.% Mo/at.% Nb/at.% Ta/at.% Cl/at.%
1 0.30 0.41 35.11 30.68 33.41 0.09
2 0.27 0.96 34.99 28.00 35.70 0.08
3 0.00 0.21 32.36 30.95 35.98 0.50
4 0.45 0.90 38.56 22.05 37.64 0.40
5 21.00 27.26 12.07 10.84 15.27 13.56
6 19.92 52.16 6.02 5.93 7.17 8.80
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The inclusion of an excess amount of V and Cr did not solve the problem of V and

Cr depletion in the final product. The formation of stable chlorides over nitride affects the final

constituent in the multicomponent nitride. This suggests that for the synthesis of an equimolar

five-element multicomponent nitride, whether the nitrogen source of NH4Cl, i.e., chloride,

should be replaced or the high potential chloride formation elements (such as V and Cr) should

not be used. Nevertheless, the multicomponent nitride synthesized using an equimolar amount

of each metal had a well-crystalline structure, and the following examinations in the next

chapters are discussed using the (Vo.087Cr0.00sNbo.321M00.344Ta0.243)N described in Figure 3-12.
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3.3.2 Thermal expansion and compression behaviors
3.3.2.1 Low temperature stability and thermal expansion behavior
The temperature dependent stability and expansion behavior of the multicomponent
nitride have been examined. The low temperature XRD patterns are shown in Figure 3-21. No
additional peak was detected, and (V0.087Cro.00sNbo.321M00.344Tao 243)N did not undergo a phase

transformation at low temperatures, indicating the stability of this nitride under such conditions.
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Figure 3-21 The low temperature XRD pattern of the synthesized multicomponent nitride from

333 K to 113 K. No extra peak is observed to low temperature.
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The calculated CTE are shown in Table 3-12, and the general equations are present
in Table 3-13. Figure 3-22 displays the plotted CTE figure for the NaCl-type multicomponent
nitride (Vo.087Cr0.005Nbo.321M00.344Tao 243)N, and NaCl-type binary nitride NbN. The volumetric
CTE at 293 K for (Vo.087Cr0.00sNbo 321M00.344Ta0.243)N is ay= 1.70 x10° K™!. In comparison to
the CTE of NbN (o= 1.85 x10° K™! at 293 K), (V0.087Cr0.00sNbo.321M00.344Ta0.243)N has smaller
CTE value. However, due to the lack of data in the binary nitride, especially that MoN and TaN
do not crystalized into NaCl-type structure at ambient pressure, it was unclear whether a
multicomponent effect takes place in the (V.087Cro.00sNbo.321M00.344Tao 243)N and lowers the

CTE.

i
o

® (VCrMoNbTa)N
A NbN

L
o
|
l

g
o
|
l

A
[ ]

4 o
o 8

CTE, a / K x10°
> @
| |
o
]

o
o
1
]

0.0 ] 1 ] ]
100 150 200 250 300 350

Temperature / K

Figure 3-22 Temperature dependent volumetric CTE change of the high pressure synthesized
multicomponent nitride (V0.087Cro.00sNbo.321Mo00.344Ta0243)N using equimolar metal element

alloy starting material. The binary NaCl-type nitride NbN is also potted in the figure.
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Table 3-12 The calculated CTE at each temperature point for the NaCl-type

(V0.087Cr0.00sNb0.321M00.344Ta0243)N and NbN. The data of NbN was measured by Ikoma

(master thesis, 2019).

Temperature / K

CTE, ay x 10° K'!
(V0.087Cr0.00sNbo.321M00.344Tao.243)N NbN

113
133
153
173
193
213
233
253
273
293
313
333

0.98 -

1.06 1.08
1.14 1.18
1.22 1.27
1.30 1.37
1.38 1.46
1.46 1.56
1.54 1.66
1.62 1.75
1.70 1.85
1.77 -

1.85 -

Table 3-13 The general CTE equation of (V0.087Cr0.005Nbo.321M00.344Ta0.243)N and NbN.

(Vo0.087Cr0.00sNbo 321M00 344 Ta0.243)N @y = 5.341(4) X 1076 + 3.962(2) x 1078 X T

NbN

ay = 4.381(4) X 1076 + 4.816(2) X 108 X T
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3.3.2.2 Pressure stability and compression behavior

Typically, nitrides exhibit high stability under pressure. resulting in a high bulk

modulus. The compressibility of (Vo.087Cr0.00sNbo.321M00.344Ta0.243)N has been studied. The in-

situ high-pressure synchrotron XPD patterns of the multicomponent NaCl-type nitride are

shown in Figure 3-23. No additional peaks are observed in the patterns. The compression

behavior of (Vo.087Cr0.00sNbo.321M00.344Ta0.243)N is shown in Figure 3-24, the multicomponent

nitride is stable to 10 GPa. The normalized pressures F as a function of Eulerian strain f were

also calculated to evaluate the fitting parameters and the result is shown in the inset of Figure

3-24.

Intensity / arb. units

5 1
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Figure 3-23 In-situ compression XRD pattern of (Vo.087Cro.00sNbo.321M00.344Ta0.243)N.
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Figure 3-24 The volumetric compression result for the (Vo.087Cro.00sNbo.321M00.344Tao.243)N
NaCl -type nitride. The inset is the plot of the relation between normalized pressure F' vs.
Eulerian strain f. The line is the fitting of the second-order Birch-Murnaghan equation of state

(BM-EOS) with a result of Ko = 290 (2) GPa (with Ky fixed to 4).
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The bulk modulus of (Vo.087Cr0.00sNbo.321M00.344Ta0.243)N was calculated to be Ko =

290(2) GPa. This is almost the same with the value calculated by the weighted average: 306

GPa using the reported bulk modulus for the according binary nitrides (Table 3-14).

Table 3-14 The bulk modulus of V, Cr, Nb, Mo, Ta binary nitrides.

NaCl -type nitrides  Bulk modulus / GPa Ref.
VN 265(5) [55]
CrN 257(5) [56]
NbN 323(1) [17]
MoN 307 [57]
TaN 295(1) [54]
290(2) Exp. value
(V,Cr,Nb,Mo,Ta)N
306 Weighted avg.
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34 Conclusion

In Chapter 3.2, the famous multicomponent oxide (MgCoNiCuZn)O was

examined. The synthesis of (MgCoNiCuZn)O was carried out under ambient pressure, and

the low-temperature thermal expansion and compression behaviors were discussed. The

lattice parameter of (MgCoNiCuZn)O can be approximated by the weighted average of its

endmembers. The results of coefficient of thermal expansion (CTE) revealed that the

constituent oxide CoO has the highest CTE above 153K. However, it is found that

(MgCoNiCuZn)O exhibits the highest CTE below 133K. Comparing the axis anisotropy

behavior of the constituent oxides, CoO is observed to undergo a significant change due to a

Jahn-Teller distortion. It is plausible that the CoOs octahedra may influence the local structure

of (MgCoNiCuZn)O, similar to the reported Jahn-Teller distortion of the CuOs¢ octahedra

above room temperature. The bulk modulus of (MgCoNiCuZn)O is almost the same as the

weighted average calculated from its endmember oxides.

Multicomponent nitrides were synthesized using a large volume press, and crystal

growth with a cubic habitus was observed. The feasibility of high-pressure synthesis using

NH4Cl was demonstrated. However, only a small amount of V and Cr was found in the

(V0.087Cr0.00sNbo.321M00.344 Tao.243)N due to the formation of chlorides. Despite incorporating

extra amount of V and Cr into the starting material in an attempt to create an equimolar

multicomponent nitride, the product still exhibited depletion in V and Cr. Nevertheless,

the thermal expansion and compression behaviors of (Vo.087Cro.00sNbo.321M00.344Ta0.243)N
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were examined. The lattice parameter and bulk modulus of

(V0.087Cr0.00sNbo.321M00.344Tao.243)N represent the average of its endmembers.

The multicomponent effect in oxide and nitride are summarized:

1)

2)

3)

The (MgCoNiCuZn)O has almost the same value of bulk modulus as the

weighted average of its endmembers. The lattice parameter of

(V0.087Cr0.00sNbo.321M00.344Ta0.243)N is also the same as the weighted average of

its endmembers.

The thermal expansion behavior of (MgCoNiCuZn)O is above the average of its

endmembers. The multicomponent effect in the thermal expansion behaviors of

the (V0.087Cr0.00sNbo321M00344Tao243)N need further information on its

endmembers.

The bulk modulus of both the multicomponent oxide and nitride are the same as

the weighted average of their endmembers.

Thus, the multicomponent oxide demonstrates a clear multicomponent effect in

thermal expansion behavior, while the multicomponent nitride does not exhibit obvious

multicomponent effects. The observed multicomponent effect in the thermal expansion

behavior of the multicomponent oxide may originate from the Jahn-Teller effect in CoO,

influencing the local Co octahedra in the structure of (MgCoNiCuZn)O during cooling.
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Chapter 4 Multicomponent phosphides

4.1 Introduction

Transition metal phosphides constitute a class of inorganic compounds that has
garnered substantial attention due to its distinctive physical and chemical properties, holding
promise for various applications including catalysis, energy storage, and electronics [S8—61].
These compounds exhibit a broad range of stoichiometry and structure, with reported
composition varying from metal-rich [62] to phosphorus-rich [63]. Metal-rich phosphides, or
those with phosphorus-poor compositions, have been extensively studied, revealing intriguing
metallic electrical properties and magnetic phenomena. Examples include FesP, Ni>P, and Cr3P
[64—66]. Incorporating multiple metal species into these compounds has yield superior
properties, such as superconductivity (e.g., MoRuP) [67,68], catalyst (e.g., CoMnP) [69], and
supercapacitor [70] (e.g., ZnNiCoP). In contrast, phosphorus-rich compounds are less reported.
They have shown potential for applications in thermoelectric material (NiP2) [71], reversible
lithium-ion battery (MnP4, CoP3) [72,73], and solar energy conversion material (FePs) [74].
Besides, combining both factors of phosphorus-rich and multiple-transition-metal-species
within a single phosphide in addition to the phosphorus-rich factor represents a largely
unexplored avenue.

Similar to the challenges encountered in the synthesis of multicomponent nitrides
mentioned in Chapter 3.1, the synthesis of phosphides poses difficulties. For instance,

phosphorus has high vapor pressure, while transition metals have high melting point. In order
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to overcome these problems, earlier studies used highly reactive starting materials like yellow

phosphorus [75], though this substance ignites spontaneously in air, producing toxic and

corrosive byproducts. Alternatively, some researchers have employed flux methods involving

tin (Sn) and prolonged annealing periods of over a week for synthesis [76,77].

Taking advantage of high-pressure technique, previously shown to be feasible in

synthesizing multicomponent nitride as discussed in the previous chapter, multicomponent

phosphides are studied because they can crystalize in more complicated structures. The ability

of high-pressure technique in the synthesis of multicomponent compounds with complicated

anisotropic structure is of interest. Historically, CrP4 was synthesized under high-pressure [78].

Starting with the base of the binary phosphide CrP4, transition metal elements were added in

to CrP4. The elements that were considered were vanadium, manganese, and molybdenum

surrounding chromium on the periodic table. Vanadium and manganese are 3d transitional

metals that are the same as chromium, and they have similar atomic size. In contrast,

molybdenum, a 4d transition metal, is larger in size. Also, VP4, and MoPs were reported to

crystalize into the same CrPs-type structure while MnP4 is described to be the stacking variant

of CrP4. Considering the synthesis challenges, the multicomponent phosphide experiments

began with the synthesis of (V,Cr)-phosphide. Then expanding subsequently to (V,Cr,Mn)-

phosphide and (V,Cr,Mo)-phosphide. The synthesis conditions and the multicomponent effect

on lattice parameters, compression and thermal expansion behaviors are discussed.

57



4.2 High-pressure synthesis and homogeneity
4.2.1 (V,Cr)P4

The initial sample was made by using transition metal powders. Each transition metal
powder was directly mixed with red phosphorus inside glove box for 30 min. Then, the mixed
powder sample underwent synthesis under conditions of P =15 GPa, 7= 1100 °C and a heating
time of 1 hour. After heating, the sample was quenched by turning off the heater power and
then recovered at ambient pressure. The XRD pattern of the final product is presented in Figure
4-1, with the enlargement of the 110 peak in the inset displaying asymmetrical peak shapes.
This asymmetric peak shape suggests the possibility of individual reactions between each
transition metal and phosphorus, resulting in an inhomogeneous multi-phase product.

The result of the mixed powder starting sample underscores the importance of mixing
mixed at the atomic scale before high-pressure synthesis. Drawing from the nitride synthesis
experience described in Chapter 3.3.1, the transition metals were alloyed before mixing with
red phosphorus. Another starting sample was prepared using V-Cr alloy. The starting V-Cr alloy
was prepared by liquid quenching bulk vanadium and chromium metals using a quartz tube.
Then, the alloy was powdered and mixed with red phosphorus inside the glove box with a ratio
of alloy to phosphorus= 1: 4 for 30 minutes. The high-pressure synthesis was carried out at
conditions of P =5 GPa, and heating at 7= 1100 °C for 1 hour. The sample recovery followed
the previously mentioned process.

The synthesized product was characterized by synchrotron X-rays diffraction
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measurements. Figure 4-2 displays the room temperature (293K) XRD pattern, indicating a

predominantly single-phase product. The peak shapes are sharp and symmetrical compared to

Figure 4-1, emphasizing the importance of utilizing and alloy as the starting material. The

pattern corresponds to a CrP4-type structure. Applying Vegard’s law in (VxCrix)P4 (Figure 4-3),

the composition of the synthesized pseudo-binary phosphide is calculated to be x = 0.51 in

(VxCrix)P4, i.e., almost equimolar, which is the average of the endmember binary phosphides.

The composition was further examined using SEM-EDS and the results are shown in Figure

4-4 and Table 2-1. V and Cr are spread uniformly throughout the product with a point analysis

result of metal to phosphorus ratio approximately 1:4, indicating the homogeneity of transition

metals within the CrPs-type structure.
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Figure 4-1 Synchrotron XRD of mixed powder V, Cr, P synthesized under high-pressure. The
inset is the enlarged pattern showing the 110 peak. The markers show the peak positions for

CrP4 (green) and VP4 (blue).
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Figure 4-2 Synchrotron XRD of (V,Cr)-alloyed phosphide product synthesized under high-
pressure. The inset is the enlarged pattern showing the 110 peak. The markers show the peak

positions for CrP4 (green) and VP4 (blue).
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Figure 4-3 Plot of Vegard’s law with the calculated values for lattice parameters a, b, ¢, f and
cell volume of (Cri-xVx)P4 as a function of vanadium composition. The end members are CrP4
and VP4 with reported lattice parameters of a = 5.1914(5) A, b =10.7600(8) A, ¢ = 5.7712(6)
A, p=110.648(6)°, V=301.67 (6) A>anda=5.263 A,b=10.98 A, c=5.871 A, f=110.88 °,
V'=316.99 A* respectively.
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Figure 4-4 The SEM and EDS mappings of a piece of synthesized sample, the surface of the
sample was polished. V and Cr are uniformly spread throughout the structure and the point

analysis result is shown in Table 4-1.

Table 4-1 The EDS point analysis result correspond to Figure 4-4.

Point V/at.% Cr/at.% P/at.%
1 10.56 11.78 77.66
2 9.71 10.28 80.01
3 9.99 9.49 80.51
4 10.25 10.62 79.13
5 9.35 10.48 80.17
6 9.92 11.49 78.60
7 10.97 11.24 77.79
8 8.94 10.29 80.77
Avg. 9.96 10.71 79.33
Std. Dev. 0.61 0.70 1.14
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The XRD pattern was successfully refined using Rietveld methods, as presented in

Figure 4-5. The calculated and observed diffraction profile exhibit reliability factors of Rwp=

3.012%, Ry=2.712%, Rg = 1.427%, and Rr = 0.557% with goodness of fit (GOF) S = 5.3497.

Less than 3% of impurity phases are presented in the product. The refinement details are shown

in Table 4-2. The atomic coordinates, occupancies, and isotropic atomic displacement

parameters are listed in Table 4-3. The Rietveld refinement results show low values of

reliability factors, confirming that the synthesized sample is an equimolar CrP4-type phosphide.
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Figure 4-5 Rietveld refinement of the synchrotron XRD pattern at room temperature 293K.
The 26 region of 12.0-12.80, 19.0-21.20 and 24.50-26.15° corresponding to unassigned peaks
were eliminated. The green markers from top to down represent (Vo.5Cro.5)Ps, Si02, and SiP>
respectively. Their mass fractions are (V,Cr)P4, 96.9%; SiO2, 2.6%; SiP2, 0.5%. The Si

contamination comes from quartz tube during liquid quenching process.
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Table 4-2 Cell Parameters and Reliability Factors for the Rietveld-refined (Vo.5Cro.5)P4.

Compound (V0.5Cro.5)P4
Formula Weight (g*mol™) 175.364
Space Group C2/c (No.15)
a(A) 5.23133 (5)
b (A) 10.86133 (8)
c(A) 5.82576 (6)
B () 110.7800 (6)
V(A3 309.483 (5)
Z 4

Dealc (g*em™) 3.763684

Table 4-3 Atomic position, occupancies, and isotropic atomic displacement parameters for

(V0.5Cro.5)P4.
Atom Site Occ.* X y z B (A%
Pl 8f 1 0.22577(13) 0.41053(6) 0.32353(13) 0.277(19)
P2 8f | 0.27502(12) 0.22228(6) 0.18938(12) 0.078(19)
VICr  4e 0505 0 0.06243(6) 1/4 0.084(16)
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422  (V,Cr,Mn)P4

The pseudo-binary (V,Cr)Ps was successfully synthesized previously, prompting

further exploration with the addition of Mn. Mn, being a 3d transition metal with close atomic

size to V and Cr, was chosen. Experiments aimed at incorporating Mn into (V,Cr)P4 were

conducted, and a summary of various experimental conditions is presented in Table 4-4. In

run21, (V,Cr,Mn)-phosphide was synthesized under conditions of P = 4 GPa, temperature, T =

1200 °C, and ¢ = 1 hour. The synchrotron XRD pattern is shown in Figure 4-6, revealing a main

phase corresponding to a monoclinic (C2/c) symmetry with a CrPs-type structure. However,

the XRD pattern displayed spottiness, resulting in unsharp peak shape as shown in the inset of

Figure 4-6. The SEM-EDS characterization shown in Figure 4-7, reveals crystal-like habitus.

These small crystals may be the cause of the observed peak shape irregularities in the XRD

pattern. This factor makes it unable to be refined using the Rietveld method. Despite this, EDS

mappings demonstrate uniform inclusion of V, Cr, and Mn in the crystals, with the surrounding

composition being predominantly phosphorus (almost 100% in composition). The point

analysis results for the crystals are detailed in Table 4-5, indicating nearly equimolar transition

metal constituents with a metal to phosphorus ratio of approximately 1:4.
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Table 4-4 List of different experiment conditions done for finding the best synthesis condition

for (V,Cr,Mn)-phosphide.

run#  starting metal form metal:phosphorus ratio pressure / GPa temperature / °C time / hour

13 mixed powder 1:5 5 1000 1
14 mixed powder 1:5 5 1200 1
18 mixed powder 1:5 5 1200 3
21 alloy 1:6 5 1200 1
22 alloy 1:6 5 1200 2
23 alloy 1:6 5 1000 1
24 alloy 1:6 4 1000 1
29 alloy 1:6 4 1000 0.5
35 alloy 1:6 5 1200 0.5
36 alloy 1:6 4 1200 1
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Figure 4-6 The synchrotron XRD pattern of (V,Cr,Mn)-phosphide product. The inset is the

enlarged pattern on the two most intense peaks range from 22.8 to 24.3°.
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Figure 4-7 SEM and EDS mapping of the (V,Cr,Mn)-phosphide product. The numbers in the

SEM image correspond to the EDS point analysis result shown in Table 4-5.
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Table 4-5 The point analysis of (V,Cr,Mn)-phosphide correspond to Figure 4-7.

Point V/at.% Cr/at.% Mn/at.% P/at.%
1 7.97 5.81 7.53 78.68
2 8.18 5.96 7.36 78.50
3 7.72 5.79 7.01 79.49
4 7.67 5.48 7.16 79.69
Avg. 7.89 5.76 7.27 79.09

A high-resolution HAADF-STEM image of the (V,Cr,Mn)-phosphide on the [1-10]

projection is presented in Figure 4-8. In this image, the brighter dots are metal elements, while

the neighbor dimmer ones represent phosphorus. It should be noted that the sample drifted

during the beam scan, which slightly distorted the observed STEM images. Nevertheless, the

TEM analysis presents that the product can be explained well by a CrP4-type structure and is

consistent with XRD and SEM-EDS results. Although it was not possible to distinguish

between different metal sites because of the close atomic numbers, and V, Cr, and Mn having

almost the same atomic radius are expected to be mixed randomly in the structure based on the

aforementioned results in the (V,Cr)Ps4. The result strongly indicate that a pseudo-ternary

phosphide of (V,Cr,Mn)P4 can be synthesized using high pressure technique. To delve deeper

into the effects of temperature and pressure on the lattice parameters, further investigation into

the synthesis condition for this phosphide may be necessary.
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Figure 4-8 HAADF-STEM image of the (V,Cr,Mn)-phosphide on the [1-10] projection. The

CrPs-type crystal structure corresponding to the projected direction is also included in the

figure (orange: phosphorus; blue: transition metals).
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423  (V,Cr,Mo)P4

Molybdenum, being the same group with chromium, but with larger atomic size is

selected to examine how larger elements can affect the structure and behavior. The synthesis

of (V,Cr,Mo)-phosphide under different conditions is detailed in Table 4-6. The tri-metal

component (V,Cr,Mo)-phosphide was synthesized using mixed metal powder, similar to the

case discussed in the previous section on pseudo-binary phosphide. Figure 4-9 presents the

synchrotron X-ray diffraction pattern of V-Cr-Mo-P products prepared at P = 4 GPa, T =

1000 °C and ¢ = 1 hour using the mixed powder in run26. From the inset of Figure 4-9, the

enlarged pattern clearly shows three corresponding peaks close to the 110 peaks of MoP4, VP4,

and CrP4, respectively. This indicates a phase separation in the synthesized phosphide, even

though it exhibits a CrPs-type structure. It suggests that each transition metal in the mixed-

metal-powder sample reacts with phosphorus individually, resulting in an inhomogeneous

multi-phase product. This finding confirms the possible reason for the asymmetrical peak

observed in the previous section (Figure 4-1). Therefore, similar to the synthesis of pseudo-

binary phosphide discussed previously, the use of a transition metal alloy as the starting

material is necessary.
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Table 4-6 List of different experiment conditions done for finding the best synthesis condition

for (V,Cr,Mo)-phosphide.

run# starting metal form metal:phosphorus ratio pressure / GPa temperature / °C time / hour

10 mixed powder 1:4 5 1200 1
15 mixed powder 1:4 5 1200 1
16  mixed powder 1:5 6 1200 1
19 mixed powder 1:5 4 1200 1
20  mixed powder 1:5 4 1000 1
25 alloy 1:6 4 1100 1
26 alloy 1:6 4 1000 1
27 alloy 1:6 4 1000 2
28 alloy 1:6 4 900 0.5
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Figure 4-9 The synchrotron XRD pattern of starting materials V-Cr-Mo-P was made using
simple mixing of the V, Cr, and Mo powders with red phosphorus. The synthesis conditions are
mixed-metal-powder: P=1: 5, P=4 GPa, T=1000 °C and t = 1 hour. The inset is the enlarged
figure showing phase separation of the sample, the markers in the inset represent the 110 peaks

of MoP4, VP4 and CrPs.
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The V-Cr-Mo alloy was characterized by SEM-EDS. Figure 4-10 taken at the
polished alloy surface present that the elements are uniformly distributed (EDS point result
correspond to Figure 4-10 is shown in Table 4-7). Then, the alloy was further treated by liquid
quenching apparatus to produce rapidly solidified alloy ribbons. The alloy ribbons were then
powdered and mixed with red phosphorus inside a glove box with a molar ratio of alloy:
phosphorus =1: 6 for 30 minutes.

Several synthesis conditions for the (V,Cr,Mo)-phosphide were explored. Figure 4-11
depicts the conditions at P =4 GPa and 7'= 1000 °C, with varying heating time. Run26 was
heated for t =1 hr. and run27 was heated for t = 2 hrs. The main phase of all different synthesis
conditions is consistent with a CrPs-type phosphide structure. However, with an extended
heating time, the amount of black phosphorus remaining in the sample increased. The red
arrows in the figure point to two of the peaks of black phosphorus, showing an increase of
intensity with prolonged heating time. Additionally, in run26 and run27, especially run27,
peaks corresponding to a BCC phase appear. SEM-EDS characterization of run27 is presented
in Figure 4-12. V, Cr, and Mo rich areas with no phosphorus inclusion are found in the EDS
mappings, showing a clear phase separation. This suggests that with a longer heating time,
(V,Cr,Mo)-phosphide began to decompose, and it appears that the compound is not stable at

high temperatures.
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Figure 4-10 The SEM and EDS mapping of V-Cr-Mo alloy. The numbers correspond to EDS

point analysis shown in Table 4-7.

Table 4-7 The EDS point analysis of the V-Cr-Mo alloy refer to Figure 4-10.

Point V/at%  Cr/at.%  Mo/at.%

1 35.09 30.65 34.26
2 35.12 30.08 34.80
3 35.15 28.94 35.90
4 35.69 31.06 33.26
5 35.77 29.50 34.72
6 35.41 31.89 32.70
7 34.65 28.42 36.94
Avg. 35.27 30.08 34.65
Std. Dev. 0.39 1.22 1.46
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Figure 4-11 The synchrotron XRD pattern showing the (V,Cr,Mo)-phosphide sample
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35 45

synthesized at different conditions. The peaks for CrPs-type structure and black phosphorus are

also marked below.
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Figure 4-12 The SEM and EDS mapping of a fractured sample surface of run27. The mappings

show that the sample has a metal element rich area, and the metal rich area has no phosphorus

inclusion. Indicating a phase separation of the metal and phosphorus.
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From the synthesis results mentioned above, the optimal synthesis conditions (single-
phase, and no peak-splitting found in the XRD pattern) for (V,Cr,Mo)-phosphide was
determined to be P =4 GPa, =900 °C, and ¢ = 0.5 hours (run28 in Figure 4-11). The following
characterization was done using this sample, which is nearly a CrP4-type single phase product
with a small amount of black phosphorus.

The SEM image taken on a fractured piece of the sample (run28 in Figure 4-11) is
presented in Figure 4-13. The EDS result taken on a comparably flat surfaces is shown in Table
4-8. The EDS mappings (Figure 4-13) show that V, Cr, and Mo are uniformly distributed
throughout the sample. The composition of transition metals is almost equimolar and the
overall composition of metal to phosphorus is approximately 1:4, suggesting a (V,Cr,Mo)P4

composition.
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Figure 4-13 SEM and EDS characterization of the high-pressure synthesized sample at

different area in the sample. The EDS analysis results are shown in Table 4-8.



Table 4-8 Point analysis result of synthesized sample (refer to Figure 4-13).

Point V/at.% Cr/at.% Mo/at.% P/at.%

1 6.37 6.76 7.30 79.56
2 6.23 6.66 7.84 79.27
3 7.33 8.00 5.19 79.48
Avg. 6.64 7.14 6.78 79.44

To confirm the homogeneity of the sample, STEM characterization was performed.
The HAADF-STEM image on the [001] projection of the sample is shown in Figure 4-14a,
accompanied by contrast analysis results presented in Figure 4-14b and Figure 4-l4c.
Compared to vanadium and chromium, molybdenum is larger in atomic size and has a higher
atomic number (the atomic radii for V, Cr, and Mo are 1.71 A, 1.66 A, and 1.90 A, respectively)
[79]. Generally, larger atoms have difficulties in integrating into the lattice of smaller atoms,
often leading to the formation of a secondary phase or partial precipitation resulting in
clustering and inhomogeneity. Given the higher atomic number of Mo, its columns should be
distinguishable in the atomic-scale STEM images if there is clear clustering in the sample.
However, the intensities of the signals remain constant across all points, suggesting a
homogenous distribution of Mo throughout the structure. The gradual decrease in intensity
observed in the STEM image is attributed to the varying sample thickness, with the left side
being thicker than the right. Despite the size difference among V, Cr, and Mo, these transitional
metals are uniformly incorporated into the same structure, as corroborated by the EDS analysis.

This all confirms the sample is a homogeneous CrPs-type phosphide (V,Cr,Mo)Px.
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Figure 4-14 The STEM analysis of a) [001] projection HAADF image of (V,Cr,Mo0)P4 and the
corresponding contrast profiles of transition metal sites in b) horizontal direction and c) in the
vertical direction (the analysis lines are also marked in the HAADF image). The intensity of
the contrast profiles represents the position of atoms; a metal-metal distance of 5.26 A
corresponds to the a-axis direction and is consistent with the lattice parameter for (V,Cr,Mo)Ps.
The crystal structures corresponding to the projected directions are also shown in the images

(orange: phosphorus; blue: transition metals).
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Based on these characterization results, and assuming the transition metal ratio is
1:1:1, i.e., equimolar, Figure 4-15 is the result of Rietveld refined XRD pattern. The XRD
pattern can be refined well with a CrPs-type structure and the calculated and observed profile
has Rwp = 4.966 %, Ry, = 3.771 %, R = 2.773 % and Rr = 1.795 % with goodness of fit § =
2.0729. The cell parameters are listed in Table 4-9, where a = 5.25845(6) A, b =10.95557(11)
A, c=5.82652(5) A, p=110.7770(6) °, and ¥ = 313.833(6) A>. The atomic coordinates and

isotropic atomic displacement parameters are listed in Table 4-10.
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Figure 4-15 Rietveld refinement of the synchrotron XRD pattern at 293 K. The green markers
from top to down represent (V,Cr,Mo)P4, and black phosphorus, respectively. Their mass

fractions are (V,Cr,Mo)P4: 84.6%; black phosphorus: 15.4%.
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Table 4-9 Cell parameters for the Rietveld-refined (V,Cr,Mo0)P4.

Compound (V,Cr,Mo)P4
Formula Weight (g/mol) 190.197
Space Group C2/c (No.15)
a (A) 5.25845(6)

b (A) 10.95557(11)
c(A) 5.82652(5)

B () 110.7770(6)
V(A3) 313.833(6)
zZ 4

Deaic (g/cm?®) 4.0254

Table 4-10 Atomic position, occupancies, and isotropic atomic displacement parameters for

(V,Cr,Mo0)P4.

Atom  Site Occ.? X y z B (A%
P1 8f 1 0.2240(2) 0.40903(10) 0.3213(2) 0.25(2)
P2 8 1 0.2755(2) 0.22230(10) 0.1889(2) =P1
V/Cr/Mo 4e  0.3333/0.3333/0.3334 0 0.06109(8) 1/4 0.08(2)

“the occupancy of phosphorus is fixed to 1, and the metal site is assumed to be equimolar.
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4.3 Pseudo-quaternary and -quinary phosphide

The search for pseudo-quaternary and -quinary phosphide was also undertaken. List

of the conditions are shown in Table 4-11. However, currently, the included phases in the

patterns are too complicated and cannot be identified (e.g., Figure 4-16 present one of the

sample runs). The probable reason for this complexity may be attributed to the use of starting

metal material, which necessitate pre-treatment into alloy form, as discussed in previous

sections. Nevertheless, further investigation is required.

Table 4-11 List of different experiment conditions done for synthesizing pseudo-quaternary

and -quinary phosphide.

starting metal metal:phosphorus Pressure temperature time

Runf form ratio /GPa /°C / hour
(V, Cr, Mn, Mo)-P 17  Mixed powder 1:5 5 1200 1
(V, Cr, Mn, Fe, Mo)-P 2 Mixed powder 1:4 5 1200 1
(V, Cr, Mn, Fe, Mo)-P 3 Mixed powder 1:4 5 1000 1
(V, Cr, Mn, Fe, Mo)-P 4 Mixed powder 1:4 5 1400 1
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Figure 4-16 The XRD pattern of a five-metal component phosphide synthesized under high-

pressure.
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4.4 Multicomponent effect on crystal structure of CrPs-type phosphides

The multicomponent effect on the lattice parameters and volume of the CrP4-type
phosphides under ambient pressure and room temperature conditions is compared. To
understand their relationships, the crystal structure of the CrPs-type phosphide is explained.
The discussion on the lattice parameters begins with the binary phosphides VP4, CrP4 and MoP4.

The CrPs-type crystal structure viewed from different angles and directions, is
presented in Figure 4-17. The CrPs4 -type structure is a stacking of two-dimensional black
phosphorus layers, the armchair direction of black phosphorus is aligned in the a-axis (Figure
4-17a), and the transition metal atoms are incorporated in between the layers of black
phosphorus. They are octahedrally bonded to phosphorus and form an octahedron. Each
octahedron is edge-shared with one another along the c-axis (Figure 4-17b), creating a zigzag

octahedron chain.
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Black phosphorus chain

Figure 4-17 The CrPs-type crystal structure viewing from different angle and direction. a)

Viewing at an angle showing the black phosphorus layer. b) Viewing from g-axis direction. c)

viewing from b-axis direction. The direction of black phosphorus chain (shown in (a)) and the

edge-shared octahedron (shown in (b)) are also marked in (c). The transition metal (TM) is

marked in orange, and the phosphorus P1 and P2 sites are marked in blue and pink, respectively.
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The Rietveld refinement results of the binary phosphides (VP4, CrP4, and MoP,) are

shown in Figure 4-18 to Figure 4-20 (refinement details are shown in Table 4-12 and Table

4-13). The lattice parameters of the CrPs-type phosphides at room temperature (298 K) and

ambient pressure are summarized in Table 4-14 and illustrated in Figure 4-21. The unit cell

volumes of endmember binary phosphides increase in the order of CrP4, VP4, and MoP4 which

can be explained by the size differences among V, Cr, and Mo. However, the lattice parameters

of MoP4 do not follow the size relationship. MoP4 has the longest a- and b-axis among

endmember binary phosphides, but c-axis and -angle of MoP; are shorter than VP4.
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Figure 4-18 Rietveld refinement of VP4 synchrotron XRD pattern at 293 K. The green markers
from top to down represent VP4, black phosphorus, and VP: respectively. Their mass fractions

are VP4: 51.7%; black phosphorus: 36.4%; VP2: 11.9%.

obs.-calc.

S (goodness of fit) 2.1732

- Ry (%) 5.430
R, (%) 4.130
Rs (%) 6.797
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Figure 4-19 Rietveld refinement of CrP4 synchrotron XRD pattern at 293 K. The green markers
from top to down represent CrP4, and black phosphorus, respectively. Their mass fractions are

CrP4: 73.4%; black phosphorus: 26.6%.
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Figure 4-20 Rietveld refinement of MoP4 synchrotron XRD pattern at 293 K. The green

markers from top to down represent MoP4, and black phosphorus, respectively. Their mass

fractions are MoP4: 79.1%; black phosphorus: 20.9%.

Table 4-12 Cell Parameters for the Rietveld-refined VP4, CrP4, and MoP;s.

Compound VP4 CrP4 MoP4
Formula Weight (g/mol) 174.837 175.891 219.855
Space Group C2/c (No.15) C2/c (No.15) C2/c (No.15)
a(A) 5.26467(3) 5.19374(3) 5.31242(2)

b (A) 10.98681(6) 10.76544(6) 11.14933(4)
c(A) 5.87317(4) 5.77146(4) 5.82273(3)
B 110.8640(4) 110.6378(4) 110.6397(3)
V (A% 317.439(3) 301.991(3) 322.740(2)
Z 4 4 4

Dcalc (g/cm?) 3.6583 3.8686 4.5247
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Table 4-13 Atomic position, occupancies, and isotropic atomic displacement parameters for

VP4, CrPs4, and MoP;s.

VP, Atom Site Occ.? X y z B (A%
P1 8F 1 02238(3) | 040952(11)  03223(3)  0.58(3)
P2 8f 1 027553)  0.22335(11)  0.1885(3)  0.62(3)
\% 4e 1 0 0.06276(12) Ya 0.55(3)
CrP, Atom Site Occ.? X y z B (A%
P1 8f 1 0.2258(3) 0.41156(12) 0.3216(3) 0.68(3)
P2 8f 1 0.2741(3) 0.22117(13) 0.1898(3) 0.74(3)
Cr 4e 1 0 0.06240(13) Y% 0.70(3)
MoP, Atom Site Occ.? X y z B (A%
P1 8f 1 0.2211(2) 0.40522(9) 0.3161(2) 0.66(2)
P2 8f 1 0.2782(2) 0.22184(10) 0.1895(2) 0.74(2)
Mo de 1 0 0.05885(5) v, 0.48(1)

“the occupancy is fixed to 1.
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a) MoP,
VP,
(VCrMo)P,4
(VCr)P,
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Figure 4-21 Graph showing the unit cell size relationships between the different CrPs-type

binary phosphides. The unit cells are illustrated using VESTA program [13] and the unit cells

are aligned to bottom-left corner. The unit cells are enlarged to show the size and angle

differences between each phosphide. Each figure corresponds to the view from a) a-axis and

b) b-axis directions.
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Table 4-14 Summarized lattice parameters and cell volume of the multicomponent phosphides

and its end-member phosphides.

alA b/ A clA p/° V/A3 ref.
VP4 5.26467(3) 10.98681(6) 5.87317(4) 110.8640(4) 317.439(3)  This study
5.263 10.98 5.871 110.88 317 [80]
5.259(4) 10.997(7) 5.879(6) 110.87(7) 317.7(2) [81]
CrP4 5.19374(3) 10.76544(6)  5.77146(4) 110.6378(8) 301.990(3)  This study
5.1914(5) 10.7600(8) 5.7712(6)  110.648(6) 301.67(6) [78]
5.1944(3) 10.7736(5) 5.7758(3)  110.606(2) 301.76(3) [82]
MoP4 5.31242(2) 11.14922(3)  5.82273(3) 110.6397(3) 322.740(2)  This study
5.313(2) 11.139(7) 5.820(2) 110.64(4) 322.4(4) [78]
5.3131(6) 11.1588(9) 5.7343(6)  110.638(12)  323.70(6) [83]
(V,Cr)P4 5.23133(5) 10.86133(8)  5.82576(6) 110.7800(6) 309.483(5) [84]
5.229 10.876 5.822 110.751 309.71 a
(V,Cr,Mo)Ps  5.25845(6) 10.95557(11) 5.82652(5) 110.7770(6) 313.833(6) This study
5.257 10.967 5.822 110.714 314.06 a

“Value calculated from the average of the end-member binary phosphides.
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The structural difference of the binary endmember phosphides is compared in more

detail. Table 4-15 summarizes the bond lengths and angles of the binary phosphides. The

enlarged figure showing the connected edge-sharing octahedra aligns along the c-axis is

presented in Figure 4-22. VP4 has a longer c-axis but shorter a- and b-axis than MoP4 (Figure

4-21 and Table 4-14), indicating that the zigzag connected octahedron in VP4 is elongated in

the c-axis direction and shrinks in the a, b-axes directions. As seen from the M-P1-M (64) angle

relationship between the phosphides, the larger atom results in a more ‘bended’ zigzag

octahedra chain. The volumes of the octahedra in VP4 and MoP4 are almost the same. The M-

P distances represent the octahedra bonds, and from longest to shortest, VPs>MoP4>CrPa.

Despite Mo having the largest atomic size, MoP4 has a shorter octahedron bonding distance

than that of VP4. Assuming the ideal octahedron angle is about 90°, the larger P-M-P angles

deviating from 90° represent a more distorted octahedron. So, MoP4 has the most distorted

octahedra. Even with a larger atomic size, the octahedra volume of MoP4 remains almost the

same as that of VP4 while the octahedron is more distorted. Thus, it is possible that the size of

Mo is the limit for the octahedra that can be tolerated in the CrPs-type structure. As a result,

this structural difference gives MoP4 the observed lattice parameter differences that cannot be

explained by the element size relationship. Nevertheless, as shown in Table 4-14, the volume

and lattice parameters of the multicomponent phosphides, (V,Cr)P4 and (V,Cr,Mo0)P4 present to

be the average of the endmembers. Meaning that there is no significant multicomponent eftect

in the multicomponent phosphides.
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Figure 4-22 The enlarge part of the structure showing the edge-shared octahedrons, the bonding

distance labeled d1-d3, and the angles labeled 01-64 correspond to Table 4-15.Table 4-15. The

M-M distance in Table 4-15Table 4-15 is the distance of the metals between the edge-shared

octahedra. The transition metals (TM) are colored orange, and the phosphorus P1 and P2 are

colored blue and pink, respectively.
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Table 4-15 Bond lengths and angles between phosphorus (P1 and P2) and transition metal (M)

of the phosphides VP4, CrP4, and MoP4.

VP, CrPs4 MoP4

bond length / A
(d1) M-P1 (x2) 2.3604(17) 2.2911(17) 2.3831(12)
(d2) M-P1 (x2) 2.4321(16) 2.3953(15)  2.4698(10)
(d3) M-P2 (x2) 2.3918(17) 2.3278(17)  2.4446(13)

M-M 3.2447(10) 3.1832(10)  3.1934(5)
angle / ©
(61) P1-M-P1 88.95(9) 89.76(9) 88.10(6)
(62) P1-M-P1 94.79(5) 94.46(5) 97.72(4)
(63) P2-M-P2  84.93(9) 85.49(9) 83.99(6)
(64) M-P1-M 85.21(5) 85.54(5) 82.28(4)
octahedra volume / A® 18.1298 16.8936 18.8703
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4.5 Thermal expansion and compression behaviors
4.5.1 Thermal stability and expansion

In Chapter 4.4, the structural dissimilarity among the binary, pseudo-binary, and
pseudo-ternary CrPs-type phosphides at room temperature was understood through the
difference in their edge-shared octahedron. It should be noted that the structure of the CrP4 -
type phosphide has a monoclinic unit cell and the characteristic black phosphorus layer
structure as well as the transition metal edge-sharing octahedron chain are aligned at an angle
S (monoclinic unit cell angle). Understanding the structural behavior three-dimensionally
becomes extremely difficult. For simplicity, the structure is examined from the characteristic
black phosphorus layer. Here, the temperature-dependent structural behavior of the binary,
pseudo-binary and pseudo-ternary CrPs-type phosphides is also reviewed based on the change
in their characteristic black phosphorus layers as a function of temperature. Particularly, the
behaviors of the multicomponent pseudo-binary and pseudo-ternary CrPs-type phosphides, i.e.
(V,Cr)P4 and (V,Cr,Mo0)P4, are understood based on those of the endmembers binary
phosphides.

From the low-temperature XRD data (Figure 4-23 and Figure 4-24), the XRD profile
of the binary, pseudo-binary and pseudo-ternary CrPs-type phosphides did not show any
appearance of additional peaks as the temperature changed. The normalized change of the axes
with respect to the temperature is calculated and plotted in Figure 4-25. The smooth change

throughout the temperature range without discontinuity indicates that the structure did not
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undergo any phase transformation at the measured temperature range. In Figure 4-26 the
temperature-dependent volume and lattice parameters of the phosphides are plotted together.
The volume, a- and b-axis show the same order of MoPs>VP4>(V,CrMo)Ps>(V,Cr)Ps>CrP4
from largest to smallest. However, the c-axis and f-angle have a different relationship. CrP4 is
observed to have high temperature dependency, and its lattice parameters change the most.

(V,CrMo)P4 and (V,Cr)Ps on the other hand, have almost no temperature dependency compare

to CrPs.
a) (V,Cr)P, b) (V,Cr,Mo)P,
T T T T 7T 7T 717 T T T T T " T T 717
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Figure 4-23 In-situ low-temperature synchrotron XRD pattern of a) (V,Cr)P4+ and b)
(V,Cr,Mo0)P4. No additional peaks are observed during cooling; the synthesized samples are

stable to low temperature.
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Figure 4-24 The low-temperature synchrotron XRD pattern of a) VP4, b) CrP4 and ¢) MoP4. No

additional peaks are observed during cooling.
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Figure 4-25 The temperature-dependent normalized axis change of a) (V,Cr)P4, b) (V,Cr,Mo)P4,

c¢) VP4, d) CrP4 and e) MoP4. The inset is the temperature dependent change of f-angle.
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Figure 4-26 Temperature-dependent lattice parameter behaviors of the endmembers and the
multicomponent phosphide. The figures represent the comparison of their a) cell volume, b) a-

axis, ¢) b-axis, d) c-axis, and e) angle 5.
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The coefficient of thermal expansion (CTE, «) has been calculated using the

approach described in Chapter 2.3. The CTE values are plotted in Figure 4-27. The CTE values

at 293 K for the binary, pseudo-binary and pseudo-ternary CrPs-type phosphides are

summarized in Table 4-16. The general CTE equations for all the axes and volume of the

phosphides are shown in Table 4-17. The c-axis has the highest CTE than the a- and b-axis,

and the a- and b-axis have close CTE values. This indicates that the c-axis is more expandable

than the a- and b-axis. This thermal expansion behavior is the change in the zigzag-aligned

edge-shared octahedron described in Figure 4-17b. The black phosphorus armchair chain that

aligns in the a-axis direction and the black phosphorus stacking layers (b-axis) shown in Figure

4-17a have less change.
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Table 4-16 The calculated coefficient of thermal expansion (CTE) at 293 K for VP4, CrP4,

MoPy4, (V,Cr)P4 and

(V,Cr,Mo0)Ps4.

CTE, ax 10° K'!

ay Oa ap Oc op

VP4
CrPq4
MoP4
(V.Cr)P4

2.32 0.73 0.62 1.14 0.24
3.17 0.63 0.59 2.35 0.58
1.64 0.53 0.51 0.63 0.05
2.10 0.57 0.70 0.92 0.13

(V,Cr,Mo)P4 2.01 0.57 0.62 0.89 0.10

Table 4-17 Summary of general CTE expressions for a-, b-, c- axes, f angle, and volume:

(V,Cr)P4

Volume CTE:

a- axis CTE:

b- axis CTE:

c- axis CTE:

p angle CTE:

(V,Cr,Mo)P4

Volume CTE:

a- axis CTE:

b- axis CTE:

ay = 1.034(4) X 1075 + 3.64(2) x 1078 X T

a, = 2.244(3) x 1076 + 1.180(13) X 108 x T
a, = 1.808(3) X 1076 + 1.776(14) x 108 X T
Q. = 6.845(3) X 1076 + 7.944(12) X 107 X T

ag = 6.3958(2) X 1077 +2.18641(8) X 107 ° X T

ay = 2.006(7) X 107° + 6.183(3) x 108 x T
a, = —432(6) X 1078 + 1.9747(3) x 108 X T

ap = 4.611(7) x 1077 + 1.9721(3) X 108 X T
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c- axis CTE:

p angle CTE:

VP4

Volume CTE:

a- axis CTE:

b- axis CTE:

c- axis CTE:

p angle CTE:

CrP4

Volume CTE:

a- axis CTE:

b- axis CTE:

c- axis CTE:

p angle CTE:

a. =2.0767(12) X 107 + 2.3112(5) X 108 X T

ag = 6.66045(8) X 1077 + 1.01769(3) x 10™° X T

ay = 2.245(8) X 107¢ + 6.693(3) X 108 X T
a, = 2.45(9) x 1078 + 2.3303(4) X 108 x T
ap = 3.636(6) X 1077 + 1.8775(3) X 1078 X T
a. = 2.165(2) X 1076 + 2.9540(8) X 1078 x T

ap = 4.1614(8) X 1077 + 6.3626(3) x 107° X T

ay = 7.55(2) X 1076 + 8.237(6) X 108 x T
a, = 1.2781(6) X 1076 + 1.729(3) X 108 x T
ap = 9.355(6) X 1077 + 1.7052(2) X 108 X T
a, = 7.376(7) X 1076 + 5.488(3) x 1078 x T

ag = 8.911(5) x 1077 + 1.6855(2) x 1078 x T
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The temperature dependent CTE values between the phosphides are compared. In

Figure 4-28, the CTE of the phosphides is plotted by volume and lattice parameter. Between

the phosphides a- and b-axis have different trends/orders of CTE values. However, the

volumetric CTE behavior of the phosphides shows the same trend as c-axis. Indicating that the

volumetric CTE behavior is mainly described by the behavior of the c-axis. Although not

exactly the same trend, the CTE of the f-angle has the order of

CrP4s>VP4>(V,Cr)P4>(V,CrMo)Ps>MoP4 from the largest to the smallest CTE value, which is

almost the same as the order observed in the c-axis and the volume. From a crystal structure

point of view shown in Figure 4-17, the change in c-axis is the change between each black

phosphorus chain and the edge-shared octahedron. Thus, the f-angle has a direct relationship

with the c-axis.
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Figure 4-28 Temperature dependent CTE of the phosphides plotted by the volume and lattice

parameters. The black, green, blue, pink,

(V,Cr,Mo0)P4 and MoP4, respectively.

and orange markers represent CrP4, VP4, (V,Cr)P4,
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The volume metric CTE behavior is summarized in Figure 4-29. CrP4 has the highest

volumetric CTE values. (V,Cr)P4 has lower CTE at high temperature and approaches the

average value at low temperatures. The (V,Cr)P4 has lower volumetric CTE than its binary

counterparts (VP4 and CrP4) values at high temperatures (above 233K). (V,Cr,Mo)P4 has lower

than average CTE values throughout the experimental temperature range. This result shows

that the thermal expansion behaviors of multicomponent phosphides are not the average of its

endmember binary phosphides.

5.0 T | I I
45| + (vCrMo)P4 N
a0l ® (vCrp4 -
9 o CrP4
- 35| v ypsa o °7
" MoP4 o
T 3.0
> 251
~ 20
L
5 1.5
1.0
Average of VP,, CrP,
0.5 === Average of VP,, CrP,, MoP,[ |
0.0 ! ' ' '

100 150 200 250 300 350
Temperature / K

Figure 4-29 The temperature dependent volumetric CTE behavior of the phosphides. The

blue and purple line represent the average values of the binary phosphides.

109



It is difficult to understand the reason for the observed multicomponent effect in the
thermal expansion behavior of the multicomponent phosphides. However, the change in the
crystal structure between the binary phosphides is further examined. In Figure 4-30 and Figure
4-31, it shows the temperature-dependent normalized change of bond lengths and bond angles,
respectively. The insets in the upper left corner present the positions for each bond and angle.

The black phosphorus armchair chain (black phosphorus armchair direction) is the
chain lies in the a-axis direction, 85 and 66 in Figure 4-31; A, i, and j in Figure 4-30 represent
the bond angles and bond lengths of a black phosphorus armchair chain. Each chain is
connected by a bond with bond length £ at an angle 87 as presented in the inset of the figures.

Starting from looking at the change in their angles. In Figure 4-30, for all the
phosphides during cooling, 7 that connects each black phosphorus armchair chain shrinks
more than 65 and #6. The armchair direction (5 and 66) has less deformation throughout the
temperature range. This means that the thermal expansion behavior of the CrPs-type phosphide
is most dominant between each black phosphorus chain. The black phosphorus armchair chains

approach each other when the temperature lowers.
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Figure 4-30 The temperature dependent normalized change in the angles in the black

phosphorus layer of the phosphides. The data are normalized to 133 K. The transition metals

(TM) are colored orange, and the phosphorus P1 and P2 are colored blue and pink, respectively.
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Figure 4-31 The temperature dependent normalized change in the bonding distance in the black
phosphorus layer of the phosphides. The data are normalized to 133K. The transition metals

(TM) are colored orange. The phosphorus P1 and P2 are colored blue and pink, respectively.
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From the change in bond length. In Figure 4-31, the bond length &, which represents

the bond connecting each armchair chain, shrinks more than 4, i, and j. This again means that

the black phosphorus armchair chain becomes closer together at low temperature. Since the 67

(mentioned previously) and the bond k lie in the c-axis, this causes the large anisotropy

behavior observed in the c-axis as will be discussed later.

Between the binary phosphides, CrP4 is observed to have the most shrinkage in its

length k. MoP4 on the other hand shows almost no anisotropy change compared to other

phosphides. This is expected from the structural discussion mentioned in Chapter 4.4, where

the structure of MoP4 is shown to be more distorted, thus having less space for the atom to

move.

VP4 compared to CrP4 has a lower change in £, however, the bond length i and 4 in

VP4 change more than CrP4. The i and /4 in MoP4 also has more change than in CrPs.

It is hard to conclude how the difference of i and k between the phosphide can affect

the a-axis of the structure because the angles 65, 96 (Figure 4-30) and bond length j are also

‘components’ effecting the a-axis. But since 5 and 86 of VP4 and MoP4 only changed slightly

and are lower than CrPy4, the thermal behavior ‘components’ can be summarized roughly.

From the bond length behavior in each binary phosphide, the amount of expansion

in the a- and c-axis for VP4 and CrPy is:

a-axis c-axis
VP, More than CrP4 Less than CrP4
CrP4 Almost no change Large change
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Considering the pseudo-binary phosphide (V,Cr)P4 having both the thermal
expansion characteristics of VP4 and CrPs, the result is expected to show two competing
expansion components, one in the c-axis and the other one in the a-axis.

In Figure 4-32, the normalized temperature dependent axis relationship of the
phosphides is plotted by their lattice parameters. Recalling the black phosphorus layers are
interconnected with the transition metal octahedron, the competing thermal expansion in a-
and c-axis will further distort the octahedron. To accommodate the distortion, the thermal
expansion in the b-axis is forced to be changed. This results in a larger thermal expansion found
in the b-axis of (V,Cr)P4 compared to its binary endmembers, and leads to the observed
multicomponent effect in the CTE behaviors. This is also the same for the pseudo-ternary
(V,Cr,Mo0)P4, but MoPs has a small thermal expansion behavior, thus the expansion in

(V,Cr,Mo0)P4 is lower than (V,Cr)P4.
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Figure 4-32 The normalized temperature dependent axis change plotted by their lattice

parameters.
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4.5.2 Compression behaviors

The in-situ compression and decompression XRD patterns for (V,Cr,Mo)P4 and

(V,Cr)P4 are shown in Figure 4-33. The in-situ compression XRD pattern for the binary

phosphides is shown in Figure 4-34. The compression experiment on the phosphides did not

reveal any additional peaks, indicating no phase transition to denser phase within the measured

pressure range. The pressure-dependent normalized lattice parameters and volume are shown

in Figure 4-35. The bulk modulus was calculated from the measured pressure and volume data.

The values are summarized in Table 4-18. VP4 and CrP4 have close bulk modulus. MoP; is the

most incompressible among the phosphides. (V,Cr)P4 has almost the same bulk modulus as its

binary endmembers. With the inclusion of Mo, the bulk modulus of (V,Cr,Mo0)P4 becomes

larger than (V,Cr)P4. This is due to the larger bulk modulus of MoP4. The average bulk modulus

of (V,Cr,Mo0)P4 calculated from its binary endmember phosphides is Ko = 120.0 GPa.

Considering the experimental measurement error, this value is almost the same as the

experiment result of Ko= 122.1(7) GPa.
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The broad peaks observed around 20-23° in VP4 and CrP;4 correspond to gasket.
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Figure 4-35 The compressibility and anisotropic behavior of a) (V,Cr)P4, b) (V,Cr,Mo0)P4, c)

VP4, d) CrP4, and ) MoP4. The line on volume compression is fitted using second-order Birch-

Murnaghan EOS. The lines on a-, b-, and c-axis are fitted using linear equation. The inset is

the F-fplots for the corresponding phosphide compression results.
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Table 4-18 Summarized zero-pressure bulk modulus and the slope of a-, b-, and c-axis.

slope determined from fitting linear equation:
Ko/ GPa a-axis / GPa!  b-axis / GPa'! c-axis /GPa’!
VP, 109.4(6) 486(11) 431(12) 259(4)
CrP4 108.7(5) 524(10) 457(10) 256(6)
MoP4 141.8(3) 572(6) 531(7) 357(3)
(VCr)P4 106(1) 508(17) 425(13) 268(7)
(VCrMo)P4  122.1(7) 535(9) 466(11) 298(6)

The axial anisotropic behaviors of both (V,Cr,Mo0)P4 and (V,Cr)P4 show the same
trend of axial compression behavior where the c-axis is more compressible than the a- and b-
axis. The a- and b-axis have close compressibility, but h-axis is more compressible than the a-
axis. In terms of the endmember binary phosphides, the a- and b- axis of CrPs are less
compressible than VP4, but the c-axis of CrP4 is more compressible than VP4. MoP4 is the most
incompressible and has smaller anisotropy. This gives (V,Cr,Mo0)P4 a higher bulk modulus than
(V,Cr)P4. All axes of (V,Cr,Mo0)P4 are less compressible than (V,Cr)P4 (The slope determined
from fitting linear equation are summarized in Table 4-18). This trend of the pressure-
dependent axial anisotropy behavior of (V,Cr,Mo0)Ps and (V,Cr)P4 is the same as that of their

temperature-dependent axial anisotropy discussed in previous section (Chapter 4.5.1).
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4.6 Conclusion

Adding elements into CrPs4, the result shows that (V,Cr)Ps4, (V,Cr,Mn)P4 and

(V,CrMo)P;4 crystalized into the same CrPs-type structure. Stating the feasibility of using high-

pressure technique for the synthesis of multicomponent phosphides. Meanwhile, to synthesize

homogeneous multicomponent phosphides, it is important to use pre-alloy starting metal

sample for high pressure synthesis. Optimizing the pressure and temperature conditions for the

multicomponent phosphide is also important. At present, the pseudo-quaternary and -quinary

phosphide still need further investigation.

By examining the crystal structure of the binary phosphides, MoPs has highly

distorted Mo octahedra. This structural singularity in MoP4 gives the abnormal lattice

parameter that cannot be explained by the atomic size relationship for MoP4. However, the

lattice parameter of the multicomponent phosphides (V,Cr)P4 and (V,Cr,Mo0)P;4 is the average

of its endmember phosphides.

The volumetric thermal expansion behavior of the CrPs-type structure is primarily

attributed to the thermal expansion along the c-axis. At high temperatures, the CTE value of

(V,Cr)Py4 is lower than VP4 and CrPs. (V,Cr,Mo0)P4 has lower CTE than (V,Cr)P4 because the

MoP; has the lowest coefficient of thermal expansion among endmember binary phosphides.

(V,Cr,Mo)P4 also has lower than average CTE values throughout the experiment temperature

range. These results present that the multicomponent phosphides have multicomponent effect

in their thermal expansion behavior. The thermal expansion behaviors of the phosphides are
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understood through examine the behavior of the characteristic black phosphorus layer. The

expansion of VPy in its g-axis and the expansion of CrP4 in its c-axis present to be affecting the

observed abnormal behaviors of the multicomponent phosphides.

Regarding compression behavior, the c-axis is found to be more compressible than

the a- and b-axis in the CrP4-type structure, consistent with their thermal expansion behaviors.

MoP4 exhibits the highest bulk modulus, making (V,Cr,Mo0)Ps more incompressible than

(V,Cr)P4. The bulk modulus of the multicomponent phosphide is the average of their

endmember, indicating no significant multicomponent effect in the compression behavior of

multicomponent phosphide.
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Chapter 5 Summary

The main objective of this thesis is to synthesize equimolar multicomponent nitride
and phosphides using high-pressure technique and establish their synthesis conditions. The
evaluation of the synthesized multicomponent ceramics is conducted using synchrotron X-ray
technique. The study also investigated the multicomponent effect in terms of lattice parameters,
coefficient of thermal expansion, and bulk modulus. This research aims to contribute to the
understanding of the synthesis and properties of equimolar multicomponent compounds,

providing insights into their structural behaviors under temperature and pressure conditions.

5.1 Multicomponent oxide and nitride

In the high-pressure synthesis of multicomponent nitrides using an alloy starting
sample and NH4Cl, the resulting composition showed low V and Cr content. This discrepancy
was attributed to the formation of particularly stable chloride compounds, that influenced the
synthesis of multicomponent nitride. Despite attempts to introduce excess amount of V and Cr,
the final product exhibited low Cr composition. However, the synthesis did yield fine cubic
crystals. The multicomponent nitride, close to a pseudo-ternary composition and adopting a
NaCl-type structure, was examined. Its lattice parameter and bulk modulus were found to be
the average of the constituent endmembers Nevertheless, to understand how different elements
can impact the thermal behavior of the multicomponent nitride, further investigating of all

endmembers binary nitrides is necessary.
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5.2 Multicomponent phosphide

In the synthesis of (V,Cr)P4, (V,Cr,Mo0)P4 using an alloy starting material, longer
heating time for (V,Cr,Mo)P4 resulted in alloy precipitation, indicating the instability of
multicomponent phosphide under high-temperature conditions. The multicomponent
phosphides adopted the same CrPs-type crystal structure. Comparing the lattice parameters of
the binary endmember phosphides, MoP4 exhibited large distortion in its transition metal
octahedron. This characteristic of MoP4 may also attribute to the observed lower thermal
expansion and higher bulk modulus for MoP4. When examine the lattice parameter of the
multicomponent phosphides, they can be explained by the average of their endmembers.

The thermal expansion behaviors of CrPs-type structure have larger CTE values in
c-axis than a- and b-axis. (V,Cr)Ps exhibited lower thermal expansion at high temperature,
lower than VP4 and CrP4. The CTE values for (V,Cr,Mo0)P4 were consistently lower than the
average throughout the experimental temperature range.

Regarding compressibility, MoP4 showed the highest bulk modulus, resulting in a
larger bulk modulus for (V,Cr,Mo)P4 than (V,Cr)P4. The axial anisotropic behaviors of both
pseudo-ternary (V,Cr,Mo)P4 and pseudo-binary (V,Cr)P4 show the same trend of compression
behavior where the c-axis is more compressible than a- and b-axis. The a- and b-axis have
close compressibility, while the b-axis is more compressible than the a-axis. This compression
behavior was the same as the binary phosphides, which indicates the common anisotropic

compression behavior of the CrPs-type structure.
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5.3 High-pressure synthesis of multicomponent ceramics and the
multicomponent effects

The synthesis conditions for multicomponent nitride and phosphide under high
pressure have been successfully established in this study. The high-pressure technique proves
to be a power tool in synthesizing multicomponent ceramics. Regardless of the synthesis
difficulties in nitride and phosphide material at ambient pressure, multicomponent nitride and
phosphides are successfully synthesized using a large volume press. High-pressure technique
is also capable of synthesizing different multicomponent ceramics with different crystal
structures, from simple cubic structure to complicated monoclinic structure. Nevertheless, it
should be noted that an alloy starting material is required for the synthesis. When starting
materials such as chlorides are used, the affinity between metal element and chlorine should be
considered. Finally, the optimization of the pressure and temperature condition is important.

The evaluation using synchrotron XRD is a useful and powerful method for
characterizing high-pressure synthesized multicomponent ceramics. The results of the
multicomponent effect on lattice parameter, thermal stability and expansion, and compression
behaviors, are summarized in Table 5-1. Although information on endmember binary nitrides
is lacking for multicomponent nitride, multicomponent oxide and phosphides exhibit a
multicomponent effect in their thermal expansion behavior.

While the underlaying reasons for the observed thermal expansion behavior are

challenging to elucidate, it is suggested that the thermal expansion behavior may be different
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between multicomponent oxide and phosphide. There is a possibility that the high thermal

expansion in multicomponent oxide is the result from the Jahn-Teller effect due to CoO. For

the multicomponent phosphide, the difference in the thermal expansion behaviors found in VP4

and CrP4 might have caused the (V,Cr)Ps to behave differently than the average. With the

addition of Mo, the CTE values are effectively suppressed and (V,Cr,Mo)P4 has lower CTE

than the average. To draw more conclusive insights into multicomponent effects in

multicomponent ceramics, additional investigations will be necessary.

Table 5-1 Summary on the multicomponent effect in lattice parameter, thermal expansion, and

compression behaviors between the multicomponent oxide, nitride, and phosphide.

Lattice parameter Thermal expansion compression
oxide No(?) Yes No
nitride No - No(?)
phosphide | No Yes No
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